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A statement that the work is original and 

acknowledgment of collaboration 

The work that I have submitted and referred to in this thesis is original and is not under 

consideration for any award elsewhere. I have only included published material where I 

consider that the conceptual advances were a direct result of my work and were my creation. 

Any work that was not undertaken by myself, was in fact done under my direct supervision 

by either my staff or my graduate students. 

I have not referred to other work completed within my school by other staff for which I may 

have had critical input but directed by others. 

The work that I have presented is that which I believe to have been most influenced by my 

direct input over a prolonged period from 1997 – 2020. 

Full acknowledgment to the contribution of others is provided in the publications listed. 

Professor Francesco E Marino PhD MEd BPE DTeach SpCertClinRes(Neuro) AES FRSN FESSA 

October 2021. 
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Glossary of abbreviations, symbols and terms 

	°C Degrees centigrade 

∆ Delta, change 

ACSM American College of Sports Medicine 

ATP Adenosine triphosphate 

CHO Carbohydrate 

CNS Central nervous system 

CV Co-efficient of variation 

EEG Electroencephalography 

EMG Electromyography 

h Hours 

km kilometres 

l litres 

min minutes 

MC Motor cortex 

MVC Maximal voluntary contraction 

MVT Maximal voluntary torque 

NIRS Near infrared spectroscopy 

PFC Pre frontal cortex 

PLA Placebo 

rh % relative humidity 

s seconds 

Tc Core temperature 

TT Time trial 

Tre Rectal temperature 

Tsk mean skin temperature 

Tw Water temperature 

Vw Volume of water 
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A) Background to the research contribution

I was appointed as Associate Lecturer in Human Movement Science at Charles Sturt 

University in 1993 after having completed five years as a secondary science and physical 

education teacher. The teaching and research opportunities in the tertiary environment 

have allowed me to produce a body of work over a period of about 27 years that has, in 

my view, made a substantial and seminal contribution to the knowledge in the broad field 

of exercise physiology. It is this body of work that I wish to submit for consideration for 

the award of Doctor of Science.  

Importantly, for about 17 years I have held various leadership positions including Head 

of School, Associate Dean-Research and University Research Director, all of which have 

made the intellectual journey and research endeavour possible. These positions afforded 

me the opportunity to lead, direct and develop a research program whereby advances were 

made in understanding human performance, particularly under heat load. It is also not 

inconsequential that during my time in academic leadership, I was generously supported 

to travel and conduct some critical work in other laboratories which were led by 

eminent scholars in the field. These included the University of Cape Town Medical 

School and Sports Science Institute of South Africa (1997 and 2007), The 

University of Verona (2007) and Harvard University (2014-2015). These experiences 

became the cornerstone for developing my thinking and understanding for some of 

the work I had already completed but also guiding subsequent works. The 

experience with Professor Daniel Lieberman who headed the Department of 

Evolutionary Biology at Harvard University culminated in a pivotal insight about 

human fatigue. It was during this invaluable time that I was able to harness my 

understanding of this human condition into a single book, Human fatigue: evolution, 

health & performance1. 

In the following sections of this submission I have detailed the nature and extent of the 

work together with the reasons why I believe it to be sufficiently seminal to be 

considered for the award. As such, the thesis is comprised of a general introduction 

which sets the context and structure of the thesis, along with the scientific evaluation of 

its significance in relation to other work in the field. This is accompanied by a series of 

published papers which constitute the basis for the seminal work completed from 1997 

– 2020. 
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B) Genesis of the work comprising the thesis

The genesis of the work comprising the thesis can be traced back to three crucial insights. 

The first insight came during a symposium I was attending in 1995 at the University of 

Sydney on the broad topic of thermoregulation during exercise2; which was to be my 

research interest for my doctoral studies. At this relatively small meeting of international 

scholars in the field, Professor Timothy Noakes from the University of Cape Town gave 

a lecture titled Failure to thermoregulate3. This lecture covered the broad area of 

thermoregulation during exercise in both cold and warm environments. During this 

lecture I was struck by the statement made by Professor Noakes and detailed in his paper 

which was “…the critical finding that most (85%) athletes who collapse in association 

with exercise and would therefore be diagnosed as suffering from ‘heat exhaustion’ do so 

after they have finished exercising” (p.31) This statement resonates with me today as it 

did then because it brought into question not just our understanding of heat exhaustion 

per se, which was apparently so well described in exercise physiology textbooks, but it 

brought into sharp focus a philosophical question about knowledge. As a student thinking 

about a doctoral project it immediately occurred to me that there could be other more 

salient reasons for a runner’s collapse, for it was the actual observation made by Professor 

Noakes which brought into question my understanding of human physiology. In fact, 

Professor Noakes explained that the treatment for a collapsed runner at the finish line was 

simply to assist them in elevating the lower limbs which was shown to attenuate the post-

exercise postural hypotension resulting from the sudden cessation from running4. This 

insight provided me with the simple fact that our received wisdom was not sufficiently 

tied to the observation and that the paradigm describing a runner’s collapse, at least those 

collapsing at or after crossing the finish line, was less than adequate. 

The second insight came not long after Professor Noakes’ lecture whilst I was searching 

the literature for my doctoral proposal. My interest was drawn to a paper in the 

Transactions of the Royal Society of Tropical Medicine and Hygiene, a journal not 

typically considered by those studying exercise physiology. The author articulated a 

further startling conclusion about hyperthermia and heatstroke5:  

“Finally, heatstroke or hyperpyrexia, hitherto regarded almost as an act of God 

and the most fatal of the disorders, is, I believe, a purely physiological 

phenomenon; whenever one's body temperature rises, even for physiological 

reasons, we enter into danger and anything that interferes with physiological 
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cooling, or adds to the internal heat load, exacerbates that danger. The wonder 

is, not that anyone gets hyperpyrexia, but that so few of us ever do” (p. 206).   

This observation was largely ignored by those researchers in my field for about 40 years. 

At the time, my immediate thought was that if this was truly the case, that the wonder is 

more about the fact that few people ever succumb to hyperpyrexia, then there must be a 

‘failsafe’ mechanism that when activated promotes a cascade of events which ensures 

that the ultimate demise of the organism was not likely to result. Conversely, in those 

situations where significant injury or death does ensue, it would be reasonable to assume 

that the ‘failsafe’ was either not operational; ‘turned off’ or that it didn’t exist. Of course, 

my thinking and understanding of human thermoregulation was rudimentary at best. 

Nevertheless, the observations of both Noakes2 and Ladell5 led me to consider what 

mechanism/s intervenes that will allow the organism to avoid significant injury or death, 

almost always without fail. 

The third claim that questioned what I thought underpinned my understanding of human 

physiology came from what is now regarded as an essential graduate textbook by Brooks 

and Fahey6. In this text I was drawn to the discussion that the term “anaerobic” was 

imprecise and archaic because it suggested that oxygen was unavailable for metabolic 

reactions when in fact it was. The authors suggested that this term be replaced by “non-

robic” which was much more precise since oxygen was available but not used for that 

particular set of metabolic reactions. Curiously, this section of the text was removed for 

the subsequent three editions of the book. Although this might seem a meagre switch of 

terms followed by a somewhat innocuous omission, one can only wonder why the authors 

had a change of heart. Is it possible that the conventional term ‘anaerobic’ being more 

widely used needed no further elaboration or confirmation, or was it that the intellectual 

battle to alter the established mindset was not worth pursuing? For the authors also wrote: 

“It is hoped that the more descriptive term “rapid” (for anaerobic) and “slow” (for 

aerobic) will come into use (p. 74). Either way, this was an example where theory did not 

quite fit the observations, providing room for further understanding of the metabolic 

consequences of exercise. If the facts are that oxygen is available but not utilised then it 

cannot be claimed that the lack of oxygen availability is the exclusive or putative cause 

of fatigue during exercise7. Incredibly, 36 years after the publication of their first edition, 

Professor George Brooks states: “Once thought to be a waste product of oxygen limited 

(anaerobic) metabolism, lactate is now known to form continuously under fully 
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oxygenated (aerobic) conditions”8 (p. 446) and, “Mistakenly thought to be the 

consequence of oxygen deficiency in contracting skeletal muscle, we now know that the 

L-enantiomer of the lactate anion is formed under fully aerobic conditions and is utilized 

continuously in diverse cells, tissues, organs and at the whole-body level.”9 (p.1) 

 

On reflection, I considered these insights pivotal in the development of my thinking and 

in the studies I would pursue. 

 

However, around late 1999, I came across an additional concept which was not 

considered in the teachings of exercise physiology in any substantial way but was related 

to the consequences of limiting energy availability. The central tenet of bioenergetics is 

that energy transformations continue at a rate approaching the loss of homeostasis and if 

left unchecked would eventually lead to skeletal muscle rigor. Thus, the original concept 

described by Hill and colleagues10–12 gave rise to the view that skeletal muscle contraction 

terminates because there is a simultaneous loss of energy, excitation/activation and force 

leading to cessation of muscular force production. This view has been held by exercise 

physiologists almost exclusively for the best part of 90 years; although there were those 

that viewed the biological processes leading to fatigue as a ‘fail safe’ in order to avoid 

skeletal muscle rigor13, 14. For the most part, the view that has been held by exercise 

physiologists for a considerable time can be summarised in the original writing of Hill 

and Lupton10 who wrote:  

 

“Considering the case of running, there is clearly some critical speed for each 

individual, below which there is a genuine dynamic equilibrium, break-down 

being balanced by restoration, above which, however, the maximum oxygen 

intake is inadequate, lactic acid accumulating, a continuously increasing oxygen 

debt being incurred, fatigue and exhaustion setting in.” (p. 151), 
 

In addition, the classic teaching of Bainbridge’s textbook, the physiology of muscular 

exercise summarised the understanding as15:  

 

“… so long as the output of the heart keeps pace with the work done by the muscles 

their functional capacity is fully maintained. The work thrown upon the heart 

during exercise, however, entails a large increase in the consumption of oxygen 

by the heart itself and the ability of the heart to keep up an adequate blood supply 
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to the brain and muscles during heavy muscular work is conditional upon a 

corresponding increase in its own blood supply.” (p. 144);  

 

Evidently some 85 years later in 2008 this view was still held as written by Levine16 

 

“The primary distinguishing characteristic of elite endurance athletes that allows 

them to run fast over prolonged periods of time is a large, compliant heart with a 

compliant pericardium that can accommodate a lot of blood, very fast, to take 

advantage of the Starling mechanism to generate a large stroke volume” (p. 31).  

It has been suggested that this understanding and teaching introduced into exercise 

physiology the concept of catastrophic failure or ‘limitations’17, 18. This physiological 

model is based on the notion that fatigue develops only after one or more bodily 

systems are stressed beyond their capacity which will lead to system failure commonly 

recognised as exhaustion17. However, this needs to be tempered with the reality that in 

practice it is not possible to drive skeletal muscle to the point of rigor unless there was 

poisoning, and that at some level there are built-in protective mechanisms which cease 

muscular contraction before catastrophic cellular collapse ensues19. The key element of 

catastrophe theory regardless of discipline (biology, engineering etc.) is that when 

equilibrium breaks down catastrophe occurs20. A critical underpinning of catastrophe 

theory is that there is a cycle moving toward cellular collapse which is averted, and 

recovery ensues, known as hysteresis19, 20. 

I have briefly outlined the concept of catastrophe and how it may have been perpetuated 

and used in the field of exercise physiology. This is important because this construct 

had been typically used and presumed to explain human performance. With hindsight, 

as I began to understand this construct, I became more inclined to think of human 

performance as being ‘regulated’ rather than ‘limited’. These are substantially different 

with respect to biology since cellular catastrophe seldom occurs at least in healthy 

people and when it does there is invariably an underlying pathology. On the other hand, 

biological regulation seems to better align with the original insight provided by Ladell5 

that ‘the wonder is, not that anyone gets hyperpyrexia, but that so few of us ever do” (p. 

206). Thus, the studies presented in this thesis are a reflection of this understanding. 
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C) Organisation of the thesis 
 

This thesis is a record of my research output and leadership over approximately 27 years 

as an academic. Not unlike all other areas of scientific enquiry, the process is bound by 

the peer review process and, therefore, a straightforward chronological order is unlikely 

to eventuate. Although my specific area of interest was, and still is primarily human 

thermoregulation, it was inevitable that the research would meander into other related 

areas, since ultimately the attempt was to understand the cause of the deterioration in 

human performance. It was of limited scope to simply study human thermoregulation and 

its impact on human performance with little or no regard to the causes of fatigue under 

different conditions. This enabled me and those that worked with me, to build a more 

comprehensive picture of the human fatigue phenomenon. This process, over a long 

period resulted in several areas of investigation being conducted concurrently. 
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As such, the thesis is organised into areas of research topics (Figure 1), and where 

possible the research contained within these areas are presented chronologically in order 

to elaborate on the thinking and progress in each area.  

Figure 1. The organisation of the thesis in relation to the area of research in human 

performance and fatigue based initially on  thermoregulation. The understanding of human 

performance was initially based on three broad areas of precooling, morphology and hydration. 

These areas were pursued as concurrent research along with other experimental studies and 

commentaries on the broader topic of fatigue and the development of the theory of anticipatory 

regulation which was based on the intellectual shift from physiological limitation to one of 

regulation.  

Structure/content note to the reader: 

The published papers as numbered in the synopsis (e.g. Paper 1) are stamped and identified in 

order at the top of each page along with consecutive page numbers at the bottom right of each 

page. Note, that in the digital version, Sections and Papers are hyperlinked for ease of 

reading.
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D) Synopsis of the contributions

Part 1: Thermoregulation and human exercise performance: circumventing the 
‘limitation’ of heat strain by pre and post exercise body cooling. 

Perhaps my first significant contribution in the field of exercise physiology was to show 

how it was possible to improve endurance performance by reducing the core body 

temperature (Tc), and attenuate its rate of increase. The origin of this hypothesis was 

based largely on work conducted in the 1960s which demonstrated that the lower the 

body temperature at the onset of the heat exposure, the greater the increase in 

tolerance times over the control values21, 22. The cooling method was derived from a 

methodology developed during my doctoral studies. Although published23, it is 

important to outline here in some detail my thinking and its development so that its 

application to subsequent studies can be fully appreciated. A problem I encountered when 

attempting to reduce the Tc by either exposure to cold air or water, and as others had 

already shown24, was that it precipitated shivering and a level of discomfort which often 

lead to requests to terminate the exposure; since being semi-nude in a refrigerated room 

or plunging into sufficiently cold water was not particularly popular. I also noted that for 

those participants that were compliant, the time taken for the Tc to actually drop was far 

too long. I discovered that the human ability to defend its Tc was impressive and 

experimentally restrictive with respect to time constraints. However, by considering the 

physics of heat transfer and employing a more gradual exposure, it was theoretically 

possible to reduce the discomfort associated with sudden cold exposure and severe 

shivering. 

There were two aspects that I considered in developing the body cooling method. First, 

heat loss by conduction in water is approximately 2 - 4 times more than air at the same 

temperature. This meant that whole body cooling by water immersion might be possible 

at a moderate water temperature of 23 - 24°C, since normal skin temperature is around 

32°C; some 8-10°C higher than surrounding water. Thus, the water-to-skin temperature 

difference of this magnitude does not present a large gradient as say, water or air that is 

10°C. Hence, responses such as shivering, and vasoconstriction may be attenuated. 

Second, the literature noted the phenomenon of a rapid drop in Tc almost immediately 

after subjects were removed from the cold exposure; known as the Tc after-drop25, 26. It 

was hypothesised that a Tc after-drop might partly be explained by convective heat 
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transfer down a tissue thermal gradient from core to cooler periphery. Combining these 

two possibilities I developed a body cooling technique by immersion up to the neck in a 

water bath commencing at a temperature of around 28 ± 1.5°C. The water was gradually 

syphoned and replaced by cold water (13-15°C) so that the temperature did not drop more 

than 5.1 ± 1.5°C over the course of 60 min. As predicted, the discomfort was minimized, 

and the participants experienced an after-drop in Tc (measured as rectal temperature; Tre) 

of ~0.66°C after exiting the water bath. This was sufficient and comparable to other 

studies using more severe cooling methods.  

 

At the time of developing this whole-body cooling method, other groups had already 

successfully shown that pre exercise body cooling (precooling) was able to improve 

endurance exercise27, 28. However, it was never shown or attempted as a method to reduce 

thermal strain when exercising in warm conditions. This was a curious observation since 

there was already sufficient evidence and generally accepted that increasing thermal 

strain would in all likelihood lead to premature cessation of exercise. We then applied the 

precooling method before a 30 min treadmill running performance in warm (32°C), 

humid conditions (60% relative humidity; rh) (Paper 1). In this study we showed that 

precooling was able to reduce the starting Tc by 0.7°C and mean skin temperature (Tsk) 

by 6.0°C, thereby attenuating the thermal strain resulting in an improved run distance of 

~304 m. An interesting finding was that the heart rate response was not different between 

the precooling and control condition, nor was oxygen consumption or total body 

sweating. We could only conclude that the mechanism for the improved running 

performance was related to the improved capacity to store ~45% more heat because of 

the reduced initial body temperature. However, the mechanism by which increased heat 

storage improved running performance was still elusive. Notably, the practicality of 

precooling was a difficult concept for participants since warming up before any event 

was, and still is the accepted practice, even though warming up prior to endurance 

exercise in warm conditions will not provide a benefit29. 

 

Since the initial methodology indicated that one advantage of water immersion is the 

clamping of skin temperature at or near water temperature, and that this is likely to create 

an almost uniform skin body temperature, we hypothesised that one benefit of precooling 

might be the reduction in the temperature of the ‘shell’ (Paper 2). By slightly modifying 

the developed precooling method we were able to reduce the Tsk from ~ 33.5°C to 26°C 

without a drop in Tc and establish that cycling performance in warm (31°C), humid (60% 
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rh) conditions could be enhanced by only cooling the ‘shell’. We also confirmed that pre-

cooling resulting in a reduced Tsk of ~ 4°C can lead to a greater rate of heat storage by 

widening the thermal gradient between core and ‘shell’. 

 

These initial precooling studies determined that heat storage capacity was key to 

improving endurance performance when ambient conditions were warm and humid. 

However, the mechanism by which performance was enhanced because of reduced 

thermal strain was still not well understood. Although the literature was not clear, it did 

suggest that reducing thermal strain could lead to a concomitant attenuation in 

cardiovascular and metabolic perturbation, possibly translating to performance 

improvement. For example, endurance exercise in the heat could increase muscle 

glycogen utilization, reduce lipid oxidation and accelerate adenosine triphosphate (ATP) 

degradation30–32 whereas, these perturbations were less pronounced during exercise in 

cooler environments. By implementing our original precooling manoeuvre for subjects 

exercising for 35 min at 60% peak oxygen uptake in the heat (35°C, 50% rh) (Paper 3), 

we were not able to demonstrate any significant effect of precooling on the metabolites 

in question even though oesophageal and muscle temperatures were lower for a 

significant portion of the exercise period. We were unable to conclude that the benefit of 

precooling was likely related to attenuated metabolic perturbation during this kind of 

exercise (see Table 1 in Paper 3). 

 

Given the paucity of data available to posit what the potential mechanisms might be for 

improved performance following a precooling manoeuvre, I was motivated to review the 

literature in this area in order to bring to light further mechanistic and research 

possibilities (Paper 4). In this review, I linked the evidence that increasing thermal strain 

would likely lead to reduced central nervous system (CNS) drive to skeletal muscle; 

hypothesising that this drive might be preserved if thermal strain was attenuated by 

precooling. The evidence was becoming clear that either motivation or skeletal muscle 

drive/activation is challenged as heat strain develops, particularly when the attained Tc 

was close to what was thought to be a critical value of ~40°C33, 34. It made intuitive sense 

that precooling would maintain motivation for skeletal muscle drive. 

 

Since the previous studies utilising the precooling manoeuvre left unanswered questions 

with respect to its potential application for different exercise modalities and practicality, 

our subsequent experimental attempt was to establish where precooling could be most 
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effective; endurance versus intermittent exercise or even in team sports such as football. 

In Paper 5, we evaluated whether the wearing of an ice vest versus the combination of an 

ice bath/ice vest would have on free-paced hard running, jogging and walking in warm 

(32°C) conditions. We employed the cooling manoeuvres 15 min before exercise then 

after 30 min of exercise for 10 min, attempting to replicate a half-time match-play 

interval. Although the precooling conditions could not separate the participants based on 

sprint performances over the two 30 min exercise periods, the novel finding was that the 

ice bath/ice vest condition resulted in faster hard running between sprints in both 30 min 

periods as evidenced by the large effect size (0.8) compared with control. Our findings 

indicated that the benefit of ice bath precooling was to reduce the thermal strain, thereby 

maintaining the effort during submaximal bouts of exercise rather than the high intensity 

bouts.  

 

Given the available data and the promising trends that precooling manoeuvres had already 

established in experimental settings, it was essential to evaluate the feasibility of this kind 

of methodology for the betterment of performance and indeed safety in real competition. 

With this in mind, in the lead up to the 2008 Beijing Olympics the Australian Institute of 

Sport brought together a research team to develop a strategy based on precooling to apply 

to particular events, since the expected ambient conditions in Beijing were to be warm 

and humid. Paper 6 is an outcome of the collaborative approach that provided some 

Australian athletes an advantage. This paper was largely based on several of our previous 

methods and findings by comparing athletes wearing a cooling vest for 40 min with 30 

min of cold-water immersion, followed by a cooling jacket application for 40 min against 

a control condition. The trained cyclists were required to complete a 40 min cycling time 

trial in warm conditions (34.3°C, 41% rh). An important consideration in the design of 

this study was that these high-level competitive athletes required a warm-up period before 

competition; a practice they were reluctant to abandon irrespective of the evidence against 

it. Therefore, the study design incorporated the combined water immersion/cooling vest 

up to the point where the cyclists would begin their warm-up routine which lasted 20 min. 

It was clear that with the control and vest only cooling, the commencing Tre was ~37.8°C 

compared to 37.1°C for the combined method. This difference in commencing Tre along 

with a lowered Tsk was enough to translate to 42s (3.8% and 2.4% faster than control and 

vest only, respectively) advantage with the combined cooling procedure. Importantly, this 

study also concluded that metabolic mechanisms were unlikely to play an important role 

in the improved performance. 
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Since our initial studies published between 1997-2001 (Papers 1, 2 & 3), there have been 

a spate of other studies attempting to replicate and advance the precooling method for 

performance in a variety of settings. These studies are too numerous to either summarise 

or include here, but a select number will show the influence that the original methods and 

theoretical premise had over a period of a little over a decade. Table 1 provides 21 

published studies from 1999 (including by this author), with all but two studies being 

conducted to establish the effect of precooling manoeuvres on varying performance 

modalities in warm (26 - 38°C) ambient conditions. Notably, the study by Ross35 was a 

further attempt to prepare and apply the precooling methodology for the 2012 London 

Olympic Games. 

 

It was eminently clear from ours and other studies, that precooling provided a distinct 

advantage for exercise performance in the heat. However, the mechanism by which this 

occurred, other than to infer that physiological heat strain reduced CNS drive to active 

skeletal muscle was still not directly shown when precooling was applied. Having 

established that precooling could be used with success in practical settings, 

notwithstanding some logistical limitations, it was timely to further advance the 

proposition that attenuating thermal strain directly influenced skeletal muscle 

recruitment. A graded precooling approach was used whereby the volume of cooling 

could be compared (Paper 7). This necessitated comparison of three methods in addition 

to a control; cooling the head, cooling the head and hands, and cooling the whole body 

using a mixed method of head plus hands, torso and legs. Participants performed an 

intermittent-sprint running protocol comprising of 2 x 35-min spells of exercise (spells 1 

and 2) separated by a 15-min recovery period on an enclosed 20-m running track. To 

evaluate the effect of the different precooling manoeuvres, measures of voluntary force 

and evoked twitch properties of the right knee extensors were assessed before and after 

intervention, during exercise, and after exercise.  This study showed that a relationship 

exists between precooling volume and exercise performance with larger surface area 

coverage improving free-paced exercise capacity, in conjunction with attenuated 

physiological load. However, it was the maintenance of maximal voluntary contraction 

with precooling with the increased work output that suggested a role for a centrally 

mediated mechanism for exercise regulation. Although this finding was not conclusive 

with respect to CNS drive, it did strongly indicate that a mechanism beyond the 

maintenance of metabolic status was a viable area to explore. 
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At this juncture it was becoming clear that neuromuscular function could be maintained 

by reducing heat strain by precooling. A practical issue to be resolved beyond that of the 

body volume to be cooled, was the minimum duration for an effective precooling 

manoeuvre. By applying the mixed method precooling detailed in Paper 7 for either 20 

or 10 min compared with a control before participants completed intermittent sprint 

exercise over 2 x 35 min periods, it was evident that 20 min was minimum to have any 

effect on performance (Paper 8). There were two key findings from this study. First, 

running performance improved by ~ 5.2% after 20 min of precooling compared with 10 

min or control. Second, the maximal voluntary contraction was also maintained by mid 

and post exercise times. We concluded that precooling duration was a critical component 

of the method used, and that there was a precooling dose-response interaction of 

precooling for sustained neuromuscular response which could explain the improved 

exercise performance in hot conditions. 

One of the issues identified early from the precooling studies was to reconcile the 

dominant and engrained practice of warm-up, regarded as an essential activity to prepare 

skeletal muscle for subsequent performance, with the practice of body cooling. As noted 

earlier, athletes and more generally the population at large, find difficulty in abandoning 

this practice in light of a diametrically opposed precooling method. To partly address this 

issue, we attempted to directly compare the individual effects of precooling and 

preheating (warm-up) on neuromuscular function, pacing and intermittent sprint 

performance in the heat (31°C) (Paper 9). In this case, precooling by water immersion 

compared with either passive preheating or control, lead to increased distance covered 

while maintaining a lower Tc by at least 0.57°C throughout the intermittent exercise. A 

key finding was that maximal voluntary torque (MVT) of the quadriceps muscle was 

reduced post-exercise compared with both the control and preheating conditions with 

voluntary activation (VA) also reduced post-intervention but not with precooling. An 

interesting finding was that pre-cooling enhanced exercise intensities, whilst preheating 

resulted in greater declines in muscle recruitment and overall distances covered. 
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Table 1. A list of specific investigations that were undertaken following the studies published from 1997-2001. 
 

Year 
 

Author Precooling method Ambient Conditions 
°C, rh 

Exercise modality 

1999 Marsh & Sleivert36 
 

Water immersion 18-12??C 29°C, 80% Cycling 

2000 Drust, et al.37 
 

Cold shower 26?C 26°C Treadmill run 

2001 Sleivert et al.38 

 

Ice vest; 3?C air 33°C, 60% High intensity cycling (45s) 

2002 Nishihara et al.39 
 

Cooling vest 16.8-18.8?C 30.2°C, 37% Step test over 90 min 

2003 Mitchell et al.40 Fan cooling 22?C 38°C, 40% Treadmill run to exhaustion at 
100% max aerobic power 

 
2003 Duffield et al.41 Ice vest 30°C, 60% 80 min intermittent, repeat sprint 

cycling 
 

2004 Arngrïmsson et al.42 
 

Ice vest 32°C, 50% 5 km treadmill run 

2004 Cheung & Robinson43 Liquid conditioning garment 5?C 
 

22°C, 40% Intermittent sprint cycling 

2005 Hornery et al.44 Cooling vest 21.3°C, 32.7% Cycling 50 min (30 min – 10 min 
cooling – 20 min) 

 
2006 Castle et al.45 Ice vest vs cold water immersion vs ice 

packs covering the upper legs 
 

33.7°C, 51.6% Cycling - intermittent 

2007* Duffield & Marino46 Ice-vest vs Ice-bath/Ice-vest condition 32°C, 30% free-paced hard-running, jogging 
and walking 

 
2007 Ückert & Joch29 Cooling vest 30–32°C, 50% Treadmill run to exhaustion (70% 

max heart rate) 
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2008 Quod et al.47 Cooling vest + Water immersion 34.1-34.7°C, 41% 40 min cycling time trial 
 

2008 Lee et al.48 Cold drink ingestion 35°C, 60% Cycling 66% VO2peakto exhaustion 
 

2009 Duffield et al.49 Mixed method cooling (vests, ice, cold 
towels) 

32.4°C, 44% 
 

30-min running (intermittent-sprint) 
 

2010 Duffield et al.50 Lower body cold water immersion 
14°C 

 

33°C, 50% 
 

40 min cycling time trials 

2010 Bogerd et al.51 Cooling shirt(mild) vs strong cooling 
(ice vest) 

 

29.3°C, 80% Cycling 65 VO2peak to exhaustion 

2010 Ihsan et al.52 Crushed ice ingestion 
 

30°C, 75% 40 km cycling time trial 

2010 Siegel et al.53 Ice slurry ingestion 34°C, 54% Run to exhaustion at ventilatory 
threshold 

 
2011* Minett et al.54 Whole body vs head + hand vs head 

cooling (ice vest, ice, cold towels) 
 

33°C, 33% Free paced running intermittent 
sprint protocol 

2011 Ross et al.35 Whole body immersion (10°C) + 
cooling jacket vs ice slurry ingestion + 

cold towels 
 

32-35°C, 50-60% Simulated Olympic cycling time 
trial 

References: 36 37 38 39 40 41 42 43 44 45 46 29 47 48 49 50 51 52 53 54 35 53 
*Present author 
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Thus, Paper 9 is important because it provides the key distinction between the 

independent effects of precooling and preheating on exercise performance.  For example, 

pre-cooling is beneficial for self-paced intermittent-sprint exercise and maintains 

muscular recruitment as measured by MVT and VA, but negatively affects early sprint 

performance and contractile properties of the active musculature. Conversely, pre-heating 

improves early sprint performance, but results in earlier reductions in self-paced exercise 

intensities compared to control and precooling. We confirmed that heat load is critical in 

the regulation of exercise intensity since there was evidence that muscle recruitment is 

downregulated as thermal strain continues to rise55. However, precooling can minimize 

temperature dependent declines in twitch contractile properties, but this type of 

intervention would require warm-up procedures that increase or maintain optimal muscle 

fibre temperature, whilst maintaining reduced Tc. 

 

Since the publication of our original methods in 1998 and the subsequent applied studies, 

precooling has been extensively studied. Two recent meta-analyses report that precooling 

is effective in lowering the terminating exercise Tc56, while from both ergogenic and 

thermoregulatory perspectives, cold water immersion may be more effective than 

ingestion of an ice slurry as a precooling treatment prior to exercise in the heat57. It is 

clear that this method of reducing thermal load, when applied within given parameters 

can assist greatly in a range of physical performance modalities. Having established a 

method and its applicability, the next iteration for its application was to test whether it 

could enhance recovery from physical exertion. The reasons for this line of enquiry were 

three-fold.  

 

First, increased heat load was shown to alter central and peripheral function. Second, 

pacing strategies were shown to be altered relative to prevailing environmental 

conditions. Third, many competitive events require repeated bouts of exercise over 

consecutive days either in training or in competition when ambient conditions are hot, 

resulting in performance decrements. To alleviate the potential impact that exercise bouts 

might have over multiple days in the heat, post-exercise recovery strategies are typically 

employed. These strategies range from cryotherapy, massage, compression garments and 

cold-water immersion58. Since our original water immersion method had been extensively 

tested by us and others, it still remained to be established whether recovery from exercise 

in the heat where skeletal muscle activation was shown to be depressed, could in fact be 
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re-established faster by reducing the time experienced with a high endogenous heat load. 

If this was possible, its potential for application would be widespread when consecutive 

physical bouts were required. 

 

Given the above reasoning and available data, we hypothesised that a modified cold water 

immersion protocol following a bout of intermittent-sprint exercise in the heat designed 

to increase the likelihood of muscle damage, would improve skeletal muscle recovery by 

enhancing the reduction in Tc and improving recovery of neuromuscular function (Paper 

10). In this study, participants undertook 2 x 30 min intermittent-sprint exercise trials in 

32°C and 52% rh followed by 20 min of cold-water immersion or passive recovery. The 

findings showed that cold water immersion did indeed improve the rate of reduction in 

Tc, heart rate and perceived muscle soreness along with increased MVC and VA. 

However, this was limited to 2 h post recovery only. Intriguingly, the cold-water 

immersion protocol as a recovery intervention did not assist these same parameters 24 h 

post, but in fact resulted in an attenuated MVC compared with passive recovery. These 

findings put into question the limitations of cold-water immersion as a recovery strategy 

at least for intermittent-sprint exercise. 

 

To further elucidate the potential mechanisms which could explain the benefits of cold 

water immersion as a recovery modality and its application to performance, we conducted 

one further study; post-exercise cooling on recovery of neuromuscular and cerebral 

hemodynamic responses following intermittent-sprint exercise in the heat (32.4°C and 

42.4 %rh) (Paper 11). By comparing the cold-water immersion protocol (Paper 10) with 

a mixed method protocol (Paper 8) and measuring MVC and VA, we found that cold 

water immersion was most effective in hastening recovery of neuromuscular 

performance. One added measure in this study was cerebral oxygenation by near infrared 

spectroscopy (NIRS). This was added because previous studies had established that 

cerebral oxygenation was compromised with thermal strain59 and thought to alter central 

motor output60. Interestingly, our study found that cold water immersion actually reduced 

cerebral oxygenation compared either to the mixed method or control, even though 

neuromuscular performance was improved. The reasons for this unexpected finding were 

not clear. We could only conclude that improvements in neuromuscular recovery after 

post-exercise cooling appeared to be disassociated with cerebral oxygenation and likely 

reflect reductions in thermoregulatory demands for sustaining force production. 
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In summary, my contention is that from the development of the theoretical understanding 

of thermoregulation to the development of a method for reducing heat load for subsequent 

exercise in the heat, my initial works were applied in a number of contexts. I have 

presented 11 papers which I believe have made seminal and substantial contributions to 

the understanding of thermoregulation during exercise performance. In doing so, other 

researchers have used, modified and applied cold exposure to enhance performance and 

even address recovery from repeated bouts. Along the way, physiological mechanisms 

were also tested and elucidated by examining metabolic disturbances, skeletal muscle 

recruitment and cerebral oxygenation among many other variables. Perhaps an important 

outcome during these years of research was the implementation of precooling for selected 

athletes by the Australian Institute of Sport for Olympic competition. 

 
 
Part 2: Thermoregulation and human exercise performance: regulation related to 

body morphology, aging and acclimation 
 
A curious observation in experimental settings was that tolerance to hyperthermia during 

exercise was not influenced by either training status, heat acclimation or exercise 

intensity61, 62. It was also generally accepted that exercise was seemingly terminated at a 

critical limiting core temperature in both humans and a number of other species 33, 63–65. 

One observation not particularly well studied was that endurance runners, particularly 

marathon runners, had not changed their stature for well over a century, even though the 

secular trend indicated that stature was increasing at about 1 cm per decade 66. Although 

physical characteristics play a role in heat transfer67, it was not known whether endurance 

runners enjoyed some further advantage because of their stature. This was particularly 

relevant since progressive slowing of marathon times when ambient temperatures were 

above 10°C suggested that heat retention may be one factor limiting distance running 

performances. This was based on the premise that heat production in running is highly 

dependent on body mass and speed68 whereas, heat dissipation is dependent on surface 

area and air velocity over the skin69. Thus, imbalances between heat production and 

dissipation should be observable at faster running speeds when comparing athletes of 

small and larger statures. The findings presented in Paper 12 are a direct experimental 

representation of the mathematical modelling outlined by Dennis and Noakes70 which 

showed that smaller runners produced and stored less heat than their larger counterparts, 

essentially allowing them to run further and faster before succumbing to limiting heat 
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accumulation.  A critical finding shown in Figure 3 of Paper 12 is the decrement in mean 

running speed in trained runners which seems to occur when ambient temperatures are 

above 25°C and the body mass ranges 55-90 kg. 

 

Stemming from the findings that morphology influences running performance in the heat, 

is whether the disparity in performance between male and female runners could be due to 

similar factors.  Having established that smaller, lighter runners have a thermal advantage, 

and that when male and female runners are matched for marathon running performance, 

females tend to outperform males over 90 km distances71, we asked whether females have 

a thermoregulatory advantage given that they are smaller and lighter (Paper 13). By 

employing an analysis of covariance and accounting for lean body mass (LBM) and total 

body mass (LBM + fat mass), we showed that the distance run in warm humid 

environments for females was substantially better than males; whereby LBM may be 

significant for men while body fat a disadvantage for women.  

 

Having established that a smaller body mass seemed to be an advantage in long distance 

running in warm conditions, we asked whether one advantage for runners with African 

ancestry is in fact the body size (Paper 14).  This was partly based on the common 

observation that elite East and South African runners are generally smaller than Caucasian 

runners. We compared 12 well trained athletes (6 African vs 6 Caucasian) matched for 

peak treadmill running speed and VO2peak, but with dissimilar body masses (mean 59.3 vs 

76.6 kg, respectively), we were able to show that in cool (15°C) conditions, running 

speeds were not different. However, when ambient temperatures increased to 35°C with 

60% rh, the Caucasian runners decreased their running speed well before the African 

runners (see Figure 1 in Paper 14). Conversely, since African runners ran faster only in 

the heat despite similar thermoregulatory responses as Caucasian runners, indicated that 

the larger Caucasians reduced their running speed to ensure an optimal rate of heat storage 

without developing dangerous hyperthermia. Thus, the superior running performance in 

the heat of these African runners can be partly attributed to their smaller size and hence 

their capacity to run faster in the heat while storing heat at the same rate as heavier 

Caucasian runners. 

 

These three studies (Papers 12, 13 & 14) provided evidence that physical characteristics 

play a major role in exercise thermoregulation when ambient conditions are warm and 

humid and when exercise is of a weight bearing nature72.  
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Beyond the relationship between thermoregulation and physical characteristics, an 

additional phenomenon was identified in Paper 14. Figures 1 and 2 in Paper 14 show 

that when completing a standard fixed intensity run in the heat, both African and 

Caucasian runners had identical terminal Tre. However, upon commencing the subsequent 

performance run, the Caucasian runners immediately reduced their running speed, 

whereas the African runners were able to maintain their speed reducing it only after 15 

min. Even then, this speed was always higher than the Caucasian runners. The immediate 

question was, why would the Caucasian runners reduce their speed when their Tre and all 

other measured responses were almost identical to the African runners? This observation 

indicated that the slower running speed of the Caucasian runners in the heat could not be 

explained by the attainment and maintenance of higher Tre for the duration of the 

performance trial. We concluded that this observation was an identification of an 

anticipatory response that would control the exercise work rate. This proposition was 

based on ours73 and other previous work74 which suggested that anticipatory regulation 

was a phenomenon not considered to any great extent in the area of exercise physiology. 

Its central tenet was based on regulating the number of motor units that are recruited and 

de-recruited during prolonged exercise.  

 

This will be dealt with in more detail in the subsequent section, Part 4: Fatigue, 

thermoregulation and anticipatory regulation of exercise of human performance.   

 

Although morphology is strictly related to the study and understanding of forms, an 

additional related concept is that of ageing since various structures and organs of the body 

change as we age which may alter the function of the structures involved 75. The effect of 

age on thermoregulation include reduced sweat gland secretion and skin blood flow, 

smaller increases in cardiac output, less redistribution of blood flow from renal and 

splanchnic circulations, and a decreased thirst sensation leading to reduced fluid intake 

during exercise in a warm environment.  

 

In Paper 15 we compared the pacing strategy of untrained older men who completed 12 

weeks of aerobic and strength training to men who had been regularly (4-3 times/week) 

training for at least 6 months (chronic) in a hot, humid environment.  We examined the 

disparity, between acute and chronic exercise training on thermoregulation in these older 

men. Our findings showed that the more experienced trained older men used an 
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alternative hydration strategy compared with the older untrained men to mitigate the 

effects of possible exercise hyperthermia, ultimately attaining a higher, but non-critical 

core temperature at the end of the cycling time trial. We concluded that 12 weeks of 

exercise training in previously untrained older men may not manifest in improved 

exercise performance per se. 

 

Finally, an area that has been extensively studied is that of heat acclimation and its effects 

on human performance. The apparent physiological changes with heat acclimation are 

accepted and textbooks readily describe these as favourable alterations to the 

cardiovascular and thermoregulatory systems to offset the additional heat strain and 

improve or preserve performance. However, an unresolved issue was how acclimation 

might alter pacing and neuromuscular performance. To elucidate this, Racinais et al.76 

showed that as trained cyclists became acclimated, their performance was progressively 

restored even as core temperature increased in the hot conditions. These authors 

concluded that this restoration in performance was in part due to the maintenance in heart 

rate within a given range. In response to this study I interrogated the findings in a letter 

to the editor and suggested an alternative possibility, that skeletal muscle recruitment is 

regulated relative to thermal strain during self-paced time trials (Paper 16). I based this 

alternative explanation on a re-analysis of their data. This hypothesis was tested in Paper 

17 which showed that acclimation to the heat either by high intensity or long duration 

exercise over five consecutive days resulted in similar physiological responses. The novel 

finding was that peak and mean voluntary torque was depressed by long duration exercise 

over the acclimation period due to accumulated fatigue. However, these differences were 

offset by commencing their post acclimation time trial with lower power outputs. In the 

end, pacing was adjusted to meet terminal physiological core temperature not the heart 

rate response per se. Our findings provide strong evidence for the regulation of skeletal 

muscle recruitment as a component of heat acclimation. 
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Part 3: Thermoregulation and human exercise performance: hydration 
 

A consequential extension of research in thermoregulation and exercise performance is 

the intervention strategies used to reduce the risk of complications resulting from 

exercising in the heat. The staging of international sporting events in warmer 

geographical locations raise concerns for athlete health, safety and performance. Some 

intervention strategies include, whole-body precooling (as discussed in Part 1). However, 

hydration is regarded as the most practical intervention strategy thought to minimise the 

deleterious effects of exercise heat stress. In this part of the thesis I will outline the 

experimental evidence and commentaries which have contributed to the understanding of 

the role of hydration in exercise performance. 

I was attracted to the relationship between hydration and exercise thermoregulation after 

reading the classic paper by Wyndham and Strydom77. These authors suggested that 

dehydration was perhaps the most dangerous affliction for marathon runners and that the 

real possibility was that dehydration could lead to performance impairment and 

potentially heatstroke. However, when I considered their data very carefully, two aspects 

became apparent which created some doubt about these claims, especially the supposed 

link between dehydration and heatstroke. The first issue was that the paper seemed to be 

incorrectly titled since their data were not collected relative to the marathon (42.1 km); 

the race reported in the paper was actually 32.1 km. Notwithstanding this discrepancy, 

the second and most critical issue was that the data as presented in Figures 2 and 3 of 

their paper indicated that the race winner achieved a Tre of 41ºC with  a water deficit of 

~5%. This was very close to the apparent heat stroke zone of a Tc of 42ºC and ~7% body 

mass loss. In fact, these authors suggested that “where the man came in the race did not 

appear to affect the relationship between body weight and sweat rate” (p. 894). 

Even when accounting for these discrepancies, it was clear from these data, and a number 

of other studies that on balance, body water content and hydration were likely to play a 

critical role in thermoregulation during exercise heat stress.  

The mechanisms by which fluid ingestion improves exercise performance are thought to 

include reduced cardiovascular and thermal strain through the maintenance of appropriate 

body water. Given that it was still not clear how body water influenced thermal strain, we 

proposed an additional mechanism outlined in Paper 18 whereby fluid ingestion could 
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also augment the capacity to store heat. The proposed hypothesis was based largely on 

the physical properties of water such that ingested fluid could account for differences in 

the Tc response for a given exercise bout using the following equation: 

∆Tc ·3.49 · m = ∆Tw  · 4.18 · Vw 

where ∆Tc is the difference in core temperature response; 3.49 and 4.18 are specific heat 

of body tissue and water, respectively, in kJ·kg-1·ºK-1; ∆Tw is the change in water 

temperature of the ingested fluid, assuming that the fluid will equilibrate with internal 

temperature; m is body mass in kilograms; and Vw is the volume of the ingested fluid in 

litres. When we applied this equation to a number of appropriate studies, we found that 

the equation closely estimates the differences in Tc within 0.03º C (see Table 1 in Paper 

18). Thus, our proposed model suggested that a ‘heat sink’ might be achievable beyond 

that which body tissues alone could provide. This is the basis for the application of the 

ice slushy ingestion protocol adopted as a precooling manoeuvre by other researchers (for 

example see 78). 

When initially conceiving hydration studies, I made the incorrect assumption that the 

debate as to whether hydration was essential for maintaining or even improving 

performance was very much settled. At the time I based my assumption largely on the 

1996 Position Stand by American College of Sports Medicine (ACSM) on exercise and 

fluid replacement79. The Position Stand categorically stated that during exercise “athletes 

should start drinking early and at regular intervals in an attempt to consume fluids at a 

rate sufficient to replace all the water lost through sweating (i.e., body weight loss), or 

consume the maximal amount that can be tolerated” (p. i). 

 

Although it seemed unequivocal and intuitive that hydration status was paramount for 

avoiding heat related illness and premature fatigue, especially in the heat, I was 

particularly interested in the study of Robinson et al.80 who reported the opposite, albeit 

in moderate ambient conditions. The authors showed that when trained endurance cyclists 

rode as far as possible in 1 h when replacing sweat loss by water consumption, their 

performances were actually significantly reduced by 0.73 km when compared with no 

water consumption. Importantly, these authors also reported that drinking to fullness was 

rated as uncomfortable. Although these findings contradicted the accepted hydration 

advice, I particularly noted that the exercise protocol used by Robinson et al. 80 was self-
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paced, not a fixed intensity to exhaustion test that almost all other studies at the time had 

employed. 

 

It appeared that the subtle difference in exercise protocol was key since it was already 

well known that test – retest of submaximal endurance protocols resulted in coefficients 

of variation (CV) of 17-39% 81. In contrast, protocols that allow participants to voluntarily 

select and alter intensities result in far better test-retest CV. This brought into sharp focus 

whether the exercise protocol interacted to mask the real effects of the hydration 

intervention. Therefore, before embarking on hydration studies, it was critical that our 

exercise protocol would allow us to detect real change due to the treatment (hydration) 

by reducing the CV of the test to a value more acceptable than that reported by others81. 

The exercise protocol outlined in Paper 19 was specifically designed for the subsequent 

hydration studies.  We showed that a self-paced exercise protocol with variable intensity 

would yield a CV of 3.54% following familiarisation, with a further reduction in the CV 

to 1.34% following a second familiarisation. This was a key finding since this 

methodology was thought to be ecologically closer to human field performance so that 

the effect of any hydration intervention could be accounted against the variation in the 

test. We were now confident that our hydration protocol would be interpreted with respect 

to the effect of the actual intervention.  

 

Given that fluid ingestion was and is still advocated as a strategy to reduce thermal strain 

and maintain exercise capacity in a range of environmental conditions, we tested the 

hypothesis that complete fluid ingestion acting as a heat sink would reduce thermal strain 

and attenuate performance decrements in self-paced cycling (Paper 20). When we 

differentiated complete versus restricted fluid ingestion by ambient temperature 

(moderate vs warm), we found no differences for total distance cycled or final Tc, with 

pacing strategy also similar among conditions. The data showed that complete fluid 

replacement during exercise of 1h duration did not provide the proposed heat sink 

sufficient to attenuate thermoregulatory strain and improve performance over no fluid 

replacement. We proposed that our contrasting outcome was potentially explicable by the 

different physiological demands imposed by fixed intensity versus self-paced exercise. 

That is, under self-paced conditions the continual adjustment of intensity may allow for 

the maintenance of internal homeostasis instead of the physiological responses being 

driven by an externally imposed fixed workload82, 83. 
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Notwithstanding the contrasting findings from ours and previous studies, I was 

particularly drawn to the possibility that an elevation in body water content 

(hyperhydration) was a potential method for improving performance in the heat. This 

hypothesis gained acceptance from a very early study which posited that men might be 

able to work in the heat with “less physiological strain by drinking water in excess of 

expected fluid losses than if they merely replaced their losses as they worked” 84 (pp. 

267). A strategy used to induce hyperhydration is the ingestion of water bound to glycerol. 

The mechanism by which glycerol induces hyperhydration is that it is readily absorbed 

and distributed among body fluids and reduces the rate of elimination of water leading to 

greater retention85. In Paper 21 we examined whether endurance exercise in the heat 

could be improved by hyperhydration. Importantly, our study compared hyperhydration 

strategies by either delivering water bound to glycerol or by excess water ingestion 

(placebo). As expected, our glycerol strategy resulted in a decreased urine output with a 

higher concentration and osmolality compared with placebo but there was no effect on 

endurance exercise in the heat. This was a critical finding as it did not support the 

hypothesis that glycerol hyperhydration is superior to water hyperhydration in reducing 

thermoregulatory strain and improving endurance. We could only conclude that our 

findings were related to the exercise protocol that was used since all other studies that did 

report an effect of glycerol hyperhydration utilised a fixed intensity exercise protocol. 

Our established self-paced protocol (Paper 19) was beginning to suggest that where 

performance differences would normally be expected with fixed intensity protocols, self-

paced exercise might not show this difference. 

An unresolved issue with respect to the effects of hydration on exercise was whether 

hydration could offset the effects of a pre-exercise warm up since this would naturally 

increase the Tc. Surprisingly, at this time we found no studies which reported this. This 

was curious since active warm-up and fluid ingestion during exercise is normally 

undertaken in a range of competitive endurance events regardless of the environmental 

conditions. The presumption was that pre-warming alone would reduce time to fatigue 

due to the earlier attainment of a critical Tc; particularly in warm conditions. We 

hypothesised that fluid replacement might offset the rate of increase in Tc such that time 

to fatigue is not attenuated. In Paper 22 we examined the effect of active pre-warming 

combined with three regimens of fluid ingestion; fluid replacement required to maintain 

body mass during exercise, fluid replacement equal to half that required to maintain body 

mass, and no fluid replacement. Our working hypothesis was that the provision of fluid 
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during exercise preceded by active pre-warming would delay the onset of fatigue 

compared with no fluid ingestion. Our results indicated that fluid ingestion equal to sweat 

rate had no added benefit over fluid ingestion equal to half the sweat rate in determining 

time to fatigue over 40 min of sub-maximal exercise in warm humid conditions. However, 

fluid restriction accelerated the rate of increase in Tre after 40 min of exercise, thereby 

reducing the time to fatigue. We concluded that our findings supported the model that 

anticipation of impending thermal limits reduces efferent command to working skeletal 

muscle ensuring cellular preservation. 

A further area of hydration and performance that has attracted attention, but little has been 

resolved, is whether hydration or the lack of, has an effect on metal performance. The 

popular view is that dehydration compromises cognitive capabilities which is particularly 

important when exercise is performed in the heat when sweat rate is increased along with 

Tc. Taking this into consideration with studies indicating that dehydration may influence 

variations in mental performance, particularly during heat stress, hypohydration has been 

suggested to affect the high degree of mental functioning for tactical changes, reading the 

play, anticipation and skill execution. The evidence statement by the ACSM Position 

Stand was that “Dehydration (>2% BW) might degrade mental/cognitive performance” 

(p. 381). It is important to note that this evidence statement was based on three pieces of 

published work, none of which were empirical studies86–88. 

We attempted to address this issue in Paper 23 by examining the combined effects of 

hydration and exercise heat stress on choice reaction time when subjects were hydrated 

with either a volume of water equal to fluid loss, a volume equivalent to ∼50% of fluid 

loss, or no fluid. Our central finding was a similar reaction time response between the 

three hydration levels. This result suggested that fluid ingestion during endurance sports 

such as cycling may not be as important for decision making as it is for physical 

performance. However, this was not to claim that hydration per se has no influence on 

decision making or other mental functions. Indeed, the relatively small amount of 

research on the topic suggested that hydration might play a very significant role in other 

mental processes such as memory. It is important, however, to note that the findings of 

our study may be limited by the discontinuous, fixed-intensity nature of the exercise 

protocol employed. This particular area of research needed considerable refining for the 

appropriate cognitive tests and exercise protocols. As will be detailed subsequently, the 

development of these protocols commenced around 2008 but it would be better than 
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several years before there was confidence in this area of work to justify investment in 

research projects. 

As previously argued, a theoretical position that I was developing suggested an 

anticipatory mechanism which would ensure that a catastrophic cellular event was not 

likely to occur during exercise, at least in healthy people. Although I argued this position 

from a thermoregulatory viewpoint, it became increasingly apparent that this theory could 

be applied to the findings in other published works. From this point of view, it remained 

unclear whether different drink temperatures would alter the perception of exertion and 

exercise endurance89. When the effect of drink temperature and endurance during cycling 

in the heat was examined it was shown that subjects cycled for longer when consuming 

cold water versus a control, and in fact were able to consume significantly more cold 

fluid. The authors concluded that a drink at 4◦C during exercise in the heat enhances fluid 

consumption and improves endurance by acting as a heat sink, attenuating the rise in body 

temperature and reducing the effects of heat stress. On face value this conclusion seemed 

logical and appropriate. However, on close inspection of the data, I was able to 

demonstrate in a letter to the editor that cold fluid ingestion changed the rate of rise in 

rectal temperature of the participants (Paper 24). Upon replotting the original data (see 

Figure 1 in Paper 24), two key findings became apparent. First, by ingesting the control 

fluid (19 ºC) exercise terminated ~7 min earlier, with a higher rate of increase in Tre (1.83 

ºC.h-1 for control vs 1.45 ºC.h-1 for cold fluid). Second, a difference of only 160 ml of 

extra fluid for the cold fluid condition not only resulted in the delayed onset of fatigue in 

these moderately trained subjects, but it also changed the rate of increase in Tre. These 

data indicated that a feedforward mechanism was in operation which signalled the 

availability of cold fluid, allowing participants to ‘choose’ to continue exercising. It 

seemed plausible that cold fluids provided one avenue to assist in the anticipation of 

thermal limits, to avoid cellular catastrophe. 

In a similar fashion Lee et al. (2208)48 showed that, compared with the ingestion of warm 

fluids (37 ºC) of similar volume, drinking cold fluids (4 ºC) enhanced endurance by up to 

23% during exercise at a fixed intensity in hot, humid conditions. Because the same 

volume of fluid was ingested in both conditions, the authors concluded that the ingestion 

of cold fluid explained this difference. Again, when the original data were replotted 

(Paper 25 see Figure 1) it was apparent that the rate of rise in body temperature was 

slower when cold fluids were ingested during exercise. These data suggested that the 
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ingestion of cold drinks before and during exercise may enhance performance either by a 

precooling effect or by reducing the rate by which body heat accumulates during exercise. 

Since we had already shown during self-paced exercise that performance is regulated in 

an anticipatory manner to ensure that the rate of heat accumulation was restrained, and 

hence, the rate of rise in body temperature is controlled, the findings of Lee et al.48 were 

also compatible with this explanation. 

To extend the theoretical proposition that hydration might act as a heat sink so that pacing 

could be adjusted in such a way as to complete the exercise bout with similar terminal 

physiological responses, it was key to evaluate a potential mechanism. We hypothesised 

that such a mechanism could reside in the muscle recruitment strategy applied throughout 

the exercise bout. In Paper 26 we report the neuromuscular responses and the hydration 

parameters that are thought to influence exercise performance. In this experiment, 

participants received either no fluid or complete fluid replacement intended to replace all 

body fluid losses and negate any change in body mass during exercise. Each participant 

completed 4 x self- paced cycling time trials differentiated by either moderate (19.8 ºC) 

or warm (33.2 ºC) ambient temperatures. The novel finding was that fluid ingestion per 

se, in either moderate or warm ambient conditions did not improve performance 

compared with complete fluid restriction in the same ambient conditions. However, when 

comparing the skeletal muscle recruitment strategy, it was evident that in the moderate 

condition, there was a downregulation of efferent drive for the mid-section of the trial 

with a re-recruitment in the final stages. In contrast, the skeletal muscle recruitment in 

the warm trial was differentially regulated by different muscles (r. femoris, v. lateralis; 

see Figure 1 in Paper 26). We concluded that the neuromuscular system adapts in order 

to allow the completion of the trial in a similar period by altering the muscle recruitment 

strategy. 

Although we had shown that muscle recruitment plays a role in the differentiation of 

pacing with respect to hydration, it remained unclear what effect hydration might have 

independent of exercise hyperthermia. This aspect is typically overlooked even though 

the effects of hydration are usually confounded by increasing body temperature. In paper 

26 we were unable to partial-out the potential effects of rising body temperature on 

muscle recruitment methodology (electromyography; EMG). Therefore, in Paper 27 we 

examined the effect of dehydration up to 3.8% of body mass, independent of 

hyperthermia, on both 5-km cycling time trial (TT) performance and neuromuscular 

drive. Neither TT  performance nor the percentage of quadriceps voluntary activation 
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were altered by dehydration. However, there was a 19% increase in the rate at which the 

skeletal muscle potentiated peak twitch torque developed with dehydration. Our main 

finding was that short duration cycling time trial performance and neuromuscular 

function are not reduced by dehydration, independent of hyperthermia. This was a crucial 

finding since irrespective of the thermoregulatory responses, our data did not support the 

popular view that dehydration by as little as 2 % of body mass degrades performance, at 

least for a self-paced 5 km cycling time trial, and that dehydration does not appear to 

independently reduce neural drive to the skeletal muscle.  

This observation is significant when comparing the ACSM90 evidence statement related 

to body weight (BW) loss which states: 

“Evidence Category A. Dehydration (>2% BW) can degrade aerobic exercise 

performance, especially in warm-hot weather.  Evidence Category A. The greater 

the dehydration level the greater the physiologic strain and aerobic exercise 

performance decrement.” (p. 381). 

An extension of hydration is the inclusion of carbohydrate (CHO) in solution which has 

been consistently reported to enhance endurance exercise by numerous studies. A 

particular emphasis in this area is the need to supplement fluids with CHO when 

exercising in the heat to compensate for the increased rate of substrate depletion91, 92. 

However, this area of research is congested and confounded by the apparent need to 

control for a placebo (PLA) effect and whether subjects are fed or not fed before exercise. 

Our initial attempt at discerning whether CHO would be advantageous for endurance 

exercise in the heat was to examine the effect of ingesting capsules consisting of either 

6% CHO or PLA with the added effect of participants being told in advance what they 

were supposedly ingesting (Paper 28). Our findings suggested that increased time to 

exhaustion resulted when participants and researchers were aware of the capsule contents, 

but not in the double-blind condition. Therefore, the combined effect of CHO ingestion 

and knowledge of what was ingested possibly acted as a potent psychological motivator.  

These findings provided additional complexity since we were unable to differentiate 

between the effects of the substrate in capsule form versus that consumed as a beverage. 

In addition, we considered that CHO would be most useful for elite performers under 

stressful conditions since this is where this ergogenic aid is most popular. Therefore, in a 

follow-up study we evaluated double-blind ingestions of PLA versus 6% CHO either as 
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capsules or beverage during 60 km self-paced cycling in the heat (32 ºC and 50% relative 

humidity) in well-trained males ( mean VO2max of 70.78 ml.kg-1.min-1) (Paper 29). The 

time trial performance was not different among treatments, leading us to conclude that 

CHO ingestion has little or no benefit as a beverage compared with PLA for long 

endurance in the heat. This conclusion was based on the the key observation that muscle 

recruitment was almost identical at the end of the 60 km for all trials. The fact that pacing, 

evaluated by speed and power output were similar at these distances along with peaks in 

heart rate, suggested that either these measures are less sensitive than the measure of 

muscle recruitment or that muscle recruitment is a tightly controlled response occurring 

well ahead of the required exercise end-point.  

As discussed in Paper 23, the relationships between exercise, hydration and cognitive 

performance required further work to reasonably conclude that hydration had any effect 

at all on cognitive performance. The popular assumption has overwhelmingly been that 

body water deficit would reduce cognitive capabilities and that this would be the case in 

both industrial/work and sports performance contexts. As previously stated this view was 

also advocated by the ACSM90 as: “Evidence Category B. Dehydration (> 2% BW) might 

degrade mental/cognitive performance.” (p.381). Given that our work on hydration and 

physical performance was now indicating that water deficits are likely managed 

reasonably well by humans under even strenuous conditions, I decided to revisit the long-

standing view that dehydration would be detrimental to cognition. This was initially 

backed by the Australian Defence Force through the Spitfire Association who desired a 

more robust method for dealing with the water carriage problems for personnel in the 

field. 

The central aspect of this research is that maintaining optimal cognitive function is 

desirable in contexts where tactical decision making can offer a competitive or even a 

survival advantage. Several reviews on this topic ultimately contended that there is a 

negative relationship between the compromised physiological state due to hypohydration 

and a number of cognitive domains. In general terms it has been advocated that a critical 

water deficit where losses in body mass exceed 2% might degrade cognitive 

performance90. Despite this seemingly conclusive view, there are studies that reported no 

change in cognitive function even with body mass loss up to 4%93. 

To examine whether cognition would be impaired by hypohydration relative to the 

minimum proposed critical water deficit of  ≥ 2% loss in body mass, we conducted a 
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systematic search of the literature and examined appropriate studies by meta-analysis 

(Paper 30). Our investigation found that cognitive performance was not impaired by 

hypohydration (g = −0.177; 95% CI = −0.532 - 0.179; P = 0.331). In fact, the underlying 

cognitive domains of complex attention, executive function, learning and memory were 

not impaired independent of the incurred fluid loss (less than or > 2% loss in body mass). 

We concluded that hypohydration might not compromise cognitive function or any of the 

investigated cognitive subdomains any more than if euhydration had been maintained. 

The meta-analysis did not substantiate the view that avoiding moderate hypohydration 

would maintain optimal cognitive function any better than being euhydrated. The 

extension of the theoretical findings from this review naturally required direct empirical 

evidence.  

Our subsequent investigation described in Paper 31 aimed to examine whether 

maintaining euhydration would preserve cognitive function, and whether this would be 

superior to hypohydration. A cognitive testing battery was administered to evaluate 

information processing, memory, impulsivity, attention and concentration, and response 

time domains, whilst subjective estimates of performance were also quantified. Despite 

body mass losses of ~2.3%, hydration status did not influence performance for any of the 

measured cognitive domains. Predictably, when hypohydrated the subjective estimates of 

thirst were significantly greater. Although maintaining euhydration preserved cognitive 

function, it did not produce superior cognitive performances compared with fluid 

restriction. We concluded that despite losses in body mass exceeding 2%, cognitive 

performance seems to be largely stable. 

The studies on hydration summarised here provide evidence that human physical and 

mental performance can be preserved even when faced with losses in excess of 2% body 

mass. Although the findings from the papers presented here are limited within the 

parameters of our experiments, it is also important to note that it would be counterintuitive 

for humans, and possibly other mammals to be distressed by body water deficit to the 

point that survivability would be compromised, at least within the water deficit ranges 

given in the published literature. In fact, it has been argued that the water deficit we 

encountered during our long evolutionary history likely made us more biologically and 

cognitively resilient than would otherwise be the case94, 95. Expressed another way; of 

what benefit to survival would it be if dehydration were to result in physical and/or 

cognitive degradation so that there would be no way to find an immediate solution for the 

water deficit? Of course, there are likely to be limits to the absolute water deficit that 
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could be sustained. However, this value does not seem to be within the water deficit 

reported in experimental studies as summarised in the classic text by Adolph96.  

 

 

Part 4: Fatigue, thermoregulation and  anticipatory regulation of human  
performance. 

 

Introduction 

 

The preceding sections present experimental studies and commentaries on specific 

thermoregulatory responses related to cooling, morphology and hydration. As with any 

scientific exploration there is a tendency to meander into other related areas because of 

the desire to understand more fully the field of study and the potential applications; in the 

present case, the general field of human temperature regulation. As such the studies 

presented in parts 1 – 3 directly gave rise to those studies and ideas presented in this 

section. 

 

By virtue of the need to understand the intricate interplay between the physiology of 

temperature regulation and human physical performance, it became increasingly apparent 

that there was much to be gained by also exploring how temperature and fatigue were 

related. This relationship was exquisitely shown in the classic work of Nielsen et al.33 

who concluded that “endurance for exercise in hot, dry environments appears to be 

limited by the attainment of a critical level of core temperature, perhaps due to 

temperature reducing motivation” (p. 482). Although this observation gave rise to the 

idea that there must be a critical limiting temperature, their key observation was that 

exhaustion was not related to reductions in cardiac output, muscle blood flow, substrate 

utilisation or availability, and to no other fatigue substances. At this time, it was thought 

that fatigue was likely due to limitations of the circulatory and metabolic systems. Since 

this understanding was now in question by their findings, it became apparent that the 

phenomenon known as fatigue under these conditions required further investigation. 

There was an imperative to understand how fatigue was manifested beyond the mere 

observation that it was related to rising core temperature. 
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To this end, Part  4 of this synopsis is divided into two distinct but interrelated sections. 

First, the experimental studies undertaken to further understand the relationship between 

temperature regulation and fatigue during exercise. 

 

The second section is a series of papers which are largely the culmination of experimental 

evidence which has been marshalled to provide opinions, commentaries and reviews on 

the status of our understanding of thermoregulation and fatigue at a particular point in 

time. 

 

i) Experimental studies in understanding the relationship between temperature 

regulation and fatigue. 

 

A key area of investigation with respect to exercise heat stress and fatigue was the 

relationship between the availability and use of substrates and the resulting metabolic 

status. A common finding during exercise heat stress was an accelerated substrate 

utilisation and the consequent elevated metabolic by-products such as lactate (La-) and 

ammonia (NH+4) which were thought to hasten fatigue30, 31, 97. However, this view 

remained equivocal since many studies were unable to show conclusively that heat stress 

or strain and the ensuing premature fatigue was due to the metabolic disturbance (for 

example see98). Paper 32 investigated the influence of ambient temperature on plasma 

NH+4		and La- accumulation during fixed (30 min) and self-paced running (8 km) exercise. 

When comparing this kind of exercise in cool (15°C) and warm (35°C) conditions, we 

found that La- was not increased in the heat but NH+4	was. This was an unusual finding 

which suggested that the stimulus for the increase in NH+4  accumulation during exercise 

in the heat is probably not the same as the stimulus for the increase in carbohydrate 

utilisation which would normally result in higher La- values. This study, and those by 

several others at the time, suggested very strongly that the putative cause of fatigue in 

exercise heat stress was not likely to be related to metabolic perturbations. As a 

consequence, our attention shifted to neuromuscular investigations since several other 

prominent researchers (for example see63, 99, 100, 64) had shown that the CNS was more 

likely to be the candidate responsible for inducing fatigue. 

 

The emerging hypothesis was that the CNS downregulated the efferent drive as Tc 

increased and especially when terminal Tc was 39.5 – 40°C. One aspect of this research 
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that was beginning to shed light on the fatigue process was that central activation of the 

skeletal muscle was reduced as Tc increased. In light of this, we were able to show that 

not only was this indeed the case, but that the CNS selectively reduces central activation 

to specific skeletal muscles as a consequence of exercise-induced hyperthermia (Paper 

33). This was a substantially different finding to those studies where it was assumed that 

central activation was reduced to all skeletal muscle as a consequence of exercise 

hyperthermia. 

 

An extension of this work was to examine whether heat strain would alter voluntary or 

central activation with respect to the type of skeletal muscle contraction (concentric or 

eccentric) and whether this would be different for skeletal muscle that was either directly 

used versus not used during exercise hyperthermia (Paper 34). The findings from this 

study suggested that CNS reduces voluntary drive to skeletal muscle performing both 

concentric and eccentric contractions following exercise-induced hyperthermia. A key 

finding was also that reductions in VA were only observed following a series of dynamic 

movements, indicating that the CNS allows for initial and brief ‘re-activation’ of skeletal 

muscle following exercise hyperthermia.  

 

Our studies on the effects of exercise hyperthermia showed that there was a temperature 

effect on CNS activation of skeletal muscle, possibly differentiated by muscle usage. Our 

subsequent study aimed to investigate whether there was a ‘cross-over’ of fatigue in the 

non-exercised contralateral limb (Paper 35). The key finding was that VA of the non-

exercised contralateral limb was significantly reduced by 8.7% after fatiguing only the 

dominant limb. We concluded that the decrease in force production in the exercised limb 

was primarily related to peripheral fatigue mechanisms. Centrally mediated mechanisms 

appeared to be the sole contributor to fatigue in the non-exercised limb. We hypothesised 

that this result was due to an anticipatory fatigue response and a ‘cross-over’ of central 

fatigue between the exercised and non-exercised contralateral limb as predicted in our 

earlier studies (see pages 19, 24-25).  

 

In summary, Papers 32-35 provided vital evidence that indicated fatigue was a) not likely 

to be wholly dependent on the metabolic consequences of exercise in the heat and, b) that 

the CNS was at least the major component responsible for the regulation of skeletal 

muscle force production during exercise hyperthermia. Although this may seem intuitive, 

it is critically important to emphasise that up until 1997 the physiology of human fatigue 
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was grounded in what was thought to be a ‘firm’ understanding that the cardiovascular 

system was the ultimate cause of fatigue with ensuing metabolic changes; the so called 

cardiovascular/anaerobic model of exercise physiology originally proposed by AV Hill 

in 19247, 10, 11 (also see pages 6 – 7).  

 

At the time of writing, popular undergraduate exercise physiology textbooks do not 

appear to include this insight. Thus, the studies presented in this thesis are those which 

provide the evidence for a paradigm shift which includes the CNS as one determinant of 

human fatigue at least in exercise hyperthermia. 

 

In pursuit of a putative cause for fatigue; the cardinal exercise stopper, we circled back to 

the fundamental concept of the VO2max test which held that ‘there is a linear relationship 

between workload and oxygen uptake until the VO2max is reached. Heavier workloads can 

usually be achieved, but oxygen uptake levels off or may even decline’ (p.1018)101. In a 

novel protocol to test this hypothesis (Paper 36), we showed that the plateau in oxygen 

consumption found during incremental tests does not represent the ceiling of 

cardiovascular capacity. This experimental evidence supported the interpretation that 

maximal exercise during the conventional incremental test is terminated at the VO2max by 

a complex regulated process, prior to a loss of homoeostasis in one of more physiological 

systems. 

 

The unusual findings reported in Paper 36 were highly suggestive that termination of 

incremental exercise was perhaps due to other central factors.  The termination of the 

incremental exercise was achieved with cardiorespiratory reserve and, before an absolute 

limitation in oxygen delivery or, use by skeletal muscle was achieved. Our findings 

alongside the observations by others 102, 103 where increases in oxygen availability leads 

to continuation of exercise or increased exercise load, strongly suggested that exhaustion 

or the development of fatigue was related to changes in cerebral oxygenation. However, 

since electroencephalography (EEG) can provide more robust indicators of changes in 

cortical potentials, in Paper 37 we then measured the EEG response in the prefrontal 

cortex (PFC) and motor cortex (MC) during incremental exercise to evaluate whether 

these EEG changes were related to ventilatory parameters. The findings showed a decline 

in the EEG response in exercise for the PFC following the respiratory compensation 

point; which coincides with a decrease in cerebral oxygenation up to the end of exercise. 
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Interestingly, the EEG activity in the MC was preferentially maintained. We concluded 

that EEG changes within the PFC appear to play a role in exercise termination. 

 

Our accumulated evidence from studies with and without heat stress indicated that the 

CNS was indeed intimately involved as a modulator of fatigue. It was hypothesised that 

if CNS neurotransmission was maintained above that which would otherwise be the case 

in hyperthermia, motivation and efferent drive could either be maintained or increased.  

 

In Paper 38 we investigated the effects of acute administration of a dopamine and 

noradrenaline re-uptake inhibitor on neuromuscular performance and efferent drive 

following fixed intensity and all-out time trial performance in both moderate (20 °C) and 

warm (32 °C) ambient conditions.  We showed that dopamine and noradrenaline re-

uptake inhibitors influenced thermoregulation but not exercise performance in either 

condition. Although these re-uptake inhibitors are likely to act centrally to override the 

inhibitory signals for the cessation of exercise, we also showed that these drugs could act 

peripherally to reduce the twitch characteristics of skeletal muscle. This was a key finding 

because it might explain why previous studies did not report improvements in exercise 

performance in cool to moderate ambient conditions when administering these drugs104, 

105. 

 

Aligned to understanding the centrally mediated reductions as a consequence of exercise 

hyperthermia are also the potential effects of neuroinflammation. The cytokine 

interleukin (IL)-6, is a biological mediator of local and systemic responses in signalling 

inflammatory, muscle, adipose, and nerve tissue. Importantly, IL-6 may act as a 

messenger during exercise to signal the brain and contribute to feelings of fatigue106. In 

Paper 39 we extended our investigations of central mediation of fatigue in the heat by 

examining whether or not the release of IL-6 and soluble (s) IL-6 receptor (R) was 

associated with fatiguing behaviour and changes in cortical activity during self-paced 

exercise. The findings suggested that IL-6 and sIL-6R may contribute to perturbations in 

cortical activity and total work output, but reductions in power output during exercise are 

likely influenced greater by other internal and external factors. 
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ii) Opinions, commentaries and reviews 

 

In my commentary of the genisis of the work (page 4), I indicated that I was drawn to the 

obseravtion by Ladell5 who stated that “Finally, heatstroke or hyperpyrexia, hitherto 

regarded almost as an act of God and the most fatal of the disorders, is, I believe, a purely 

physiological phenomenon; whenever one's body temperature rises, even for 

physiological reasons, we enter into danger and anything that interferes with 

physiological cooling, or adds to the internal heat load, exacerbates that danger. The 

wonder is, not that anyone gets hyperpyrexia, but that so few of us ever do” (p. 206). To 

this day, I regard this observation as unresolved. In 2004 I published my review of the 

work that our laboratory and collaborators had completed and offered evidence that 

premature fatigue in the heat is not limited by a critical limiting temperature per se. 

Rather, it is the rate at which core temperature rises so that the organism can anticipate 

the point of termination as predicted by the anticipatory regulation theory (Paper 40) (see 

also pages 5-6). In pursuing this theoretical position, I also evaluated published work by 

others and offered an alternative explanation for their findings both in the heat and 

thermoneutral conditions since anticipatory regulation was not confined to explaining 

performance in the heat alone (Paper 41and 42). The interpretations offered confirmed 

my earlier observations that muscular fatigue following long duration exercise establishes 

that the brain ‘decides’ how much drive to the muscle is required. The data  interrogated 

in these studies 107–109 are more logically interpreted as evidence that the central nervous 

system regulates exercise performance in an anticipatory manner to prevent a catastrophic 

disruption of homeostasis. 

 

Naturally, this alternative interpretation sparked vigorous debate as to whether or not the 

ultimate cause of fatigue in exercise was failure of the circulatory system rather than CNS 

drive to skeletal muscle (Paper 43). The central tenet of the alternative view is that the 

ultimate control of exercise performance resides in the brain’s ability to vary the work 

rate and metabolic demand by altering the number of skeletal muscle motor units 

recruited during exercise. Thus, the termination of exercise in the presence of incomplete 

muscle activation is most likely explained by the action of a central neural regulator. Of 

course, the brain could always choose to continue the exercise bout by increasing the 

extent of muscle recruitment until 100% of all available motor units are active, but this 

strategy has yet to be reported. This argument was put in detail in a point/counterpoint 

paper published in the Journal of Applied Physiology (Paper 44). The entire debate is 
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provided as a record which includes the opposing view and the commentary by noted 

scholars in the field. Further to this debate was an additional critique110 and a pointed 

rebuttal (Paper 45) where I took a philosophical approach, arguing that a paradigm shift 

was required since the prevailing paradigm could not explain all the observations where 

exercise was shown to be regulated by skeletal muscle recruitment rather than the 

conventional view. 

 

In adopting this alternative understanding, it was incumbent that I provide further insight 

and arguments from the literature as to how exercise is regulated in the heat. The addition 

of an edited book111 which includes nine chapters on the topic of thermoregulation and 

performance, in which two chapters (Papers 46 and 47) describe in some detail the 

concepts of anticipatory regulation in avoiding cellular catastrophe; from an evolutionary 

perspective (Paper 46) and then from a comparative perspective (Paper 47). To 

complement the comparative aspect of thermoregulation and performance, Paper 48 

reviews the potential mechanisms of fatigue in multiple sclerosis and proposes alternative 

explanations based on temperature sensitivity. The key point in this paper was that in 

multiple sclerosis the heat sensitivity is increased, and given that the CNS is susceptible 

to demyelination, it is unknown how this might affect the perceived effort during physical 

work and thus inhibit the ability to anticipate impending cellular damage. This now seems 

a plausible line of enquiry as subjective feelings of fatigue are potentiated in multiple 

sclerosis112.  

 

One area that still requires further development is whether the methodology used to study 

physical exercise is ecologically valid. As discussed in Part 3 (Page 25, Paper 19), that 

the majority of studies have used a fixed or constant workload, an added dimension of 

self-paced performance-based exercise could provide not only further insight but 

contrasting findings. It was, therefore, critical to outline the difference between the fixed 

intensity (constant load) versus a self-paced exercise protocol and how this would alter 

our understanding of physiology (Paper 49).  I based this concept primarily on the 

fundamental tenets of exercise physiology which are to describe energy transformations 

during physical work and make predictions about performance under different conditions. 

My argument was that the constant load model does not fully allow for randomness or 

variability, as the biological system is overridden by a predetermined externally imposed 

load that cannot be altered other than to stop 82. In self-paced exercise, there is an 

immediate reduction in power output and muscle recruitment upon commencing exercise. 
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This observation suggests the existence of neural inhibitory command processes, which 

is one of the key determinants of anticipatory regulation. 

 

As a prime example of the inherent differences between the constant load and self-paced 

models of exercise, I replotted the data published by Periard et al.113 who concluded that 

a thermoregulatory-mediated rise in cardiovascular strain was associated with reductions 

in sustainable power output, peak oxygen uptake and maximal power output during 

prolonged, intense self-paced exercise in the heat. My replotting of their data (see Figure 

2) in a letter to the Editor (Paper 50) shows that rectal temperature began to increase 

significantly in the heat early during exercise and, continued to be higher throughout the 

time trial, reaching above 39.5◦C by the end. The reduction in power output was observed 

at 20 min and continued to decline until 60 min, when it increased significantly to be 

identical to values observed at the start of the trial. I have provided my re-drawn data 

(Figure 2) here because it clearly shows that the question to be answered is, how is it 

possible to increase power output at a time when thermal strain was at its highest and the 

participants decreased their power output when thermal strain was lowest?.  

 

An additional replotting of data from Périard et al.113 which shows that cardiac output 

was unlikely to be the sole limiting factor for performance decrement is shown in Figure 

3. Although this figure was not published with Paper 50 due to space restrictions, the data 

shown in this figure clearly demonstrates that power output was increased above the 

initial values when cardiac output was supposedly limiting. If, as the authors then claim 

that “cardiovascular strain was associated with reductions in sustainable power output, 

peak oxygen uptake and maximal power output during prolonged, intense self-paced 

exercise in the heat” (p. 142) was indeed the putative cause, then power output should not 

be recoverable to the extent shown in Figure 3. 
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Figure 2 As shown in Paper 50 plots the rectal temperature response (left ordinate, filled squares) 

and power output (right ordinate, filled circles) during the 40 km time trial. Note the power output 

reduction during the time when thermal strain was lowest and a return to initial values of power 

output when thermal strain was at its highest (these data are redrawn from Figures 1 and 2 from 

Périard et al. 113). Used with kind permission from John Wiley and Sons. 

 

 

Figure 3 unpublished replotting of cardiac output response (left ordinate, filled squares) and 

power output (right ordinate, filled circles) during the 40 km time trial. Note the power output 

reduction during the time when cardiac output was at its limit and a return to initial values of 

power output when cardiovascular strain was supposedly at its highest (these data are redrawn 

from Figures 2 and 4 from Périard et al. 113). 

 

I stated in my letter to the Editor that these are inconvenient findings, which should not 

be ignored. The only logical explanation is that power output or rather, muscle 

recruitment was reduced ahead of the impending thermal limit (and probably 
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cardiovascular limit) in order that a sufficient reserve would be available for the end-

spurt, which clearly occurred. The pivotal insight provided is that of a system which has 

the capacity to alter the recruitment of skeletal muscle and thus power output when 

cardiovascular and thermal strain are at their relative highest. The author’s  reply114 to my 

interpretation of their data is predicated on the basis that “a power output increase in both 

conditions, for less than 4 min from the penultimate data point, does not constitute an 

extended period” (p. 479). I contend that this reasoning is arbitrary and remains 

unsupported. In other words, what arbitrary time above 4 min would be enough to 

constitute an extended period? 

 

The postulated theory which promulgates that exercise is limited in the heat by a critical 

limiting temperature found favour with many researchers and indeed many reported 

observations. In addition, a parallel theory which suggested that selective brain cooling 

was a protective response in a wide range of animals and that it may be also operational 

in humans. However, in Paper 51, I presented evidence and argued that as the critical 

limiting temperature is dependent on heating to invoke a reduction in efferent drive, it is 

thus not compatible with selective brain cooling which supposedly attenuates the rise in 

brain temperature. Therefore, these hypotheses cannot be complimentary if the goal is to 

confer neuroprotection from thermal insult as it is counter-intuitive to selectively cool the 

brain if the purpose of rising brain temperature is to down-regulate skeletal muscle 

recruitment. This presents a circular model for which there is no apparent end to the 

ultimate physiological outcome; a ‘hot brain’ selectively cooled in order to reduce the 

CNS drive to skeletal muscle. 

 

A continued problem in the study of fatigue irrespective of ambient conditions is its 

definition which tends to take on different meanings depending on context. However, the 

shifting definition does not help much in studying and unifying the underlying 

mechanisms. In Paper 52 we developed a theoretical model of fatigue which 

encompassed the overall symptom in times of sickness and disease, but also during and 

after exercise as a specific or general symptom of exhaustion and over exertion. Since it 

is thought that the main culprit of fatigue during illness is the immune/inflammatory 

response as the body attempts to fight off the invading virus or bacteria, it seemed 

plausible that a model that incorporated these interactions be considered This theoretical 

proposition was experimentally evaluated as outlined in section 4(i), Paper 39. 
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The study of fatigue during exercise, and in particular under more strenuous conditions 

such as heat stress, promulgated a series of investigations which began to show that 

performance was regulated rather than limited. Paper 53 shifts the focus of the fatigue 

paradigm from the catastrophe model, which emphasizes peripheral energy supply and 

demand, to the anticipatory regulation model, which focuses on a central regulatory 

process that anticipates energy demands and makes adjustments to accommodate future 

demand. In this paper I outline key principles in the study of fatigue and trace how 

scientists and philosophers of the 1600-1700s might have viewed fatigue. Commentary 

on how fatigue may have evolved as a mechanism for survival is also included. I conclude 

that shifting the paradigm to one that views fatigue as a ‘regulatory’ process with a 

function beyond just halting the organism from its current action or as a putative cause 

for the cessation of effort, to one of regulation of effort to maintain cellular integrity, 

could provide other avenues for treatment, therapy, and understanding. 

 

The position that exercise is terminated before catastrophic failure ensues is still a 

relatively new view within exercise physiology. Nevertheless, many notable researchers 

have embraced this view since there is now sufficient data and theoretically sound 

constructs to test this empirically. To this point, Paper 54 is a viewpoint published in the 

Journal of Applied Physiology which invited commentaries from notable researchers and 

a last word. These are provided in full and show the extent of debate in this area of work. 

The key point of this paper is that during either self-paced or exhaustive incremental 

exercise, decisions are made about when to stop or how to regulate pace such that exercise 

can be completed without catastrophic failure or a meaningful slow down before the 

finish line. We provide a conceptual model which integrates specific areas of the brain 

where afferent signals in combination with a motivational and emotional context provide 

regulation of physical exertion.  

 

Most recently, Paper 55 which was published in Progress in Brain Research as part of 

an issue on Sport and the brain covers much ground in attempting to shed light on the 

relationship between human endurance performance and thermoregulation. The paper 

draws together our evolutionary past which is intimately tied to how we developed a 

thermoregulatory strategy for survival and in effect developed an exceptional capability 

for endurance. I argue that it is not possible to disconnect our thermoregulatory 

capabilities from our overall understanding of exercise endurance. I suggest that heat 
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stress presents an additional load and our physiological responses are adjusted to meet 

the demand. I note that there is overwhelming evidence that these adjustments cope very 

well but can also at times fail, albeit rarely in apparently healthy individuals. The key 

issue that is discussed is that we now understand that we might modulate and regulate 

our endurance performance, but this requires further investigation, especially with respect 

to the relationship between physiological responses and the perception of effort this 

generates. The fact that so few of us ever succumb to exercise induced hyperpyrexia could 

hold the key to understanding this intriguing and complex phenomenon.  

Finally, Paper 56 is a letter to the Editor of Physiology & Behavior which provides a re-

analysis and re-interpretation of the findings reported by Van Cutsem et al.115 on the 

impairment of endurance performance based on subjective thermal strain. In our letter, 

we ask the question “why would the perception of effort, which presumably is increased 

due to the perceived augmented thermal load, preferentially terminate exercise? The 

authors claimed that harm minimization was not a factor in the termination of exercise. 

If this was truly the case, we suggested that the only reasonable conclusion that can be 

drawn is that early exercise termination was due to the regulation of exercise in the 

conditions set. 
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paced cycling performance in warm humid conditions
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The aim of this study was to establish the e ęct that pre-cooling the skin without a concomitant reduction
in core temperature has on subsequent self-paced cycling performance under warm humid (31°C and 60%
relative humidity) conditions. Seven moderately trained males performed a 30 min self-paced cycling trial on
two separate occasions. The conditions were counterbalanced as control or whole-body pre-cooling by water
immersion so that resting skin temperature was reduced by ª5±6°C. After pre-cooling, mean skin temperature
was lower throughout exercise and rectal temperature was lower (P < 0.05) between 15 and 25 min of exercise.
Consequently, heat storage increased (P < 0.003) from 84.0 ± 8.8 W ´ m-2 to 153 ± 13.1 W ´ m-2 (mean ± sxÅ) after
pre-cooling, while total body sweat fell from 1.7 ± 0.1 l ´ h-1 to 1.2 ± 0.1 l ´ h-1 (P < 0.05). The distance cycled
increased from 14.9 ± 0.8 to 15.8 ± 0.7 km (P < 0.05) after pre-cooling. The results indicate that skin pre-cooling
in the absence of a reduced rectal temperature is e ęctive in reducing thermal strain and increasing the distance
cycled in 30 min under warm humid conditions.

Keywords: heat storage, pre-cooling, thermal strain, thermoregulation, water immersion.

Introduction

Over a wide range of environmental conditions, exercise
increases body core temperature until a steady state is
reached when heat production equals heat loss (Nielsen
and Nielsen, 1962). This increased metabolic rate, and
the increased heat production created during exercise,
places strain upon the human thermoregulatory system.
Heat production during prolonged exercise is able to
raise core temperature by 1°C every 5±7 min of exercise
(Nadel, 1988). For exercise to continue, this heat must
be transferred to the environment; otherwise, heat is
stored within the body until a critical limiting core
temperature is reached and exercise can no longer be
sustained (Nielsen et al., 1993). When exercise is per-
formed under hot humid conditions, the ability of the
body to dissipate heat to the environment is greatly
reduced as the skin±environment temperature and water
vapour pressure gradients necessary for the transfer of
heat and evaporation of sweat are decreased (Nielsen,
1996).

The lowering of body core temperature before exer-
cise (pre-cooling) has been shown to improve endur-

* Author to whom all correspondence should be addressed. e-mail:
fmarino@csu.edu.au

ance exercise performance in ambient temperatures of
18±25°C (Schmidt and BrÅck, 1981; Hessemer et al.,
1984; Olschewski and BrÅck, 1988; Lee and Haymes,
1995). Moreover, a decreased rectal temperature before
exercise was shown to improve running performance in
hot humid conditions (Booth et al., 1997). Generally,
pre-cooling is e ęctive in improving exercise perfor-
mance, as it results in greater heat storage and reduced
cardiovascular and thermoregulatory strain. Thus,
pre-cooling is prudent when prolonged exercise is to be
performed during high environmental temperatures.

Studies that have shown pre-cooling to improve per-
formance in ambient temperatures of 18±25°C have
done so while participants ran (Lee and Haymes, 1995)
or cycled at either a ®xed percentage of maximal oxygen
uptake (Hessemer et al., 1984; Olschewski and BrÅck,
1988) or increasing workloads to exhaustion (Schmidt
and BrÅck, 1981). However, results of the e ęct of pre-
cooling on self-paced performance exercise are scarce,
and only one study to date has evaluated this using self-
paced running (Booth et al., 1997). The applicability of
pre-cooling to self-paced cycle performance has yet to
be determined.

The lowering of core temperature before exercise may
be uncomfortable for the athlete through the use of
cold air (5±10°C) cooling (Schmidt and BrÅck, 1981;
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Olschewski and BrÅck, 1988) or water immersion, and
may be impractical because of the equipment and time
required for a su˝cient reduction in core temperature.
Nevertheless, an advantage of pre-cooling by water
immersion is that skin temperature is clamped near that
of water temperature (Marino and Booth, 1998) and a
uniform skin temperature results (Sawka and Wenger,
1988). In a previous study (Booth et al., 1997), it was
shown that a reduced skin temperature allows for an
increased rate of heat storage, particularly during the
early stages of exercise. Hence, the bene®ts of pre-
cooling may be related to the reduction in the tempera-
ture of the `shell’ by enhancing heat storage capacity
and reducing thermoregulatory strain.

Given that competitive cycling is self-paced and that
road cyclists have to compete under varied and adverse
environmental conditions, the aim of this study was
to establish if a reduced skin temperature without a
reduction in core temperature would result in improved
endurance cycling performance in warm humid condi-
tions.

Methods

Experimental design

Seven males aged 18±31 years were recruited for the
study. The mean characteristics of the cohort are given
in Table 1. All participants were apparently healthy,
having completed a health history questionnaire and a
maximal stress test to exhaustion. The participants were
moderately to well-trained and undertook bicycle riding,
training and competition on a regular basis; they were
also experienced with the cycling apparatus used in the
experiment. The experiment was approved by the Ethics
in Human Research Committee of Charles Sturt Uni-
versity and all participants provided informed consent.

The participants attended three experimental
sessions. In the ®rst, they were familiarized with the
laboratory, test apparatus and procedures. During this
session, descriptive data ± including height, weight
and skinfolds ± were recorded and a maximal test to
voluntary exhaustion was performed to determine peak
pulmonary uptake (VÇ O2peak).

The second and third sessions were conducted in a
temperature-controlled laboratory in which ambient
temperature and relative humidity were kept at
31.4 ± 0.4°C and 60.2 ± 0.5% (mean ± sxÅ) respectively.
The ®rst participant was randomly assigned to a control
(no cooling) or pre-cooling (water immersion for up to
60 min with no reduction in rectal temperature) trial.
Each subsequent participant and trial were assigned in a
reverse manner so as to minimize any ordering e ęct.
All trials for each individual participant were conducted
at the same time of day to control for circadian rhythm
variations in core temperature. The sessions were
completed 3±7 days apart during July and August. At
the start of each session, the participants reported to the
laboratory and assisted in positioning their bicycle in the
cycle trainer. Nude body mass was then measured and
a rectal probe inserted; skin thermistors were attached
and a heart rate monitor strap secured. The participants
then entered the climate-controlled room wearing either
swimming trunks (for water immersion) or cycling
shorts. While the participants were seated, an expired
gas sample was collected and a capillary (®ngerprick)
blood sample was obtained and analysed for blood
lactate. During each session, the participants completed
a 30 min self-paced cycling performance trial after
either water immersion or 30 min of rest. At the end of
the performance trial, the participants were towelled dry
and nude body mass was again recorded. Throughout
the performance trial, the participants were allowed
to monitor elapsed time and cycling speed, and drink
water ad libitum .

Anthropometric measurements and VÇ O2peak test

Skinfold thickness was measured at four sites (triceps,
subscapular, biceps, iliac crest) in triplicate using skin-
fold callipers (British Indicators Ltd, UK) with the
median value used to calculate total skinfolds. Height
was measured to the nearest 0.1 cm using a stadiometer
(Len Blaydon, Lugarno, Australia); body mass was
measured to the nearest 10 g using an electronic
precision balance (HW-100KAI, GEC, Avery Ltd,
Australia). The VÇ O2peak test was performed on an
electronically braked cycle ergometer (Ergoline,
Ergometrics 800s, Germany). The protocol consisted

Table 1. Physical characteristics of the participants (mean ± sxÅ)

Age
(years)

Height
(cm)

Body mass
(kg)

SSF
(mm)

AD

(m 2)
VÇ O2peak

(l ´ min-1)
HRmax

(beats ´ min-1)

23.7 ± 2.1 182 ± 3 76.1 ± 4.0 28.4 ± 2.3 1.97 ± 0.06 4.91 ± 0.25 184 ± 3

Note : SSF = sum of four skinfolds, AD = body surface area, HRmax = maximum heart rate determined during an incremental cycling test to
exhaustion.
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of a 2 min warm-up at 25 W, a further minute at 100 W
and then increases of 25 W ´ min-1 thereafter until the
workload could no longer be maintained. Expired gas
was sampled continuously with an automated system
(Exerstress, Clinical Engineering Solutions, Sydney,
Australia).

Performance tr ial

For the performance trial, the participants used their
own bicycle, which was mounted on an electromag-
netically braked cycle trainer (Tacx Basic, Technische
Industrie Tacx BV, Wassenaar, Netherlands). The aim of
the performance trial was to cycle the greatest distance
possible in the allotted 30 min, adjusting pedalling
speed and gear ratio as required. Total distance cycled
in the 30 min was recorded. Distance travelled was
measured using a digital odometer connected to the
cycle trainer. The cycle trainer was calibrated for dis-
tance accuracy before each trial by recording the pedal
revolutions required to cycle 5 km. This procedure
yielded a coe˝cient of variation of 0.7%.

Pre-cooling manoeuvre

Pre-cooling involved immersion in water following the
procedures described by Marino and Booth (1998).
Brie¯y, each participant was submerged, except for the
head and neck, in a water bath that was custom-made
using 50 mm PVC piping with a heavy canvas lining
secured to the inside of the frame. The dimensions of
the bath were as follows: length 1.8 m, breadth 0.55 m
and height 0.80 m, giving a volume of 0.792 m3. The
initial water temperature was set at 29.7 ± 0.9°C. After
10 min accommodation, water was siphoned out of the
bath and replaced with cold water (8±11°C) and stirred
regularly using a hand paddle. During immersion, the
water temperature was not permitted to drop more than
2°C over 10 min.

Temperature measurements and calculations

Rectal temperature was measured as an index of
core temperature using a 12 gauge disposable rectal
thermistor (Mon-a-therm, Mallinckrodt Medical Inc.,
St. Louis, MO, USA) inserted 10 cm beyond the anal
sphincter. Skin temperature was measured at seven sites
(forehead, forearm, chest, abdomen, back, anterior
thigh, posterior leg) using thermistors (427 series, YSI,
Yellow Springs, OH, USA) placed on the left side of the
body and secured using 12 mm transpore tape. Mean
skin temperature was calculated as the mean of the
values at the seven skin thermistor sites. The rate of heat
storage (HS ) was calculated as previously described (Lee
and Haymes, 1995):

H S = C ´ m ´ (DTÅÅbody/Dt)/AD

where C  is the speci®c heat capacity of body tissue
(3.47 kJ ´ kg-1 ´ K-1), m  is mean body mass during exer-
cise, DTÅÅbody /Dt is the change (D) in mean body tempera-
ture (TÅÅbody) from beginning to end of exercise divided by
exercise duration (Dt ), where TÅÅbody = TÅÅrectal ´ 0.65 ´ TÅÅskin ´
0.35 (Burton, 1935), and AD is body surface area (m 2)
calculated according to Dubois and Dubois (1916). All
thermistors were attached to an eight-channel telether-
mometer (Zencor, Australia), monitored continuously
and recorded every 5 min.

Total body sweat

Nude body mass was measured to the nearest 10 g
before exercise or water immersion and after each
cycling trial using an electronic precision balance
(HW-100KAI, GEC, Avery Ltd, Australia). The di ęr-
ence in body mass was then used to determine total
body sweat (l ´ h-1) after correcting for ¯uid ingestion.

B lood lactate

Capillary blood samples were collected at rest,
immediately before exercise and after 10, 20 and 30
min of exercise using an Accusport lactate analyser
(Boehringer Mannheim, Germany). Between a blood
lactate concentration of 1 and 15 mmol ´ l-1, the accur-
acy and linearity of the Accusport versus standard
enzymatic analysis procedures was determined to be

r = 0.98 and 0.99, respectively (Fell et al., 1994).

Respiratory measurements

One-minute expired gas samples were collected into
Douglas bags (200 l, Hans Rudolph, St. Louis, MO,
USA) before exercise and after 10, 20 and 30 min of
self-paced cycling. The expired gas was then analysed
using gas analysers (P.K. Morgan Ltd, Kent, UK)
calibrated with gases of known composition. The
volume expired (VÇ E, ATPS) was determined to the
nearest 0.1 litre using a dry gas meter (DTM 200A,
American Meter Company, USA) calibrated with a
spirometer (Pulsys, Clinical Engineering Solutions,
Sydney, Australia).

Heart rate and ratings of perceived exertion

Heart rate was monitored continuously and recorded at
the beginning, at 5 min intervals during and at the end
of pre-cooling and the performance trial sessions using
a Sports Tester (Polar Electro Oy, Kempele, Finland).
Ratings of perceived exertion (RPE) were recorded at
5 min intervals during exercise using Borg’s (1982)
6±20 scale.
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Statistical analysis

Descriptive statistics were generated for all variables.
The distribution of the data set was determined and
found to be evenly distributed. A two-factor (trial ´
time) repeated-measures analysis of variance was used
to analyse the data. To avoid violation of the homo-
geneity of variance assumption, the Huynh-Feldt
epsilon correction factor was used to adjust the degrees
of freedom associated with each of the separate
repeated-measures analyses. Once main e ęcts were
identi®ed, individual di ęrences between means were
located using Tukey’s HSD post-hoc procedure.
Additionally, paired t-tests were used where appro-
priate. SPSS software (version 6.0) was used to analyse
the data. The level of signi®cance was set at P < 0.05. All
values are reported as the mean ± standard error (sxÅ ).

Results

Whole-body water immersion

The duration of water immersion was 58.6 ± 1.4 min.
There was no di ęrence between the pre-cooling and
control groups for rectal, mean skin or mean body
temperature before water immersion. Rectal tempera-
ture did not change from pre-immersion values during
immersion or before exercise. By the end of immersion,
mean skin temperature had decreased progressively
from 33.5 ± 0.2°C to 28.6 ± 0.3°C (P < 0.05), whereas
mean body temperature decreased (P < 0.05) to 34.6 ±
0.2°C. The ®nal water temperature for the pre-cooling
group was 25.8 ± 0.5°C. However, mean skin tempera-
ture increased to 29.1 ± 0.2°C during the intervening
3 min when the participants were towelled dry and
prepared for exercise.

Exercise endurance and thermal responses during exercise

After pre-cooling, the distance cycled increased from
14.9 ± 0.8 to 15.8 ± 0.7 km (P < 0.05), an improvement
of ª0.9 km.

Rectal temperature was similar between conditions
during the initial 10 min of exercise. However, rectal
temperature for the pre-cooling group was signi®cantly
lower than that for the controls 15±25 min into exercise
(Fig. 1). After 30 min of cycling, rectal temperature
was 38.4 ± 0.2°C and 38.7 ± 0.1°C (P = 0.06) for the
pre-cooling and control groups, respectively, which
was not signi®cantly di ęrent. Throughout exercise,
the mean skin temperature of the pre-cooling group
remained signi®cantly (P < 0.01) below that of the con-
trols (Fig. 1). After 30 min of cycling, mean skin tem-

perature was 33.6 ± 0.3°C and 34.7 ± 0.3°C (P < 0.01)
for the pre-cooling and control groups respectively.
Skin temperature at the seven sites recorded was sig-
ni®cantly lower for the pre-cooling group than the con-
trols at almost all time points during exercise (see Table
2). As a result of a reduced mean skin temperature,
mean body temperature of the pre-cooling group
remained lower throughout exercise, with temperatures
of 36.8 ± 0.2°C and 37.3 ± 0.1°C (P < 0.01) at 30 min
for the pre-cooling and control groups respectively
(Fig. 1).

After pre-cooling, the rate of heat storage was 153 ±
13.1 W ´ m -2; this compared with 84.0 ± 8.8 W ´ m -2 for
the controls (P < 0.003). Total body sweat was reduced
(P < 0.05) from 1.8 ± 0.1 to 1.2 ± 0.1 l ´ h-1 after pre-
cooling. Fluid ingestion was similar for each trial,
with the controls drinking 0.31 ± 0.07 litres and the
pre-cooling group drinking 0.32 ± 0.06 litres.

Fig. 1. Rectal, mean skin and body temperatures during
exercise: control (s), pre-cooling (d). * P < 0.05 compared
with control; ≤ P < 0.01 compared with control.
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Table 2. Temperatures (°C) at each of seven skin sites pre-exercise and during self-paced cycling exercise (mean ± sxÅ)

Time (min)

Skin sitea Pre-exercise 5 10 15 20 25 30

Control

1
2
3
4
5
6
7

35.5 ± 0.2
34.2 ± 0.3
33.8 ± 0.3
34.6 ± 0.2
35.3 ± 0.2
33.5 ± 0.2
32.1 ± 0.2

35.8 ± 0.3
34.2 ± 0.3
33.4 ± 0.3
34.1 ± 0.3
35.0 ± 0.1
33.2 ± 0.2
32.2 ± 0.3

36.0 ± 0.1
35.2 ± 0.5
34.4 ± 0.4
34.2 ± 0.5
36.0 ± 0.4
34.1 ± 0.3
33.2 ± 0.2

36.0 ± 0.1
35.4 ± 0.3
34.2 ± 0.4
34.5 ± 0.6
36.0 ± 0.5
34.0 ± 0.4
33.0 ± 0.5

36.0 ± 0.1
35.3 ± 0.3
33.7 ± 0.3
34.6 ± 0.5
36.2 ± 0.4
33.7 ± 0.3
32.6 ± 0.6

36.1 ± 0.1
35.5 ± 0.3
32.3 ± 0.4

34.6 ± 0.5
35.9 ± 0.5
33.5 ± 0.5
32.7 ± 0.3

36.1 ± 0.2
35.4 ± 0.4
34.7 ± 0.5
34.6 ± 0.5
36.2 ± 0.5
34.2 ± 0.4
34.0 ± 0.5

Pre-cooling

1
2
3
4
5
6
7

34.9 ± 0.1
28.1 ± 0.3
28.0 ± 0.3
28.9 ± 0.3
29.7 ± 0.2
28.2 ± 0.3
26.7 ± 0.3

35.0 ± 0.2
28.6 ± 0.2
28.0 ± 0.3
29.3 ± 0.3
30.6 ± 0.3
29.7 ± 0.4
27.8 ± 0.4

35.1 ± 0.1
30.2 ± 0.4
29.5 ± 0.5
30.3 ± 0.3
31.7 ± 0.3
31.2 ± 0.2
30.3 ± 0.3

35.2 ± 0.2
32.3 ± 0.7
30.7 ± 0.6
30.7 ± 0.4
33.3 ± 0.5
31.7 ± 0.5
31.1 ± 0.2

35.3 ± 0.1
33.8 ± 0.7
32.3 ± 0.7
32.0 ± 0.6
35.3 ± 0.4
33.0 ± 0.2
32.3 ± 0.2

34.4 ± 0.8
34.8 ± 0.4
32.4 ± 0.5
32.3 ± 0.5
35.1 ± 0.5
32.7 ± 0.3
32.4 ± 0.1

35.6 ± 0.3
34.8 ± 0.4
32.6 ± 0.9
32.4 ± 0.6
34.7 ± 0.9
33.1 ± 0.5
32.7 ± 0.3

a Skin sites are forehead (1), forearm (2), chest (3), abdomen (4), back (5), thigh (6) and leg (7).

Note: Temperatures were signi®cantly di ęrent (P < 0.05) between control and pre-cooling groups except at 20 min for site 7 and at 25 min for
sites 3 and 7 (bold type). Signi®cant (P < 0.05) di ęrences among time points when the temperature di ęrence was > 1.7°C. Signi®cant

(P < 0.05) di ęrences among skin sites when the temperature di ęrence was > 1.8°C.

B lood lactate responses

Blood lactate concentration increased (P < 0.05) during
exercise in both conditions (Fig. 2). Although there
was no further increase in blood lactate after 10 min
for the controls, an increase was noted between 20 and
30 min of exercise in the pre-cooling group. At the end
of exercise, blood lactate concentration was 6.0 ± 0.8
and 5.2 ± 0.6 mmol ´ l-1 for the pre-cooling and control
groups respectively, a non-signi®cant di ęrence.

Respiratory responses

After immersion, VÇ O 2 (0.8 ± 0.06 l ´ min-1) was signi®-
cantly (P < 0.05) higher than the pre-exercise value for
the controls (0.3 ± 0.07 l ´ min-1). Although VÇ O 2 was
generally higher during exercise for the pre-cooling
group, there was no signi®cant di ęrence between con-
ditions at 10, 20 or 30 min of exercise (see Table 3).
However, during the ®nal minute of exercise, VÇ O 2

expressed as a percentage of VÇ O 2peak was 76% and 80%
for the controls and pre-cooling group respectively.
The respiratory exchange ratio was similar (P = 0.65)
between conditions throughout exercise (see Table 3).

Heart rate and RPE response

The heart rates and ratings of perceived exertion for
the two groups before and at 5 min intervals during

exercise are given in Table 4. Heart rate during exercise
was similar (P = 0.43) in both conditions. At the end
of exercise, heart rate expressed as a percentage of
its maximum was 97% and 96% for the controls and
pre-cooling group respectively. Ratings of perceived
exertion increased (P < 0.05) progressively during
exercise in both conditions, and was similar (P = 0.50)
between groups throughout.

Fig. 2. Blood lactate concentration pre-exercise and at 10 min
intervals during self-paced cycling: control (s), pre-cooling
(d). a P < 0.05 compared with pre-exercise; b P < 0.05 com-
pared with 20 min.
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Table 3. Oxygen uptake and respiratory exchange ratios pre-exercise and during self-paced
cycling exercise (mean ± sxÅ)

Time (min)

Test Pre-exercise 10 20 30

Control

VÇ O2 (l ´ min-1)
%VÇ O 2peak

RER

0.30 ± 0.07

0.95 ± 0.04

3.50 ± 0.14
71.3 ± 3.3
0.97 ± 0.02

3.45 ± 0.20
70.0 ± 5.0
0.97 ± 0.01

3.73 ± 0.31
76.0 ± 7.2
0.96 ± 0.02

Pre-cooling

VÇ O2 (l ´ min-1)
%VÇ O 2peak

RER

0.80 ± 0.06*

0.92 ± 0.04

3.70 ± 0.20
75.3 ± 4.1
1.00 ± 0.06

3.65 ± 0.21
74.3 ± 4.4
0.96 ± 0.03

3.91 ± 0.25
80.0 ± 5.2
0.98 ± 0.02

Note: %VÇ O2peak is the percentage of peak oxygen uptake during the incremental test to exhaustion and

RER is respiratory exchange ratio. * P < 0.05 compared with control.

Table 4. Heart rate and ratings of perceived exertion (RPE) pre-exercise and during self-paced cycling exercise (mean ± sxÅ)

Time (min)

Test Pre-exercise 5 10 15 20 25 30

Control

Heart rate (beats ´ min-1)
RPE

99 ± 12
8 ± 1

148 ± 6
12 ± 1

157 ± 4
14 ± 1

164 ± 4
15 ± 1

166 ± 4
16 ± 1

170 ± 3
17 ± 1

178 ± 4
18 ± 1

Pre-cooling

Heart rate (beats ´ min-1)
RPE

102 ± 8
7 ± 1

144 ± 5
12 ± 1

155 ± 5
13 ± 1

161 ± 4
14 ± 1

164 ± 3
15 ± 1

170 ± 3
16 ± 1

177 ± 2
17 ± 1

Discussion

Our aim was to establish if a reduction in mean skin
temperature without a concomitant reduction in rectal
temperature by whole-body pre-cooling using water
immersion would enhance self-paced cycle perfor-
mance under warm humid conditions. Our results
indicate that distance cycled is improved signi®cantly
with a reduction in thermal strain.

Previous pre-cooling studies have shown endurance
exercise to be signi®cantly improved at an ambient
temperature of 18±25°C and in hot humid conditions.
However, in the main these studies used exercise proto-
cols that were either ®xed at a percentage of VÇ O 2max

(Hessemer et al., 1984; Olschewski and BrÅck, 1988),
which are reported to have poor test±retest reliability
(McLellan et al., 1995), or workloads were increased
until exhaustion (Schmidt and BrÅck, 1981). It has pre-
viously been shown that running endurance of 30 min
duration in the heat is increased signi®cantly follow-
ing whole-body pre-cooling by water immersion that

involved a reduction in skin and rectal temperatures
(Booth et al., 1997). The present results support and
further this work by showing that the bene®ts of
whole-body pre-cooling apply also to self-paced cycle
performance. Although mean body temperature was
signi®cantly reduced, this was primarily a result of the
reduction in skin temperature and not rectal tempera-
ture. Thus, the novel result of the present study is that
pre-cooling signi®cantly reduced skin temperature but
not rectal temperature. Hence, we have shown that
pre-cooling of the `shell’ alone signi®cantly improves
cycling performance in warm humid conditions.

Booth et al. (1997) showed that a reduction in skin
temperature is important and that rewarming of the skin
occurs rapidly after pre-cooling, especially during the
early stages of exercise (0±15 min). In the present study,
the mean skin temperature of the pre-cooling group was
lower than that of the controls throughout. Moreover,
because rectal temperature was similar between condi-
tions at the start of, and for at least 10 min into, exercise,
we suggest that a reduced rectal temperature before
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endurance exercise might not be required for perfor-
mance to be signi®cantly improved if skin temperature
is reduced su˝ciently. Furthermore, that the rate of
heat storage was signi®cantly greater for the pre-cooling
group than the controls, indicates that a reduced
skin temperature of ª4°C plays a signi®cant role in
the body’s capacity to store heat. The reduced skin
temperature a ǫrded the participants a signi®cantly
lower rectal temperature for at least 10 min during
exercise (15±25 min) by increasing the thermal gradient
between the core and `shell’.

Exercise started within 3 min of the pre-cooling pro-
cedure, during which time skin temperature increased

ª0.5°C. However, unlike in previous studies (Schmidt
and BrÅck, 1981; Hessemer et al., 1984), we did not
observe a drop in rectal temperature; rather, the pre-
immersion value was maintained. This might be related
to the slow cooling method used and faster rewarming
by exercising in the heat (Webb, 1986; Romet, 1988).
Furthermore, our participants were heavier and had a
larger body surface area than those in previous studies
(Schmidt and BrÅck, 1981; Hessemer et al., 1984;
Lee and Haymes, 1995) and, therefore, would take
considerably longer to cool. However, the aim of the
present cooling protocol was to avoid a reduction in
rectal temperature to allow us to examine the e ęct
of a reduction in skin temperature alone. Hence, we
achieved our aim.

Although rectal temperature at the start of exercise
was similar between conditions, thermal strain during
exercise was considerably less for the pre-cooling group
between 15 and 25 min of exercise. This was predomi-
nantly due to the signi®cantly lower mean skin tempera-
ture throughout exercise. These thermal responses
were responsible for the enhanced rate of heat storage
observed in the pre-cooling condition. It has been
shown that the rate of heat storage after cold air pre-
cooling increased from 119 to 144 W ´ m-2 (increase of
25 W ´ m -2) during 45 min of running at 82% VÇ O2max at
an ambient temperature of 24°C (Lee and Haymes,
1995); in the present study, heat storage was increased
from 84 to 153 W ´ m -2 (increase of 69 W ´ m -2). The
higher rate of heat storage in the present study is most
probably a result of the method of cooling, which
enabled a more uniform skin temperature at the start of
exercise, the greater environmental heat load and the
weighting factors assigned to calculate mean body tem-
perature. The increased rate of heat storage might allow
for a greater margin for metabolic heat load without
compromising cardiovascular dynamics. For instance,
the heart rate response was marginally lower up to 20
min of exercise in the pre-cooling condition, whereas
heart rate was similar in both conditions at 25 and 30
min of exercise. However, a greater distance (ª0.9 km)
was cycled by the pre-cooling group, indicating that a

higher intensity was sustained for a similar heart rate
response. This is indicative of a reduced cardiovascular
strain. Similarly, the higher exercise intensity was
sustained for a similar rating of perceived exertion. It
is of note that VÇ O 2 was similar in the two conditions
throughout exercise. In a previous study (Booth et al.,
1997), VÇ O 2 was similar for control and pre-cooling
groups while running. In the present study, the pre-
cooled cyclists’ work rate at 30 min was 80% VÇ O 2peak,
whereas that of the controls was 77% VÇ O 2peak. After
30 min of exercise, blood lactate concentration was
elevated for the pre-cooling group but not the controls.
Our results are similar to those of Booth et al. (1997) for
pre-cooling among runners. Furthermore, the increased
work output for the pre-cooling group, despite a similar
heart rate, rating of perceived exertion and VÇ O 2 to the
controls, with an elevated blood lactate concentration,
indicates a greater contribution by the anaerobic path-
ways to fuel exercise.

As in previous studies (Schmidt and BrÅck, 1981;
Hessemer et al., 1984; Lee and Haymes, 1995), total
body sweat was reduced from 1.8 to 1.2 l ´ h-1 after
pre-cooling as expected. It has been suggested that a
1°C change in core temperature results in a thermo-
regulatory e ęctor response nine times greater than a
1°C change in skin temperature (Sawka and Wenger,
1988). The signi®cant reduction in skin temperature in
the pre-cooling group in the present study resulted in
an attenuated rise in rectal temperature during most
of the exercise period. Since it is believed that thermo-
regulatory control mechanisms use a combination of
core and skin temperature inputs, the reduced skin
temperature resulted in an elevated core temperature
threshold response for the initiation of thermoregu-
latory e ęctor responses. A skin temperature-mediated
reduction in thermoregulatory requirements of a
given exercise bout might allow for a greater proportion
of metabolic energy to be directed to performance
outcomes. In the present study, the lower rectal tem-
perature between 15 and 25 min of exercise, together
with the reduced skin temperature throughout exer-
cise, was probably enough to attenuate the sweating
response. Nadel et al. (1971) concluded that sweating
was dependent on a given combination of core and skin
temperature, and that local sweating was dependent
on local skin temperature. Therefore, given that both
rectal and skin temperature were maintained at signi®-
cantly lower temperatures after pre-cooling, the sweating
response would be expected to be attenuated. However,
Booth et al. (1997) found no di ęrence in total body
sweat after 30 min of self-paced running. In their study,
re-warming of the skin occurred more rapidly, which
may have initiated the sweating response earlier during
exercise. Also, because a greater increase in core tem-
perature has been found to occur during running than
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during cycling at similar intensities (Kreider et al., 1988;
Falk, 1998; Kerr et al., 1998), the e ęctor response for
sweating might be initiated earlier during running.

The blood lactate response to exercise after pre-
cooling has previously been shown to be the same or
higher than with no pre-cooling (Hessemer et al., 1984;
Lee and Haymes, 1995). Our results indicate no dif-
ference between the pre-cooling and control groups
at any time. However, the increase in blood lactate
concentration for the controls occurred after 10 min
and remained relatively unchanged for the remainder of
the exercise bout. In contrast, the blood lactate concen-
tration of the pre-cooling group was increased at 20 min
compared with pre-exercise values and was increased
further at 30 min. These results suggest that the pre-
cooled cyclists may have increased their exercise inten-
sity within the ®nal 10 min of exercise, whereas that of
the controls remained unchanged throughout.

In summary, whole-body cooling by water immersion
was able to reduce skin temperature in the absence of
a reduction in rectal temperature. The reduced skin
temperature resulted in a substantially greater distance
(ª0.9 km) cycled in 30 min under warm humid con-
ditions, which was associated with an enhanced rate of
heat storage and less thermal and cardiovascular strain,
as evidenced by a similar heart rate and lower rectal and
skin temperatures during exercise.
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work at di ęrent environmental temperatures. Acta

Physiologica Scandinavica, 97, 129±138.
Nielsen, B., Hales, J.R.S., Strange, S., Christensen, N.J.,

Warberg, J. and Saltin, B. (1993). Human circulatory and
thermoregulatory adaptation with heat acclimation and
exercise in a hot, dry environment. Journal of Physiology,
460, 467±485.

Olschewski, H. and BrÅck, K. (1988). Thermoregulatory,
cardiovascular, and muscular factors related to exercise
after precooling. Journal of Applied Physiology, 64,
803±811.

Romet, T.T. (1988). Mechanism of afterdrop after cold water
immersion. Journal of Applied Physiology, 65, 1535±1538.

Sawka, M.N. and Wenger, C.B. (1988). Physiological
responses to acute exercise-heat stress. In Human Perfor -

mance, Physiology and Environmental M edicine at Ter res-

tr ial Extremes (edited by K. Pandolf, M. Sawka and
R. Gonzalez), pp. 97±151. Dubuque, IA: Brown &
Benchmark.

Schmidt, V. and BrÅck, K. (1981). E ęct of precooling
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REVIEW

Methods, advantages, and limitations of body cooling
for exercise performance
F E Marino
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Br J Sports Med 2002;36:89–94

Precooling studies confirm that increasing body heat is a
limiting factor during exercise. However, it seems that
precooling is only beneficial for endurance exercise of
up to 30–40 minutes rather than intermittent or short
duration exercise.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

The relevant literature for this review was
identified and selected using Medline (1966–
2001), SPORT Discus (1949–2001), searching

of journal articles and reference lists, and world
wide web searches using various search engines
identifying key databases and online journals.
The literature cited was selected mainly on the
basis of relevance to exercise performance and
with some historical merit.

The tolerance of the human organism to high
heat load has been studied in a range of
situations, both at rest and during exercise and
with a range of strategies designed to either
reduce the heat load or enable the participant to
cope with the debilitating effects of heat stress.
From these studies it is well established that
exercise is prematurely terminated in the heat. To
address this problem, several specific approaches
have been used either experimentally or in the
field to manage or offset this reduction in
performance during exercise heat stress. The
approaches most used in experimental settings
and in the field are acclimation and fluid
ingestion (for a review, see Kay and Marino1). In
contrast, whole body precooling, a method used
to reduce body temperature before exercise, has
been primarily used in experimental settings.2–4

“It is well established that exercise is
prematurely terminated in the heat.”

The basis of the precooling strategy is to reduce
body temperature before exercise, thereby in-
creasing the margin for metabolic heat produc-
tion and increasing the time to reach the critical
limiting temperature when a given exercise
intensity can no longer be maintained.5 Most pre-
cooling studies have been conducted under mod-
erate environmental conditions (range
18–24°C),3 4 6–8 with studies evaluating the useful-
ness of precooling under warm conditions only
recently reported.2 9–11 Generally, precooling has
been shown to increase time to exhaustion or
increase the distance run or cycled (table 1).
However, this area is awash with various methods
of precooling (such as cold air, water immersion,
water perfused suits), different exercise protocols,
and environmental conditions. Owing to these

variations in methodology and the degree of
uncertainty about the mechanisms by which pre-
cooling enhances exercise performance, the prac-
tical application of precooling is yet to be fully
assessed.

Therefore the purpose of this review is to
discuss the current methods of precooling, the
effects on exercise performance, and the physio-
logical relations that are to date thought to
contribute to enhanced exercise capacity through
a precooling manoeuvre.

PRECOOLING: THEORY AND METHODS
Because prolonged exercise causes body tempera-
ture to rise in proportion to the metabolic rate, the
increase in core temperature (Tc) occurs rapidly
and reaches steady state values when heat
production equates to heat loss. It is now
apparent that a critical limiting temperature
exists as subjects either reduce their exercise
intensity or change their pacing strategy so that
exercise can continue with a reduced risk of
cellular injury or heat related illness. This seems
to be the case regardless of training state or
acclimation.5 12 In hot conditions, this situation is
exacerbated and will ultimately result in prema-
ture termination of exercise or failure to complete
the event. Therefore, as the absolute heat storage
limits the duration of exercise at a given intensity,
it would be prudent to start exercise with as cool
a body temperature as possible. Whole body cool-
ing before exercise (precooling) would be ex-
pected to widen the temperature margin before
the critical limiting temperature is reached.

At first glance it would appear that precooling
is a relatively recent intervention strategy. How-
ever, the benefits of precooling were studied more
than 60 years ago,13 albeit not to improve exercise
performance. These studies were typically con-
cerned with reducing thermal strain and examin-
ing the cooling effect on circulatory dynamics and
oxygen consumption.14–17 It is difficult to ascertain
the original method of precooling with respect to
body cooling before exercise, although the con-
cept of precooling was used by Veghte and Webb18

using both water immersion in a thin dry suit and
air cooling with a special garment for subjects
subsequently exposed to heat. This study is no
doubt a precursor to the more recent studies on
precooling. Although the study by Veghte and
Webb18 was conducted under resting conditions, it
showed that tolerance time for exposure to a high
heat load (71°C) was inversely related to the
initial body temperature.

However, the study by Bergh and Ekblom6 was
one of the first to evaluate the effect of precooling
on subsequent exercise performance. A reduction
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in oesophageal temperature (Tes) was achieved by having sub-
jects swim in cold water (13–15°C) for 15–25 minutes. This
method achieved reductions in Tes to approximately 35.8°C on
one occasion and about 34.9°C on another, but changes in skin
temperature (Tsk) were not reported. The exercise protocol
used was such that the subjects became exhausted within 5–8
minutes. Precooling did not improve work time but rather
reduced it. The authors concluded that the cause of the
decrease in performance was the reduction in peak oxygen
uptake. However, it is also possible that the reduction in oxy-
gen uptake was the result of impaired exercise performance
rather than the cause. Moreover, reductions in Tes were such
that subjects were close to hypothermia, or actually hypother-
mic, rather than being in a state of cold stress (Tc > 35°C),19

which may have had negative effects on the central nervous
system (CNS). Also, precooling was achieved by exercising in
cold water, which may have impacted on the subsequent exer-
cise performance by using available substrates. In addition,
the duration of the exercise protocol was probably not
sufficient to invoke significant thermoregulatory effector
responses and therefore cannot be considered a true precool-
ing study with respect to exercise performance.

Table 1 summarises the various methods used for precool-
ing. Predominantly studies evaluating precooling have used
cold air exposure.3 4 7 20 Schmidt and Brück4 preceded the exer-
cise period with two cold exposures at a chamber temperature
that was near 0°C followed by quick rewarming intervals
designed to reduce shivering imposed by the cold exposure.

Two subsequent studies3 7 that used a similar precooling
manoeuvre exposed subjects to ambient temperatures of
5–10°C for periods of 15 min followed by rewarming periods
that lasted up to 20 minutes. The rationale given for the inter-
vening rewarming periods was to re-establish thermal
comfort, reduce the shivering of subjects, and blunt the meta-
bolic response while decreasing body temperature. The time
taken for cooling the body in these studies ranged from 100 to
130 minutes. This method resulted in Tc actually increasing
during the precooling period, probably because of the warmer
blood at the skin moving to the core as a consequence of vaso-
constriction, and significant reductions in Tc were observed
only after the start of exercise. Lee and Haymes8 used cold air
(5°C) cooling for up to 40 minutes with no rewarming periods.
Again, Tc increased significantly during the cooling period but
decreased at the start of exercise. This phenomenon in which
Tc spontaneously decreases after cold exposure has been
described as an afterdrop in Tc and is a common occurrence
during the rewarming phase of a cooling manoeuvre.21 22

In addition to cold air cooling, several researchers have used
water immersion as a method of precooling. Marino and
Booth23 proposed that precooling by water immersion be
carried out with gradual reductions in water temperature in
order that the abrupt responses of acute cold stress be attenu-
ated. This method requires that water temperature is set at
about 29°C and reduced over a 60 minute period at a rate not
exceeding 2°C per 10 minutes. The rationale for the use of
water immersion is that the rate of heat loss to water is

Table 1 Summary of precooling studies and related methods and outcomes

Study Precooling method Exercise protocol

Pre-exercise

T
c

ΔT
c
at end

exercise

Ambient

conditions Outcome/conclusions

Bergh & Ekblom6 Swimming water
temperature 13–15°C

Arm & leg exercise to
exhaustion within 5–8 min

34.9°C* Not reported 20–22°C Lowering Tc reduced physical
performance

Cotter et al11 Ice vest with and
without thigh cooling +
cold air 3°C

20 min cycling at 65%
VO2PEAK + 15 min work
performance (35 min total
exercise)

36.8°C*† 1.7°C 33°C Precooling reduced
physiological and psychphysical
strain and increased endurance
performance

Booth et al2 Water immersion
23–24°C

30 min self paced treadmill
running

36.7°C† 2.2°C 31.6°C, 60%
rh

Increased distance run in 30 min
by 304 m (+ 4%).

Booth et al10 Water immersion 24°C 35 min cycling at 60%
VO2PEAK

36.4°C* 1.9°C 34.9°C,
46.4% rh

Precooling had limited effect on
muscle metabolism

Kay et al9 Water immersion 24°C 30 min cycling time trial 0°C† 1.0°C 31.4°C,
60.2% rh

Precooling the skin alone
increased distance cycled by
0.9 km and increased rate of
heat storage

Lee & Haymes8 Cold air 5°C Running at 82% VO2MAX to
exhaustion

0.37°C† 1.5°C 24°C, 51–52%
rh

Precooling increased exercise
endurance and rate of heat
storage

Schmidt & Brück4 Cold air 0°C Cycling with increasing
workload to exhaustion

36.4°C* 0.6°C 18°C Increased time to exhaustion and
work performed

Hessemer et al7 Cold air 0°C 60 min work rate test 36.4°C* 0.4°C 18°C Increased work rate following
precooling

Olschewski &
Brück3

Cold air 0°C Cycling with increasing
workload to exhaustion

36.9°C* 0.4°C 18°C, 50% rh Increased endurance time
following precooling

González-Alonso et
al34

30 min water
immersion

Cycling at 60% VO2MAX to
exhaustion

35.9°C* 4.2°C 40°C, 19% rh Performance time increased.
Exercise terminating at identical
Tc to control

Marsh & Sleivert29 30 min water
immersion

70 second cycling power test 36.4°C† 0.1°C 29°C, 80% rh Mean 70 second power output
increased following precooling
by 2.7%

Kruk et al20 Cold air 5°C Cycling at 50% VO2MAX for
30 min

37.0°C† 0.5°C 5°C Precooling reduced exercise
capacity in a cold environment.

*Oesophageal temperature; †rectal temperature.
Tc, Core temperature; ΔTc, change in core temperature; rh, relative humidity.
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estimated to be 2–4 times greater than to air at the same
temperature.24 25 Moreover, a water temperature of 23–24°C
does not present a high skin-environment temperature
gradient compared with 10°C air. In addition, water immer-
sion has the advantage of skin temperature being clamped
near water temperature so that a more uniform skin tempera-
ture results. This method of precooling seems to be better able
to reduce Tc during the immersion period than cold air cooling.
However, an afterdrop in Tc also occurs with water immersion
cooling.

Recently Drust et al26 precooled subjects by having them
stand under a cold shower for 60 minutes. By reducing the
water temperature from 28°C to 24°C (2°C/20 minutes), a
reduction in rectal temperature (Tre) of approximately 0.3°C
was achieved. Interestingly an afterdrop in Tre was also
observed from the end of precooling to the onset of exercise,
thereby effectively reducing the starting Tre by approximately
0.6°C. Other researchers have used an ice vest to precool
subjects,11 27 and this has been shown to effectively reduce the
Tre and skin temperature from baseline values.

In summary, whole body precooling has been achieved by a
variety of methods. Regardless of the method used, the practi-
cal application at present is limited because of the time
required to achieve sufficient body cooling to improve exercise
performance. Moreover, the varied methods and results of the
body cooling procedures are not likely to appeal as a practical
intervention strategy.

PRECOOLING AND EXERCISE PERFORMANCE
A major problem in evaluating the effectiveness of precooling
on exercise performance is the type of exercise protocol used.
Thus far, various exercise protocols have been used but few
have evaluated actual exercise performance (table 1). Bergh
and Ekblom6 used a combined leg and arm exercise protocol
designed to exhaust subjects within 5–8 minutes after the
precooling manoeuvre. In this study, work time was signifi-
cantly reduced from 6.24 minutes (control) to 4.36 and 3.06
minutes after precooling that reduced body temperatures to
35.8 and 34.9°C respectively. Although exercise duration was
significantly reduced after precooling, the combined arm and
leg exercise protocol has limited practical application to exer-
cise performance. The authors hypothesised that a possible
explanation for the reduced exercise duration was the result-
ing lower muscle temperature (Tm) of 36.5°C and 35.1°C for the
two precooling manoeuvres, possibly resulting in impaired
anaerobic power because of depressed enzyme activity.
However, this mechanism is unlikely as Blomstrand et al28 have
shown that cooler muscles are more prone to fatigue, with an
associated higher muscle lactate content, suggesting increased
rather than impaired glycolytic activity. Therefore it is unclear
how a reduced Tm before exercise may impact on persons
required to perform short intense exercise bouts.

However, Marsh and Sleivert29 using a 70 second high
intensity cycling trial requiring a mix of aerobic and anaerobic
energy supply under warm (29°C) humid conditions (80%
relative humidity; rh), found that up to 30 minutes of precool-
ing improved performance by approximately 3.3% compared
with control conditions. It was speculated that the increase in
performance was attributable to the cold induced vasocon-
striction of the skin and a concomitant increase in central
blood volume, possibly increasing muscle blood flow and
metabolite removal, thereby sustaining higher exercise inten-
sity. This explanation relies on muscle blood flow being a lim-
iting factor during exercise. However, as shown previously,5

fatigue develops even though skeletal muscle blood flow is not
reduced, so it is questionable that performance, even in short
duration exercise, is enhanced by increased muscle blood flow
caused by vasoconstriction of the skin. The finding that
precooling enhanced 70 seconds of high intensity exercise in
the heat is in contrast with the data of Ball et al30 showing an

improvement in 2 × 30 second high intensity sprints when
performed in hot (30°C) compared with moderate (18.7°C)
conditions. Interestingly, blood lactate and acid base status
were not different, suggesting similar metabolic responses in
each ambient condition. The authors speculated that the
improvement in power output in the heat was related to
enhanced force development characteristics of type I muscle
fibres. Given these contradictory findings, it is difficult to
imagine by what mechanism precooling enhances short
intense exercise.

The effect of precooling on intermittent activity has also
been evaluated.26 The exercise protocol was designed to simu-
late exercise conditions of a soccer game over 2 × 45 minute
periods separated by a 15 minute intermission. Although the
precooling manoeuvre reduced the starting Tre by approxi-
mately 0.3°C, this had limited effect, if any, on the physiologi-
cal responses measured. The authors concluded that precool-
ing is of no significant benefit for intermittent exercise of
similar duration.

In contrast, studies designed to evaluate the effect of
precooling on endurance exercise have shown favourable
results. Hessemer et al7 using a protocol that required subjects
to cycle as hard as possible for 60 minutes at 60–100 W,
showed that precooled subjects had achieved a considerably
higher rate of absolute work. In addition, work rate was found
to be higher at all times after precooling. However, this study
was performed under ambient temperatures (Ta) of 18°C.
Similarly, Olschewski and Brück3 were able to increase the
endurance time from about 19 minutes (control) to about 21
minutes after precooling, an improvement of 12%. The proto-
col used in this study was an increasing workload to exhaus-
tion followed by exercise at a work rate of 20 W for 10 minutes.
Again, this study was performed at a Ta of 18°C.

Running exercise has been evaluated using a protocol
requiring subjects to run at 82% of maximum oxygen
uptake.8 After cold air precooling, exercise duration was
increased from about 22 minutes to about 26 minutes, repre-
senting a 16% increase in endurance time. However, it is only
recently that simulated exercise performance has been evalu-
ated after precooling coupled with hot conditions2 (Ta = 32°C;
60% rh). The protocol used in this study required subjects to
run as far as possible in 30 minutes while adjusting the tread-
mill speed. After precooling, the distance run increased from
about 7250 m to about 7550 m, an improvement of about 304
m (+ 4%). Moreover, an analysis of the recorded speeds indi-
cates that subjects ran at higher speeds throughout the 30
minutes and were able to increase their speed toward the end
of the trial, whereas, at best, speed could only be maintained
during control conditions. These data indicate that the benefit
of precooling may be that the athlete is able to draw on
reserves later in the performance rather than just being able to
maintain a given intensity or speed.

The same group has also extended this study by evaluating
the usefulness of precooling on self paced cycling
performance.9 In this study, participants cycled on their own
bicycles mounted on a magnetically braked cycle trainer and
were able to manipulate their speed and gear ratio as required.
After precooling by water immersion, the distance cycled
increased by approximately 0.9 km over the control trial (14.9
versus 15.8 km). Again, it was evident that subjects were able
to increase exercise intensity toward the end of the trial.

“ . . .the benefit of precooling may be that the athlete is
able to draw on reserves later in the performance n just
being able to maintain a given intensity or speed”.

These two studies2 9 suggest that subjects use different pac-
ing strategies according to the level of thermal strain and that
this may account for the increased exercise intensity toward
the final stages of the exercise bout. This follows the line of
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thought that there exists a mechanism by which a muscle
reserve is available.31 However, it remains to be established
how a muscle reserve is accomplished.

Although most studies have shown an enhanced exercise
performance in the heat after a precooling manoeuvre, a
recent study does not advocate body cooling before
triathlons.32 Precooling was achieved by water immersion
(temperature approximately 25.5°C) before either simulated
swimming for 15 minutes or cycling for 45 minutes at about
75% VO2PEAK. However, the authors did not report any exercise
performance result. Their conclusion was based solely on the
lack of difference in thermoregulatory and metabolic re-
sponses between precooling and control trials. Although the
trials in this study were counterbalanced, water immersion
precooling before swimming exercise in a similar water envi-
ronment may not be prudent given that core temperature may
be reduced beyond the limits that would be advantageous.
Precooling before swimming may have also masked the
benefits of reduced thermal strain for those subjects that
completed the cycling phase of the experiment first. Further-
more, the running portion of the triathlon was not included in
the design. This was based on the rationale that the benefits of
a reduced thermal strain are diminished after 30 minutes of
submaximal exercise.

On balance, the benefits for exercise performance from
whole body precooling can only be inferred given that most
studies have not used performance based exercise protocols
(table 1). In addition, it is somewhat difficult to interpret the
findings in the light of the range of ambient conditions that
have been used. Further work must be completed using more
practical performance protocols before firm conclusions can
be drawn about the benefits of precooling for exercise
performance.

PRECOOLING, EXERCISE, AND HEAT STORAGE
A major advantage of precooling is related to the artificially
enhanced capacity for heat storage. Ordinarily, the body’s
capacity to store heat is limited and directly related to exercise
intensity, body size, and metabolic heat production. However,
the environmental conditions also impact on the heat storage
capacity. This is particularly the case when ambient conditions
are hot and humid. Nielsen33 has provided calculations that
show that the rate of rise in body temperature is increased
dramatically when ambient temperature is > 35°C and rh is >
60%. Under these conditions, the reduced temperature gradi-
ents between core, skin, and environment and reduced water
vapour pressure diminish the potential for evaporation of
sweat. In this scenario, the limit for body heat storage is
reached faster at a given exercise intensity. Therefore, because
the theoretical basis of precooling is to increase the margin for
rising body temperature before a critical limit is reached, it
follows that precooling would be prudent before prolonged
exercise under warmer rather than cooler conditions. Given
the theoretical basis of precooling, it is somewhat surprising
that to date only few studies have evaluated its usefulness in
relation to exercise performance in the heat (table 1).

Heat storage capacity is a critical factor in the outcome of
precooling manoeuvres, and only a few studies have reported
it. Olschewski and Brück3 calculated heat storage after a pro-
tocol consisting of increasing workload to exhaustion, which
resulted in heat storage of about 380 and 263 kJ/m2 for
precooling and control trials respectively. Using a similar
method of calculation, others15 have also shown increased heat
storage during exercise after precooling, preheating, and con-
trol conditions. These authors calculated heat storage at 10
minute intervals and were able to show the advantage of pre-
cooling over either preheating or control even under low
ambient conditions (5°C; 40% rh). Although negative during
the precooling manoeuvre, heat storage was significantly
higher during exercise after precooling compared with either

of the other two ambient conditions. However, exercise capac-
ity was not enhanced by the higher heat storage but rather
deteriorated. The authors suggested that the reduced exercise
capacity was related to the low muscle temperature and low
capacity for muscles to perform at these temperatures.
However, muscle temperature was not actually measured but
inferred from the measures of rectal and mean body tempera-
tures.

Lee and Haymes8 reported heat storage as a rate per unit
time during exercise after precooling. These researchers found
that, during the actual precooling manoeuvre, heat storage
was negative, but, like previous studies, it was increased
significantly during the exercise period. Under moderate envi-
ronmental conditions, the rate of heat storage was 144 and
119 W/m2 for precooling and control conditions respectively.
However, the fact that more sweat was evaporated during
exercise after precooling than in control conditions (75% v
57%) suggests that evaporative heat dissipation during
exercise was more economical after precooling. Similarly,
under hot humid conditions (32°C; 60% rh), the rate of heat
storage at the end of 30 minutes of running increased from
about 113 W/m2 for control conditions to about 250 W/m2 after
precooling.2 Interestingly, sweat rate was similar, approxi-
mately 2.60 litres/h, between conditions. This study showed
that the advantage of precooling for endurance exercise in hot
humid conditions is reduced thermal strain while increasing
the capacity for heat storage. It was also noted that, after pre-
cooling, during the first 20 minutes of exercise, the rate of
increase in mean skin temperature was high. According to fig
1, the benefit of precooling seems to be an enhanced capacity
to store heat. The data clearly show that, in each of the three
studies, heat storage is higher in precooled than control
conditions regardless of whether the precooling method was
by water immersion or cold air. This is a particularly salient
point highlighted by a study that precooled the skin but not
the rectal temperature while exercise was performed under
warm humid conditions.9 The authors noted that the reduced
Tre during exercise was due primarily to the reduced skin tem-
perature affording a greater thermal gradient. As a conse-
quence the increased thermal gradient attenuated the rise in
Tre, effectively reducing the likelihood of subjects reaching the
critical limiting temperature.

Similarly, when the rate of heat storage was manipulated
(0.1°C/min v 0.05°C/min), it was found that subjects exercising
at 60% VO2PEAK reached exhaustion at similar Tes and Tm, but
with significantly different skin temperatures (38.4°C v 35.6°C
for high and low rates of heat storage respectively).34 However,
the difference in skin temperature between conditions was the
result of contact of the water perfused jacket with the skin of
the trunk and forearms. The time to exhaustion was
significantly shorter for subjects in the conditions of higher
than lower rate of heat storage. This study shows that high or
limiting internal body temperatures are directly related to the

Figure 1 Rate of heat storage (W/m2) in three different studies. In
all cases, it was significantly increased in the precooled condition
compared with control conditions. Values are means (SD).

400

300

200

0

100

Precooling
Condition

Lee and Haymes8

H
ea

t s
to

ra
ge

 (W
/m

2 )

Control

Booth et al2

Kay et al9

92 Marino

www.bjsportmed.com

 group.bmj.com on March 21, 2010 - Published by bjsm.bmj.comDownloaded from Paper 4 Paper 4

78

http://bjsm.bmj.com/
http://group.bmj.com/


rate of heat storage. Further to this point, this study shows
that time to exhaustion is increased by reducing body
temperature before exercise.

CNS, CARDIOVASCULAR, AND METABOLIC
RESPONSES TO EXERCISE AFTER PRECOOLING
Although the cardiovascular and metabolic responses to exer-
cise under various conditions and interventions are well
documented, there are few data on similar responses after
precooling. Several schools of thought exist on what limits
exercise performance during exercise in the heat (for a review,
see Febbraio35). Clearly, the fact that exercise performance in
most reported studies is improved after precooling (table 1)
suggests that limiting the rate of rise in core temperature is a
major determining factor. However, whether this in turn
impacts on substrate availability, cardiovascular function,
skeletal muscle function, or the CNS in order to limit exercise
capacity still remains unclear, although a recent study36 using
the critical limiting temperature model of fatigue showed that,
in the presence of high internal body temperature, skeletal
muscles not used during the preceding exercise bout were
unable to reproduce baseline force values, implicating the CNS
in the reduction of skeletal muscle force output. In general,
the responses of these systems have not been studied during
exercise after precooling, making it difficult to ascertain how
a precooling manoeuvre may affect them.

There is an emerging consensus that fatigue during exercise
in the heat may be due to a reduced CNS motor drive. This
hypothesis has not been directly evaluated, but we have
recently shown that there is some evidence for neuromuscular
fatigue during high intensity cycling in the heat.31 In this
study, subjects cycled for 60 minutes at a self selected pace,
with the exercise punctuated with six one-minute sprints. It
was very clear that subjects consciously exerted a maximum
effort for each sprint, as evidenced by similar heart rates and
increased rating of perceived exertion, but with a reduced
power output and motor drive (electromyogram). In a subse-
quent study in which subjects self selected running speeds37

during a 30 minute treadmill run in the heat, it was also clear
that subjects altered their pacing strategy compared with a
similar trial in cooler conditions to ensure that they were able
to finish the run without overheating. The findings from these
studies suggest that a subconscious control may have been
operating to reduce the likelihood of cellular injury during
such conditions. Because the terminal Tre was 39°C, it would be
logical to assume that a reduced rate of rise in Tre as the result
of precooling would probably attenuate the reduction in motor
recruitment and thereby allow the maintenance of higher
exercise intensity. However, this hypothesis has not been
directly evaluated.

In contrast with the responses of the CNS, the cardiovas-
cular system during exercise after precooling has been
reasonably well studied. The assumption here is that by
reducing the rate of rise in body temperature, the need for skin
blood flow is reduced, thereby increasing the volume of blood
available for the central circulation. This would naturally lead
to an increased stroke volume and hence a reduced heart rate
response for a given level of exercise intensity. Indeed, most
studies show that, under steady state conditions, heart rate
during exercise after precooling is attenuated.4 7 8 An analysis
of the literature indicates that heart rate is lower during the
initial 15 minutes of exercise after precooling, with this differ-
ence disappearing for the remaining portion of the exercise.2 8

In fact, heart rate at the end of exercise has been shown to be
similar in control and precooling conditions irrespective of
ambient temperature. Although it should be noted that more
work is performed for a similar heart rate under precooled
conditions, it is unclear why athletes terminate exercise at
identical heart rates irrespective of the ambient temperature
or thermal strain and even when self pacing.37 However, in a

study that examined the effect of preheating and precooling
on exercise time to exhaustion, it seemed clear that if the Tes,
skin temperature, and skin blood flow was increased before
exercise by preheating the subjects, cardiac output was
reduced secondary to a diminished stroke volume.34 Interest-
ingly, the differences in cardiovascular responses disappeared
after about 10 minutes of exercise, with subjects terminating
exercise at similar Tes, heart rate, cardiac output, and stroke
volume. In addition to these data, it has also been shown that
neither blood volume nor plasma volume are sufficiently
attenuated to account for reduced cardiovascular strain during
exercise under precooled conditions.38

Thus far the metabolic responses to exercise after precool-
ing have not been extensively documented. Most studies indi-
cate that oxygen consumption remains unchanged with
precooling after 10 minutes of exercise,2 8 9 and that no relation
exists between exercise performance and oxygen consump-
tion after precooling. It has been proposed that precooling may
enhance exercise performance by reducing the metabolic per-
turbation usually observed with increased body and muscle
temperatures. Indeed, if the rise in core temperature is blunted
during exercise, the result is an attenuation in net muscle gly-
cogen use.39 However, a recent study showed that precooling
had very limited effect on substrate provision during exercise
heat stress.10 That is, despite lower Tes and Tm after precooling,
muscle glycogen utilisation was not different at the end of
exercise compared with a control trial. The authors suggested
that Tm may need to exceed a critical level before muscle
energy metabolism is altered sufficiently to impact on
exercise. It must be noted that, in this study, the muscle glyco-
gen levels before exercise were not similar in the two trials,
making these findings difficult to interpret. However, energy
metabolism cannot by itself explain a reduction in exercise
performance, given that substrates are never fully depleted; if
they were depleted, rigor, not fatigue, would ensue.

SUMMARY AND CONCLUSIONS
The current body of evidence suggests that whole body
precooling is able to increase capacity for prolonged exercise at
various ambient temperatures. It is less well understood how
precooling enhances high intensity exercise of short duration.
It is clear, however, that precooling does allow a greater rate of
heat storage, with the effect of reducing the rate of rise in core
temperature a decisive advantage. In most cases, precooled
subjects were able to sustain higher exercise intensity than
controls, but this was not associated with any apparent meta-
bolic or cardiovascular advantages. From the literature, it
seems that precooling provides a distinct thermal advantage
for exercise, particularly in the heat. Although the mecha-
nisms that lead to enhanced exercise performance after
precooling are unclear, the evidence suggests that the effect of
precooling on the CNS is probably a factor. If precooling is
found to be an effective strategy for enhancing exercise
performance, then more studies to evaluate its practical value
need to be conducted. At present, there are no descriptions of
how precooling may be achieved at athletic venues. Water
immersion and the use of ice vests may be more practical than

Take home message

• Precooling studies confirm that increasing body heat is a
limiting factor during exercise

• Precooling is probably only beneficial for endurance exer-
cise of up to 30–40 minutes rather than intermittent or short
duration exercise

• Precooling before an endurance event may be worth while
if the facilities are available

• Precooling would be advantageous for endurance exercise
in warm conditions
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cold air cooling. However, given the time required to achieve
sufficient body cooling to produce an advantage, it seems
unlikely that precooling manoeuvres will be popular at
athletic events in the immediate future.
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Abstract The aim of this study was to determine whether

pre-cooling procedures improve both maximal sprint and
sub-maximal work during intermittent-sprint exercise.

Nine male rugby players performed a familiarisation ses-

sion and three testing sessions of a 2 · 30-min intermittent
sprint protocol, which consisted of a 15-m sprint every min

separated by free-paced hard-running, jogging and walking

in 32"C and 30% humidity. The three sessions included a
control condition, Ice-vest condition and Ice-bath/Ice-vest

condition, with respective cooling interventions imposed

for 15-min pre-exercise and 10-min at half-time. Perfor-
mance measures of sprint time and % decline and distance

covered during sub-maximal exercise were recorded, while

physiological measures of core temperature (Tcore), mean
skin temperature (Tskin), heart rate, heat storage, nude mass,

rate of perceived exertion, rate of thermal comfort and

capillary blood measures of lactate [La–], pH, Sodium
(Na+) and Potassium (K+) were recorded. Results for

exercise performance indicated no significant differences

between conditions for the time or % decline in 15-m sprint
efforts or the distance covered during sub-maximal work

bouts; however, large effect size data indicated a greater

distance covered during hard running following Ice-bath
cooling. Further, lowered Tcore, Tskin, heart rate, sweat loss

and thermal comfort following Ice-bath cooling than Ice-

vest or Control conditions were present, with no differ-
ences present in capillary blood measures of [La–], pH, K+

or Na+. As such, the ergogenic benefits of effective pre-

cooling procedures in warm conditions for team-sports may

be predominantly evident during sub-maximal bouts of

exercise.

Keywords Central fatigue ! Heat-strain ! Ice-bath !
Repeat-sprint ! Thermoregulation

Introduction

Training and competition for many team-sports often re-

quires sustained exercise performance in high ambient
temperatures. Under these conditions elevated core (Tcore)

and mean skin (Tskin) temperatures are noted, resulting in

increased cardio-vascular and metabolic loads (Kozlowski
et al. 1985; Morris et al. 2000), in addition to hastening

neuromuscular fatigue (Kay et al. 2001) and reducing

endurance (Gonzalez-Alonso et al. 1999) and intermittent-
sprint (Drust et al. 2005) performance compared with

normo-thermic conditions. To counter the physiological

strain associated with higher environmental temperatures,
pre-cooling procedures which reduce pre-exercise Tskin and

Tcore have been used in laboratory and field settings

(Marino 2002).
Increased thermal stress has shown to excessively elevate

Tcore and subsequently reduce intermittent-sprint perfor-

mance (Maxwell et al. 1999; Drust et al. 2005; Morris et al.
2005). As such, methods such as cold baths, cold ambient air

and ice vests have been utilised to varying effect to delay the

rise in Tcore during prolonged duration repeated sprint efforts
(Marino 2002). These procedures have improved endurance

performance in exercise protocols consisting of constant-

load exercise to fatigue (Lee and Haymes 1995; Hasegawa
et al. 2005), total maximal work performed in a set time

(Booth et al. 1997) and time to complete variable-paced

efforts of set distance (Arngrı́msson et al. 2004). However,
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minimal performance benefits have been reported by the

small number of studies investigating pre-cooling and
intermittent-sprint exercise (simulating team-sport activity)

(Drust et al. 2000; Duffield et al. 2003; Cheung and Rob-

inson 2004). Previous research has not shown an improve-
ment in peak or mean power, speed or distance covered in

singular (Marsh and Sleivert 1999) or repeated (Drust et al.

2000; Duffield et al. 2003; Cheung and Robinson 2004)
maximal sprint efforts of 5- to 30-s in duration following

pre-cooling. However, recently Castle et al. (2006) have
shown some ergogenic benefits for intermittent-sprint per-

formance following lower body pre-cooling with a 4% in-

crease in peak power. While pre-cooling procedures are
generally effective in reducing Tcore, Tskin and the perceived

thermal strain of intermittent-sprint exercise protocols

(Mitchell et al. 2001; Sleivert et al. 2001), evidence for
improved intermittent-sprint performance in warm–hot

conditions following pre-cooling is limited.

Team-sport exercise patterns involve intermittent-sprint
activity incorporating maximal sprints separated by activity

ranging from passive stationary recovery to high-intensity

work (Spencer et al. 2005). Traditionally, exercise proto-
cols simulating team-sport exercise involve repeated

maximal (2–60) non-specific cycle ergometer sprint efforts

(5–30 s) interspersed with sub-maximal recovery bouts
(passive–50% _VO2 max) over prolonged durations (30–

80 min) (Duffield et al. 2003; Cheung and Robinson 2004).

Exercise performance is assessed via measures of peak and
mean power, while the sub-maximal exercise separating

maximal efforts is normally standardised and ignored as a

performance measure. Morris et al. (2005) have previously
reported significantly reduced sub-maximal distances cov-

ered in 33"C compared to 17"C ambient conditions. Hence,

given the improved endurance performance in completing
maximal aerobic events, reported for pre-cooling proce-

dures (Arngrı́msson et al. 2004), it is surprising more re-

search attention has not incorporated the measurement of
sub-maximal exercise in the assessment of performance.

Therefore, given the often ambiguous and non-specific

nature of the reported effects of pre-cooling on intermit-
tent-sprint exercise performance, the purpose of the present

study was to investigate the effect of two common pre-

cooling procedures (ice-bath and ice-vest) on maximal
sprint and sub-maximal work during intermittent-sprint

exercise in warm conditions.

Methods

Participants

Participants were nine male, moderate to well trained,

club-level rugby players with a mean ± SD age

21.4 ± 1.3 year, height 184.1 ± 5.1 cm and body mass

85.16 ± 5.56 kg. All participants gave verbal and written
consent prior to engaging in testing procedures and Hu-

man Ethics clearance was granted by the Institutional

Ethics Committee.

Overview

Participants performed an initial familiarisation session,

followed by three testing sessions at the same time of
day, separated by 5–7 days and were required to abstain

from the ingestion of alcohol, caffeine and food sub-
stances 4 h prior to testing. All testing was conducted on

a 20-m synthetic running track in an enclosed biome-

chanics laboratory. Testing was performed in warm/hot
environmental conditions (32 ± 1"C and 30 ± 3% relative

humidity), with heating provided by a customised gas

heating system, supplemented by four electronic 2,000 W
room heaters (Kambrook, Australia) placed at 5-m inter-

vals alongside (within 1-m) the running track. Following

familiarisation with all measures and procedures, partici-
pants performed three identical sessions in a randomised,

counter-balanced order, with only the type of cooling

intervention varying between sessions. The three sessions
consisted of a control session (no cooling intervention),

an ice-vest session (cooling intervention with an ice-vest)

and an ice-bath session (ice bath and ice-vest). All par-
ticipants were required to document their physical activity

and dietary and fluid consumption in the 24 h prior to the

first testing session and replicate these patterns for the
following sessions and particularly to standardise fluid

consumption.

Exercise protocol

Participants performed an intermittent-sprint protocol

consisting of 2 · 30-min identical halves, separated by a

10-min recovery period and performed on an enclosed 20-
m synthetic running track. Initially a warm-up consisting of

4 min of running along the 20-m running track with

increments in running speed each minute and 5-min of
passive stretching was performed. The intermittent-sprint

protocol consisted of a maximal 15-m sprint every minute,

separated by sub-maximal exercise of varying intensities.
The maximal 15-m sprint was performed on the running

track, with a 5-m space for deceleration before impact with

a large high jump mat to simulate body contact and colli-
sions that occur in many team sports. Further, during the

first and last minute of each half, an extra sprint was per-

formed, reducing the recovery to 30 s. Between each
maximal sprint effort were bouts of self-paced, sub-maxi-

mal activity, consisting of hard running, jogging and

walking, respectively. These sub-maximal bouts were

728 Eur J Appl Physiol (2007) 100:727–735
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performed up and back along the 15-m sprint track in a

shuttle-run fashion. A sub-maximal exercise bout was
started as soon as the participant had finished the maximal

sprint and was ceased 10 s prior to the commencement of

the next sprint to allow time for preparation for the ensuing
sprint. Only one sub-maximal exercise mode was em-

ployed each minute and these were rotated through in the

previously mentioned order to ensure correct replication of
procedures. Participants were instructed prior to and given

verbal support during each session to attempt to cover as
much distance as possible during the hard running bouts,

and jog or at a self-selected comfortable pace during the

respective jogging and walking bouts.

Pre-cooling intervention

A cooling intervention was performed for 15-min prior to

exercise, during the warm-up and during the 10-min half-
time recovery period. Participants in the control condition

sat in the 32"C temperature and within 5-m of a radiant

heat source during both the initial 15-min and then 10-min
half-time recovery periods with no cooling intervention.

During the ice-vest session, participants wore an ice-vest

(Artic Heat, Australia) while sitting in the 32"C tempera-
ture within 5-m of a radiant heat source for the 15-min pre-

cooling and 10-min half-time cooling and also wore the

vest during the warm-up and stretching period. The ice-vest
was stored in crushed ice prior to and following use.

During the ice-bath session, participants were immersed up

to the suprasternal notch in a cold water bath (Custom
design, CSU, Australia) at 14 ± 1"C for the initial 15-min

before donning the ice-vest and performing the warm-up

and stretching in the vest, and then donning the vest during
the 10-min half-time recovery period while seated as per

other conditions. Finally, in all conditions, participants

were required to consume a measured 350 ml of water
during the half-time break.

Measures

Performance

Exercise performance was assessed by measures of 15-m

sprint time and distance covered during sub-maximal

exercise bouts. Sprint time was measured by an infra-red
timing system (Speed Light, Swift, Australia) while %

decrement was calculated according to Dawson et al.

(1993). Markings in 1-m increments alongside the 15-m
running track allowed for an accurate measure of the dis-

tance covered on each individual sub-maximal exercise

bout performed in the respective hard running, jogging and
walking bouts.

Physiological measures

Before and after each testing session, nude mass was

measured on a set of calibrated scales (HW 150 K, A & D,
Australia) to estimate changes in body mass due to sweat

loss. Heart rate was measured (Vantage NV, Polar, Fin-

land) pre-intervention, post-intervention, pre-exercise and
every 5-min throughout the exercise protocol. Tcore was

measured by a telemetric pill (VitalSense, Mini Mitter,

USA) that was ingested 4–5 h prior to exercise to ensure it
had passed into the Gastro-Intestinal tract. Skin tempera-

ture was measured at the sternum, chest, mid-forearm, mid-

quadriceps and medial calf via telemetric patches (Vital-
Sense, Mini Mitter, USA). Tcore and Tskin were recorded

pre-intervention, post-intervention, pre-exercise and every

10-min throughout the protocol from a hand-held monitor
that telemetrically received core pill and skin patch mea-

surements (VitalSense, Mini Mitter, USA). Tskin was cal-

culated based on the equation of Ramanathan (1964), while
heat storage was calculated based on the equation of

Havenith et al. (1995). Ratings of perceived exertion (RPE)

and Thermal comfort were obtained pre-intervention, post-
intervention, pre-exercise, either side of the half-time break

and post-exercise. A 100 ll of capillary blood was sampled

from a hyperaemic ear lobe pre-intervention, post-inter-
vention and pre- and post-halves for analysis of capillary

blood lactate [La–], pH, Potassium (K+) and Sodium (Na+)

(ABL825 Radiometer, Copenhagen, Denmark). Finally, a
60 ll sample of capillary blood was collected pre- and

post-exercise and centrifuged to separate blood plasma and

analysed for hematocrit (Hct).

Statistical analysis

A repeated measures (condition · time) ANOVA was used

to determine significant differences between the respective
conditions (Control, Ice-vest, Ice-bath). Tukey’s post-hoc

HSD tests were used to determine the source of signifi-

cance, which was set a priori at P = 0.05. Effect sizes (ES)
(Cohen’s d) were calculated to analyse potential trends in

the data comparing respective cooling conditions to the

control condition. An ES of <0.2 is classified as a ‘trivial’,
0.2–0.4 as a ‘small’, 0.4–0.7 as a ‘moderate’ and >0.8 as a

‘large’ effect.

Results

The results for mean ± SD 15-m sprint time, total sprint

time and % decline in sprint time for the first and second

half, respectively, for all conditions are presented in
Table 1. No significant differences (P>0.05) and small ES

were present between conditions for mean and total sprint

Eur J Appl Physiol (2007) 100:727–735 729
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time and % decline. The mean ± SD and total distance

covered during hard running, jogging and walking exercise
bouts for the first and second half and overall, respectively,

for all conditions is presented in Table 2. The overall total

distance covered during all sub-maximal exercise bouts
were not significantly different (P = 0.09) for the ice-bath,

ice-vest and control conditions (4865 ± 546, 4551 ± 418

and 4493 ± 403 m, respectively). No significant differ-
ences (P > 0.05) were noted between conditions for the

mean or total distance covered in hard running (P = 0.09),
jogging (P = 0.50) or walking (P = 0.61) either in the first

or second half or overall. However, large ES data indicated

a greater mean and total distance covered in the ice-bath
session for hard running in both halves (ES = 0.84 and

0.86) and overall (ES = 0.88). Mean ± SD individual hard

running efforts are presented in Fig. 1
Results for mean ± SD Tcore, Tskin and chest temper-

ature (Tchest) for all conditions are presented in Fig. 2. A

significantly lower Tcore (P < 0.05) was evident following
the intervention, prior to the warm-up, in the ice-bath

compared to the ice-vest and control condition and re-

mained lower until the fortieth minute. Further, large ES
data (ES = 1.0–1.8) indicated a lower Tcore in the ice-

bath condition following the intervention for the entire

exercise protocol. No significant differences (P > 0.05)
and moderate ES data (ES = 0.3–0.5) were evident be-

tween the ice-vest and control conditions. A significantly

lower Tskin (P < 0.05) was evident following the inter-
vention in the ice-bath compared to the ice-vest and

control conditions throughout the warm-up and until the

twentieth minute, with large ES data (ES = 1.0–12.0)
indicating lower Tskin in the Ice-bath condition following

the intervention for the entire exercise protocol. No

significant differences (P > 0.05), but large ES data
(ES = 0.8–1.1) were evident between Tskin in the ice-vest

and control conditions until the twentieth minute. A

significant difference (P < 0.05) and large ES (0.8–3.1)
were evident in lower Tchest values in the ice-bath and

ice-vest conditions compared to the control condition

following cooling until the tenth minute and again after
the half-time cooling procedure. No differences

(P > 0.05) were present between the respective cooling

conditions. Results for change in heat storage over the

testing protocol are presented in Fig. 3. In the ice-bath
condition an initial loss of body heat was noted follow-

ing cooling, with a reduction in heat storage until the

tenth minute (P < 0.05).
Mean ± SD heart rate data are presented in Fig. 4 and

show a significantly lower heart rate in the ice-bath con-

dition following the cooling intervention until the tenth
minute of the exercise protocol (including the warm-up).

Large ES data also indicate reduced heart rates until 15-
min of the exercise protocol (ES = 0.8–1.8) and again after

half-time (ES = 0.90) in the ice-bath condition. A signifi-

cant difference (P < 0.05) in the amount of sweat loss (as
measured by pre-post difference in nude body mass) was

evident, with a lower change in mass in the ice-bath than

control condition (1.73 ± 0.17, 1.92 ± 0.24 and
2.13 ± 0.19 kg for ice-bath, ice-vest and control condi-

tions, respectively). The large ES data indicated both ice-

bath and ice-vest conditions had a reduced sweat loss
compared to the control condition.

The mean ± SD capillary blood [La–], pH, Na+, K+ and

Hct data is presented in Fig. 5. No significant differences
(P < 0.05) were evident between conditions for [La–], pH,

Na+ or K+ throughout the exercise protocol. Large ES data

(ES = 0.70) indicated lower pH values at the end of the
first-half in the ice-bath condition; however, all other ES

data indicated trivial to small differences. Significant dif-

ferences (P < 0.05) were noted between the ice-bath and
ice-vest respectively and control condition for the change

in Hct. Attenuated changes in Hct were evident for the ice-

bath (1.2 ± 0.4%) and ice-vest (1.6 ± 0.5%) compared to
the control condition (2.3 ± 0.5 %).

RPE and Thermal comfort ratings throughout the pro-

tocol are presented in Table 3. No significant differences
(P > 0.05) and small ES data (<0.4) were present between

all conditions for RPE values. Significantly (P < 0.05) re-

duced Thermal comfort ratings were present in the ice-bath
condition before the start of each half and in the ice-vest

before the first-half compared to the control condition.

Large ES (d = 1.0–3.5) were present for attenuated ratings
in the ice-bath and ice-vest conditions at the start of each

half.

Table 1 Mean ± SD 15-m
sprint time, total sprint time for
all sprints and % decline in
sprint time for the first and
second halves for the Control,
Ice-vest and Ice-bath conditions

No significant difference
between conditions (P [ 0.05)

Control Ice-vest Ice-bath

First half sprint mean (s) 2.75 ± 0.13 2.74 ± 0.18 2.72 ± 0.14

Second half sprint mean (s) 2.83 ± 0.17 2.82 ± 0.22 2.77 ± 0.16

First half sprint total (s) 90.59 ± 4.40 90.31 ± 5.96 89.81 ± 4.74

Second half sprint total (s) 93.30 ± 5.45 93.11 ± 7.22 91.26 ± 5.32

First half decline (%) 6.2 ± 1.8 7.1 ± 2.5 5.5 ± 2.5

Second half decline (%) 6.3 ± 1.9 6.2 ± 2.1 6.5 ± 2.6
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Discussion

The aim of the current study was to determine the effect of
two different pre-cooling procedures on maximal sprint

and sub-maximal work during intermittent-sprint exercise

in warm conditions. Results for exercise performance
indicated no significant differences between conditions for

the time or % decline in 15-m sprint efforts or the distance

covered during sub-maximal work bouts; however, large
ES data indicate a greater distance covered during hard

running following ice-bath cooling procedures. Physio-

logical measures indicated lowered Tcore, Tskin, heart rate,
sweat loss and thermal comfort following ice-bath cooling

compared with ice-vest or control conditions, with no

differences present in capillary blood measures for [La–],
pH, K+ or Na+.

Similar to most previous studies investigating the effects

of pre-cooling on intermittent-sprint performance in the
heat, limited ergogenic effects were apparent (Drust et al.

2000; Duffield et al. 2003; Cheung and Robinson 2004).

Castle et al. (2006) recently reported a 4% increase in peak
power following leg cooling, but no difference in mean or

total work done for any cooling procedure (bath, vest or

pack) compared to a control condition. Previous prolonged

intermittent-sprint protocols that have shown limited de-
clines in sprint performance in the heat, have reported

limited beneficial effects of pre-cooling (Duffield et al.

2003; Cheung and Robinson 2004). In contrast, Castle et al.
(2006) demonstrated a significant decline in sprint perfor-

mance in the control condition and as such reported an

ergogenic influence of a cooling intervention to maintain
peak power without any significant change in work done.

Exercise protocols that allow sufficient recovery (>60 s)
and repletion of PCr between sprints (Bogdanis et al.

1998), with low resistance to sprint efforts may result in

limited declines in performance and hence limited pre-
cooling ergogenic benefits (Duffield et al. 2003). It is

possible that greater resistance and durations tease out

declines in sprint performance and allow for a potential
ergogenic pre-cooling influence. In the present study, a

moderate decline in sprint performance was evident,

however, little amelioration of the decline was evident
following ice-bath cooling procedures. As such, it is pos-

sible that the effects of pre-cooling on intermittent-sprint

performance are minor and only manifest when the thermal
and exercise stress is sufficient to induce heat strain.

Table 2 Mean and total ± SD
distance covered for hard
running, jogging and walking in
the first and second halves
respectively for the Control,
Ice-vest and Ice-bath conditions

No significant difference
between conditions (P [ 0.05)
a Large effect size ([0.8)
compared to control condition

Control Ice-vest Ice-bath

Mean first half hard run (m) 122.7 ± 12.5 127.0 ± 12.6 136.8 ± 14.2a

Mean second half hard run (m) 113.3 ± 12.0 115.9 ± 16.4 128.4 ± 15.5a

Mean first half jog (m) 93.8 ± 8.3 92.4 ± 10.5 95.0 ± 11.9

Mean second half jog (m) 87.2 ± 8.1 86.4 ± 10.3 91.4 ± 12.3

Mean first half walk (m) 52.2 ± 7.2 53.0 ± 7.3 55.9 ± 7.5

Mean second half walk (m) 50.4 ± 8.7 50.8 ± 5.1 53.9 ± 8.4

Total first half hard run (m) 1104.0 ± 112.3 1143.4 ± 113.5 1231.9 ± 128.6a

Total second half hard run (m) 1019.5 ± 107.7 1042.6 ± 147.8 1155.6 ± 139.2a

Total first half jog (m) 750.0 ± 66.3 740.0 ± 84.1 759.9 ± 95.0

Total second half jog (m) 697.5 ± 64.4 691.9 ± 82.7 731.3 ± 98.4

Total first half walk (m) 469.6 ± 65.2 476.9 ± 65.4 502.9 ± 67.7

Total second half walk (m) 453.3 ± 77.9 456.8 ± 46.2 484.8 ± 75.2
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Although limited effects of pre-cooling on sprint per-

formance were evident, a unique aspect of the current
study, which has not been previously reported in pre-

cooling studies on intermittent-sprint exercise, was the

measurement of free-paced distance covered between
sprints. The results indicated an increased distance covered

during hard-running following ice-bath pre-cooling proce-

dures (Fig. 1). Precooling has been reported to significantly
increase the distance covered in 30-min of continuous

running by ~300-m (Booth et al. 1997) and decrease time
to complete 5-km treadmill efforts by 13-s (Arngrı́msson

et al. 2004). In the current study, ice-bath cooling increased

the total distance covered in the 18 respective 45-s hard-
running bouts (~14-min in total) by ~200-m, which ap-

proach the distances reported by Booth et al. (1997).

The strategy of combining whole-body pre-cooling prior
to warm-up to reduce Tcore and Tskin, and then maintenance

of cooling procedures during the warm-up (ice-vest) was
effective in improving the distance covered during hard-

running, compared to the less effective cooling procedures

such as torso cooling alone (ice-vest). Moreover, while
minimal differences were evident between conditions for

distance covered in jogging and walking, respectively, the

total distance covered for all sub-maximal bouts shows that
the combined ice-bath and vest cooling procedure in-

creased the distance covered by ~300–400-m compared to

control or ice-bath only. Thus, while pre-cooling proce-
dures may have limited influence on intermittent-sprint

performance, pre-cooling is potentially effective in

improving the sub-maximal work of team-sport athletes in
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hot conditions, similar to data previously reported for

endurance exercise (Booth et al. 1997; Arngrı́msson et al.
2004; Hasegawa et al. 2005).

The proposition that exercise performance is reduced

once Tcore reaches either a critical level or an increment of
2"C is well documented (Gonzalez-Alonso et al. 1999). As

a result, physiological mechanisms likely to assist perfor-

mance improvements following pre-cooling relate to the

reduction of Tcore, Tskin and efficiency in heat storage and
removal. In the current study, the 15-min ice-bath proce-

dure was effective at blunting the rise in Tcore throughout

the exercise protocol. The effectiveness of cooling strate-
gies varies with the extent and duration of cooling applied

(Olshewski and Bruck 1988; Lee and Haymes 1995) and as

such it is not unexpected that whole-body immersion
maintained a lower Tcore and Tskin compared to the torso-

only cooling (only Tchest reduced), however, this has not
been as evident in all cases (Castle et al. 2006). Increases in

heat storage and Tcore commenced from initial exposure to

the warm environment in ice-vest and control conditions,
yet were absent in the ice-bath condition. Several studies

have indicated that there is a duration of 30–40-min before

the thermal and cardio-vascular effects of pre-cooling wane
(Hessemer et al. 1984; Wilson et al. 2002). Hence, the

importance of maintaining the physiological advantages

provided by whole-body pre-cooling until as close as
possible to the start of exercise are evident, and therefore

including a pre-cooling procedure during the warm-up is

likely to be of benefit to performance (Arngrı́msson et al.
2004; Webborn et al. 2005).

The reduced Tskin and reduction in stored heat in the ice-

bath condition blunted the extent of the exercise-induced
rise in Tcore. In turn, a lower Tcore is likely to be a key

contributor to a delayed onset of neurally-mediated

peripheral vasodilation and sweating mechanisms, respec-
tively (Kruk et al. 1990). The delay in redistribution of

cardiac output to supply cutaneous requirements for the

transfer of metabolically generated heat allows the main-
tenance of a greater central blood volume (Gonzalez-

Alonso and Calbet 2003). Further, the maintenance of a

lower Tskin after pre-cooling results in a more efficient heat
transfer gradient and reduces the requirement for evapo-

rative sweat loss (Lee and Haymes 1995). Accordingly, the

early presence of a reduced heart rate following ice-bath
pre-cooling combined with an ameliorated decline in the

respective post-exercise nude mass and Hct indirectly

support the maintenance of a greater blood volume and
more efficient thermo-regulatory control following pre-

cooling; which may be of possible benefit to exercise

performance.
The maintenance of a greater central blood volume will

potentially reduce cardio-vascular load and provide an in-

creased skeletal muscle blood supply (Gonzalez-Alonso
and Calbet 2003) and theoretically assist muscle perfor-

mance. However, given that differences in nude mass

equate to a greater blood volume retention of ~ 400 ml in
the ice-bath condition and differences in heart rate were

only present up to the tenth min, it is apparent that these

factors alone may not sufficiently explain differences in
self-selected work patterns. Centrally-mediated mecha-
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nisms resulting in a ‘feed-forward’ control of pacing in

endurance exercise have been suggested to result in the
selection of lower exercise intensities in warmer conditions

or with higher Tcore (Kay et al. 2001). Recent intermittent-

sprint data (Drust et al. 2005; Castle et al. 2006) has further
indicated the role of central processes in adjusting motor-

unit recruitment based on both the rate of rise and absolute

Tcore per se. Previous research (Morris et al. 2000; Drust
et al. 2005; Castle et al. 2006), as with the current study,

have reported minimal differences in blood metabolite
accumulation for intermittent-sprint exercise in hot and

moderate conditions with cooling, further implicating the

role of a central fatigue mechanism for the reduction in
intermittent-sprint performance. In the current study,

exercise was not terminated due to hyperthermia and

therefore the adjustment to reduce exercise intensity was
self-selected. This is indicated in the present data (Figs. 1,

2) where an increased distance covered during hard run-

ning and delayed heat storage following ice-bath cooling,
suggests that subjects could perform more work for the

same heat strain, especially when the rise in Tcore was

blunted. As such, it is feasible to speculate that the role of a
centrally-mediated increase in work may be a result of a

greater central drive to skeletal musculature in the pre-

cooling condition (Kay et al. 2001; Tucker et al. 2004).
In conclusion, pre-cooling methods did not significantly

improve intermittent-sprint performance; however, a

combined pre-cooling strategy of an ice-bath followed by
ice-vest during warm-up did indicate an effect of increas-

ing distance covered during sub-maximal hard-running

bouts. Further, the combined ice-bath and vest procedure
resulted in significantly lower Tcore, Tskin, heart rate, sweat

loss and thermal comfort than the vest or control conditions

respectively. As such, the ergogenic benefits of effective
pre-cooling procedures in warm conditions for team-sports

may be predominantly evident during sub-maximal bouts

of exercise. Further, for maximal benefit, pre-cooling

interventions should be continued until as close as possible

to exercise (game) commencement.
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Abstract
The purpose of this study was to compare the effects of two practical precooling techniques (skin cooling vs. skin! core
cooling) on cycling time trial performance in warm conditions. Six trained cyclists completed one maximal graded exercise
test ( _V O2peak 71.4+ 3.2 ml " kg71 " min71) and four *40 min laboratory cycling time trials in a heat chamber
(34.38C+ 1.18C; 41.2%+ 3.0% rh) using a fixed-power/variable-power format. Cyclists prepared for the time trial using
three techniques administered in a randomised order prior to the warm-up: (1) no cooling (control), (2) cooling jacket for
40 min (jacket) or (3) 30-min water immersion followed by a cooling jacket application for 40 min (combined). Rectal
temperature prior to the time trial was 37.88C+ 0.18C in control, similar in jacket (37.88C+ 0.38C) and lower in combined
(37.18C+ 0.28C, P5 0.01). Compared with the control trial, time trial performance was not different for jacket precooling
(716+ 36 s, 70.7%; P# 0.35) but was faster for combined precooling (742+ 25 s, 71.8%; P# 0.009). In conclusion, a
practical combined precooling strategy that involves immersion in cool water followed by the use of a cooling jacket can
produce decrease in rectal temperature that persist throughout a warm-up and improve laboratory cycling time trial
performance in warm conditions.

Keywords: Cooling jacket, cold water immersion, core temperature, fatigue

Introduction

Active pre-exercise cooling improves exercise per-
formance both in neutral (*208C) and warm
(*328C) environments (Marino, 2002; Quod,
Martin, & Laursen, 2006). Although precooling
techniques are advantageous in laboratory settings,
many can be uncomfortable for the athlete and are
impractical for use in the field.

There are currently several precooling strategies
available for use by athletes. Some of the more
popular include ice jackets or cooling jackets that use
novel coolants such as a Phase Change Material, fans
that produce an ice mist, plunge pools and cold
showers, ingestion of cold water/breathing cold air,
use of cold intra-venous drips, portable tents with
air-conditioning units that produce a cool micro-
climate and local limb immersion in cool water

(Quod et al., 2006). Some of these strategies
primarily cool the skin, others cool the core, while
some cool both; however, each method might elicit
different physiological and performance effects
(Frank, Raja, Bulcao, & Goldstein, 1999). To date,
the effectiveness of the various precooling strategies
currently available to athletes has not been compared
in a practically relevant setting.

In an attempt to identify an optimal precooling
procedure for elite cyclists prior to a time trial, two
practical precooling methods were identified. The
first of these protocols was the use of a cooling jacket
(Jacket), as this was a simple cooling strategy and one
that is widely employed (Duffield, Dawson, Bishop,
Fitzsimons, & Lawrence, 2003; Hasegawa, Takatori,
Komura, & Yamasaki, 2005; Hornery, Papalia,
Mujika, & Hahn, 2005). This type of cooling jacket
(manufactured with a Phase Change Material; 208C)

Correspondence: Paul B. Laursen, School of Exercise, Biomedical and Health Sciences, Edith Cowan University, Building 19, Room 159, 100 Joondalup

Drive, Joondalup, WA, Australia 6027. E-mail: p.laursen@ecu.edu.au

Journal of Sports Sciences, December 2008; 26(14): 1477–1487

ISSN 0264-0414 print/ISSN 1466-447X online ! 2008 Taylor & Francis

DOI: 10.1080/02640410802298268

Do
wn

lo
ad

ed
 B

y:
 [

Ch
ar

le
s 

St
ur

t 
Un

iv
er

si
ty

 S
ub

sc
ri

pt
io

n 
Se

rv
ic

es
] 

At
: 

12
:1

2 
17

 J
an
ua
ry
 2
00
9

Paper 6 Paper 6

90

fmarino
Typewritten Text



primarily cools the skin by dissipating heat at
temperatures nearer that of normal skin temperature
and eliminates the vasoconstriction associated with
the use of conventional ice-vests (Marino, 2002).
The second precooling method used a combined
strategy (Combined# cool water plunge!Phase
Change Material cooling jacket), previously shown
to be a powerful method to reduce rectal tempera-
ture (Tre; unpublished observations). Indeed, the
advent of portable water tanks and water cooling
devices (i.e., http://www.icoolsport.com) has im-
proved the feasibility of using water for precooling
athletes in the field. As these two cooling methods
differed in their ability to lower Tre, it was reasoned
that a comparison of the performance and associated
physiological effects of each method would provide
insight as to whether a greater reduction in body heat
content would result in improved performance.

The purpose of this study was to compare the
effect of two practical precooling strategies on
subsequent cycle time trial performance in warm
conditions. It was hypothesised that cycling perfor-
mance would be significantly improved by both
precooling protocols, but the Combined precooling
treatment would elicit the greatest improvement in
performance because of a lower Tre at the start of the
performance trial.

Methods

Participants

Six well-trained male cyclists [(mean+SD), age
28+ 4 y, stature 182+ 5 cm, mass 75.1+ 3.2 kg,
sum of seven skinfolds 50+ 11 mm, peak oxygen
uptake ( _V O2peak) 71.4+ 3.2 ml " kg71 " min71,
maximum aerobic power (MAP) 384+ 23 W, ex-
perience 6+ 5 y] from the local (Victoria, Australia)
cycling community participated in this experiment.
Each participant was informed of the associated
risks, safeguards and experimental protocol and
written informed consent was obtained in accor-
dance with the Code of Ethics of the World Medical
Association. The study protocol and procedures
were approved by the Human Research Ethics
Committees of the Australian Institute of Sport, the
University of Ballarat and Edith Cowan University.

Protocol and procedures

Participants were instructed to abstain from intense
exercise in the 24-h prior to each experimental trial.
Participants were requested to complete a food diary
for 24 h leading up to each trial and then repeat the
diet prior to subsequent tests. Review of the food
diaries confirmed that participants consumed a
similar diet in the 24-h period prior to each trial.

All participants were free from illness throughout
the study.

During the participant’s first visit to the laboratory,
body mass, stature and skinfold measurements
(Harpenden skinfold calipers, British Indicators,
England) taken across seven sites (triceps, subscap-
ular, biceps, supraspinale, abdominal, mid thigh and
calf) on the right hand side were determined for
descriptive purposes. Each participant also com-
pleted a progressive exercise test on a cycle ergometer
(Velotron, Racermate Inc., Seattle, WA, USA) for
determination of _V O2peak and lactate threshold. After
a 10 min warm-up at 100 W, the test protocol started
at 100 W and increased by 50 W every 5 min until
volitional exhaustion. Maximal Aerobic Power
(MAP) was determined as the power output reached
in the last completed stage. If the participant finished
part way through a 5-min stage, MAP was calculated
in a pro-rata manner. Expired air and ventilation rate
were measured every 20 s during the test using a
Vmax metabolic cart (SensorMedics, 29 Series,
Yorba Linda, CA). The metabolic cart was calibrated
immediately before and checked for drift after each
test using certified beta gas mixtures (CIG b gas,
Melbourne, Victoria) and a 3 l syringe. _V O2peak was
recorded as the mean of the three highest consecutive
_V O2 values attained during the incremental test.

Heart rate was measured using a Polar Vantage NV
heart rate monitor (Polar Electro OY, Kempele,
Finland). A finger-prick blood sample was collected
at the end of each 5-min step and analysed for lactate
using an Accusport Lactate Meter (Boehringer,
Mannheim, Germany). Lactate threshold was de-
fined as the point during the test at which there was a
1 mmol " l71 increase in blood lactate above baseline
concentrations (Coyle et al., 1983). The duration of
the progressive exercise test was 28.4+ 2.6 min.

A repeated measures crossover design was used in
which the order of administration of treatments was
randomised. One participant performed the Com-
bined condition first, two participants performed the
Jacket condition first and three participants performed
the Control condition first. Before the first of the
experimental trials, participants performed a habitua-
tion trial under the Control conditions. Forty-eight
hours later, participants performed the first of three
experimental trials (Figure 1). Each of the subsequent
trials was separated by 48 h and all trials were
completed at the same time of day for each participant.

Upon presentation at the laboratory, participants
were instructed to consume 250 ml of a sport drink
(Gatorade, Chicago, IL) diluted to half of the
concentration recommended by the manufacturer.
Participants were also provided with another 250 ml
of the same sport drink to be consumed during the
time trial. The plunge, jacket, warm-up and perfor-
mance trial protocols are described in detail below.

1478 M. J. Quod et al.
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Plunge protocol. After preparation with rectal and skin
temperature probes and a heart rate monitor,
participants sat quietly for 10 min prior to the
collection of all baseline measures in a room that
was 24.48C+ 1.68C, 41.7%+ 3.2% relative humid-
ity. Participants undergoing the Combined treatment
were immersed in an inflatable plastic plunge pool
with dimensions of 1.6 m6 0.6 m6 0.8 m and a
water volume of *420 l (PortacoveryTM, Canberra
ACT, Australia), whereas participants in the Jacket
and the Control trials sat quietly in a chair beside the
plunge pool. During the Combined trial, participants
entered the water and semi-reclined with the water
level at the neck for a period of 30 min. The
immersion protocol was modified from that of
Marino and Booth (1998) to attain a similar cooling
effect in a shorter time period. On immersion, water
temperature was 28.88C+ 0.58C and this was
maintained for the first 5 min. Water temperature
was then progressively reduced by adding an ice-
slurry to the pool and stirring so that the water
temperature was 24.08C+ 0.18C after the 30-min
immersion. Water temperature was continuously
monitored with a Testo 781 thermometer (Testo
Term, Germany). At the end of the 30-min water
immersion, participants exited the pool, towelled dry
and moved to the heat chamber for the next
component of their trial.

Jacket protocol. Following the 30-min plunge
period, participants entered the heat chamber

(33.78C+ 1.08C) and were seated away from any
direct air flow and the heat chamber’s radiant heat
source. During the Jacket and Combined conditions,
participants wore a waist length cooling jacket
with long sleeves and a hood (RMIT University,
Melbourne, Australia). The jacket was constructed
from a polyester blend outer shell with a Phase
Change Material sewn on the inside designed to
change phase at a temperature of 208C. After
wearing the jacket for 40 min, the jacket was
removed and each participant began his individual
warm-up protocol. In the Control condition, parti-
cipants sat in the same location of the heat chamber
but without a cooling jacket.

Warm-up protocol. Each participant completed a 20-
min warm-up protocol that consisted of 3 min at
25% of MAP, followed by 5 min at 60% of MAP
and then 2 min at 80% of MAP. This progression
was completed twice on a dynamically calibrated
(Maxwell et al., 1998) Lode Excalibur Sport cycle
ergometer (Groningen, Netherlands). The erg-
ometer used during the warm-up was situated away
from both the radiant heat source and the fan used
during the performance trial.

Performance trial. The performance trial was a
‘‘closed-loop’’ time trial designed to be completed
in approximately 40 min on the Lode ergometer.
The performance trial was similar in design to that of
Jeukendrup, Saris, Brouns, and Kester (1996),

Figure 1. Measurement schedule.

Precooling and cycling performance 1479
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whereby the trial was divided into both a fixed- and a
variable-intensity component, each requiring the
participant to complete the same amount of work,
measured in kilojoules (kJ). The coefficient of
variation of this test has been reported to be
53.5% (Jeukendrup et al., 1996). The first 20 min
of the performance trial was fixed at the power
output associated with the lactate threshold
(75%+ 4.5% of MAP; hyperbolic mode of opera-
tion). At the end of this period, the cyclists
immediately commenced the variable-intensity com-
ponent of the trial (linear operating mode), whereby
power output was cadence dependent (Jeukendrup
et al., 1996). The performance trial ended when
participants had completed the same amount of work
(kJ) in the variable-intensity component as in the
fixed component of the trial. The measure of
performance was the time required to complete this
amount of work. The only feedback provided to the
participant during the performance trial was the tar-
get kJs and kJs completed. Participants wore the
same set of cycling shorts and jersey for each trial and
were permitted to wipe their brow, face, neck and
upper body with a towel.

In an attempt to replicate outdoor cycling con-
vective conditions (Saunders, Dugas, Tucker,
Lambert, & Noakes, 2005) and simulate sun expo-
sure, a large fan (custom built, Australian Institute of
Sport) providing a wind speed of 18–20 km " h71

was placed 2 m in front of the participant, whereas a
radiant heat load incorporating six 500 W lights was
applied 2 m to the right side of the participant.

Physiological variables

Body temperature. Tre was measured using a dis-
posable rectal probe (Monatherm, Mallinckrodt
Medical, St. Louis, MO) inserted 12 cm beyond
the anal sphincter. Skin temperature was measured
using YSI 409 skin probes (Yellow Springs, OH)
fixed to the left calf, thigh, chest and forearm. Rectal
and skin temperatures were recorded at 5-min
intervals throughout the experimental trials from an
8-Channel Digital Thermometer (Zentemp 5000,
Zencor Pty Ltd, Australia). Mean skin temperature
( !T sk) was determined using the Ramanathan (1964)
formula: !T sk# 0.36 (Tchest!Tbicep)! 0.26 (Tthigh!
Tcalf), while mean body temperature ( !Tb) was
determined using the Burton (1935) formula:
!Tb# (0.876Tre)! (0.136 !T sk). Rates of body heat
storage were calculated as in other studies (Bolster
et al., 1999; Booth, Marino, & Ward, 1997; Lee &
Haymes, 1995) using the DuBois and DuBois (1916)
formula for estimating body surface area (AD): Heat
storage (W " m72)# ((34746m6 ( !Tb final7 !Tb

initial)/t)/AD; where m# body mass; 3474
J " kg71 " 8C71# the mean specific heat of body

tissue; t# time and AD# (Mass(Kg)
0.4256

Stature(cm)
0.725)6 0.007184.

Ambient conditions were monitored throughout
the experimental trials with a portable digital
weather tracker (Kestrel 4000, Nielsen-Kellerman,
Boothwyn, PA) with ambient temperature, relative
humidity, wet bulb temperature and heat index
recorded every 5 min. Radiant heat was measured
using an Indoor Climate Analyzer 1213 (Brüel &
Kjaer, Denmark) with a Radiation MM 0036
Transducer (Units#P.I. Rad. Temp 8C). Heart rate
was recorded at 5 s intervals, and reported as a mean
for 5-min samples throughout the experimental
protocol using a Polar Vantage NV heart rate
monitor. Body mass was recorded prior to and at
the conclusion of the warm-up and the performance
trial using calibrated portable scales (+50 g; UC 300
A&D, Japan). Participants were asked to void their
bladder after both the warm-up and performance
trial. Approximate sweat rates during the perfor-
mance trial were determined by subtracting the post-
urine mass from the change in body mass between the
warm-up and the performance trial. Urine specific
gravity was evaluated on arrival at the laboratory, and
immediately prior to the performance trial using a
digital refractometer (UG-1, Atago, Japan).

Finger-prick capillary blood samples were periodi-
cally collected (Figure 1) in heparinised 100-ml
capillary tubes (Clinitubes, Radiometer Medical,
Copenhagen, Denmark) and were immediately
analysed for lactate (La7), glucose, bicarbonate
(HCO3

7) and pH on a blood-gas analyser (ABL
700series, Radiometer Medical, Copenhagen,
Denmark).

At 5-min intervals throughout the experimental
trials, participants were asked to rate their perception
of thermal comfort according to a 0–8 Thermal
Sensation Scale (Young, Sawka, Epstein, Decristo-
fano, & Pandolf, 1987), where a rating of 1 is
‘‘unbearably cold’’, 4 is ‘‘comfortable’’ and 8 is
‘‘unbearably hot’’. Participants were also asked to
rate their level of perceived exertion (on a 6–20 Borg
Scale) every 5 min.

Statistical analysis

Prior to statistical analysis, each variable was tested
for normality using the Kolmogorov-Smirnov and
Shapiro-Wilk tests. A two-way (Treatment6Time)
repeated measures Analysis of Variance was con-
ducted to determine any difference between treat-
ment means at each time point. Pairwise
comparisons were conducted to determine where
differences existed using a Newman-Keuls post-hoc
test. Paired t-tests and Pearson’s correlation coeffi-
cient were completed where appropriate and all
statistical analyses were carried out using the

1480 M. J. Quod et al.
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statistical software package Statistica version 6.1
(StatSoft, Tulsa, OK). Statistical significance was
set at P$ 0.05 and data are presented as means+
standard deviations, unless stated otherwise.

Results

Ambient conditions

The ambient temperature (Control# 34.78C+
1.08C, Jacket# 34.28C+ 0.98C and Combined#
34.18C+ 0.88C) and relative humidity (rh; Con-
trol# 41.7%+ 1.9%, Jacket# 40.9%+ 2.5% and
Combined# 40.9%+ 2.4%) was similar for each
treatment. The calculated wet bulb temperature
(24.28C+ 0.78C), heat index once participants
entered the environmental chamber (38.78C+
1.98C) and the radiant heat during the time trial
(66.48C+ 5.58C) were not different between experi-
mental conditions (P4 0.1).

Performance data

In the Control condition, participants finished the
variable-intensity component of the time trial in
1097+ 43 s (mean power# 313+ 30 W). After the
Jacket treatment, performance time was slightly
improved by 16+ 36 s (1.5%+ 3.3%) to
1081+ 60 s (mean power# 318+ 26 W; P# 0.35).
The Combined treatment produced the best perfor-
mance time of 1055+ 36 s (mean power -
325+ 26 W); 42+ 25 s (3.8%+ 2.3%) faster than
the Control condition (P# 0.009) and 26+ 27 s
(2.4%+ 2.6%) faster than the Jacket treatment
(P# 0.06) (Figure 2).

Thermal response

Figure 3 illustrates the effect of the precooling
treatments on Tre, !T sk and !Tb. In the Combined

treatment, participants exited the plunge pool with a
similar Tre (37.28C+ 0.28C) to the Control and
Jacket conditions. However, once participants en-
tered the environmental chamber and wore the
cooling jacket, Tre began to fall markedly, and at the
end of 40 min seated in the heat was 36.68C+ 0.18C;
0.78C cooler than starting Tre, and 0.68C and 0.58C
cooler than the Control and Jacket treatments at the
same time point, respectively (P5 0.001). At the end
of the warm-up, Tre in the Combined treatment was
37.18C+ 0.28C; 0.78C cooler than in the Control
and Jacket conditions (P5 0.001). A lower Tre in the
Combined treatment persisted for 25 min into the
time trial compared with the Control treatment
(P# 0.02). The final Tre in the Combined condition
was 39.58C+ 0.38C; 0.18C and 0.28C cooler than
the Control and Jacket conditions, respectively
(P# 0.04; Figure 3). The DTre for Combined was
2.18C+ 0.38C; which was 0.48C and 0.38C greater
than for the Control and Jacket treatments, respec-
tively (P# 0.15 and 0.32, respectively).

During the Combined condition !T sk was reduced
to 25.08C+ 0.68C during the plunge period; 8.18C
and 7.98C cooler than the Control and Jacket
conditions, respectively (P5 0.001). Once partici-
pants in the Combined condition exited the plunge
pool and entered the environmental chamber, !T sk

increased to 30.48C+ 0.98C by the end of 40 min
sitting in the heat; 5.38C and 3.18C cooler than the
Control and Jacket conditions, respectively
(P5 0.001). At the end of the warm-up, !T sk in the
Combined condition had risen to 34.18C+ 0.48C;
1.28C and 1.08C cooler than Control (P# 0.16) and
Jacket (P# 0.22) conditions. Throughout the time
trial, !T sk in the Combined condition was slightly
cooler than in the Control and Jacket treatments,
finishing at 33.88C+ 1.08C; 0.88C and 0.78C cooler
than the Control (P# 0.48) and Jacket (P# 0.54)
conditions (Figure 3). The D!T sk for the Combined
condition was 0.98C+ 1.38C; 1.78C and 2.38C
greater than Jacket (P# 0.04) and Control
(P# 0.01) conditions, respectively.

!Tb followed a similar pattern to that of !T sk

throughout the experimental period (Figure 3). Most
notably, !Tb in the Combined treatment remained
cooler than the Control condition throughout the
entire experimental period, and cooler than the
Jacket condition apart from 30 and 35 min into the
time trial (P5 0.05). Finally, !Tb in the Combined
treatment was 38.68C+ 0.48C; 0.48C and 0.58C
cooler than the Control and Jacket conditions,
respectively (P# 0.002; Figure 3). The D!Tb for the
Combined condition was 2.78C+ 0.48C; which was
0.78C and 0.88C greater than Control (P# 0.07) and
Jacket conditions (P# 0.01), respectively.

Calculated rates of heat storage for each phase of
the experimental trial are presented in Table I.

Figure 2. Performance times for the variable portion of the

performance trial for Control, Jacket and Combined trials. Values
are mean+SD. *Combined significantly different from Control

(P#0.009).
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Perceptual data

Participants’ ratings of thermal sensation and per-
ceived exertion are depicted in Figure 4. Ratings of
thermal sensation were lower in the treatment
conditions while participants were being cooled;
however, this difference was reduced once exercise
commenced. There was no difference in ratings of
perceived exertion among treatments.

Heart rate response

Heart rate in the Combined condition was lower
than in the Control condition after 15 min of sitting
in the heat (P5 0.02) but was similar to the Jacket
condition (Figure 4). After 5 min of warm-up, heart
rate during the Combined condition was 14
beats " min71 lower than for both the Control and

Jacket conditions (P5 0.04), but it was similar to
both the Control and Jacket conditions for the
remainder of the trial (Figure 4).

Body mass and urine specific gravity

Changes in body mass, bladder void mass, estimated
sweat loss and urine specific gravity are presented
in Table II. The only difference between treatments
was in bladder void mass, which was greater
following the Combined treatment (P# 0.03).

Metabolic response

Blood La7 concentration was similar across experi-
mental conditions except for the final readings
where La7 was higher in the Jacket condition
(19.8+ 4.3 mmol " l71) than the Control condition

Figure 3. Time course of body temperatures measured during each experimental condition, Control (%), Jacket (¤) and Combined trial (D).

Values are mean+SD. (*) Combined significantly different from Control, (#) Combined significantly different from Jacket, (^) Jacket

significantly different from Control (P5 0.05).

1482 M. J. Quod et al.
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(15.8+ 4.4 mmol " l71) and the Combined condi-
tion (17.5+ 4.0 mmol " l71, both P5 0.001). The
final La7 in the Combined condition was also higher
than in the Control condition (P# 0.01). There were
no differences between the cooling treatments at any
of the time points for blood HCO3

7, pH or glucose
(data not shown).

Discussion

The main finding of the present study was that
performance time was 42 s (71.8%) faster than the
Control condition following the use of a practical,
pre-race cooling strategy (Combined). This improve-
ment following the Combined treatment is compar-
able to that reported previously (Arngrimsson, Petitt,
Stueck, Jorgensen, & Cureton, 2004; Booth et al.,
1997; Cotter, Sleivert, Roberts, & Febbraio, 2001;
Duffield et al., 2003; Hasegawa et al., 2005; Hornery
et al., 2005; Kay, Taaffe, & Marino, 1999). For
example, Cotter et al. (2001) used a similar split-
exercise protocol (20 min at *65% _V O2peak followed
by a 15-min work-performance trial) in warm
ambient conditions (358C, 60% rh) and reported a
16% improvement in mean power output following
precooling with an ice vest and cold air (38C).
Moreover, Kay et al. (1999) used whole-body water

immersion to precool the skin without a reduction in
core temperature and reported a 6.8% increase in the
distance cycled during a self-paced 30-min cycling
time trial in 318C and 60% rh. Thus, performance
following a precooling protocol could be influenced
by the degree to which the protocol can reduce core
body temperature (Marino, 2002). Our results
support the consensus that the more you are able to
reduce Tre prior to an exercise task, the greater the
performance effect.

During this study, the cooling jacket used by itself
(Jacket) resulted in cooler !T sk while participants sat in
the heat, but there was no difference throughout the
experimental trial between the Jacket and Control
conditions for Tre or !T b (Figure 3). This result is in
contrast to that previously reported in precooling
studies that have used ice cooling jackets. For
example, Arngrimsson et al. (2004) reported that
when participants wore a cooling jacket during a 38-
min active warm-up, the rise in Tre was blunted
during the warm-up and 5-km run time was reduced
by 13 s. The difference between this study and the
current study was the way in which the cooling jacket
was used. Arngrimsson et al. (2004) effectively used
cooling jackets to absorb some of the excess heat
produced during the warm-up and this attenuated the
rise in Tre during the warm up. In the present study,
the cooling jacket was used in an attempt to actively
cool the participants prior to the start of exercise. The
fact that the Jacket treatment was unable to reduce Tre

or !Tb before exercise commencement could help to
explain why this strategy did not enhance time-trial
performance. Consequently, the use of cooling
jackets might only be appropriate for use as an
external heat sink to attenuate the rise in core body
temperature during a warm-up as opposed to an
active precooling technique per se. However, the
potential influence on pacing when using a cooling
jacket in this way still needs to be determined.

Several researchers have used water immersion to
precool participants to varying degrees. Kay et al.
(1999) used a water bath to cool the skin without a
concomitant reduction in the core body temperature,
Marsh and Sleivert (1999) reduced Tre by 0.38C after
torso-only immersion in cool water (18–128C),
Crowley, Garg, Lohn, Van Someren, and Wade
(1991) reduced Tre by 0.48C after leg immersion in
11.58C water for 30 min, and Booth et al. (1997)
reduced Tre by 70.78C after a 60-min water bath
reduced gradually from *29 to *238C. The
concept of combining precooling methods has had
minimal use but great effect. For example, Cotter
et al. (2001) reduced !Tb by 2.88C after participants
sat in a cool room (38C) while wearing an ice jacket
on the torso and cryogenic cuffs on the legs. The
Combined treatment used in the current study is
important to practitioners because it is one that can

Table I. Heat storage throughout the experimental trial for each

condition.

Heat storage (W " m72)

Control

(n# 6)

Jacket

(n#6)

Combined

(n# 6)

30 min Plunge 73.7+ 6.4 71.0+7.3 769.3+19.4*#

40 min Sitting 11.3+ 8.5 76.1+7.1* 75.7+10.1*
Total for

precooling

protocol

7.6+ 7.2 77.1+8.5* 775.0+26.7*#

20 min Warm-up 58.0+ 22.6 82.3+29.5 81.7+27.9
Fixed component

of time trial

80.8+ 29.6 93.3+30.8 108.7+17.2

Fixed component
of time

trial/min

4.40+ 1.57 5.16+1.66 6.18+0.93^

Variable

component of
time trial

99.4+ 39.6 100.6+48.8 99.7+44.7

Variable

component of

time trial/min

5.47+ 2.24 5.57+2.78 5.71+2.46

Total for time

trial

180.2+ 61.4 201.6+58.4 208.4+49.0

Total time
trial/min

9.87+ 3.88 9.27+5.48 11.89+2.96

Notes: Values are means+SD.

*Significantly different from control (P50.05).
#Significantly different from jacket (P50.05).

^Different from control (P# 0.053).
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Table II. Changes in total body mass, bladder void mass and estimated sweat loss, as well as urine specific gravity on presentation and pre-

time trial during the three experimental conditions.

Mass (kg)

Control (n# 6) Jacket (n#6) Combined (n#6)

Total change in body mass 71.60+ 0.30 71.63+ 0.40 71.84+ 0.33

Bladder void mass# 0.21+ 0.28 0.43+ 0.37 0.60+ 0.36*
Estimated sweat loss^ 71.39+ 0.25 71.20+ 0.10 71.24+ 0.26

Urine specific gravity

On presentation 1.014+ 0.010 1.013+ 0.008 1.010+ 0.009

Pre time trial 1.013+ 0.007 1.012+ 0.007 1.008+ 0.004

Notes: Values are means+SD.

*Significantly different to control trial (P# 0.03).
#Participants voided their bladder between the warm-up and the performance trial.

^Estimated sweat loss was determined by subtracting the bladder void mass from the total change in mass.

Figure 4. Perception’s of thermal comfort (YTS) and rating of perceived exertion (RPE) as well as the heart rate (HR) response during the

Control (%), Jacket (¤) and Combined trial (D). Values are mean+SD. (*) Combined significantly different from Control, (#) Combined

significantly different from Jacket, (^) Jacket significantly different from Control (P50.05).
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be used in an applied field setting (e.g., http://
www.icoolsport.com), while it also can produce
reductions in Tre (70.88C) and !Tb (70.68C) to
levels previously demonstrated (Booth et al., 1997).

Heat storage

In the present study, heat storage during the time
trial tended to be greater in the Combined precooled
condition (Table I), which is similar to that which
has been reported previously (Bolster et al., 1999;
Kay et al., 1999; Lee & Haymes, 1995). In these
studies, the increase in heat storage capacity was
suggested as being a contributing factor to the
improvement in performance. It might not be the
reduction in Tre by itself that results in increased
performance after precooling, but rather the asso-
ciated increased capacity to store heat. Indeed, data
from Tucker, Marle, Lambert, and Noakes (2006)
suggest that the rate of heat storage is a critical
variable controlling the regulation of exercise in-
tensity during prolonged endurance exercise. This
same laboratory showed that during cycling exercise
in cool (158C) and hot (358C) conditions, partici-
pants began to reduce their pace in the heat before
30% of the trial was completed, when rectal
temperature was within normal limits (5388C)
(Tucker, Rauch, Harley, & Noakes, 2004). That is,
fatigue was evident in the absence of any major
thermal stress and the performance was not limited
by the attainment of a critical Tre. Therefore, Tucker
et al. (2004) suggested that the reduction in pace was
an anticipatory response as a result of a controller
receiving afferent information about the body’s rate
of heat storage; the metabolic rate is then adjusted to
ensure that normal temperature range is not ex-
ceeded and homeostasis is maintained (Tucker et al.,
2006). Consistent with this postulate, the rate of heat
storage during the Combined treatment in the
present investigation was similar to that for the
Control treatment during the variable component of
the performance trial (Table I).

Our data could also suggest that performance is
not determined by the rate of heat storage per se,
but instead by the rate of progression towards a
critical temperature (Gonzalez-Alonso et al., 1999)
relative to the remaining duration of the task. As
suggested by Ulmer’s (1996) teleoanticipation model
of pacing control, it is likely that the body integrates
several signals, in addition to the rate of heat gain,
when anticipating the pace that can be sustained to
finish the time trial as rapidly as possible. Therefore,
the reduction in core body temperature and increase
in heat storage capacity as a consequence of
precooling allows the body to maintain a greater rate
of heat storage and therefore an increased
metabolic rate.

Perception and heart rate

The participants reported that they felt cooler during
both precooling protocols, and in the Combined
condition this sensation remained during the warm-
up and fixed intensity component of the performance
trial (Figure 4). The conscious perception of being
cooler during exercise in the Combined treatment is
likely to be related to the lower Tre and !Tb during
this trial (St Clair Gibson et al., 2003). In addition,
the reduced sensation of thermal strain could have
dampened the perception of effort in the Combined
compared with the Control condition, despite a
greater work rate.

During the precooling treatments, heart rate was
lower than in the Control condition (Figure 4), and
this is likely explained by the reduced thermoregu-
latory requirements placed on the cardiovascular
system to circulate blood for cooling (Hessemer,
Langusch, Bruck, Bodeker, & Breidenbach, 1984).
During fixed-intensity exercise, heart rate is typically
reduced during the first 10–15 min following a
precooling manoeuvre (Lee & Haymes, 1995;
Schmidt & Bruck, 1981), and this is similar to what
was shown during the fixed-intensity warm-up in the
present study (Figure 4). However, in exercise
protocols after precooling where the pace is set by
the athlete, there is typically no difference in heart
rate (Arngrimsson et al., 2004; Booth et al., 1997;
Hessemer et al., 1984; Kay et al., 1999), as was seen
during the variable-intensity component of the
present study (Figure 4).

Metabolic response

Exercise in the heat results in an increase in
carbohydrate relative-to-fat oxidation, an effect
mediated by a temperature-related sympatho-adrenal
response (Febbraio, 2001). Consequently, it has
been proposed that the blunting of the rise in core
body temperature associated with precooling could
result in a reduced metabolic perturbation and thus
contribute to the enhanced performance commonly
observed (Marino, 2002). However, Booth et al.
(2001) investigated the effect of whole body cooling
(water immersion) and reported no difference in
muscle glycogen, triglyceride, adenosine tripho-
sphate, creatine phosphate, creatine or lactate
between a precooled and a control condition during
35 min cycling at 60% of _V O2peak These authors
concluded that muscle metabolism is not altered by
precooling and that exercise benefits are more likely
derived from the reduced thermoregulatory and
cardiovascular strain (Booth et al., 2001). Similarly,
in the present study there were no differences in
blood HCO3

7, pH or glucose amongst the experi-
mental conditions. In addition, La7 was similar for
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each condition with the exception of the final reading
(end time trial).

In conclusion, a Combined precooling strategy
that involves immersion in cool water followed by
use of a cooling jacket was found to produce
reductions in rectal temperature that persisted
throughout a warm-up and improved laboratory
cycling time trial performance by *2%. Data from
the present study also indicate that the performance
benefit observed following the Combined treatment
was likely related to the reduced thermal strain and
subsequent increased heat storage capacity and not
to a reduced metabolic disturbance.
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Volume-Dependent Response of Precooling
for Intermittent-Sprint Exercise in the Heat
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ABSTRACT

MINETT, G. M., R. DUFFIELD, F. E. MARINO, and M. PORTUS. Volume-Dependent Response of Precooling for Intermittent-Sprint

Exercise in the Heat. Med. Sci. Sports Exerc., Vol. 43, No. 9, pp. 1760–1769, 2011. Purpose: This study aimed to assess the effects of

precooling volume on neuromuscular function and performance in free-paced intermittent-sprint exercise in the heat. Methods:
Ten male, team-sport athletes completed four randomized trials involving an 85-min free-paced intermittent-sprint exercise protocol in

33-C T 33% relative humidity. Precooling sessions included whole body (WB), head + hand (HH), head (H), and no cooling (CONT)

applied for 20 min before exercise and 5 min during exercise. Maximal voluntary contractions were assessed before and after intervention

and during and after exercise. Exercise performance was assessed with sprint times, percent decline and distances covered during free-

paced bouts. Measures of core (Tc) and skin (Tsk) temperatures, HR, perceptual exertion, and thermal stress were monitored throughout.

Venous and capillary blood samples were analyzed for metabolite, muscle damage, and inflammatory markers. Results: WB precooling

facilitated the maintenance of sprint times during the exercise protocol with reduced percent decline (P = 0.04). Mean and total hard

running distances increased with precooling 12% compared with CONT (P G 0.05); specifically, WB was 6%–7% greater than HH

(P = 0.02) and H (P = 0.001), respectively. No change was evident in mean voluntary or evoked force before to after exercise with WB

and HH cooling (P 9 0.05). WB and HH cooling reduced Tc by 0.1-C–0.3-C compared with other conditions (P G 0.05). WB Tsk was
suppressed for the entire session (P = 0.001). HR responses after WB cooling were reduced (P = 0.05; d = 1.07) compared with CONT

conditions during exercise. Conclusions: A relationship between precooling volume and exercise performance seems apparent, as larger

surface area coverage augmented subsequent free-paced exercise capacity, in conjunction with greater suppression of physiological load.

Maintenance of maximal voluntary contraction with precooling despite increased work output suggests the role of centrally mediated

mechanisms in exercise pacing regulation and subsequent performance. Key Words: THERMOREGULATION, TEAM-SPORTS,

HEAT STRESS, FATIGUE, PERFORMANCE

Hot and humid conditions compound the physiolog-
ical strain of increased metabolic heat production
associated with exercise while reducing avenues

for heat dissipation to the surrounding environment (30).
Accordingly, both physiological and behavioral responses
control the rise in thermoregulatory load, often to the detri-
ment of exercise performance (39). These noted responses
may be particularly pertinent for team-sport athletes com-
peting in warm environments, owing to increased thermal
loads associated with intermittent-sprint activity compared
to continuous modes at matched intensities (5,16). Given the
observed exacerbated loads and reduced performances in the
heat, the popularity of precooling has increased as team-
sport athletes seek to counter the reduction of exercise per-
formance in the heat.

A large quantity of laboratory-based research supports
the efficacy of precooling for endurance exercise performance
in the heat (11,26,33). Regardless of traditionally equiv-
ocal findings (11,26,33), more recent studies of prolonged
intermittent-sprint exercise after precooling demonstrate
ergogenic benefits (8), particularly in the maintenance of self-
paced submaximal work (12,14). Typically, whole-body
methods using cold microclimates, specifically water immer-
sion or cold air, can result in improved exercise perfor-
mance and/or reductions in thermoregulatory strain (11,
26,33). Despite wide support (11), whole-body cold water
immersion may provide environmental and logistical con-
cerns surrounding their field-based application, resulting in
problematic (water access) and/or impractical (cooling a
full team) implementation (26). Recently, the dosage effect
demonstrated when comparing whole- versus part-body
cooling methods (8,9,12) has provoked interest in combin-
ing multiple part-body techniques, thus maintaining surface
area coverage and enhancing the practicality of precooling
(14,34). However, the explicit effect of the volume of the
imposed cooling stimulus necessary for optimal physiologi-
cal, metabolic, and performance outcomes remains equivocal.

Augmented heat storage capacity after precooling aids in
the suppression of increased thermoregulatory load associated
with exercise in the heat (26). Although related reductions in
HR along with skin and/or core temperature may indicate the
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maintenance of central blood volume (19), the mechanisms
of precooling may relate to the role of higher central regula-
tion (31). Elevated core temperature impairs CNS motor
drive, consequently reducing neuromuscular recruitment,
force output, and voluntary activation (VA) (21,28,31,37).
Hence, blunting the rise in core temperature by precooling
may lead to better pacing during self-paced exercise (13,
21,22). Further, the reduction in thermoregulatory and/or
physiological load may also ease generic stress responses
relating to alterations in metabolic processes (17) and ele-
vated damage and inflammatory markers after exercise in the
heat (2). As such, the cause–effect relationship and underly-
ing mechanisms of the imposed precooling stimulus requires
further attention to provide insight as to the mechanisms on
neuromuscular function, which might improve exercise in the
heat and also allow for the development of ecologically valid,
evidence-based cooling techniques.

Although the rationale for precooling athletes for the
protection of acute exercise performance in the heat is
accepted (11,26,33), practical limitations may restrict the
application of whole-body immersion techniques in the
field. Mixed-method approaches to precooling demonstrate
advantageous effects on exercise performance, physiolog-
ical loads, and perceptual state (14,34). However, a lack
of data exists to demonstrate the optimal volume of cool-
ing stimulus necessary for ergogenic benefit. Moreover,
apparent influences of precooling on CNS activity and
subsequent self-selected work output require further in-
vestigation. Therefore, the purpose of this study was to
determine the effects of precooling volume on free-paced
intermittent-sprint performance and physiological respon-
ses in heat stress. A complementary aim was to determine
the effects of precooling on voluntary force and evoked
twitch properties and their relationship to exercise perfor-
mance in the heat.

METHODS
Participants

Ten, well-trained, male team-sport athletes (mean T SD:
age = 20.9 T 2.6 yr, height = 182.1 T 8.8 cm, body mass =
77.8 T 6.7 kg, body surface area = 1.98 T 0.12 m2) vol-
unteered to participate in this study. Participants regularly
competed in regional-level team-sport competitions (cricket,
rugby union) and reported three or more training days per
week including sports-specific skill-based strength and
conditioning sessions. After disclosure of all risks and ben-
efits, all participants provided verbal and written consent
before the commencement of all testing procedures. Exper-
imentation was approved by the ethics in human research
committee of the university.

Overview

A randomized, repeated-measures crossover design was
used to determine the effects of precooling volume on per-

formance, physiological, biochemical, and perceptual re-
sponses to an intermittent-sprint exercise protocol. The study
was conducted as part of a series of cricket-related studies,
and hence, the exercise protocol was based on fast-bowling–
specific intermittent-sprint exercise (32) but was adapted to
increase the volume of work required to allow reporting of a
more generic protocol for team-sport activity as previously
suggested (12). An initial equipment and procedural famil-
iarization session was performed before commencing data
collection. This included completion of the entire exercise
protocol in hot conditions and application of neuromuscular
assessments and cooling techniques. Testing sessions were
standardized for each participant and separated by 5–7 d to
allow full recovery. Physical activity, diet, and fluid intake
were all documented in food and physical activity diaries in
the 24 h before the first testing session and replicated for the
following sessions. Participants were educated on keeping
dietary and workload records, with standardization compli-
ance qualitatively assessed before commencement of each
session. Sessions were conducted on an enclosed 20-m syn-
thetic running track in hot conditions (33.0-C T 0.7-C and
33.3% T 3.9% relative humidity). Environmental temper-
atures were controlled by a customized gas heating system
and four electronic 2000-W room heaters (Kambrook, Port
Melbourne, Australia) positioned at 5-m increments along-
side the running track. All testing sessions were identical so
that precooling volume was the only manipulated variable
throughout. Participants performed five sessions including a
familiarization session, control session (no precooling), head
cooling session (precooling with an iced towel), head and
hand cooling session (precooling with an iced towel and
container of cold water), and a mixed-method whole-body
session (precooling with iced towel, container of cold water,
ice vest, and ice packs applied to the quadriceps). Participants
were required to abstain from strenuous exercise and alco-
hol 24 h before and all caffeine and food substances 3 h be-
fore each testing session. A standardized volume of water
(500 mL) was consumed 1 h before exercise to regulate hy-
dration status.

Exercise Protocol

Participants performed an intermittent-sprint running pro-
tocol comprising of 2 ! 35-min spells of exercise (spells 1
and 2) separated by a 15-min recovery period on the enclosed
20-m running track. Before commencement, a 5-min warm-up
period was completed in hot conditions involving 20-m
shuttle running with increments in running speed each minute
and six repeated 15-m maximal sprints. The 2 ! 35-min ex-
ercise protocol consisted of 10 (2 ! 5) bouts of 6 ! 15-m
maximal sprint efforts separated by 5-min bouts of self-
paced activity at different intensities, designed to incorporate
the movement requirements for cricket fast bowlers (32).
Participants performed a set of 6! 15-m sprints commencing
at 30-s intervals, emulating a six-ball cricket over. During
the 5-min interval between sets of sprints, participants per-
formed 1-min periods of self-paced, submaximal exercise,
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including walking, jogging, and hard running (12). Par-
ticipants were informed of the required intensity on a
minute-by-minute basis. Self-paced submaximal activity
was performed on the 15-m running track in a shuttle run
fashion, and participants were requested to return to the
starting position at 50 s of each self-paced minute to then
commence the subsequent intensity. Each data collection
session involved 10 sets of six sprints and eight periods of
5-min self-paced submaximal running bouts, thus incor-
porating the demands of 2 ! 5 over spells of fast bowling.
Participants were offered verbal support and encourage-
ment throughout to cover the greatest distance during the
hard running bouts, jog, or walk at a self-selected pace
during the respective jogging and walking bouts. All fluid
consumption was restricted throughout the exercise proto-
col. Previously collected but unpublished reliability data
demonstrate that the intraclass correlation (ICC) of mean
sprint times, self-paced distances, and hard running dis-
tances covered was r = 0.94–0.98, whereas the technical
error of measurement was 0.5%–2% and coefficient of
variation was 0.6%–2%.

Precooling Intervention

After all resting measures, a precooling intervention was
performed for 20 min before exercise and for 5 min during
the 15-min midsession recovery period. To induce a volume
effect, a stepwise approach to part-body cooling was used,
with precooling sessions involving no cooling (control),
head cooling (H), head + hand cooling (HH), or mixed-
method whole-body cooling (WB). During the H cooling
session, participants were cooled using an iced towel soaked
in water (5.0-C T 0.5-C) before being placed over the head
and neck. HH cooling was achieved using an iced towel
(5.0-C T 0.5-C) covering the head and neck, while each
hand immersed up to the wrist in separate containers of cold
water was actively maintained at 9.0-C T 0.5-C. During the
WB cooling session, participants were cooled with an iced
towel over the head and neck, hands were immersed to the
wrist in cold water, an ice vest covered the torso (Arctic
Heat, Brisbane, Australia), and frozen ice packs were ap-
plied to the quadriceps (Techni Ice, Frankston, Australia).
Ice vests and icepacks were stored atj20-C before and after
use. The mixed-method approach was selected on the basis
of the practical ease and portability of equipment compared
with cold water immersion (13). No cooling stimulus was
applied during the control condition (CONT). Standardized
warm-up procedures commenced immediately after neuro-
muscular assessment, approximately 5 min after intervention
completion. Reapplication of cooling methods during the
midexercise recovery period occurred within approximately
10 min to accommodate the collection of neuromuscular and
biochemical measures. All treatments were performed in a
seated position within controlled laboratory conditions of
33-C and 33% relative humidity. Percentage surface area
volumes covered during precooling were estimated at 10%,
15%, and 35% for H, HH, and WB trials, respectively (23).

Measures

Performance. Exercise performance was determined
by 15-m sprint time and distance covered throughout sub-
maximal exercise bouts. An infrared timing system (Speed-
Light, Swift, Australia) was used to record sprint times,
whereas percent decrement was calculated according
to Dawson et al. (10). Incremental 1-m markings along the
15-m synthetic running track allowed for calculation of
distances covered during each individual submaximal exer-
cise bout. Participants wore personal athletic training attire
(T-shirt, shorts, socks, and running shoes) that were stan-
dardized throughout. Data were reported as mean or total for
individual exercise modes (walk, jog, hard run).

Neuromuscular. Measures of voluntary force and
evoked twitch properties of the right knee extensors were
assessed before intervention, after intervention, during ex-
ercise, and after exercise using an isokinetic dynamometer
(Kin-Com, Model 125; Chattanooga Group, Inc., Hixon,
TN) connected to a host computer and customized software
(v8.0, LabVIEW; National Instruments, North Ryde, NSW,
Australia). Participants were seated in an upright position,
with the axis of rotation of the dynamometer visually
aligned with the lateral femoral epicondyle and the lower
leg attached to the lever arm 1 cm above lateral malleolus
on the right leg. Seating posture was standardized with
the knee and hip positioned at 90- flexion (0- represents
full extension) and securely fastened to the dynamometer
using conventional waist and shoulder straps. Supramax-
imal transcutaneous electrical stimulation of the femoral
nerve was administered via a reusable gel adhesive electrode
(diameter = 10 mm; MEDI-TRACEi Mini 100 Pediatric
Foam Electrodes; Covidien, Mansfield, MA) located on
the anterior thigh 3 cm below the inguinal fold. An addi-
tional reusable gel adhesive electrode (90 ! 50 mm; Verity
Medical, Ltd., Stockbridge, Hampshire, England, UK)
positioned on the medioposterior aspect of the upper thigh
below the gluteal fold acted as the anode. A single square-
wave pulse with a width of 200 Ks (400 V with a current of
100–450 mA) was delivered by a Digitimer DS7 stimula-
tor (Digitimer, Ltd., Welwyn Garden City, Hertfordshire,
UK) connected to a BNC2100 terminal block and signal
acquisition system (PXI1024; National Instruments, Austin,
TX). Peak twitch force was detected with incremental
increases in stimulus intensity, and final levels were ampli-
fied by 10% to ensure attainment of supramaximal stimula-
tion. Five pulses separated by 20 s were delivered in a rested
state to assess resting evoked twitch properties. Subse-
quently, participants completed a maximal voluntary con-
traction (MVC) protocol involving 5 ! 5-s isometric trials
using a work-to-rest ratio of 1:6. The MVC was defined as
the mean peak torque value attained during voluntary con-
tractions. A superimposed twitch was manually triggered
during each MVC within 1–2 s after commencement to co-
incide with an observed plateau in peak torque. An additional
stimulus was delivered to the resting muscle immediately
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after contraction to calculate potentiated twitch properties.
VA was determined using the twitch interpolation technique
(1). Time-to-peak torque (TPt) was calculated using the time
from evoke force onset to peak potentiated twitch torque.
Analyses of neuromuscular data were performed using
MATLAB software (R2009b 7.9.0.529; The MathWorks
Inc., Natick, MA).

Physiological measurements. Preexercise and post-
exercise towel-dried measures of nude body mass were
recorded using calibrated scales (HW 150 K; A&D, Adelaide,
Australia) to estimate sweat loss. A midstream urine sample
was collected before exercise to assess urine specific gravity
(Refractometer 503; Nippon Optical Works, Co., Tokyo, Ja-
pan). HR was measured using a chest transmitter and
wristwatch receiver (FS1; Polar Electro Oy, Kempele, Fin-
land) at 5-min intervals during respective intervention and
exercise protocols. Core temperature (Tc) was measured
using a telemetric capsule (VitalSense; Mini Mitter, Bend,
OR), ingested at a standardized 5-h preexercise to ensure
passing into the gastrointestinal tract. The Tc was measured
before intervention and at 5-min intervals throughout the
cooling intervention and exercise protocol, respectively. For
a detailed discussion of the reliability (ICC = 0.99) and validity
(r = 0.98) of ingestible Tc capsules, see Gant et al. (18). Skin
temperatures (Tsk) were assessed at the sternum, midforearm,
midquadriceps, and medial calf by an infrared thermometer
(ThermoScan 3000; Braun, Kronberg, Germany) at 5-min
intervals during the precooling intervention, midprotocol break,
and after exercise. This technique has been reported to be a
reliable (ICC = 0.96) and valid (r = 0.92) measure of Tsk (4).
Mean Tsk was calculated according to Ramanathan (35).

Blood collection and biochemical analysis. A
100-KL preexercise sample of capillary blood was collected
from a hyperemic earlobe to measure pH, glucose, lactate
[Laj], and bicarbonate (HCO3) (ABL825 Radiometer,
Copenhagen, Denmark). Additional capillary blood samples

were collected midexercise and immediately after exercise.
To determine the effects of precooling on muscle damage,
inflammation, and generic stress responses, venous blood
was collected from an antecubital vein before and 30 min
after exercise and was analyzed for creatine kinase (CK), C-
reactive protein (CRP), testosterone (TEST), cortisol (CORT),
and insulin (INS). Using an evacuated venipuncture system
and serum separator tubes (Monovette; Sarstedt, Numbrecht,
Germany), samples were allowed to clot at room temperature
before centrifugation for 10 min at 4000 rpm. Supernatant was
then extracted and stored at j20-C until analysis. Before
analysis, the serum was allowed to reach room temperature
and mixed via gentle inversion. CK and CRP were analyzed
according to the manufacturer’s instructions provided in the
respective assay kits (Dimension Xpand spectrophotometer;
Dade Behring, Atlanta, GA). CK concentrations were de-
termined using an enzymatic method and bichromatic rate
technique. CRP samples were manually diluted according to
the manufacturer’s instructions and analyzed with the particle-
enhanced turbidimetric immunoassay technique. INS, TEST,
and CORT levels were detected using a solid-phase, competi-
tive chemiluminescent enzyme immunoassay (Immulite 2000;
Diagnostic Products Corp., Los Angeles, CA). To avoid in-
terassay variations, all samples for each subject were analyzed
in the same assay run. Intra-assay coefficients of variancewere
G5% for all venous blood analyses. Serum hormone con-
centrations were not corrected for plasma volume shifts; thus,
all statistical analyses were performed on hormone values on
the basis of actual measured circulating concentrations.

Perceptual measures. RPE and thermal sensation
scale (TSS) were recorded at 5-min intervals throughout
precooling and exercise protocols. RPE was determined
according to the Borg CR-10 scale, where ranking ranged
from 0 (nothing at all) to 10 (maximal). TSS was assessed
using an eight-point Likert scale, ranging from 0 (unbear-
ably cold) to 8 (unbearably hot).

TABLE 1. Mean T SD sprint time variables and submaximal running distances covered per session for whole body, head + hand, head, and control conditions.

Activity CONT H H + H WB

Sprint time variables
Mean spell 1 sprint (s) 2.63 T 0.06 2.61 T 0.08 2.60 T 0.07 2.61 T 0.11
Mean spell 2 sprint (s) 2.72 T 0.13 2.66 T 0.09 2.64 T 0.08a 2.65 T 0.09a

Spell 1 decline (%) 6.29 T 2.10 4.91 T 2.14a 4.44 T 2.04a 5.00 T 2.09a

Spell 2 decline (%) 7.74 T 4.49 7.18 T 4.40 6.22 T 3.87 5.69 T 3.39*
Submaximal running distances

Mean spell 1 hard run (m) 153.3 T 19.7 158.7 T 18.4 161.4 T 12.7* 168.9 T 16.2*,**a,b

Mean spell 2 hard run (m) 140.5 T 21.8 152.1 T 20.7* 152.6 T 17.2*a 163.5 T 17.6*,**,***a,b,c

Mean spell 1 jog (m) 102.0 T 14.9 103.3 T 13.5 104.6 T 11.8* 107.6 T 11.2*,**
Mean spell 2 jog (m) 94.1 T 18.4 99.8 T 14.8 99.5 T 13.5* 100.7 T 11.1*
Mean spell 1 walk (m) 63.3 T 4.5 62.4 T 6.9 64.1 T 7.3 64.1 T 6.4
Mean spell 2 walk (m) 59.9 T 9.3 60.5 T 8.3 60.6 T 7.4 62.8 T 6.1
Total spell 1 hard run (m) 1226.7 T 157.1 1269.7 T 147.5* 1291.1 T 101.4* 1351.3 T 129.9*,**a,b

Total spell 2 hard run (m) 1124.3 T 174.7 1216.6 T 165.5 1220.7 T 137.6*a 1308.2 T 141.0*,**,***a,b,c

Total spell 1 jog (m) 816.2 T 119.4 826.0 T 108.3 837.0 T 94.8* 860.6 T 89.9*,**
Total spell 2 jog (m) 753.1 T 147.0 798.0 T 118.3 796.2 T 108.2* 805.7 T 88.6*
Total spell 1 walk (m) 253.3 T 18.1 249.4 T 27.8 256.3 T 29.1 256.3 T 25.7
Total spell 2 walk (m) 239.7 T 37.4 242.1 T 33.1 242.2 T 29.4 251.0 T 24.5

* Significant difference compared with CONT condition (P G 0.05).
** Significant difference compared with H condition (P G 0.05).
*** Significant difference compared with H + H condition (P G 0.05).
a Large ES (d 9 0.8) compared with CONT condition.
b Large ES (d 9 0.8) compared with H condition.
c Large ES (d 9 0.8) compared with H + H condition.
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Statistical Analysis

Data are reported as mean T SD. A repeated-measures
ANOVAwas performed to detect within treatment differences.
Unprotected pairwise comparisons (protected Fisher LSD)
were applied to determine the source of significance, which
was accepted when P e 0.05. Analysis was performed using
the Statistical Package for Social Sciences (SPSS v 16.0,
Chicago, IL). Standardized effect sizes (ES; Cohen d) analyses
were used in interpreting the magnitude of differences be-
tween conditions. An ES was classified as trivial (G0.20),
small (0.20–0.49), moderate (0.50–0.79), or large (90.80).

RESULTS
Performance. Mean and peak T SD speed and percent

decline in speed for spells 1 and 2, respectively, are pres-
ented in Table 1, whereas mean T SD individual sprint times
are presented in Figure 1A. No significant differences were
detected between cooling procedures for mean sprint times
or peak sprint speeds during spell 1 or 2, respectively
(P = 0.08–0.91). Large ES indicated faster mean sprint times

FIGURE 1—A, Mean T SD individual 15-m sprint times (s) across all
precooling conditions. B, Mean T SD individual hard running distances
(m) covered across all precooling conditions.

FIGURE 2—Mean T SD of core temperature (A), skin temperature (B),
and WB, H + H, H, and CONT conditions (C). aSignificant difference
between WB and CONT conditions (P G 0.05). bSignificant difference
between WB and H conditions (P G 0.05). cSignificant difference be-
tween WB and H + H conditions (P G 0.05). dSignificant difference
between H + H and CONT conditions (P G 0.05). eSignificant difference
between H + H and H conditions (P G 0.05). fSignificant difference be-
tween H and CONT conditions (P G 0.05). 1Large ES between WB and
CONT conditions (d 9 0.8). 2Large ES between WB and H conditions
(d 9 0.8). 3Large ES betweenWB and H + H conditions (d 9 0.8). 4Large
ES between H + H and CONT conditions (d 9 0.8). 5Large ES between
H + H and H conditions (d 9 0.8). 6Large ES between H and CONT
conditions (d 9 0.8).
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with WB (d = 0.94) and HH cooling (d = 1.07) compared
with CONT during spell 2. The percent decline during spell
2 was attenuated with WB cooling compared with control
(P = 0.04). Large ES were apparent for a smaller percent
decline during spell 1 in H (d = 0.92), HH (d = 1.26), and
WB (d = 0.87) compared with CONT conditions.

Results for mean and total distance covered during sub-
maximal exercise bouts including hard running, jogging,
and walking are presented in Table 1. Mean T SD individual
self-paced hard running efforts are presented in Figure 1B.
Overall, total distances accumulated were significantly
higher with WB (4833 T 380 m) and HH cooling (4644 T
360 m) compared with H (4602 T 448 m) and CONT con-
ditions (4413 T 545 m), respectively (P = 0.001–0.04,
d = 0.70–1.26). No significant differences and moderate ES
continued a dose–response effect between the remaining
total distance comparisons (P = 0.06–0.12, d = 0.53–0.72).
Significant differences and large ES data indicated greater
mean and total distances covered in the WB condition for
hard running compared with CONT (P = 0.001, d = 1.49),
H (P = 0.001, d = 0.86), and HH cooling (P = 0.02, d = 0.83)
conditions. There were also significant increases in hard
running distances in a dose–response fashion after H
(P = 0.02, d = 0.62) and HH cooling (P = 0.001, d = 0.81)
compared with the CONT. Moreover, a significantly in-
creased mean and total hard running completed in spell 1
was observed with HH cooling data compared with CONT
(P = 0.01). Similarly, spell 2 H (P = 0.04) and HH sessions
(P = 0.00, d = 0.87) resulted in significantly higher mean
and total hard running work completed compared with
CONT although still less than WB cooling.

There were significant increases in mean and total jogging
distances covered during spells 1 and 2 in WB (P = 0.03 and
0.02) and HH sessions (P = 0.01 and 0.01) compared with
CONT. Greater mean and total values for jogging distances
covered were evident between WB and H cooling sessions
during spell 1 (P = 0.02). No other significant differences
were noted among conditions for all remaining mean and

total distances for jogging or walking variables during spell
1 and 2 (P = 0.08–0.88).

Physiological responses. Significant reductions and
large ES were apparent for Tc (Fig. 2A) at the end of the
intervention period for WB (P = 0.03, d = 1.62) and HH
cooling sessions (P = 0.04, d = 1.37) compared with H.
Similarly, Tc was reduced (Fig. 2A) at the end of the inter-
vention period for WB (P = 0.003, d = 1.72) and HH cooling
sessions (P = 0.04, d = 1.46) compared with CONT. This
trend was maintained throughout, with large ES (d = 0.82–
1.41) indicative of a reduced Tc after WB cooling. Signifi-
cant reductions in Tc with HH cooling compared with CONT
were also noted during the protocol (P = 0.01, d = 0.85). In
comparison with the WB method, Tc response for H cooling
and CONT was elevated during the exercise protocol
(d = 0.85–1.41). Finally, HH cooling did not differ from the
H cooling condition, rather it was increased compared with
the WB cooling specifically between the 10th and 35th
minute (d = 0.81–1.19) and between the 80th and 85th
minute (d = 0.81–0.85).

Significant differences and large ES indicated a lower
Tsk throughout the WB intervention period (P = 0.001,
d = 2.54–4.62) compared with all other conditions (Fig. 2B).
Large reductions in Tsk were also apparent for H (d = 1.00–
1.85) and HH cooling sessions (d = 0.99–1.74) during
the intervention period compared with CONT. During
the exercise protocol, WB cooling resulted in a reduced
Tsk compared with all other conditions (P = 0.001–0.03,
d = 1.02–5.71); however, Tsk did not differ between any
other conditions.

Significant differences and large ES data indicated a lower
HR after intervention withinWB (P = 0.03, d = 1.83) and HH
cooling sessions (P = 0.02, d = 1.75) compared with CONT
conditions (Fig. 2C). Moreover, reduced HR values with
WB (d = 1.07) and HH cooling (d = 1.01) over H cooling
interventions were evident after intervention. HR responses
after WB cooling were significantly reduced (P = 0.05,
d = 1.07) compared with CONT during the exercise protocol.

TABLE 2. Mean T SD mean peak torque, TPt, and VA level for precooling methods before intervention, after intervention, during exercise, and after exercise.

Variable CONT H H + H WB

Before intervention
Mean peak torque (NIm) 167.3 T 37.0 163.1 T 42.3 157.8 T 39.2 162.3 T 37.4
TPt (ms) 98.0 T 11.1 96.6 T 16.8 92.4 T 16.8 88.1 T 11.0
VA level (%) 75.6 T 8.9 74.7 T 6.9 73.3 T 9.5 78.4 T 9.1

After intervention
Mean peak torque (NIm) 159.9 T 47.7 162.7 T 36.1 153.3 T 27.4 144.2 T 36.4
TPt (ms) 94.6 T 12.0 97.1 T 16.5 99.9 T 18.1 96.7 T 13.1
VA level (%) 70.7 T 17.1 75.8 T 18.1 72.2 T 11.6 68.4 T 9.1

During exercise
Mean peak torque (NIm) 142.9 T 50.2 146.4 T 26.2 145.1 T 25.0 158.0 T 21.9
TPt (ms) 93.3 T 15.0 92.8 T 12.1 90.1 T 15.5 81.4 T 16.3a.b

VA level (%) 65.0 T 9.8 66.3 T 14.1 68.7 T 15.4 69.6 T 18.2
After exercise

Mean peak torque (NIm) 139.3 T 54.0c,d 139.7 T 29.5c,d 150.8 T 46.1 151.1 T 28.9
TPt (ms) 93.1 T 14.0 90.1 T 9.7 86.7 T 12.5 95.2 T 15.9d

VA level (%) 68.9 T 15.9d 68.6 T 9.4d 69.5 T 12.2 67.5 T 16.8d

a Large ES compared with CONT condition (d 9 0.8).
b Large ES compared with H condition (d 9 0.8).
c Significant difference compared with preintervention values (P G 0.05).
d Large ES compared with preintervention values (d 9 0.8).
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Large ES indicated reduced HR values after WB cooling
compared with H (d = 1.25) and HH cooling (d = 1.34)
during the exercise protocol.

Preexercise urine specific gravity was not significantly
different between WB cooling (1.018 T 0.006), HH cooling
(1.017 T 0.005), H (1.017 T 0.008), or CONT conditions
(1.017 T 0.008, P = 0.70–0.84, d = 0.06–0.22). Body mass
changes from nonurine fluid loss after exercise were sig-
nificantly less with WB cooling compared with CONT
(1.8 T 0.2 vs 2.2 T 0.4, P = 0.01, d = 1.58). Large ES data
indicated less sweat losses from changes in body mass with
WB cooling compared with HH (2.0 T 0.4, d = 0.82) and H
cooling (2.1 T 0.5, d = 1.00), respectively.

Neuromuscular. No significant differences and trivial
to moderate ES (Table 2; P = 0.07–0.87, d = 0.03–0.68)
were observed between respective cooling conditions for
mean MVC at all time points. Mean MVC was significantly
reduced from before to after exercise in H cooling (P = 0.04,
d = 1.09) and CONT conditions (P = 0.01, d = 1.46). Pre- to
postexercise differences in mean MVC were not signifi-
cantly different, with trivial to small ES data after WB and
HH cooling (P = 0.432–0.925, d = 0.04–0.35). No signifi-
cant differences were evident between respective cooling
volumes for postintervention TPt (Table 2; P = 0.52–0.92).
However, large ES were evident for faster TPt during exer-
cise with faster responses evident in the WB cooling com-
pared with H (d = 1.13) and CONT sessions (d = 1.07).
Changes in pre- to postexercise TPt were not significant,
although moderate ES were detected for reduced TPt in
CONT (P = 0.39, d = 0.79), H (P = 0.34, d = 0.74), and
HH (P = 0.47, d = 0.65). Conversely, a large ES depicts
slower TPt from before to after exercise for WB (P = 0.11,
d = 1.16). No significant differences and trivial to moderate
ES (Table 2; d = 0.03–0.45) were detected between VA at
all time points. Finally, no significant change, although
moderate to large ES were detected before to after exercise
for reduced VA (P = 0.06–0.47, d = 0.72–2.03).

Biochemical analyses. No significant differences
(P = 0.06–1.00) were evident between conditions in pH,
glucose, [Laj], or HCO3 markers before or after exercise
(Fig. 3). Significant differences and large ES indicated re-
duced [Laj] concentrations midexercise with WB cooling
compared with CONT (P = 0.02, d = 1.64). Further, lower
[Laj] values were evident midexercise with WB compared
with H cooling conditions (d = 1.36). This trend is continued
postexercise, with [Laj] largely reduced following all
precooling compared to CONT (d = 0.95–1.37). Large ES
indicated reduced glucose concentrations after exercise be-
tween HH cooling with H cooling (d = 0.82) and CONT
sessions (d = 1.03). No significant differences and trivial to
moderate trends (P = 0.25–1.00, d = 0.00–0.59) were de-
termined for all preexercise CK, CRP, TEST, INS, and
CORT concentrations (Table 3). Large ES indicated reduced

FIGURE 3—Mean T SD capillary blood comparison of anaerobic
metabolites between cooling volume and time. aSignificant difference be-
tweenWB and CONT conditions (P G 0.05). 1Large ES between WB and
CONT conditions (d 9 0.8). 2Large ES between WB and H conditions
(d 9 0.8). 3Large ES between H + H and control conditions (d 9 0.8).
4Large ES between H + H and H conditions (d 9 0.8). 5Large ES
between H and CONT conditions (d 9 0.8).
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postexercise CK measures with WB (d = 0.82) and H cool-
ing (d = 0.83) compared with CONT conditions. Large ES
data were detected for CORT levels within the WB cool-
ing condition and were increased compared with CONT
(d = 1.06) after exercise. No significant change and trivial to
moderate ES were detected for all remaining postexercise
venous blood variables of CK, CRP, TEST, INS, and CORT
(P = 0.07–0.99, d = 0.00–0.58).

Perceptual measures. Significantly reduced mean RPE
values were evident for WB (4.2 T 0.8, P = 0.03, d = 1.17),
HH (4.6 T 0.7, P = 0.04), and H cooling conditions (4.6 T 0.8,
P = 0.02) compared with CONT condition (4.9 T 1.0). Sig-
nificant differences and large ES data indicate reduced
mean TSS with WB cooling (5.2 T 0.5) compared with
HH (5.7 T 0.4, P = 0.00, d = 1.69), H (5.8 T 0.5, P = 0.01,
d = 1.95) and CONT conditions (6.3 T 0.6, P = 0.00,
d = 2.93). Moreover, significantly reduced TSS values dur-
ing HH (P = 0.01, d = 1.87) and H cooling (P = 0.00,
d = 1.28) were evident compared with CONT sessions.

DISCUSSION

The aim of this investigation was to determine the effects of
volume-dependent precooling on physiological and perfor-
mance outcomes for self-paced intermittent-sprint exercise in
the heat. In addition, we attempted to determine the related
volume effect on neuromuscular function as related to inter-
mittent-sprint exercise performance in the heat. The novel
finding of this study is that performance appears to be affected
by the dose of precooling, in that larger surface area coverage
resulted in increased work capacity, with greater suppression
of physiological load. Most salient was that precooling resul-
ted in the maintenance of MVC, although there was increased
work completed across the respective cooling interventions.
These findings indicate that enhanced thermoregulatory con-
trol after precooling may negate the down-regulation of ex-
ercise performance in the heat and hence allows for the
maintenance of skeletal muscle recruitment and work output.

Exercise and environmentally induced heat stress may
severely impair exercise capacity through reduced time to
fatigue and an inability to maintain desired intensities
(20,31). Results from the current investigation are consistent
with previous precooling studies of attenuated thermoregu-
latory strain and improved intermittent-sprint exercise per-
formance in the heat (8,12,14). A common feature of the

present study and previous work (12) is the precooling-
induced improvements in self-paced, submaximal distances
covered between maximal-sprint exercise bouts. The step-
wise response to cooling resulted in the reduction in distance
covered as the volume of cooling was reduced. However,
with WB cooling, participants covered greater hard running
and jogging distances in spells 1 and 2, respectively (Table 1
and Fig. 1B). Similarly, larger cooling application was as-
sociated with greater maintenance of maximal sprint times
(Table 1 and Fig. 1A). Hence, the current study corroborates
previous research, which shows performance benefits for
free-paced intermittent-sprint exercise in the heat (8,12,14).

Unique to the current intermittent-sprint precooling study
was the collection of neuromuscular data at set time points
during the testing session rather than purely before and after
exercise. The attenuated thermoregulatory loads observed
with WB cooling maintained MVC during and after exercise
(Table 2). These changes are apparent despite the absence of
condition-specific differences in percent VA (Table 2). Exer-
cise- and environmentally induced hyperthermia seemingly
reduce skeletal muscle force output through the impairment
of VA (28,31,36,37). However, an inverse relationship be-
tween muscle function and Tc is apparent as isometric MVC
and percent VA returns to baseline after the resumption of
normative Tc values (28,36). Hence, it is postulated that
neuromuscular responses to exercise in the heat are directly
linked to elevated thermal load in addition to any protocol-
specific fatigue (28,36). Accordingly, the blunting of Tc dur-
ing exercise and subsequent preservation of MVC and VA
with more extensive cooling (Fig. 2A) may account for the
relationship between cooling volumes and self-paced running
workloads. That said, an inability to directly assess muscle
function during the exercise protocol means factors relating
to physiological strain or anticipatory regulation of CNS
responses cannot be overlooked (13,27).

Given the lack of difference in VA between cooling vol-
umes, the increased distances covered during self-paced ex-
ercise bouts may not be completely accounted for solely by
peripheral or central factors. Rather, it is plausible that an in-
teraction of afferent and efferent stimuli, combined with a re-
duced perceptual strain after precooling may augment muscle
recruitment during exercise, which manifests as a sustained
MVC during and after exercise, despite the increased work-
loads performed (13,38). Although EMG responses were not
measured in the present study, a faster TPt during exercise
was evident with WB cooling. The faster TPt may highlight
the protective properties of precooling for exercise in the heat
(11). Accordingly, precooling may improve the adopted
pacing strategy during self-selected work in the heat (13,22),
essentially because of a greater preservation of MVC via
maintenance of muscle recruitment (21) and subsequent
curbing in the down-regulation of exercise intensity in the
heat (as noted in the control condition).

AlthoughWB cooling is often reported as the gold standard
of cooling interventions, part-body cooling techniques may
also have favorable physiological and performance benefits

TABLE 3. Mean T SD biochemical comparison of between cooling volume and time.

Variable CONT H H + H WB

CK (UILj1) Pre 301 T 193 231 T 137 248 T 169 252 T 163
Post 645 T 594 392 T 133a 411 T 187 390 T 181a

CRP (UILj1 mgILj1) Pre 2.8 T 4.4 2.8 T 4.3 2.7 T 4.1 2.4 T 3.1
Post 2.9 T 4.5 3.0 T 4.5 2.8 T 4.3 2.8 T 3.4

INS (KLImLj1) Pre 5.6 T 1.7 6.5 T 2.9 5.9 T 1.0 6.2 T 2.1
Post 5.9 T 2.4 5.7 T 1.4 5.9 T 0.6 5.4 T 1.4

TEST (ngIdLj1) Pre 401 T 85 368 T 50 385 T 103 390 T 99
Post 524 T 126 505 T 99 471 T 131 505 T 85

CORT (nmolILj1) Pre 319 T 115 299 T 118 299 T 140 332 T 74
Post 544 T 211 611 T 161 602 T 161 694 T 190a

a Large ES compared with control (d 9 0.8).
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(3,8). Results from the present study demonstrate cool-
ing volume to seemingly influence both the physiological
response and ensuing intermittent-sprint exercise perfor-
mance. Maintenance of repeated sprint time was evident in all
precooling conditions in spell 1, although this trend was only
continued in the WB condition during spell 2 after the reap-
plication of cooling procedures (Table 1; Fig. 1A). Further,
increased hard running and jogging distances covered during
self-paced exercise bouts imply the presence of improved
maintenance of exercise intensities (13,22) after WB in con-
trast to part-body or no cooling conditions (Table 1; Fig. 1B).
Further, as with the maintenance of MVC, a stepwise inter-
action seemed evident, in that the use of HH cooling indicated
some performance benefits over the CONT condition. Con-
versely, reduced surface area coverage with H cooling and
CONT provided little or no performance improvement,
resulting in either the slowest sprint performances or least
distance covered. These findings support the existence of a
dose-dependent response to cooling application and perfor-
mance outcomes (8).

The attenuation of thermal load, through the application
of precooling, and subsequent improvements in heat storage
and dissipation capacities increases the period for optimal
exercise performance before the attainment of critical Tc in
laboratory settings (20). Accordingly, WB cooling was most
effective in reducing Tc and Tsk before exercise and continu-
ing to blunt the rise in body temperature for the duration of
the exercise protocol. Increased cooling volumes may result
in greater physiological perturbations or the prolonged sup-
pression of increased physiological loads (9,12); hence, the
volume effect of cooling observed in the present investigation
is not surprising. Nevertheless, an attenuated thermoregula-
tory response during exercise in the heat may delay redistri-
bution of cardiac output to the periphery and sweat responses
for heat dissipation (6). Moreover, the maintenance of central
blood volume protects against reduced stroke volume and
associated cardiovascular strain (19). Precooling-induced
reductions in cardiovascular strain are observed during set-
paced exercise protocols (3,24), yet higher workloads during
self-paced exercise seem to conceal this effect (12,14,22).

In contrast, marked reductions in HR were observed after
WB cooling despite higher workloads completed. Given the
20- to 30-min time frame during which the effects of pre-
cooling remain evident (40), the length of spells and cooling
reapplication midsession might overstate the volume effects
in this case. However, limited cardiovascular drift may re-
flect improved blood volume status owing to decreased
sweating demands (29). Restricted fluid intake and sweat
loss alterations in nude body mass in the present study be-
tween 2.4% and 2.9% exceed levels contributing to height-
ened thermal strain and aerobic performance decrements (7).
Nevertheless, differences in sweat rate (È400 mL) between
WB cooling and CONT conditions may not adequately ex-
plain HR variance or augmented shuttle-running performance
(19). Thus, it is likely that multiple afferent and efferent
indicators owing to reduced physiological (sweat loss, Tc, and

HR) and perceptual loads (RPE and TSS) promote continued
maintenance of exercise intensity, muscle recruitment, and
voluntary force production (13,38).

In accordance with previous reports, analysis of blood
markers of anaerobic metabolites and muscle damage dem-
onstrated minimal differences between conditions (8,12,
15,25). Given the well-documented alterations in metabolism
associated with exercise in the heat (17) and the reduced
physiological responses to exercise with precooling and/or
augmented performance outcomes (13,26,34), the lack of
differences in metabolic markers is not unexpected. Yet re-
duced [Laj] during and after exercise with greater cooling
volumes are inconsistent with elevated self-paced running
distances and maintenance of maximal sprints speeds. Simi-
larly, reduced CK concentrations after exercise in WB and
HH cooling despite higher workloads may be a result of re-
duced levels of heat stress experienced during these conditions
(2). Nevertheless, WB cooling seems to have stimulated
sympathoadrenal activity and subsequently increased CORT
secretion as detected after exercise. Although reduced sweat
rates with more extensive precooling may have assisted in
explaining reduced [Laj] and CK concentrations, elevated
CORT may be attributed to higher workloads completed or
the larger cooling stimulus. As such, despite the reduced
physiological strain evident during the (larger volume) cool-
ing conditions, the increased work performed seems to still
invoke greater generic stress responses.

In conclusion, this investigation highlights the dose–
response relationship evident between precooling volume
and ensuing physiological, perceptual, and performance out-
comes in hot conditions (8,9,12). Improved performance
responses may result from the maintenance of exercise in-
tensities during self-paced exercise bouts and potentially re-
late to the maintenance of MVC. Moreover, despite WB
methods proving most effective, part-body techniques also
offer a blunted thermoregulatory response, albeit to a lesser
extent. These responses may owe to precooling-induced
suppression of thermoregulatory responses to exercise in
the heat, allowing for enhanced physiological control and
reduced perceptual efforts. Reduced levels of heat stress with
precooling may facilitate the maintenance of MVC through
the maintenance of muscle recruitment, thereby permitting
higher work output. From a practical perspective, field-based
practitioners should be aware of the inverse relationship be-
tween volume of cooling and performance benefits. In addi-
tion, practitioners should select interventions that allow for
sufficient volume, yet within logistical constraints of their
individual team contexts.
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Abstract This study examined the effects of pre-cooling
duration on performance and neuromuscular function for

self-paced intermittent-sprint shuttle running in the heat.

Eight male, team-sport athletes completed two 35-min
bouts of intermittent-sprint shuttle running separated by a

15-min recovery on three separate occasions (33"C, 34%

relative humidity). Mixed-method pre-cooling was com-
pleted for 20 min (COOL20), 10-min (COOL10) or no

cooling (CONT) and reapplied for 5-min mid-exercise.

Performance was assessed via sprint times, percentage
decline and shuttle-running distance covered. Maximal

voluntary contractions (MVC), voluntary activation (VA)

and evoked twitch properties were recorded pre- and post-
intervention and mid- and post-exercise. Core temperature

(Tc), skin temperature, heart rate, capillary blood metabo-

lites, sweat losses, perceptual exertion and thermal stress
were monitored throughout. Venous blood draws pre- and

post-exercise were analyzed for muscle damage and

inflammation markers. Shuttle-running distances covered
were increased 5.2 ± 3.3% following COOL20 (P \ 0.05),

with no differences observed between COOL10 and CONT
(P [ 0.05). COOL20 aided in the maintenance of mid- and

post-exercise MVC (P \ 0.05; d [ 0.80), despite no

conditional differences in VA (P [ 0.05). Pre-exercise Tc

was reduced by 0.15 ± 0.13"C with COOL20 (P \ 0.05;

d [ 1.10), and remained lower throughout both COOL20

and COOL10 compared to CONT (P \ 0.05; d [ 0.80).
Pre-cooling reduced sweat losses by 0.4 ± 0.3 kg

(P \ 0.02; d [ 1.15), with COOL20 0.2 ± 0.4 kg less than

COOL10 (P = 0.19; d = 1.01). Increased pre-cooling
duration lowered physiological demands during exercise

heat stress and facilitated the maintenance of self-paced

intermittent-sprint performance in the heat. Importantly, the
dose-response interaction of pre-cooling and sustained

neuromuscular responses may explain the improved exer-

cise performance in hot conditions.

Keywords Thermoregulation ! Team-sports !
Heat stress ! Fatigue ! Performance ! Ice-vest

Introduction

High ambient temperatures impair heat loss mechanisms,
requiring an alteration in physiological and behavioural

processes to balance rising internal body temperatures with
the maintenance of exercise performance (Wendt et al.

2007). Pre-cooling induced improvements to heat storage

may reduce these challenges, resulting in augmented work
rates and extended exercise time (Duffield 2008; Marino

2002; Quod et al. 2006). Evidence from pre-cooling studies

demonstrate performance benefits to be associated with
suppressed skin and/or core temperature, cardiovascular,

metabolic and perceptual loads (Arngrı́msson et al. 2004;

Castle et al. 2006; Duffield and Marino 2007; Hasegawa
et al. 2005; Lee and Haymes 1995). However, evidence

against critical limiting temperatures (Ely et al. 2009), and

study of self-paced exercise modes (Duffield et al. 2010;
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Kay et al. 1999), may suggest the integration of higher

central regulation to control skeletal muscle recruitment in
anticipation or response to increased thermal loads (Marino

2004; Nybo and Nielsen 2001; Tucker et al. 2004).

Heat stress ultimately disrupts central motor output,
down-regulating skeletal muscle recruitment, voluntary

activation and force output (Kay et al. 2001; Morrison

et al. 2004; Nybo and Nielsen 2001; Todd et al. 2005). In
spite of potential afferent or efferent origins (Marino

2004), thermal advantages obtainable with pre-cooling
may safeguard neuromuscular pathways, protecting exer-

cise performance in the heat and assisting to explain the

maintenance of higher exercise intensities (Duffield et al.
2010; Kay et al. 1999). Previous research provides evi-

dence for a dose-response relationship with pre-cooling

(Castle et al. 2006; Daanen et al. 2006; Duffield and
Marino 2007; Minett et al. 2011), whereby the greater the

cooling stimulus to improve thermoregulatory efficiency,

the lower the rate of heat storage and the better the
ensuing performance outcome (González-Alonso et al.

1999). This ergogenic assistance has traditionally been

linked with observed reductions in core temperature
(Marino 2002), although cooler skin temperatures inde-

pendent of core temperature change also appear to have

some regulation of exercise intensity (Kay et al. 1999;
Schlader et al. 2011). These findings have practical

implications for most athletic disciplines, but might be of

particular importance for team-sport athletes who experi-
ence higher internal body temperatures during intermittent

activity compared with steady state exercise modes

(Ekblom et al. 1971).
The benefits of whole-body cold-water immersion are

widely acknowledged and potentially relate to the volume

of cold exposure provided by such a method (Duffield
2008; Marino 2002; Quod et al. 2006). However, issues of

practicality surrounding its application in competitive

situations provide difficulties for implementation and pre-
event routines (Marino 2002; Quod et al. 2006). Whilst

logistical concerns in the field may be eased through the

manipulation and combination of multiple cooling tech-
niques (Duffield and Marino 2007; Duffield et al. 2009;

Minett et al. 2011; Quod et al. 2008; Ross et al. 2011), the

influence of pre-cooling duration on ensuing physiological
and performance responses is unknown. These data may

prove important to the effective implementation of pre-

cooling techniques, particularly given the potential for
extended physiological benefits and subsequent perfor-

mance gains with more extensive cooling exposure (Mi-

nett et al. 2011). Alternatively, any excessive dose of
cooling duration resulting in pronounced reduction in

skeletal muscle temperature (Peiffer et al. 2009) may be

detrimental to motor unit recruitment and force output
(Racinais and Oksa 2010). Accordingly, understanding the

balance between reduced thermal loads and retaining

muscle function is of value in optimising performance
outcomes following pre-cooling.

Evidence supports the use of pre-cooling for intermit-

tent-sprint exercise performance in the heat (Castle et al.
2006; Duffield and Marino 2007; Duffield et al. 2009;

Minett et al. 2011). Pre-cooling induced enhancements in

heat storage capacity may reduce thermoregulatory strain,
facilitating the maintenance of neuromuscular function and

subsequent exercise performance (Duffield et al. 2010).
Nevertheless, understanding pre-cooling duration required

for ergogenic effects is lacking. Further, the relationship

between pre-cooling duration, voluntary force and evoked
twitch properties and self-paced exercise performance in

the heat warrants further investigation. Hence, the aim of

the present study is to investigate the effects of pre-cooling
duration on self-paced intermittent-sprint exercise perfor-

mance, physiological responses and neuromuscular func-

tion in hot environmental conditions.

Methods

Participants

Eight, moderate- to well-trained, male team-sport athletes

were recruited for this study (mean ± SD: age 21.5 ±

2.7 years; height 184.1 ± 9.7 cm; body mass 78.9 ±
8.2 kg). Participants were club and regional level athletes

who reported completing 3–5 sports specific and condi-

tioning training sessions per week and competition on a
weekly basis. All participants gave verbal and written

consent before engaging in testing procedures and ethical

clearance was given by the Ethics in Human Research
Committee of the University.

Experimental design

Participants reported to the laboratory for testing sessions on

four separate occasions. Following an initial equipment and
procedural familiarisation session that included completion

of the exercise protocol in its entirety, the remaining three

visits were conducted in a randomized, repeat measures
cross-over fashion. The data reported in this paper were

collected as part of a succession of cricket related investi-

gations focused on fast bowling related intermittent-sprint
exercise in the heat. In accordance with previous reports

(Minett et al. 2011), fast bowling workload data (Petersen

et al. 2010) were utilized to provide for a non-specific team-
sport protocol to reflect previous research (Duffield and

Marino 2007). All respective testing sessions were con-

ducted on an enclosed 20 m synthetic running track in
mean ± SD environmental conditions of 33.0 ± 0.9"C and
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33.9 ± 5.9% relative humidity. Temperatures were con-

trolled using a customized gas heating system and four
electronic 2,000 W room heaters (Kambrook, Australia)

positioned at 5 m increments alongside the running track.

All testing sessions were identical, with only pre-cooling
duration variable throughout. Participants performed three

conditional trials including a control session (no pre-cool-

ing), 10 min pre-cooling session and a 20 min pre-cooling
session. All participants were required to refrain from

strenuous exercise and alcohol 24 h before and all caffeine
and food substances 3 h before each testing session.

Exercise protocol

During all sessions, participants performed a standardized

5 min warm-up followed by 2 9 35 min bouts (Bout 1 and
2) of intermittent-sprint activity, separated by a 15 min

mid-exercise recovery interval. Warm-up procedures

involved progressively increasing continuous 20 m shuttle
run speeds and six repeated 15 m maximal sprints. Each

identical bout consisted of a set pattern of intermittent-

sprint, hard running, jogging and walking activities to
reflect cricket fast bowling requirements (Petersen et al.

2010). Specifically, the exercise protocol involved 10

(2 9 5) sets of 6 9 15 m maximal sprints with a 30 s
recovery to emulate a 6-ball cricket over. Further, 5 min

periods between sprint sets were comprised of minute by

minute periods of self-paced, sub-maximal exercise inten-
sities as per Duffield and Marino (2007). Hard running,

jogging and walking activities were performed in a 15 m

shuttle run fashion, with participants resuming their start-
ing position at 50 s of each self-paced minute to begin the

following exercise intensity. Participants were offered

verbal support throughout and instructed to cover the
greatest distance possible during hard run efforts, while

jogging and walking were completed at self-paced inten-

sities. To limit potentially confounding effects of any fluid
intake, all consumption was restricted throughout each

session. The reliability of mean sprint times, self-paced

distances and hard running distances covered demonstrate
the Pearson product-moment Correlation (r) as 0.94–0.98,

technical error of measurement as 0.02–1.5% and Co-

efficient of variation (CV) as 0.6–1.1% (Minett et al. 2011).
A schematic representation of the exercise protocol is

presented in Fig. 1.

Pre-cooling intervention

Cooling apparatus were applied pre-exercise and for the

final 5 min of the 15 min mid-exercise recovery interval in

the two treatment trials. Durational effects of pre-cooling
were determined by the comparison of control (CONT),

10 min (COOL10) and 20 min (COOL20) pre-cooling

interventions. As per Minett et al. (2011) all pre-cooling
procedures involved a mixed-method approach, whereby

participants were cooled with an iced towel soaked in water

(5.0 ± 0.5"C) covering the head, neck and shoulders,
hands immersed to the wrist in cold water (9.0 ± 0.5"C),

ice-vest covering the torso (Arctic Heat, Brisbane, Aus-

tralia) and frozen ice-packs applied to the quadriceps
(Techni Ice, Frankston, Australia). Ice-vests and ice-packs

were stored at -20"C before and after application. No

cooling stimuli were applied during the 20 min CONT
trial. All treatments were completed as participants rested

passively in a seated position in controlled laboratory

conditions of 33"C and 34% relative humidity. Mixed-
method pre-cooling presents a practical and ecologically

valid alternative to cold-water immersion (Duffield et al.

2009), with the larger surface area coverage, the greater the
ergogenic effect (Minett et al. 2011).

Fig. 1 Schematic
representation of the self-paced
intermittent-sprint exercise
protocol. MVC maximal
voluntary contraction, VB
venous blood sample, CB
capillary blood sample, HR
represents heart rate, Tc core
temperature, Tsk skin
temperature, RPE rating of
perceived exertion, TSS thermal
sensation scale
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Measures

Performance

Intermittent-sprint running performance was assessed via

15 m sprint time measured with an infrared timing system
(Speed-light, Swift, Australia). Self-paced distances accu-

mulated were calculated using 1 m markings along the

15 m running track. The percentage of decline in sprint
times [total time/(fastest time 9 sprint n) 9 100] is

reported as an indicator of performance maintenance. Self-

paced, sub-maximal exercise bouts are reported as an
individual mean or total value for each exercise mode

(walk, jog, hard run).

Neuromuscular function

Evaluation of maximal voluntary contractions (MVC) and
evoked twitch properties of the right knee extensors were

recorded pre-intervention, post-intervention, mid-exercise

and post-exercise with an isokinetic dynamometer (Kin-
Com, Model 125, Chattanooga Group Inc., Hixon, TN,

USA) and customized computer software (v8.0, LabVIEW;

National Instruments, North Ryde, NSW, Australia). The
axis of rotation of the dynamometer was visually aligned

with the lateral femoral epicondyle. Participants were fas-

tened to the dynamometer chair with knee and hip positioned
at 90" (0" represents full extension) using conventional

shoulder and waist straps and the distal right leg fixed to the

lever arm 1 cm above lateral malleolus. Supra-maximal
activation of the femoral nerve was achieved via a single

square-wave pulse with a width of 200 ls (400 V with a

current of 100–450 mA) delivered by a Digitimer DS7
stimulator (Digitimer Ltd., Welwyn Garden City, Hert-

fordshire, England) linked to a BNC2100 terminal block and

signal acquisition system (PXI1024; National Instruments,
Austin, TX, USA). Muscle activation was achieved with

reusable self-adhesive gel electrode cathode positioned on

the anterior thigh 3 cm below the inguinal fold (diameter
10 mm; MEDI-TRACETM Mini 100 Pediatric Foam Elec-

trodes, Covidien, Mansfield, MA, USA). A 90 9 50 mm

reusable self-adhesive gel electrode anode was located on
the medio-posterior aspect of the upper thigh below the

gluteal fold (Verity Medical Ltd., Stockbridge, Hampshire,

England). Peak twitch force was identified through incre-
mental increases in stimulus intensity and then increased by

10% to ensure supra-maximal stimulation. Baseline evoked

twitch properties were determined through five pulses sep-
arated by 20 s delivered in a rested state. Assessment of

muscle function involved a MVC protocol involving
5 9 5 s isometric trials with a superimposed twitch fol-

lowing attainment of MVC plateau to the resting muscle

immediately post-contraction. Individual MVC efforts were

separated by a 30 s recovery period. MVC was defined as the

peak torque (Pt) value attained during voluntary contrac-
tions. Voluntary activation (VA) was calculated according

to the twitch interpolation technique (Allen et al. 1995).

Time to peak torque (TPt) was defined as the time from
evoke force onset to peak potentiated twitch torque. Data

was processed using MATLAB version 7.9.0.529 (R2009b,

The Mathworks Inc., Natick, MA, USA).

Physiological variables

A mid-stream urine sample was collected on arrival to the

laboratory to determine urine specific gravity (USG;
Refractometer 503, Now. Nippon Optical, Works Co,

Tokyo, Japan). Changes in nude body mass were recorded

pre- and post-exercise using calibrated scales (HW 150 K, A
& D, Thebarton, Australia) to estimate total body sweat loss.

Heart rate (HR) was determined with a chest transmitter and

wristwatch receiver (FS1; Polar Electro Oy, Kempele, Fin-
land). Core temperature (Tc) was measured using a tele-

metric temperature capsule (VitalSense, Mini Mitter, Bend,

USA) ingested 5 h pre-exercise to allow for passing into the
gastrointestinal tract. HR and Tc was recorded every 5 min

during the intervention and mid-exercise rest period, and at

10 min intervals during the exercise protocol. Skin temper-
ature (Tsk) was measured at four sites (sternum, mid-forearm,

mid-quadriceps and medial calf) with an infrared ther-

mometer (ThermoScan 3000, Braun, Kronberg, Germany)
as per Burnham et al. (2006) (ICC = 0.96; r = 0.92). Tsk

was recorded at 5 min increments during the pre-cooling

intervention, mid-protocol break and post-exercise. Mean
Tsk was calculated using the Ramanathan (1964) formula and

body heat storage was estimated according to the equation of

Havenith et al. (1995).

Blood collection and biochemical analysis

Resting blood draws were collected to determine the effect

of pre-cooling duration on anaerobic metabolites, muscle

damage, inflammation and stress responses. Capillary
blood samples were drawn from a hyperaemic earlobe to

analyze pH, glucose, lactate [La-] and bicarbonate (HCO3)

(ABL825 Radiometer, Copenhagen, Denmark). Further
capillary blood draws mid- and post-exercise were col-

lected within 30 s of exercise completion. Venous blood

samples were drawn from an antecubital vein with an
evacuated venipuncture assembly and serum separator

tubes (Monovette, Sarstedt, Numbrecht, Germany). Serum

was obtained through centrifugation (4,000 rpm for
10 min) and stored at -20"C until analysis. Serum con-

centrations of creatine kinase (CK), C-reactive protein

(CRP), testosterone (TEST), cortisol (CORT) and insulin
(INS) were determined pre- and 30 min post-exercise. All
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serum samples were analyzed according to manufacturer’s

instructions provided in the respective assay kits. Analysis
of CK was completed using enzymatic and bichromatic

rate procedures and for CRP with the particle enhanced

turbidimetric immunoassay technique (Dimension Xpand
spectrophotometer, Dade Bearing, USA). INS, TEST and

CORT were calculated using a solid-phase, competitive

chemiluminescent enzyme immunoassay (Immulite 2000,
Diagnostic Products Corp., Los Angeles, CA). Statistical

analyses were performed on measured circulating concen-
trations as corrections for plasma and blood volume

changes were not performed. All samples for each subject

were analyzed in the same assay run and intra-assay CV
were \5% for all venous blood analyses.

Perceptual measures

Rating of perceived exertion (RPE) and thermal sensation

scale (TSS) were recorded every 5 min during pre-cooling
and exercise protocols. RPE was determined according to

the Borg CR-10 scale, where ranking ranged from 0

(nothing at all) to 10 (maximal). TSS was assessed using an
8-point Likert scale, ranging from 0 (unbearably cold) to 8

(unbearably hot).

Statistical analysis

Data are reported as mean ± standard deviation (SD). A
two-way (condition 9 time) repeated-measures ANOVA

was performed to detect differences between cooling

durations (0 min vs. 10 min vs. 20 min). Unprotected

pairwise comparisons (Protected Fisher’s LSD) were

applied to determine the source of significance, which was
accepted when P \ 0.05. Analysis was performed using

the Statistical Package for Social Sciences (SPSS v 16.0,

Chicago, IL). Standardized effect sizes (ES; Cohen’s d)
analyses were used in interpreting the magnitude of dif-

ferences between conditions. An ES was classified as

trivial (\0.20), small (0.20–0.49), moderate (0.50–0.79) or
large ([0.80) as expressed by dividing the mean difference

by the between-subject SD.

Results

Self-paced intermittent-sprint exercise performance

No significant differences and trivial to moderate ES

(P = 0.45–1.00; d = 0.00–0.40) were present between all

conditions for mean peak sprint times and percentage
decline during Bout 1 (Table 1). However, significantly

faster mean peak sprint times were observed in Bout 2 for

COOL20 compared with CONT (P = 0.02; Fig. 2a). Sig-
nificant differences and large ES data indicated a smaller

percentage decline during Bout 2 for COOL20 compared

with CONT (P = 0.04; d = 0.91). No significant differ-
ences and trivial to moderate ES were apparent between

cooling durations (10 v 20 min) for all sprint time variables

(P = 0.09–0.97; d = 0.01–0.38).
Overall mean total distances covered were significantly

greater following COOL20 (4,801 ± 375 m) compared with

COOL10 cooling (4,584 ± 373 m; P = 0.03; d = 0.82) and

Table 1 Mean ± SD sprint
time variables and sub-maximal
running distances covered per
session for 20 min, 10 min and
control conditions

a Significant difference
compared to control condition
(P \ 0.05)
b Significant difference
compared to 10 min condition
(P \ 0.05)
1 Large ES compared to control
condition (d [ 0.80)
2 Large ES compared to 10 min
condition (d [ 0.80)

Activity Control 10 min 20 min

Sprint time variables

Mean bout 1 sprint (s) 2.59 ± 0.07 2.60 ± 0.15 2.61 ± 0.12

Mean bout 2 sprint (s) 2.71 ± 0.13 2.68 ± 0.16 2.66 ± 0.11a

Bout 1 decline (%) 5.62 ± 1.95 4.92 ± 1.88 6.50 ± 3.69

Bout 2 decline (%) 8.82 ± 4.83 6.95 ± 5.00 6.09 ± 3.55a,1

Sub-maximal running distances (m)

Mean bout 1 hard run 156.6 ± 17.2 153.0 ± 15.4 165.2 ± 15.4a,b,2

Mean bout 2 hard runs 146.6 ± 18.3 151.3 ± 14.9 154.3 ± 17.4a

Mean bout 1 jog 107.2 ± 13.6 103.6 ± 7.5 110.4 ± 8.9b,2

Mean bout 2 jogs 101.4 ± 12.0 101.2 ± 9.6 105.8 ± 9.5b

Mean bout 1 walk 63.6 ± 4.5 62.9 ± 4.4 64.6 ± 5.4

Mean bout 2 walks 60.7 ± 6.1 61.7 ± 5.6 61.5 ± 5.9

Total bout 1 hard run 1,252.9 ± 137.8 1,223.8 ± 123.6 1,321.8 ± 119.3a,b,2

Total bout 2 hard runs 1,172.9 ± 146.5 1,210.8 ± 122.9 1,234.0 ± 139.1a

Total bout 1 jog 857.9 ± 109.1 828.9 ± 60.2 882.9 ± 71.6b,2

Total bout 2 jogs 811.0 ± 96.0 809.4 ± 77.1 846.3 ± 75.8b

Total bout 1 walk 254.5 ± 18.1 251.6 ± 17.5 258.4 ± 21.6

Total bout 2 walks 242.9 ± 24.6 246.6 ± 22.6 246.0 ± 23.6
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CONT (4,584 ± 411 m; P = 0.01). No significant differ-
ence and a trivial ES was observed for overall mean total

distance accumulated between COOL10 cooling and CONT

(P = 0.90; d = 0.01). Mean and total hard running distances
completed in Bout 1 were significantly greater in COOL20

than in COOL10 (P = 0.02; d = 1.14) and CONT

(P = 0.03) (Table 1; Fig. 2b). Mean and total hard running
distances were significantly increased for COOL20 com-

pared with CONT in Bout 2 (P = 0.01). Mean and total

jogging distances accumulated following COOL20 were also
significantly greater than COOL10 in Bout 1 (P = 0.04;

d = 1.15) and Bout 2 (P = 0.01), respectively. No signifi-

cant differences and trivial to moderate ES between condi-
tions were observed for all mean and total distances covered

for any walking measures (P = 0.22–0.89; d = 0.04–0.48).

Neuromuscular function

Significant reductions in post-intervention mean peak tor-

que were apparent during COOL20 sessions compared with

COOL10 (P = 0.03; d = 0.92) and CONT (P = 0.04;

Table 2). In contrast, mid-exercise mean peak torque was
significantly greater in COOL20 compared with COOL10

(P = 0.04; d = 0.83) and, respectively, greater than

CONT (P = 0.01; d = 1.74). Similarly, large ES demon-
strate greater mid-exercise mean peak torque following

COOL10 as opposed to CONT (d = 1.03). Mean peak

torque post-exercise was significantly higher in COOL20
compared with COOL10 (P = 0.03; d = 1.48) and CONT

(P = 0.05; d = 1.44). No significant differences and trivial
to moderate ES (P = 0.08–0.92; d = 0.07–0.76) were

evident between respective cooling conditions for VA pre-

intervention, mid-exercise and post-exercise. However,
COOL20 post-intervention VA tended to be reduced

compared with COOL10 (d = 0.88). No significant dif-

ferences and trivial to moderate ES were apparent for Tpt
between conditions at all time points (P = 0.08–0.54;

d = 0.05–0.69).

Physiological variables

No significant differences and small to moderate ES
(P = 0.53–0.64; d = 0.17–0.56) were present in HR values

between all conditions pre- or post-intervention (Fig. 3a).

Whilst there were no significant differences between all
conditions for mean Bout 1 HR responses (P = 0.19–0.44),

COOL20 values tended to be reduced compared with

COOL10 (d = 0.88) and CONT (d = 0.99). No significant
differences in HR values were evident between cooling

durations during the mid-protocol recovery period

(P = 0.08–0.14); though large ES indicated reduced values
in the COOL20 condition compared with COOL10

(d = 1.27) and CONT (d = 1.59). No significant differ-

ences and small to moderate ES (P = 0.30–0.80; d =
0.26–0.54) were apparent between conditions for mean

Bout 2 HR responses.

Significant differences and large ES indicated lower Tc

values following COOL20 compared with COOL10

(P = 0.02; d = 1.32) and CONT (P = 0.03; d = 1.16)

immediately post intervention (Fig. 3b). Tc remained lower
for the entirety of the exercise protocol during COOL20

compared with CONT (P = 0.003–0.04; d = 0.82–1.20).

Moreover, large ES also indicated lower Tc values during
the COOL10 sessions than CONT (d = 0.80–1.10). No

significant differences in Tc were evident between cooling

durations throughout the exercise protocol (P = 0.18–
0.95). Significant differences and large ES indicate lower

Tsk throughout the intervention period following COOL20

cooling compared with CONT (P = 0.001; d = 3.89–7.47)
(Fig. 3c). Similarly, large ES was observed for lower Tsk

for the entirety of the cooling application within COOL10

sessions compared with CONT (P = 0.01–0.03; d = 1.72–
7.60). Both pre-cooling durations significantly reduced

Fig. 2 a Mean ± SD individual 15-m sprint times (s) across all pre-
cooling conditions. b Mean ± SD individual hard running distances
(m) covered across all pre-cooling conditions

3660 Eur J Appl Physiol (2012) 112:3655–3666

123

Paper 8 Paper 8

116



post-intervention heat storage compared with CONT

(P = 0.000–0.001; d = 3.66–8.18) (Fig. 3d). Further,
durational effects were evident with a large ES indicating a

greater decrease in heat storage post-intervention following

COOL20 compared with COOL10 (P = 0.64; d = 2.44).
Heat storage remained significantly reduced at 35 min in

COOL20 trials (P = 0.03), with large ES demonstrating

lower heat storage with both pre-cooling conditions com-
pared with control during the mid-exercise rest period

(d = 1.12–1.64). Following the reapplication of cooling
stimulus, heat storage was significantly lower with both

pre-cooling durations at 50 min (P = 0.001–0.004;

d = 3.34–3.37) compared with CONT. COOL20 displayed
a reduced heat storage compared with COOL10 (P = 0.07;

d = 1.41) and CONT at 85 min (P = 0.0001; d = 2.48).

Finally, a large ES indicates a reduced heat storage with
COOL10 compared with CONT immediately post-exercise

(P = 0.12; d = 0.96).

No significant differences and trivial to small ES were
evident for pre-exercise USG values during COOL20 cooling

(1.015 ± 0.006), COOL10 cooling (1.015 ± 0.007) and

CONT trials (1.016 ± 0.004; P = 0.66–0.89; d = 0.10–
0.29). Mean changes in pre- to post-exercise body mass were

significantly less following pre-cooling (COOL20 = 1.8 ±

0.3; COOL10 = 2.0 ± 0.3) compared with CONT
(2.3 ± 0.4; P = 0.003–0.013; d = 1.17–2.12). Although not

significant (P = 0.19), a large ES indicates sweat loss

induced changes in body mass to be less with COOL20 than
COOL10 (d = 1.01).

Venous and capillary blood variables

No significant differences (P = 0.06–1.00) were detected

in capillary blood measures for pH, glucose, [La-], HCO3

pre- and post-exercise (Fig. 4). Mid-exercise [La-] con-

centrations were decreased with COOL20 compared with
COOL10 (d = 1.07) and CONT (d = 1.43). This trend

continued throughout, with [La-] values higher in CONT

than COOL10 (d = 0.82) and COOL20 (d = 2.13) post-
exercise. No significant differences and trivial to moderate

ES (d = 0.04–0.53; Table 3) were evident for pre-exercise

CK, CRP, TEST, INS and CORT concentration. Significant
differences and large ES indicate reduced CK post-exercise

with COOL20 compared with COOL10 (P = 0.03;

d = 1.02) and CONT (P = 0.04; d = 1.49). Large ES
denote lesser CK post-exercise under COOL10 than CONT

conditions (d = 1.13). Further, pre- to post-exercise

change in CK was attenuated with COOL 20 (P = 0.03;
d = 1.51) and COOL10 (P = 0.21; d = 1.14) compared

with CONT. Similarly, relative to total shuttle run distance

completed, pre- to post-exercise changes in CK were lower
following COOL20 (0.02 ± 0.01 U L-1 m-1; P = 0.05;

Table 2 Mean ± SD mean peak torque, time to peak torque and voluntary activation (VA) level for pre-cooling methods pre-intervention, post-
intervention, mid-exercise and post-exercise

Variable Control 10 min 20 min

Pre-intervention

Mean peak torque (Nm) 155.18 ± 28.17 152.6 ± 17.6 154.2 ± 24.8

Time to peak torque (ms) 99.95 ± 11.66 92.6 ± 17.6 89.3 ± 9.1

VA level (%) 75.63 ± 8.80 74.6 ± 6.6 78.3 ± 7.9

Post-intervention

Mean peak torque (Nm) 146.89 ± 28.32 153.7 ± 18.5 139.9 ± 23.6a,b,2

Time to peak torque (ms) 91.85 ± 9.43 102.7 ± 14.9a,1 97.3 ± 13.5

VA level (%) 69.31 ± 17.66 77.2 ± 11.0 71.0 ± 8.6

Mid-exercise

Mean peak torque (Nm) 125.69 ± 23.71 141.0 ± 17.81 151.4 ± 17.7a,b,1,2

Time to peak torque (ms) 92.07 ± 14.47 91.6 ± 15.3 83.9 ± 16.2

VA level (%) 66.05 ± 8.91 68.7 ± 15.1 67.2 ± 17.8

Post-exercise

Mean peak torque (Nm) 125.26 ± 37.03 138.3 ± 15.6 153.6 ± 19.72a,b,1,2

Time to peak torque (ms) 89.38 ± 11.13 95.4 ± 10.2 96.7 ± 14.6

VA level (%) 70.21 ± 16.82 70.9 ± 10.0 68.9 ± 11.8

a Significant difference compared to Control condition (P \ 0.05)
b Significant difference compared to 10 min condition (P \ 0.05)
1 Large ES compared to Control condition (d [ 0.80)
2 Large ES compared to 10 min condition (d [ 0.80)
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d = 1.66) and COOL10 (0.03 ± 0.03 U L-1 m-1; P =

0.09; d = 1.19) than CONT (0.08 ± 0.07 U L-1 m-1).
Although not significant, a large ES indicated increased

post-exercise CORT concentrations in the COOL20 trial

compared with CONT (P = 0.25; d = 0.88), with this
large trend maintained when compared relative to shuttle-

running workload completed in COOL20 (0.07 ±
0.04 nmol L-1 m-1) and CONT (0.04 ± 0.04 nmol

L-1 m-1; P = 0.27; d = 1.02). No significant differences

and trivial to moderate trends were observed in all
remaining venous blood variables (P = 0.10–0.97; d =

0.03–0.64).

Perceptual measures

No significant differences and trivial to small ES
(P = 0.29–0.96; d = 0.001–0.38) were apparent for mean

RPE values between COOL20 (4.8 ± 0.6), COOL10

(4.8 ± 0.6) and CONT (5.0 ± 0.9). Significant differences
and large ES represent a reduced mean TSS value with

COOL20 (5.2 ± 0.5) compared with COOL10 (6.0 ± 0.4;

P = 0.02; d = 2.29) and CONT (6.3 ± 0.6; P = 0.00;
d = 3.14). Mean TSS ratings during COOL10 sessions

were largely reduced compared with CONT (d = 1.16).

Discussion

Findings from the present study indicate the possible

existence of a duration effect of mixed-method pre-cooling
on ensuing exercise performance and physiological

responses. Increasing evidence demonstrates dose-specific

effects of pre-cooling (surface area coverage or tempera-
ture) on both physiological and performance outcomes of

exercise in the heat (Bogerd et al. 2010; Castle et al. 2006;

Daanen et al. 2006; Minett et al. 2011). Similarly, these
results highlight the benefits of a longer pre-cooling dura-

tion (up to 20 min) when using mixed-method techniques

by providing greater augmentation of performance and
blunting of physiological loads. An apparent maintenance

Fig. 3 a Mean ± SD core temperature, b mean ± SD skin temper-
ature and c mean ± SD heart rate for COOL20, COOL10 and control
conditions. aRepresents a significant difference between COOL20 and
control conditions (P \ 0.05). bRepresents a significant difference
between COOL20 and COOL10 conditions (P \ 0.05). cRepresents a

significant difference between COOL10 and control conditions
(P \ 0.05). 1Represents a large ES between COOL20 and control
conditions (d [ 0.80). 2Represents a large ES between COOL20 and
COOL10 conditions (d [ 0.80). 3Represents a large ES between
COOL10 and control conditions (d [ 0.80)
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of post-exercise MVC following pre-cooling in the heat

may demonstrate sustained neuromuscular function,
despite higher shuttle-running distances completed, and a

similar change in VA. Accordingly, the observed perfor-

mance improvements and greater physiological changes

apparent with the longer cooling duration (COOL20 [
COOL10 [ CONT) may implicate greater maintenance of
endogenous thermal control, with an associated preserva-

tion of neuromuscular force production possibly facilitat-

ing subsequent exercise performance benefits.
Effective pre-cooling increases heat storage reserve

(Fig. 3d), allowing athletes to better accommodate high

levels of metabolic and environmental heat stress, elon-
gating periods of higher exercise intensity (Duffield 2008;

Marino 2002; Quod et al. 2006). This is demonstrated in
the current data with higher self-paced, sub-maximal run-

ning distances maintained throughout the exercise protocol.

In accordance with previous investigations (Duffield and
Marino 2007; Duffield et al. 2009; Minett et al. 2011),

greater shuttle-running distances were covered during the

longest exposure trial (COOL20; Table 1; Fig. 2b). Fur-
ther, COOL20 aided repeat-sprint ability and maintenance

of sprint times during Bout 2 (Table 1, Fig. 2a). Whilst

these findings support previously documented benefits of
pre-cooling for self-paced intermittent-sprint performance

in the heat (Castle et al. 2006; Duffield and Marino 2007;

Duffield et al. 2009; Minett et al. 2011), minimal differ-
ences between COOL10 and CONT (Table 1; Fig. 2a, b)

suggest the importance of cooling duration with this

method for attaining ergogenic effects. Accordingly, the
reduced cooling exposure of the COOL10 condition

(10 min), and to a lesser extent the 5 min mid-exercise

reapplication, may have been of insufficient duration to
achieve explicit performance benefits. Similarly beneficial

effects of increasing dose by either surface area coverage

(Minett et al. 2011), temperature (Bogerd et al. 2010) or
cooling duration as shown here highlight the requirement

of mixed-method pre-cooling intervals greater than 10 and

up to 20 min to evoke beneficial performance outcomes
(Castle et al. 2006; Duffield and Marino 2007; Duffield

et al. 2009).

Despite the growing consensus over the benefits of pre-
cooling for intermittent-sprint exercise in the heat, care is

required to ensure desirable dose-responses are achieved.

Given the relationship between reduced muscle tempera-
tures and suppressed neuromuscular recruitment and con-

tractile properties (Racinais and Oksa 2010), it could be

suggested that the durational effects of cooling application
may account for the observed reduction in MVC immedi-

ately post COOL20 application (Table 2). However, this

does not explain the observed slower Tpt post-intervention
under COOL10 conditions otherwise absent following

COOL20 cooling (Table 2). Interestingly, Peiffer et al.

(2009) report no difference in muscle function between
post-exercise cooling durations regardless of changes in

muscle temperature. Methodological discrepancies prevent

direct comparison with the current data, yet findings of
acute impairment in muscle function immediately

Fig. 4 Mean ± SD capillary blood comparison of anaerobic metab-
olites between pre-cooling conditions. 1Represents a large ES
between COOL20 and control conditions (d [ 0.80). 2Represents a
large ES between COOL20 and COOL10 conditions (d [ 0.80).
3Represents a large ES between COOL10 and control conditions
(d [ 0.80)
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following pre-cooling is not surprising and may explain

previously reported detrimental effects of cooling in short-
duration, high-intensity exercise (Duffield 2008; Marino

2002; Quod et al. 2006). Nevertheless, such a finding

emphasizes the importance of post-cooling warm-up pro-
cedures to avoid possible initial ergolytic effects of tem-

perature inhibited voluntary force production and ensuing

exercise performance as observed by Skein et al. (2012).
Accordingly, the combined effects of pre-cooling followed

by an adequate warm-up may improve neuromuscular
contractile function and perceptual readiness for exercise,

while still attenuating cardiovascular and thermoregulatory

strain associated with exercise in the heat.
Despite initial reduction in MVC, longer pre-cooling

duration maintained voluntary force during and following

exercise. Previous research suggests a suppression of
neuromuscular drive under heat stress may be attributable

to a centrally mediated impairment of VA (Morrison et al.

2004; Nybo and Nielsen 2001; Thomas et al. 2006; Todd
et al. 2005). This response was not present following

COOL20, with greater heat removal possibly facilitating

the maintenance of MVC mid- and post-exercise (Table 2).
However, similar Tc irrespective of pre-cooling duration

mid- and post-exercise (Fig. 3b), contradict the demon-

strated association between a reduced MVC and elevated
thermal loads as previously shown with passive heating/

cooling techniques (Morrison et al. 2004; Thomas et al.

2006). Further, the lack of inter-trial differences in VA,
even though enhanced MVC and self-paced running

workloads were achieved with more extensive pre-cooling,

make it difficult to distinguish performance alterations as
of CNS modulation alone. Whilst a higher force production

following COOL20, without conditional differences in VA,

suggests the interaction of peripheral mechanisms, similar

TPt between conditions post-exercise demonstrates the

maintenance of contractile function below the neuromus-
cular junction. Alternatively, it could be postulated that

dose-dependent responses of mixed-method pre-cooling

duration result in sustained reduction of Tsk, TSS and the
same absolute Tc for a greater workload highlighting the

maintenance of voluntary force in the heat (Schlader et al.

2011). Nevertheless, such a response remains speculative
given the inconclusive relationship between cooling dura-

tion, physiological and perceptual responses and the
maintenance of MVC for a similar change in VA.

To explain reduced exercise performance in the heat,

CNS fatigue in hot conditions has been hypothesized to
engage a complex interaction of feedback and/or feed-

forward controls (Marino 2004; Nybo and Nielsen 2001;

Nybo 2008; Tucker et al. 2004). The suppression of
coexisting central, peripheral and perceptual strain with

longer pre-cooling duration may have culminated in the

retention of neuromuscular function and subsequent pres-
ervation of MVC mid- and post-exercise, despite increased

work performed (Duffield et al. 2010; Tucker et al. 2004).

Thus, it is possible that pre-cooling may aid in the sus-
tained recruitment of exercising musculature in the heat

(Kay et al. 2001; Tucker et al. 2004), presenting the

potential for attainment of higher self-paced running
workloads and preventing the reduction in repeat-sprint

activity (Duffield 2008). Regardless of the specific mech-

anism/s, discrepancies in voluntary force production and
exercise performance outcomes demonstrated using this

step-wise approach to cooling highlight possible alterations

in feedback and/or feed-forward processes that may be
altered with sufficient mixed-method pre-cooling duration.

Hence it is possible that performance benefits presented

here may owe to the duration specific application of the

Table 3 Mean ± SD
biochemical data comparison
between cooling duration and
time

a Significant difference
compared to control condition
(P \ 0.05)
b Significant difference
compared to 10 min condition
(P \ 0.05)
1 Large ES compared to control
condition (d [ 0.80)
2 Large ES compared to 10 min
condition (d [ 0.80)

Variable Control 10 min 20 min

CK (U L-1) Pre 238.3 ± 137.4 213.0 ± 76.0 200.5 ± 41.4

Post 585.1 ± 368.3 365.1 ± 127.91 305.8 ± 68.9a,b,1,2

D 346.9 ± 312.0 152.1 ± 135.81 105.3 ± 72.1a,1

CRP (U L-1) Pre 3.00 ± 4.94 2.86 ± 4.75 2.43 ± 3.55

Post 3.23 ± 5.01 3.04 ± 4.76 2.69 ± 3.85

D 0.23 ± 0.44 0.18 ± 0.13 0.26 ± 0.41

INS (lL mL-1) Pre 5.94 ± 1.61 5.73 ± 1.14 6.24 ± 1.98

Post 5.09 ± 1.82 5.33 ± 1.63 5.49 ± 1.51

D -0.74 ± 1.87 -0.35 ± 1.74 -1.25 ± 1.64

TEST (ng dL-1) Pre 379.1 ± 84.3 404.8 ± 63.3 383.5 ± 95.8

Post 494.0 ± 156.4 491.6 ± 59.3 514.9 ± 114.0

D 215.0 ± 1.94.5 290.1 ± 201.0 341.5 ± 180.3

CORT (nmol L-1) Pre 330.4 ± 98.4 325.8 ± 85.2 323.4 ± 81.9

Post 545.4 ± 198.6 615.9 ± 146.7 664.9 ± 184.9a

D 114.9 ± 110.0 86.9 ± 39.3 131.4 ± 99.0
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cooling stimulus, and subsequent reductions in physiolog-

ical (HR, Tc and Tsk) and perceptual loads (TSS) assisting
to maintain neuromuscular function (MVC) and extend the

period of desired exercise intensity in hot conditions

(Duffield 2008).
Both pre-cooling durations attenuated thermoregulatory

demands to exercise-induced heat stress, with reductions in

Tc and Tsk providing increased heat storage reserve. Nev-
ertheless, the longer the mixed-method pre-cooling was

applied (COOL20 [ COOL10 [ CONT), the greater the
reduction in thermal stress remained throughout the exer-

cise protocol (Fig. 3). Alterations to the thermal gradient

may have precluded concurrent demands for blood flow to
the active musculature as well as the periphery for heat

dissipation (González-Alonso et al. 1997). Accordingly,

centralized blood volume is maintained, easing the car-
diovascular challenges associated with exercise in the heat

(Wendt et al. 2007). Further, greater heat removal with

more extensive pre-cooling reduced sweat loss alterations
in blood volume, preventing cardiovascular drift and

leaving any work related increases in HR significantly

attenuated (Marino 2002). Differences between inter-trial
sweat loss (*500 mL) are comparable to previous finding

(Arngrı́msson et al. 2004; Duffield et al. 2010; Kay et al.

1999; Minett et al. 2011) and it is unknown if such volumes
are sufficient to explain these performance outcomes alone.

Given the dose-specific physiological responses to

cooling duration and increasing self-paced work rates,
consideration of acute biochemical reactions may prove

beneficial. The lack of conditional discrepancies in anaer-

obic metabolite and muscle damage markers previously
reported are largely reiterated here (Castle et al. 2006;

Duffield and Marino 2007). However, the reduction in

[La-] mid- and post-exercise with longer cooling duration
suggests a lower dependence on glycolytic energy sources

as heat stress is reduced throughout COOL20 trials (Young

et al. 1985). Interestingly, marked alteration in biochemical
responses to muscle damage and stress demonstrate

divergent reactions to mixed-method cooling durations

relative to shuttle-running distances covered. Whilst ele-
vated CORT post-exercise with COOL20 may reflect a

compensatory stress response to the increased work per-

formed (Minett et al. 2011), CK were attenuated with
longer mixed-method cooling applications (Table 3).

Considering the higher workloads completed with mixed-

method pre-cooling, it is unlikely that a lesser CK
concentration could be attributed to a reduction in exercise-

induced muscle damage. Rather, it is possible that lessen-

ing thermal demands with COOL10 and COOL20 may
facilitate a greater maintenance of cellular integrity,

resulting in a reduced CK efflux and lower circulatory

concentrations (Alzeer et al. 1997). Although the acute
performance effects of pre-cooling in these data are clear,

the potential effects of a higher catabolic state on sub-

sequent adaptation and recovery present an area for future
study.

In summary, mixed-method pre-cooling duration

appears important to subsequent suppression of physio-
logical and perceptual responses to exercise-induced heat

stress. Accordingly, enhanced thermoregulatory control

may facilitate the maintenance of sprint times and self-
selected sub-maximal efforts. Most pertinent, however,

was the dose effect demonstrated, with the incremental
mixed-method pre-cooling durations resulting in different

levels of physiological and performance responses. Con-

sequently, the greater reduction in heat stress experienced
during the COOL20 trial may have aided in the mainte-

nance of MVC and improved running workloads com-

pleted. Whilst these findings provide evidence for the
importance of duration of pre-exercise cooling for ensuing

exercise performance in hot conditions, consideration for

individual logistics and demands should be considered
prior to field-based application.
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Abstract This study examined the effects of pre-exercise
cooling and heating on neuromuscular function, pacing and

intermittent-sprint performance in the heat. Ten male, team

sport athletes completed three randomized, counterbal-
anced conditions including a thermo-neutral environment

(CONT), whole body submersion in an ice bath (ICE) and

passive heating in a hot environment (HEAT) before
50 min of intermittent-sprint exercise (ISE) in the heat

(31 ? 1"C). Exercise involved repeated 15 m maximal

sprints and self-paced exercise of varying intensities. Per-
formance was measured by sprint times and distance cov-

ered during self-paced exercise. Maximal isometric

contractions were performed to determine the maximal
voluntary torque (MVT), activation (VA) and contractile

properties. Physiological measures included heart rate

(HR), core (Tcore) and skin (Tskin) temperatures, capillary
blood and perceptual ratings. Mean sprint times were

slower during ICE compared to HEAT (P \ 0.05). Total

distance covered was not different between conditions, but
less distance was covered during HEAT in 31–40 min

compared to CONT, and 41–50 min compared to ICE
(P \ 0.05). MVT was reduced post-exercise compared to

post-intervention in CONT and HEAT. VA was reduced

post-intervention in HEAT compared to CONT and ICE,
and post-exercise compared to ICE (P \ 0.05). HR, Tcore

and Tskin during exercise were lower in ICE compared to

CONT and HEAT (P \ 0.05). Sprint times and distance
covered were not affected by ICE and HEAT conditions

compared to CONT. However, initial sprint performance
was slowed by pre-cooling, with improvements following

passive heating possibly due to altered contractile proper-

ties. Conversely, pre-cooling improved exercise intensities,
whilst HEAT resulted in greater declines in muscle

recruitment and ensuing distance covered.

Keywords Free-paced exercise ! Ice bath !
Passive heating ! Repeat sprint !
Neuromuscular function

Introduction

Exercise in the heat increases thermal strain and results in
premature reductions in intensity during continuous (Tatt-

erson et al. 2000; Tucker et al. 2006) and intermittent-

sprint exercise (Drust et al. 2005; Maxwell et al. 1996).
Despite these findings, either deliberately or unintention-

ally, team sport athletes often increase their pre-competi-

tion thermal load prior to exercise in the heat; primarily
through passive exposure to the conditions and/or

engagement in warm-up protocols for the reported ergo-
genic benefits for high-intensity activities (Bishop 2003).

Conversely, pre-cooling methods are often employed by

team sport athletes to counter negative performance out-
comes, allowing for improved performance and reduced

physiological and perceptual consequences of exercise in

the heat (Duffield and Marino 2007; Quod et al. 2006). As
these conflicting heating and cooling methods are often

used individually or simultaneously prior to team sport

exercise, it presents a paradox as to which strategy is
optimal prior to intermittent-sprint exercise in the heat

(Duffield and Lovell 2009). Further, the opposing nature of

pre-exercise cooling and heating and the resultant effects
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on pacing and performance may assist in highlighting the

underlying mechanisms responsible for the regulation and
pacing of intermittent-sprint exercise in the heat.

Athletes often train and compete in warm environmental

conditions and pre-exercise exposure to such conditions is
normal practice. Whilst athletes use active warm-up pro-

cedures to obtain pre-exercise physiological benefits, pas-

sive heating can provide the benefits of increased muscle
temperature, nerve conduction velocity and decreased

musculo-tendinous stiffness with minimized depletion of
energy substrates (Bishop 2003). Moreover, evidence has

shown that increased muscle temperature improves maxi-

mal muscle strength and power via improvements in con-
tractile function (Bergh and Ekblom 1979). However, when

the beneficial effects of increased muscle temperature

contribute to an excessive elevation of core temperature
(Tcore), declines in exercise performance may become

apparent (Gonzalez-Alonso and Calbet 2003), observed

through the earlier reduction in exercise intensity (Tucker
et al. 2004). The concomitant increase in Tcore during

exercise in the heat has been related to reductions in time to

exhaustion (Gregson et al. 2002), intermittent-sprint per-
formance (Drust et al. 2005) and muscle recruitment

(Morrison et al. 2004; Todd et al. 2005). These reductions

are exacerbated when high exogenous or endogenous
thermal loads are present prior to exercise (Gregson et al.

2002). In contrast, Ely et al. (2009) have reported a main-

tenance and/or improvement in running velocity in highly
trained athletes despite Tcore exceeding 40"C and stable skin

temperatures at 30–34"C. Regardless, exposure to passive

heating or increased thermal load prior to exercise has
potential benefits (Bishop 2003) for shorter duration, high-

intensity exercise typical of team sports (Spencer et al.

2005). However, increased pre-exercise thermal load may
also result in reductions in skeletal muscle recruitment and

performance declines in prolonged duration exercise (Nybo

and Nielsen 2001; Saboisky et al. 2003).
Pre-cooling interventions such as ice baths (Duffield and

Marino 2007), ice vests (Cheung and Robinson 2004;

Duffield and Marino 2007) or mixed methods (Duffield
et al. 2010) are used to minimize exercise-induced

increases in thermal load and to prevent the declines in

exercise performance. Laboratory-based intermittent-sprint
exercise protocols have highlighted the possible benefits of

pre-cooling, with increases in prolonged intermittent-sprint

peak power (Castle et al. 2006) and distance covered
during sub-maximal exercise bouts (Duffield and Marino

2007). The benefits of pre-cooling interventions on per-

formance are likely due to greater heat storage capacity to
allow increased muscle recruitment and the maintenance of

higher intensity pacing strategies (Cheung and Robinson

2004). Furthermore, afferent feedback from peripheral cues
including thermoregulatory and cardiovascular strain may

influence the exercise intensity selected during a sub-

sequent exercise bout (Tucker et al. 2006). However, pre-
cooling primarily involves methods that cool the periphery,

resulting in concomitant reductions in skin and muscle

temperature (Duffield et al. 2010) which are thought to
reduce short duration, high-intensity exercise performance

(Bishop 2003; Sleivert et al. 2001). Therefore, whilst pre-

cooling may counter the increased thermal load exacer-
bated by subsequent exercise in the heat, the reduced

muscle temperature may also have negative performance
consequences for team sport athletes requiring high peak

power efforts (Mohr et al. 2004).

The contrasting responses of pre-cooling and pre-heating
on core and muscle temperatures and subsequent intermit-

tent-sprint exercise present a conundrum for practitioners.

However, this paradox of pre-exercise thermal control also
presents an interesting model to assist in understanding self-

paced regulation of (team sport) exercise intensity in the

heat. Accordingly, this study aimed to examine the effect of
pre-cooling and passive pre-heating on pacing and inter-

mittent-sprint performance in warm environmental condi-

tions. A further aim was to determine the respective
neuromuscular responses to the altered pre-exercise thermal

state as a potential mechanism for changes in performance.

It was hypothesized that pre-cooling would reduce the
decline in exercise intensity throughout the intermittent-

sprint protocol compared to that observed in the control or

heating condition. Additionally, it was suggested that the
greater maintenance of exercise intensity, i.e. pacing strat-

egies would be due to a reduction in thermal strain and an

associated maintenance of muscle recruitment.

Methods

Participants

Ten healthy, physically active males who participated in

regular sub-elite team sport exercise were recruited for this

study. All participants completed on average C3 training
sessions and one to two competition games each week prior

to the study. The mean ± standard deviation (SD) age,

height and mass of the participants were 20 ± 1 years,
182 ± 6 cm and 84 ± 11 kg, respectively. Participants

were informed of the requirements and demands of the

study, and informed verbal and written consent were
obtained prior to commencement of testing and following

approval from the institutional human ethics committee.

Overview

The participants completed a familiarization session to
ensure acquaintance with the protocol, all testing equipment
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and procedures prior to the experimental trials. Participants

then completed three experimental trials, with each trial
conducted at the same time of day and separated by 5–7 days

of recovery. The participants were required to abstain from

food and caffeine 3 h prior to testing and from physical
activity and alcohol 24 h prior to testing. Food and activity

diaries were completed 24 h prior to the initial testing ses-

sion, replicated during subsequent trials and checked for
conformity by the research team. A 500 ml bolus of water

was ingested 60 min prior to each experimental trial to
ensure a standardized hydration status on arrival and each

subject was allocated a total of 400 ml of water to consume

intermittently throughout the exercise protocol. Each testing
session included pre-intervention physiological measures of

nude mass, urine specific gravity (USG), heart rate (HR) and

core and skin temperatures (Tcore and Tskin). Neuromuscular
properties were assessed during 15 maximal isometric

contractions both pre- and post-intervention. Participants

then completed one of the 15 min thermal interventions
including seated in a thermo-neutral environment (CONT),

submersion into an ice bath (ICE) or seated in hot, humid

environmental conditions (HEAT). Following this, partici-
pants completed a 50 min self-paced, intermittent-sprint

exercise protocol in warm conditions (31 ± 1"C; 33 ± 5%

relative humidity). Finally, post-exercise physiological
measures were collected and neuromuscular assessments

were again completed.

Cooling and heating interventions

Each intervention was performed for 15 min prior to the
intermittent-sprint exercise (ISE) protocol. During the ice

bath (ICE) condition, participants were immersed in a cold

water bath (10 ± 1"C; Custom design, CSU, Australia)
(Booth et al. 1997) to the suprasternal notch. During the

post-intervention neuromuscular test, ice towels (5 ± 2"C)

were placed over the shoulders and torso to maintain the
effects of the ice bath. During the passive heating (HEAT)

condition, participants remained seated, fully clothed with

a blanket around the body and directly in front of an
electric heater within a hot, humid climate chamber

(38 ± 1"C and 58 ± 4% RH). An electric floor heater was

placed within 1.5 m of the participants and a blanket
remained around the body during the post-intervention

neuromuscular test. During the control (CONT) condition,

participants remained seated in a thermo-neutral environ-
ment for 15 min and during the neuromuscular test

(19 ± 2"C and 24 ± 6% RH).

Intermittent-sprint exercise (ISE) protocol

Participants completed a 3 min jogging warm-up,
increasing the intensity each minute. Whilst warm-up is

normal practice for most athletes, to determine the

respective effects of the pre-exercise interventions, the
warm-up was restricted to minimize the time between the

intervention and commencement of the protocol, maxi-

mizing the physiological and perceptual effects of the
interventions. The self-paced ISE protocol was 50 min in

duration with a 1 min recovery every 10 min and was

performed along a synthetic running track within an
enclosed laboratory, similar to Skein and Duffield (2010).

The ISE protocol included a 15 m maximal sprint each
minute of the 50 min along the running track with a 5 m

deceleration zone before impacting with a large crash mat.

Following each maximal sprint, participants completed one
self-paced, sub-maximal exercise mode consisting of either

hard running, jogging, or walking in a shuttle run format

along the running surface. Only one self-paced, sub-max-
imal exercise mode was completed each minute and the

modes were rotated through each minute in the above

order. Participants returned at 50 s of each minute to
complete the subsequent 15 m sprint and sub-maximal

effort. Every 7 min, participants completed the 15 m

maximal sprint followed by eight deep-squat double-leg
bounds, aiming to cover as much distance as possible.

During the hard running bout, participants were instructed

to ‘cover as much distance as possible’, whilst selecting
their own pace during the jogging and walking bouts. The

exercise protocol was designed to induce similar physical,

physiological and perceptual demands associated with
team sport exercise (Spencer et al. 2005). The intra-class

correlation (r) and coefficient of variation (CV) for the

maximal sprints, total distance covered and hard running
efforts of this ISE protocol were r = 0.90, 0.96 and 0.82

and CV = 1.9, 1.5 and 2.2%, respectively (pilot data;

n = 10). The participants were given verbal encourage-
ment during sprints and hard running bouts, and were

aware that performance measures were being recorded;

however, they were not aware that pacing strategies were
being assessed to minimize conscious manipulation of

exercise intensity during the self-paced efforts.

Measures

Intermittent-sprint performance and pacing strategies

Maximal 15 m sprint times and distance covered during

respective self-paced exercise bouts were recorded each
minute. Sprint times were measured using an infrared

timing system (Speed Light, Swift, Lismore, Australia)

with mean sprint time calculated. Mean and total distance
covered throughout each respective sub-maximal exercise

bout (hard running, jogging and walking) were measured

by counting the metres covered using 1 m markings on the
running surface. Double leg bounds were recorded by
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measuring the distance covered with a tape measure to

determine the mean and total distance over eight consec-
utive bounds. Pacing strategies implemented were assessed

by segmentation of the mean and total sprint times and

distance covered during self-paced exercise into 10 min
phases, allowing a closer inspection of performance

decrements and changes in exercise intensity throughout

the protocol.

Maximal isometric contractions and muscle activation

Neuromuscular tests of maximal voluntary torque (MVT),

voluntary activation (VA) and evoked muscle twitch con-
tractile properties (TCP) during maximal voluntary iso-

metric contractions (MVC) on the right knee extensors were

assessed pre-intervention, post-intervention and *5 min
post-exercise. During all tests, the participants were seated

upright on an isokinetic dynamometer (KinCom, Model

125, Chattanooga Group Inc, Hixon, USA) with the knee
and hip positioned at 90" (0" represents full extension). The

participants were secured with a shoulder and waist strap

and the leg secured with a strap placed at the ankle 1 cm
above the lateral malleolus. The axis of rotation of the

dynamometer was aligned with the lateral epicondyle of the

femur. During all MVCs, participants placed their arms
across their chest to minimize additional forces. Prior to the

pre-intervention MVC, a 3 min cycling warm-up at 60 W

was performed (Monark 828E, Monark Exercise AB, Var-
burg, Sweden) and once seated on the dynamometer, two

isometric contractions each at 60, 70, 80 and 100% of

maximal effort were performed. During the MVC test, the
participants completed 15 maximal isometric contractions

of the right knee extensors and were instructed to produce a

maximal effort for *3 s, with a *6 s recovery between
each contraction. The first and final five MVCs were

superimposed with an electrical stimulus. The stimulus was

delivered when peak torque was achieved (*1 s after ini-
tiation of the contraction) and a potentiated twitch was

delivered immediately after the contraction was completed

when the muscle was at complete rest. Due to participants’
preparation, the pre-intervention MVC test was *15 min in

duration, whilst post-intervention and post-exercise MVC

tests were completed within *6 min. A *5 min recovery
was allowed between post-intervention MVC and the com-

mencement of the ISE warm-up.

Muscle activation was achieved using a double felt-tip
electrode (Bipolar felt-tip electrode, Nicolet, Cardinal

Health, Madison, WI, USA) placed over the femoral nerve

on the anterior thigh *1.5 cm below the inguinal fold with
pressure manually applied to the electrode at 1.5 kg (Force

One FDIX, RS232, Wagner Instruments, Greenwich, CT,

USA). The current was delivered via a stimulator (Digiti-
mer Ltd, Welwyn Garden City, Hertfordshire, England)

linked to a BNC2100 terminal block and connected to a

signal acquisition system (PXI1024; National Instruments,
Austin, Texas), which sampled data at 2,000 Hz. The

electrical stimulus was delivered using a single square-

wave pulse with a width of 200 ls, which was driven using
customized software (v8.0, LabView; National Instru-

ments). The current was applied in incremental steps until a

plateau in peak twitch torque, and then the current was
further increased by 10% to ensure that supramaximal

stimulation was achieved.
MVT was determined as the mean torque value pro-

duced during the MVC in the 50 ms prior to the delivery of

the stimulus. VA levels were calculated using the twitch
interpolation technique (Merton 1954). Mean torque–time

curves from the potentiated evoke twitch contractions

determined: (1) peak potentiated twitch torque (Pt; highest
torque obtained); (2) rate of torque development (RTD; the

mean tangential slope of the twitch torque–time curve

between the onset of torque development and Pt); (3) time
to peak torque (TPt; time from evoke torque onset to Pt);

(4) rate of relaxation (RR; the mean tangential slope of the

twitch torque–time between Pt and half-relaxation time and
relative to Pt); (5) half relaxation time (HRT; time required

for Pt to decline by half and relative to Pt); (6) contraction

duration (CD; TPt plus HRT). These procedures were
performed using MatLabTM Software (R2009b 7.9.0.529,

The Mathworks Inc, Natick, USA).

USG, nude mass and heart rate

A midstream urine sample was obtained for measurement
of urine specific gravity (USG) pre-intervention to ensure

all participants commenced exercise in a euhydrated state

(Refractometer 503, Now. Nippon Optical, Works Co,
Tokyo, Japan). To estimate changes in body mass due to

sweat loss, nude mass was measured before and after

exercise on a set of calibrated scales accurate to 10 g (HW
150 K, A&D, Australia), with participants ‘towelling

down’ as much as possible before stepping on the scales.

Heart rate was recorded pre, every 3 min during the
intervention and every 5 min during the exercise protocol

with a chest heart rate monitor and wrist watch receiver

(F1, Polar Electro-Oy, Finland).

Core and skin temperatures and physiological
strain index (PSI)

Tcore was recorded via a telemetric capsule ingested 4–5 h

prior to exercise to ensure it had passed into the gastroin-
testinal tract and minimally affected by ingested food and

fluid. Skin temperature (Tskin) was recorded from telemetric

patches adhered 1 cm below the suprasternal notch of the
sternum (Tstern), midpoint of the anterior surface at the
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maximal girth of the forearm (Tarm), midpoint of the anterior

aspect of the quadricep (Tthigh) and medial aspect of the
maximal girth of the calf (Tcalf). Core temperature and skin

temperature were measured pre, every 3 min during the

intervention and every 10 min during the ISE protocol by a
handheld monitor, which telemetrically received core and

skin temperatures from the respective capsules and patches

(ingestible core temperature capsule; wireless dermal tem-
perature patch; VitalSense#, Mini Mitter, Bend, OR, USA).

Tskin was calculated using the temperatures obtained from
the four skin sites using the formula by Ramanathan (1964).

Physiological strain index (PSI) was used to estimate

increased cardiovascular and thermoregulatory strain, which
was calculated and categorized from 0 (no strain) to 10 (very

high strain) (Moran et al. 1998).

Capillary blood

A 100 ll sample of capillary blood was collected from a
hyperaemic earlobe pre and post-intervention, 30 min

during exercise and post-exercise for the measurement of

blood lactate (La-), glucose (Glu) and pH (ABL825
Radiometer, Copenhagen, Denmark).

Perceptual ratings

Subjective ratings were recorded pre and every 5 min

during the ISE protocol including rating of perceived
exertion (RPE; 6–20 point scale) (5) and a ten-point Likert

scale to assess rating of thermal stress ranging from 1

(unbearably cold) to 10 (unbearably hot).

Statistical analysis

Data are presented as mean ± standard deviation (SD). Data

were assessed using a Shapiro–Wilk test to confirm nor-

mal distribution. A repeated-measures (condition 9 time)
ANOVA was used to compare the intervention effect within

and between conditions. A Tukey’s post hoc test was applied

to determine the source of significance. Statistical signifi-
cance was set a priori at P = 0.05. Effect sizes (Cohen’s d)

were calculated to analyse the magnitude and trends of the

interventions with \0.20 considered ‘trivial’, 0.20–0.39 as
‘small’, 0.40–0.79 as ‘moderate’ and[0.80 as ‘large’.

Results

Intermittent-sprint performance and pacing strategies

Maximal sprint performance was negatively affected dur-

ing the ISE protocol such that overall mean sprint times
were significantly slower in the ICE condition compared to

HEAT because of slower mean sprint times during the

initial 10 min in ICE (P = 0.01-0.02; d = 0.8; Fig. 1a).
Moreover, a significant interaction effect was present for

condition 9 time during the maximal sprints (P = 0.001).

The total distance covered during the sub-maximal, self-
paced exercise bouts was not significantly different

between conditions (P [ 0.05; Table 1). Mean and total

distance covered during the respective exercise modes
(hard running, jogging, walking) were not different

between conditions and main effects of time 9 condition
interaction were not significantly different (P [ 0.05).

However, reduced performance was evident in HEAT, with

significantly less distance covered compared to CONT
during 31–40 min and compared to ICE during 41–50 min

of the protocol (P = 0.02; d = 1.3; Fig. 1c). The main

effect of time 9 condition interaction for 10 min pacing
was significantly different (P = 0.001). Large effects were

also noted with more distance covered during ICE com-

pared to CONT during the final 10 min of exercise
(d = 0.8). No significant differences and small to trivial

effects were noted during the double leg bounds amongst

conditions (P [ 0.05; d B 0.2; Table 1), whilst the inter-
action between time and condition was significant

(P = 0.001).

Maximal voluntary torque and voluntary activation

MVT was not significantly different amongst conditions
pre- or post-intervention or post-exercise (P [ 0.05;

Fig. 2a). Within CONT and HEAT, MVT was lower post-

exercise compared to pre- and post-intervention (P = 0.02;
Fig. 2a), but no difference was evident within ICE. Rela-

tive percentage change from pre-intervention to post-

exercise was not significantly different between conditions,
but large effects were present between ICE (3 ± 14%)

compared to the HEAT (15 ± 15%; d = 1.2) and CONT

(15 ± 14%; d = 1.2) conditions. Mean VA was reduced
post-intervention during HEAT compared to CONT and

ICE (P = 0.01–0.03; d = 0.9–1.8; Fig. 2b), and reduced

post-exercise compared to ICE (P = 0.01; d = 1.1).
Within CONT, VA was reduced post-exercise compared to

post-intervention (P = 0.03; Fig. 3b). Finally, percentage

change from pre-intervention to post-exercise was signifi-
cantly different between ICE (5 ± 19%) and HEAT (-

7 ± 12%; P = 0.01; d = 1.1), but not different compared

to CONT (0 ± 11%; d = 0.5).

Twitch contractile properties

Peak torque was higher post-intervention during HEAT

compared to ICE (P = 0.01; d = 1.6; Table 2) and CONT

(d = 0.9). Within the ICE condition, Pt was reduced post-
intervention compared to pre-intervention (P = 0.01), and
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within CONT and HEAT, post-exercise Pt was reduced
compared to pre- and post-intervention (P = 0.01;

Table 2). Time to peak torque was longer post-intervention

during the HEAT condition compared to ICE (P = 0.04)
and longer post-intervention compared to post-exercise

within HEAT (P = 0.04). RTD was not significantly dif-

ferent amongst conditions; however, RTD was significantly

greater post-exercise compared to pre and post-intervention
within HEAT (P = 0.03; Table 2). RR was increased post-

intervention during HEAT compared to ICE (P = 0.05).

Within the respective CONT and ICE conditions, RR was
greater post-exercise compared to pre-intervention

(P = 0.01–0.03) and greater post-exercise compared to

post-intervention during ICE and HEAT conditions

Fig. 1 Mean ± SD a sprint
efforts during the ISE; b hard
running efforts during the ISE;
and c total distance covered
during respective 10 min phases
of the ISE for control (CONT),
ice bath (ICE) and passive
heating (HEAT) conditions
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(P = 0.01–0.03). Within all conditions, post-exercise HRT

was significantly slower compared to pre- and post-inter-
vention (P = 0.01–0.04; Table 2). No significant differ-

ences were evident within or between conditions for HRT,

but large effects were noted post-intervention with a
shorter HRT during ICE compared to CONT and HEAT

(d = 0.9–1.2). Finally, CD was not significantly different

amongst conditions pre- or post-intervention or post-exer-
cise (P [ 0.05; d \ 0.2); however, it was reduced post-

exercise compared to pre- and post-intervention within all
conditions (P = 0.03; Table 2).

USG, nude mass/sweat rate and heart rate

Pre-exercise USG did not differ amongst conditions

(CONT 1.008 ± 0.006; ICE 1.007 ± 0.003; HEAT
1.007 ± 0.003, P [ 0.05). Differences in sweat rate,

determined by changes in nude mass, were reduced during

ICE (0.6 ± 0.2 kg) compared to HEAT (1.1 ± 0.5 kg) and
CONT (1.0 ± 0.5 kg) (P = 0.01–0.02; d = 1.5–2.1).

Mean heart rate during the ISE and at time points

10–40 min were lower during ICE compared to HEAT
(P = 0.01–0.05) and from 10 to 30 min compared to

CONT (P = 0.01–0.04; Fig. 3a). HR was lower during

CONT compared to HEAT at 12–15 min of the interven-
tion (P = 0.03–0.05); however, it was lower pre-exercise

during HEAT (P = 0.03; d = 0.5; Fig. 2a). Large effects

were also noted for a lower mean ISE HR during ICE
compared to CONT and HEAT (d = 0.8).

Core and skin temperatures, PSI and capillary blood

Pre-intervention Tcore was not different amongst conditions

(P [ 0.05; Fig. 3b); however, Tcore was significantly lower
post-intervention during ICE compared to CONT and HEAT

(P = 0.01). During the ISE, Tcore remained lower in ICE at

10 and 20 min compared to CONT and HEAT
(P = 0.01–0.05) and at 30 min compared to HEAT

(P = 0.01). Mean ISE Tcore was also lower during ICE

(37.93 ± 0.36"C) compared to CONT (38.50 ± 0.80"C)
and HEAT (38.62 ± 0.49"C) (P = 0.01–0.5; d = 1.3–2.3).

Skin temperature was significantly lower during ICE com-

pared to HEAT and CONT at all time points of the inter-
vention (P = 0.01; Fig. 3c). During the ISE, Tskin was

significantly lower until 20 min (P = 0.01–0.03) and mean

Tskin was reduced during ICE compared to HEAT (d = 0.6).
Mean PSI during the ISE was significantly reduced during

ICE compared to CONT (P = 0.03; d = 1.6; Table 3) and
HEAT (P = 0.01; d = 2.4). Furthermore, PSI was reduced

at 10–30 min of ISE during ICE compared to CONT and

HEAT (P \ 0.04; d = 1.6–3.8), and CONT was lower than
HEAT at 10 min (P = 0.01; d = 1.8). Finally, no signifi-

cant differences were evident between conditions for cap-

illary blood samples of pH, lactate or glucose at any stage of
the experimental trials (P [ 0.05; Table 3).

Perceptual

RPE was significantly lower during ICE at 10 min com-

pared with HEAT (P = 0.02; Table 3) and at 15 min
compared with CONT (P = 0.02). No significant differ-

ences were evident at any stage throughout the exercise

protocol between conditions for ratings of thermal stress
(P [ 0.05; Table 3).

Discussion

The present study highlights the opposing effects of pre-
exercise thermal interventions, in which there are both

positive and negative responses to pre-cooling and passive

heating prior to prolonged, self-paced intermittent-sprint
exercise in the heat, despite minimal difference to the

control condition. In an ergogenic sense, pre-cooling

maintains higher self-selected exercise intensities during
prolonged self-paced exercise compared to passive heating

Table 1 Mean ± (SD) total
distance covered, hard running,
jogging and walking efforts and
bounds during the control
(CONT), ice bath (ICE) and
passive heating (HEAT)
conditions, respectively

* Significant differences
between ICE and HEAT
conditions (P \ 0.05)

CONT ICE HEAT

Total distance covered (m) 3,825 ± 329 3,915 ± 343 3,778 ± 309

Total sprint time (s) 139.1 ± 7.5 141.3 ± 8.1* 136.3 ± 8.6

Mean sprint time (s) 2.80 ± 0.15 2.83 ± 0.16* 2.78 ± 0.14

Mean hard running (m) 127 ± 13 130 ± 15 124 ± 16

Mean jogging (m) 87 ± 12 89 ± 12 87 ± 10

Mean walking (m) 51 ± 4 52 ± 5 51 ± 4

Mean bounds (m) 17.07 ± 1.33 17.08 ± 1.47 17.27 ± 1.55

Total hard running (m) 1,898 ± 198 1,946 ± 228 1,855 ± 245

Total jogging (m) 1,212 ± 174 1,245 ± 169 1,210 ± 144

Total walking (m) 715 ± 62 725 ± 71 713 ± 52

Total bounds (m) 119.52 ± 9.31 119.54 ± 10.27 120.87 ± 10.88

Eur J Appl Physiol (2012) 112:253–266 259

123

Paper 9 Paper 9

129



(Duffield et al. 2010; Kay et al. 1999), but retards sprint

speed during the early phase of an exercise bout; particu-

larly if not preceded by a warm-up of sufficient duration or
intensity (Sleivert et al. 2001). However, pre-cooling

manoeuvres had minimal effect on repeated sprint times

compared to a control condition. Conversely, exposure to
hot environmental conditions and the resultant passive

heating effect provides some augmentation of early sprint

speeds, but may also result in the earlier reduction of self-
paced exercise intensity. Underlying these divergent exer-

cise responses are alterations to the recruitment of skeletal

muscle, potentially related to the endogenous thermal load
and physiological state induced by the hot environmental

temperatures. As such, passive heating may invoke the

largest physiological and thermal load, possibly predis-

posing athletes to greater performance reductions during
self-paced exercise. However, pre-cooling interventions to

counter these exacerbated loads still require some

engagement in sufficient warm-up procedures to prevent
possible negative consequences on early peak speed or

high-intensity efforts.

The present findings indicate that 15 min of pre-cooling
had a divergent effect on the respective performance-based

maximal sprints and self-paced efforts during intermittent-

sprint exercise. That is, the ice bath was effective in
maintaining distance covered during the self-paced

Fig. 2 Mean ± SD a peak
voluntary torque (MVT) and
b voluntary activation (VA)
during 15 superimposed
maximal isometric contractions
pre-intervention (Pre Int), post-
intervention (Post Int) and post-
exercise (Post Ex) for control
(CONT), ice bath (ICE) and
passive heating (HEAT)
conditions
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exercise bouts during the latter stages of the exercise pro-

tocol compared to CONT and HEAT (Fig. 1c). Similarly,
previous studies have reported pre-cooling to be beneficial

for maintaining performance during prolonged intermit-

tent-sprint exercise (Castle et al. 2006; Duffield and Marino
2007), time to exhaustion (Gonzalez-Alonso et al. 1999)

and self-paced cycling trial performance in the heat (Duf-

field et al. 2010). The increased exercise intensity evident

during the final stages (20 min) of the exercise protocol

compared to the CONT and HEAT conditions was pri-
marily attributed to differences in the hard running efforts,

within minimal effect during the jogging and walking

bouts. Duffield and Marino (2007) similarly reported a
smaller decline in self-paced, hard running exercise in the

heat when ice bath and ice vests were used before exercise,

and during the warm-up and half-time periods. The

Fig. 3 Mean ± SD a heart rate
(HR); b core temperature
(Tcore); and c skin temperature
(Tskin) throughout the
intervention and exercise during
the control (CONT), ice bath
(ICE) and passive heating
(HEAT) conditions,
respectively
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findings suggest that pre-exercise exposure to different

thermal conditions did not affect the overall distance
covered; however, a down-regulation of exercise intensity

was adapted to the respective conditions. Hettinga et al.

(2007) examined even, conservative and aggressive pacing
strategies during a 1,500 m time trial and reported similar

aerobic and anaerobic work despite a difference in pacing

strategies throughout the exercise protocol. The present
study highlights that the overall distance and distance

covered during the lower intensity jogging and walking
bouts were not affected by pre-exercise thermal interven-

tions. However, pre-cooling prior to intermittent-sprint

exercise in the heat increased the distance covered during
the self-paced high-intensity efforts in the latter stages of a

prolonged exercise; particularly compared to pre-exercise

exposure to warm environmental conditions.
Although pre-cooling was advantageous during the self-

paced efforts, the likely reduction in muscle temperature

(Castle et al. 2006) following the ice bath negatively
affected sprint performance compared to passive heating.

These declines may be due to changes in post-intervention

muscle contractile properties, including reductions in peak
torque and time to peak torque, and longer relaxation times

between ICE and HEAT conditions. Wittekind et al. (2011)

highlight that all-out pacing strategies are implemented

during sprints up to 15 s; however, they noted a reduction

in power during sprints C30 s, which appeared to be due to
an initial pacing strategy. Based on these findings, it may

be suggested that differences in maximal sprint times

between conditions were not reduced due to centrally
mediated factors, but rather were affected at the periphery

due to temperature-dependent effects on twitch contractile

properties. Alternatively, cold-induced physiological dis-
ruptions such as reduced muscle blood flow, glycolytic

enzyme activity or nerve conduction velocity (Bishop
2003) have also previously been reported to reduce peak

force development. Similarly, Sleivert et al. (2001) repor-

ted that pre-cooling the thighs and torso combined with
6 min of warm-up reduced peak and mean power during a

subsequent 45 s high-intensity exercise bout; although

more relevant, performance was further reduced when no
warm-up was completed. The authors suggested that the

lower muscle temperature and reduction in contractile

function and/or anaerobic metabolism following the thigh/
torso pre-cooling and no active warm-up were responsible

for the greatest performance decrements (Sleivert et al.

2001). It is likely that reduced sprint times following ICE
in the present study may be due to the minimal (3 min)

warm-up provided. Such a duration was used to reduce the

time between the intervention and exercise and thus

Table 2 Mean ± SD neuromuscular assessment of potentiated
twitch contractile properties of peak torque (Pt), time to peak torque
(TPt), rate of torque development (RTD), rate of relaxation (RR), half
relaxation time (HRT) and contraction duration (CD) pre-intervention

(Pre-Int), post-intervention (Post-Int) and post-exercise (Post-Ex)
during the control (CONT), ice bath (ICE) and passive heating
(HEAT) conditions

Pt (Nm) TPt (ms) RTD (% Pt s-1) RR (% Pt s-1) HRT (ms) CD (ms)

Pre-Int

CONT 46.9 ± 9.0 94.7 ± 14.6 1086 ± 165 -864 ± 154 61 ± 13 156 ± 27

ICE 47.5 ± 7.5¤ 88.5 ± 6.5 1165 ± 104 -762 ± 177 70 ± 16 157 ± 13

HEAT 52.4 ± 10.3 93.6 ± 8.0 1054 ± 115 -851 ± 153 60 ± 12 153 ± 19

Post-Int

CONT 45.7 ± 9.1 89.1 ± 6.3 1159 ± 103 -946 ± 217 57 ± 17 147 ± 19

ICE 41.5 ± 8.1 88.6 ± 6.6 1133 ± 85 -794 ± 271§ 70 ± 20D 158 ± 22

HEAT 52.0 ± 10.5*e 94.9 ± 12.1* 1073 ± 114 -958 ± 229*§ 56 ± 11^ 150 ± 21

Post-Ex

CONT 36.8 ± 4.1¥ 89.9 ± 15.6 1172 ± 156 -1160 ± 152 45 ± 6¥ 134 ± 19¥

ICE 36.4 ± 7.2 88.5 ± 8.4 1144 ± 104 -1075 ± 125 48 ± 6¥ 137 ± 10¥

HEAT 36.3 ± 3.6¥ 86.5 ± 8.6§ 1165 ± 111¥ -1143 ± 153 46 ± 5¥ 132 ± 10¥

* Significant difference between ICE and HEAT conditions (P = 0.01–0.05)
^ Large effects between ICE and HEAT conditions (d = 1.2)
e Large effects between CONT and HEAT conditions (d = 0.9)
D Large effects between ICE and CONT conditions (d = 0.9)
¤ Significant difference between Pre-Int and Post-Int within respective conditions (P = 0.01)
§ Significant difference between Post-Int and Post-Ex within respective conditions (P = 0.04)

Significant difference between Pre-Int and Post-Ex within respective conditions (P = 0.01–0.03)
¥ Significant difference between Post-Ex compared to Pre- and Post-Int within respective conditions (P = 0.01–0.03)
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maximize the physiological effects of the respective

interventions. Whilst not a likely scenario in a competitive
environment, the reduced warm-up ensured that it did not

blur the thermal effects of the intervention. However,

repeat sprint performance findings were consistent with
previous studies reporting whole body (Drust et al. 2000;

Duffield and Marino 2007) and upper body (Cheung and

Robinson 2004) cooling to have minimal effect on maxi-
mal sprint times compared to a control. Furthermore, the

differences in twitch properties between the respective
conditions further support the previous notion that tem-

perature-dependent changes in twitch contractile properties

may affect subsequent sprint performance. Accordingly,
pre-cooling without a warm-up may slow sprint times due

to lower muscle temperatures (Castle et al. 2006; Sleivert

et al. 2001) and corresponding reductions in peak torque
compared to passive heating, despite also suppressing Tcore

and maintaining higher self-selected intensities during

exercise in the heat.

In contrast to pre-cooling, passive heating resulted in

improved initial performance during the repeated sprints,
but retarded self-paced efforts later in the exercise bout

compared to ICE and CONT. Similarly, previous reports

have highlighted that passive heating via whole-body water
submersion improves mean power output during a maximal

30 s sprint (Linnane et al. 2004) and 10 9 6 s sprints with

a 34 s recovery compared to no warm-up (Brown et al.
2008). It is proposed the heating-induced benefits to high-

intensity efforts result from an increased muscle tempera-
ture contributing to vasodilatation, increased blood flow

and improved muscle contractile properties (Bishop 2003).

The present study observed temperature-dependent chan-
ges to post-intervention potentiated twitch contractile

properties including peak torque, time to peak torque, rate

of relaxation and half relaxation time compared to the ICE
condition. However, no differences were evident between

conditions post-exercise once the direct thermal effects of

the respective interventions had dissipated. These findings

Table 3 Mean ± SD physiological strain index (PSI) and perceptual ratings of perceived exertion (RPE), thermal stress (Thermal) and capillary
blood measure of pH, lactate (La-) and glucose (Glu) during the control (CONT), ice bath (ICE) and passive heating (HEAT) conditions,
respectively (n = 10)

Pre-ex 10 min 20 min 30 min 40 min 50 min

PSI

CONT – 5.8 ± 0.6# 7.5 ± 1.1 8.3 ± 1.6 8.9 ± 2.1 7.8 ± 1.4

ICE – 3.9 ± 1.2*! 5.5 ± 1.0*! 6.7 ± 1.1*! 8.3 ± 1.4 6.4 ± 1.0

HEAT – 6.7 ± 0.8 8.0 ± 1.3 8.7 ± 1.3 8.9 ± 1.4 8.2 ± 1.1

RPE

CONT – 14.1 ± 1.4 16.2 ± 1.4 17.2 ± 1.4 18.1 ± 1.5 18.6 ± 1.4

ICE – 13.9 ± 1.4* 15.8 ± 1.6! 17.0 ± 1.6 18.1 ± 1.4 18.8 ± 1.3

HEAT – 14.6 ± 1.6 15.9 ± 1.5 16.9 ± 1.0 17.8 ± 1.0 18.4 ± 1.3

Thermal

CONT 4.7 ± 0.8 6.0 ± 0.3 6.6 ± 0.4 7.0 ± 0.8 7.2 ± 0.6 7.3 ± 0.7

ICE 4.5 ± 0.8 5.7 ± 0.6 6.3 ± 0.7 6.8 ± 0.5 7.2 ± 0.6 7.5 ± 0.5

HEAT 4.3 ± 0.6 5.8 ± 0.7 6.3 ± 0.7 6.7 ± 0.5 7.0 ± 0.7 7.2 ± 0.6

pH

CONT 7.34 ± 0.02 – – 7.28 ± 0.04 – 7.31 ± 0.05

ICE 7.34 ± 0.02 – – 7.29 ± 0.04 – 7.31 ± 0.03

HEAT 7.34 ± 0.01 – – 7.30 ± 0.05 – 7.32 ± 0.05

La-

CONT 1.2 ± 0.2 – – 7.7 ± 2.9 – 7.3 ± 3.7

ICE 1.1 ± 0.3 – – 6.9 ± 2.5 – 6.9 ± 2.6

HEAT 1.3 ± 0.4 – – 6.9 ± 3.1 – 6.6 ± 3.0

Glu

CONT 5.4 ± 0.5 – – 6.8 ± 1.9 – 6.5 ± 1.5

ICE 5.8 ± 0.7 – – 6.5 ± 1.0 – 6.3 ± 0.9

HEAT 5.7 ± 0.7 – – 6.9 ± 1.3 – 6.7 ± 1.5

* Significant difference between ICE and HEAT conditions (P = 0.01–0.04)
# Significant difference between CONT and HEAT conditions (P = 0.01)
! Significant difference between CONT and ICE (P = 0.01-0.04)
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may suggest alterations in muscle stiffness, musculo-ten-

dinous elasticity and contractile characteristics following
passive heating compared to ICE. Accordingly, pre-exer-

cise exposure to warmer thermal environments may be

initially beneficial for high-intensity demands. However,
the exacerbated rise in Tcore can contribute to a down-

regulation of exercise intensity (Tucker et al. 2004), and a

reduced distance covered during the final stages of the
protocol compared to CONT and ICE was observed. Pre-

vious research confirms that pre-exposure to hot environ-
ments results in an earlier performance decline during

intermittent-sprint exercise (Morris et al. 1998), prolonged,

continuous exercise (Craig and Froehlich 1968; Gonzalez-
Alonso et al. 1999) and sub-maximal endurance perfor-

mance compared to moderate conditions (Gregson et al.

2002). As evident in the present study, the accelerated rate
of rise of thermal load during self-paced exercise may

induce reductions in exercise intensity. Consequently,

passive heating in hot conditions may improve initial peak
speed or early repeated efforts due to increased muscle

temperatures (Bishop 2003; Brown et al. 2008); however,

due to increased thermal load, it may result in reduced
exercise intensities during prolonged exercise in the heat.

Reductions in exercise intensity observed following

passive heating are possibly due to the level of muscle
recruitment from feedback regarding the imposing envi-

ronmental conditions and/or endogenous load (Morrison

et al. 2004; Todd et al. 2005) and may have direct effects
on the central nervous system (CNS) (Nybo and Nielsen

2001). Although neuromuscular tests were not able to be

performed during exercise, assessments completed pre- and
post-intervention and post-exercise indicate a condition-

specific response of voluntary torque and activation. Pre-

vious studies have indicated that hyperthermia reduces
voluntary drive during maximal isometric contractions

(Moran et al. 1998; Nybo and Nielsen 2001; Saboisky et al.

2003), and returns to baseline values once cooling is
imposed and Tcore is reduced (Morrison et al. 2004; Tho-

mas et al. 2006). In the present study, when pre-exercise

Tcore was elevated, reductions in the volume of dynamic
exercise during the final 20 min were evident with con-

comitant declines in post-exercise voluntary torque and

activation, suggesting evidence of centrally mediated
reductions in muscle recruitment when passive heating is

applied prior to intermittent-sprint exercise. Despite pas-

sive heating reducing voluntary recruitment, increases in
potentiated twitch peak torque, time to peak torque and

relative relaxation rates suggest that increased local muscle

temperatures improved nerve conduction rates and con-
tractile properties of the active musculature. These changes

in the muscle may explain the quicker sprint times during

the starting sprints of the intermittent-sprint protocol,
which dissipate as exercise progresses. Therefore,

contractile properties data may suggest that increases in

muscle temperature associated with passive heating pose
benefits to the initial maximal sprint performance, and the

excessive elevation in pre-exercise Tcore results in attenu-

ated distances covered in sub-maximal modes of self-paced
exercise.

The findings from the present study suggest that a down-

regulation of intensity during intermittent-sprint exercise
may be associated with an increase in thermal load due to

exercise in the heat, which is exacerbated by pre-heating.
Therefore, pre-cooling may be utilized to reduce core and

muscle temperatures and increase the gradient between

starting temperatures and the attainment of hyperpyrexia
(Wilson et al. 2002). Increased PSI due to pre-heating

resulted in faster rates of heat accumulation and increased

sweat rates compared to ICE, with minimal changes when
exposed to a thermo-neutral environment. The pre-exercise

exposure to warm environmental conditions may have led

to a more rapid decline in distance covered during the self-
paced efforts. Interestingly, similar to Duffield et al.

(2010), the differences in core and skin temperatures had

dissipated between passive heating and pre-cooling by the
final stages of the protocol when differences in pacing were

present. These findings suggest that increased pre-exercise

thermal strain may lead to anticipatory reductions in neural
drive due to afferent feedback from the periphery regarding

cardiovascular load, Tcore (Tucker et al. 2006) and skin

temperature (Schlader et al. 2011). Further evidence of this
protective mechanism has been supported by studies

showing that exercise terminates at a critical temperature

(Gonzalez-Alonso et al. 1999) and an anticipatory regula-
tion of muscle recruitment during self-paced exercise

governs the rate of rise of endogenous thermal load

(Marino et al. 2004; Tucker et al. 2006). However, more
recent work has shown that in highly trained athletes,

exercise intensity is able to be maintained and improved in

the final 600 m of an 8 km running trial despite core
temperatures exceeding 40"C in some cases (Ely et al.

2009). In relation to the present study, the overall pacing

strategy was not different between conditions; however, an
attenuation of exercise intensities during the HEAT con-

dition was evident during the latter stages of the exercise

protocol when physiological perturbations had dissipated
between conditions and Tcore was well below 40"C.

Therefore, it appeared that exercise intensities were regu-

lated in response to the imposing thermoregulatory loads;
however, the conscious and/or subconscious contribution

towards this exercise regulation is not clear.

Increased thermoregulatory strain whilst exercising in
the heat and/or in a hyperthermic state also elevates the

strain on the cardiovascular system (Gonzalez-Alonso and

Calbet 2003). These limitations to the cardiovascular sys-
tem include reduced blood volume, venous return and
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redistribution of blood flow to the skin for heat dissipation

and have been linked to performance reductions (Linnane
et al. 2004; Nielsen et al. 1984). Despite the reduced dis-

tance covered during the self-paced efforts of the inter-

mittent-sprint protocol following HEAT, cardiovascular
strain was higher compared to the ICE and CONT condi-

tions. These elevations were observed through higher heart

rates and sweat rates in conjunction with increases in core
and skin temperatures and calculated PSI. Capillary blood

metabolites of glucose and lactate and pH indicate that
despite working at higher intensities during ICE, partici-

pants regulated their physiological stress to similar levels

to CONT and HEAT. These results suggest that manipu-
lation of exercise intensities following cooling and heating

are possibly due to differences in cardiovascular and

thermoregulatory load during the intermittent-sprint pro-
tocol. In support of this, the similar RPE and thermal stress

throughout the protocol indicate that despite working at

higher intensities following ICE, participants perceived the
demands of the exercise and environment to be similar to

HEAT. This ability to work at a higher intensity for a given

RPE during the self-paced efforts may be attributed to the
reduced cardiovascular and thermal strain following the ice

bath rather than the observed reductions during the passive

heating or control conditions.
The present study highlights the differences between

pre-exercise exposures to warm environmental conditions

and pre-cooling, respectively, both of which regularly
occur in team sport environments but have minimal effect

compared to pre-exercise exposure to a thermo-neutral

environment. Pre-cooling is beneficial to self-paced efforts
during intermittent-sprint exercise and maintains muscular

recruitment (MVT and VA), but negatively affects early

sprint performance and contractile properties of the active
musculature if a sufficient warm-up is not present. Con-

versely, pre-heating improves early sprint performance, but

results in earlier reductions in self-paced exercise intensi-
ties compared to control and cooling conditions. The reg-

ulation of these exercise intensities seem to be partially

governed by endogenous load, and altered performance
following passive heating may be linked with a down-

regulation of muscle recruitment due to a faster rise in

thermoregulatory strain. The present findings suggest that
team sport athletes may engage in pre-cooling manoeuvres

before selected competition and training in the heat.

However, pre-cooling should minimize temperature-
dependent declines in twitch contractile properties. Addi-

tionally, to capitalize on both pre-exercise cooling and

heating manoeuvres for subsequent performance, athletes
should incorporate warm-up procedures that increase

muscle fibre temperature, whilst maintaining reduced core

temperature. This may be achieved through the application
of portable cooling procedures including ice slushies or ice

vests, whilst completing active or passive warm-up pro-

cedures. In conclusion, pre-exercise exposure to warm
environmental condition augmented initial sprint times, but

reduced exercise intensities in the latter stages of the

exercise protocol, whilst pre-cooling was an effective tool
in reducing cardiovascular and thermoregulatory strain and

allowed for improved self-selection of higher exercise

intensities.
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Abstract This study examined the effects of cold water
immersion (CWI) on recovery of neuromuscular function

following simulated team-sport exercise in the heat. Ten

male team-sport athletes performed two sessions of a
2 9 30-min intermittent-sprint exercise (ISE) in 32"C and

52% humidity, followed by a 20-min CWI intervention or

passive recovery (CONT) in a randomized, crossover
design. The ISE involved a 15-m sprint every minute

separated by bouts of hard running, jogging and walking.

Voluntary and evoked neuromuscular function, ratings of
perceived muscle soreness (MS) and blood markers for

muscle damage were measured pre- and post-exercise,

immediately post-recovery, 2-h and 24-h post-recovery.
Measures of core temperature (Tcore), heart rate (HR),

capillary blood and perceptions of exertion, thermal strain

and thirst were also recorded at the aforementioned time
points. Post-exercise maximal voluntary contraction

(MVC) and activation (VA) were reduced in both condi-

tions and remained below pre-exercise values for the 24-h
recovery (P \ 0.05). Increased blood markers of muscle

damage were observed post-exercise in both conditions and
remained elevated for the 24-h recovery period (P \ 0.05).

Comparative to CONT, the post-recovery rate of reduction

in Tcore, HR and MS was enhanced with CWI whilst
increasing MVC and VA (P \ 0.05). In contrast, 24-h post-

recovery MVC and activation were significantly higher in

CONT compared to CWI (P = 0.05). Following exercise

in the heat, CWI accelerated the reduction in thermal and
cardiovascular load, and improved MVC alongside

increased central activation immediately and 2-h post-

recovery. However, despite improved acute recovery CWI
resulted in an attenuated MVC 24-h post-recovery.

Keywords Thermal load ! Voluntary activation !
Neuromuscular ! Exercise performance

Introduction

It is well established that exercise-induced increases in

thermal strain result in alterations in central activation

(Martin et al. 2004; Nielsen and Nybo 2003) and muscle
contractile function (Morrison et al. 2004). Moreover,

whole-body exercise performance is known to be reduced

in the heat as elevations in thermal strain alter central and
peripheral function (Nielsen et al. 2001; Nybo and Nielsen

2001); although athletes may alter pacing according to

prevailing conditions (Tucker et al. 2004). Specifically,
many team sports are involved in repeated bouts of exer-

cise over consecutive days during training and competi-
tion, and when such events are performed in warm

environmental conditions, performance decrements may be

more pronounced (Vaile et al. 2008a). In an effort to
alleviate potential perturbations associated with exercise

bouts over multiple days in the heat, post-exercise recov-

ery strategies are often employed. In particular, imple-
mentation of cold water immersion (CWI) has become an

increasingly popular post-exercise recovery strategy (Bar-

nett 2006). Current evidence highlights varying effective-
ness of CWI on both acute and long-term recovery from

exercise-induced muscle damage (Vaile et al. 2008b),

laboratory cycling protocols (Peiffer et al. 2010b; Vaile
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et al. 2010) and team-sport exercise (Rowsell et al. 2009;

2011). Further, the effect of CWI following team-sport
exercise in the heat and the relationship between endoge-

nous thermal load and recovery of skeletal muscle function

remains unknown.
Evidence to date suggests CWI decreases body tem-

perature (Peiffer et al. 2010a; Vaile et al. 2010), reduces

the inflammatory response (Knight 1989) and minimizes
secondary muscle damage responses (Knight 1989; Knight

et al. 2000). Despite evidence to suggest that CWI is
beneficial in the treatment of acute soft tissue injury

(Bleakley et al. 2004), research outlining the efficacy of

CWI facilitating recovery of muscle function and exercise
performance seems to vary based on the type of exercise

mode used (Ingram et al. 2009; Jakeman et al. 2009;

Rowsell et al. 2009, 2011). Recently, it has been reported
that CWI following exercise in the heat maintained sub-

sequent cycling performance (Vaile et al. 2008a) and

resulted in a faster 4-km time trial (Peiffer et al. 2010a)
when performed immediately post-CWI. However, despite

recovery with CWI reducing muscle and rectal tempera-

ture, the rate of recovery in isokinetic strength immediately
following a 1-km cycling time trial was not altered with

CWI (Peiffer et al. 2010b). Moreover, CWI has been

reported to have negative effects on the recovery of neu-
romuscular function resulting in a 13% decrease in maxi-

mal voluntary isometric force up to 90 min following a

cycling time trial compared to a passive recovery (Peiffer
et al. 2009). Although evidence remains equivocal, inves-

tigations reporting augmented recovery of exercise per-

formance with CWI following exercise-induced increases
in thermal load have primarily associated improvements to

facilitated reductions in body temperature and cardiovas-

cular strain (Vaile et al. 2010; Wilcock et al. 2006; Yeargin
et al. 2006).

Although reduced performance during exercise in the

heat is associated with alterations in central and peripheral
function (Martin et al. 2004; Tucker et al. 2004), only one

study has examined the effect of CWI on the recovery of

neuromuscular function following exercise in the heat
(Peiffer et al. 2009), with no studies to date using team-

sport exercise. Therefore, the present study aimed to

examine the effects of CWI following simulated team-sport
exercise in the heat on the recovery of neuromuscular

function, specifically the effects of CWI on central and

peripherally mediated mechanisms of skeletal muscle
recruitment. With the return of maximal voluntary force

and activation observed only when cooling reversed core

temperature (Tcore) back to normal values (*37.4"C)
following passively induced hyperthermia (Morrison et al.

2004), we hypothesized that CWI following a bout of

intermittent-sprint exercise (ISE) in the heat would
improve maximal voluntary force due to an enhanced

reduction in Tcore and improved recovery of neuromus-

cular function.

Methods

Participants

Ten male team-sport athletes (rugby league/union) aged

(mean ± SD) 19.9 ± 1.1 years, height 179.6 ± 3.8 cm
and body mass 78.9 ± 6.3 kg were recruited as partici-

pants for this study. At the time of testing, participants

completed 3–4 training sessions per week and competed in
team-sport competition at least once per week. All partic-

ipants were informed of the requirements of the study and

verbal and written consent was gained prior to the com-
mencement of testing. Human ethics clearance was granted

by the Institutional Ethics Committee prior to the com-

pletion of any testing procedures. Details that might dis-
close the identity of the subjects recruited have been

omitted.

Overview

Participants completed an initial session to ensure famil-
iarity with all measures and procedures, followed by two

experimental testing sessions. The two testing sessions were

identical apart from the recovery intervention implemented
and were completed in a randomized, crossover order

separated by at least 7 days. Each experimental session

consisted of a prolonged high-intensity, ISE protocol
(2 9 30 min halves) performed in an enclosed laboratory on

a 20-m synthetic running track. The ISE protocol and

ensuing recovery conditions were performed in 32.4 ±
1.5"C, 51.1 ± 6.2% relative humidity for CONT and

32.4 ± 1.3"C, 53.8 ± 8.5% relative humidity for CWI

(P = 0.23–0.90). The ISE was followed by CWI or a passive
recovery (CONT), with each testing session performed at the

same time of day to minimize diurnal variation. Neuro-

muscular performance and repeated sprint ability (RSA)
were measured pre- and within 5-min post-exercise, post-

recovery and again 2- and 24-h post-recovery. Participants

were required to present in a rested state and avoid con-
sumption of food or drink (including caffeine) 3 h prior to

testing and refrain from alcohol consumption 24 h prior to

testing. All food, drink and physical activity in the 24 h prior
to the first testing session and during the 24-h recovery

period following the exercise protocol were recorded. Par-

ticipants refrained from any strenuous activity during the
24-h recovery period and activity diaries were monitored

throughout. Food, drink and activity prior to and during the

first testing session were replicated for all testing sessions.
During the ISE protocol, 500 mL of water was provided to
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consume ad libitum with complete consumption ensured

during each testing session.

Exercise protocol

Upon completion of pre-exercise neuromuscular tests

(detailed subsequently), participants completed a warm-up

involving running at increasing speeds over a 15-m running
track for a period of 3 min, followed by 3 maximal 15-m

sprints. The exercise protocol consisted of 2 9 30 min
halves, interspersed by 10-min passive recovery. The

exercise protocol involved a 15-m maximal sprint, (with a

subsequent 5-m deceleration zone before impacting with a
large mat) performed every min, followed by sub-maximal

exercise of varying intensities in a self-paced, shuttle-run

format (hard running, jogging, walking) for the remainder
of the minute (Duffield and Marino 2007). Only one

exercise mode of hard running, jogging or walking (rotated

each minute) was completed each minute before returning
to the starting position to complete the ensuing sprint.

Every 6th rotation, following the maximal sprint, partici-

pants completed eight consecutive double leg bounds,
covering as much distance as possible (distance determined

for each exercise mode using 1-m markings alongside the

15-m synthetic track. Maximal 15-m sprint performance
during the exercise protocol was assessed with infra-red

timing gates (Speed-Light, Swift, Australia). As the exer-

cise intensity was set by the participants, distances covered
during the exercise protocol were monitored by the

investigators and appropriate encouragement was provided

to ensure similar workloads were performed during each
testing session. Intra-class correlations (r) and coefficients

of variation (CV) for distance covered were r = 0.82–0.96

and CV = 1.5–3.2%, respectively.

Recovery interventions

Within 10 min of completing the exercise protocol, the

recovery intervention was administered in a designated

area of the laboratory. CWI consisted of immersion in an
ice bath (plunge pool) (8.9 ± 0.9"C) (Banfi et al. 2007) to a

level of the iliac crest for 9 min followed by 1 min seated

at room air temperature. This procedure was repeated twice
for a total duration of 20 min (Peiffer et al. 2009, 2010b).

For the passive recovery (CONT), participants remained

seated in the laboratory for 20 min.

Procedures

Neuromuscular tests

For the neuromuscular tests, participants were seated on an
isokinetic dynamometer (Humac Norm isokinetic

dynamometer, Ausmedic, CSMi Medical Solutions,

Stoughton, MA, USA) linked to a BNC2100 terminal block
connected to a signal acquisition system (PXI1024;

National Instruments, Austin, TX, USA). A/D conversion

for torque and electromyographic data was performed at
16-bit resolution and synchronously sampled all data at a

rate of 1 kHz. Participants were seated upright with a 90"
hip angle on the dynamometer chair and securely fastened
by adjustable straps tightly across the chest and pelvis with

the distal right leg fixed to the dynamometer lever arm. The
axis of rotation of the dynamometer was aligned to the

lateral epicondyle of the femur indicating the anatomical

joint axis of the knee. Torque was measured and recorded
instantaneously. Lever arm length, chair length and dyna-

mometer height were recorded during familiarization for

accurate re-positioning during subsequent testing sessions.

Muscle activation

Muscle activation was achieved by stimulating the femoral

nerve using a felt pad bar cathodal electrode with a tip

spacing of 30 mm (Nicolet Biomedical, Madison, WI, USA)
positioned at the medio-anterior aspect of the upper thigh,

directly below the inguinal fold. The anode was a

90 9 50 mm reusable self-adhesive gel pad electrode
(Verity Medical, Ltd., Stockbridge, Hampshire, UK) and

positioned on the medio-posterior aspect of the upper thigh,

directly below the gluteal fold, opposite the cathode. The
current applied to the femoral nerve was delivered by a

Digitimer DS7AH stimulator (Digitimer Ltd, Welwyn

Garden City, Hertfordshire, UK) using a single square-wave
pulse with a width of 200 ls (400 V with a current of

100–450 mA) that was driven by a custom designed

instrument using LabView software (version 8.0, LabView;
National Instruments). Initially, the current was manually

applied in incremental steps until a twitch of moderate

amplitude was observed. Following this, the position of the
stimulating electrode was adjusted until the site most

responsive to the stimulation was located. This location was

marked with a permanent pen to ensure identical placement
for subsequent testing. The electrode was then securely

fastened in position using a Velcro strap with a constant

force of 1.5 kg/f applied via an algometer (Pain Test
TM

FPI
Algometer, Wagner Instruments, Greenwich, USA). The

stimulus intensity was gradually increased until a plateau in

twitch and M-wave amplitude was achieved. The stimulus
intensity was then increased by a further 25% to ensure that

supramaximal stimulation was applied to the nerve.

Maximal voluntary isometric contractions (MVC)

A 5-min warm-up at 60 W on a cycle ergometer (Monark
818E, Varberg, Sweden) was initially performed prior to

Eur J Appl Physiol (2012) 112:2483–2494 2485
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the measurement of MVC pre-exercise, 2- and 24-h post-

recovery. During neuromuscular testing, participants per-
formed 5 9 5-s MVC with 5-s rest between each con-

traction with the knee flexed at 65" (0" being full

extension). Participants were instructed to produce a
maximal effort for the entire 5 s at which time they were

told to relax until the next MVC. A superimposed electrical

twitch was delivered during each MVC when a reduction in
peak force was observed. During each contraction, the

trigger for stimulation was manually primed within 1–2 s
after initiation of each contraction. Once primed, the

stimulus was automatically triggered when customized

LabView software (version 8.0, LabView; National
Instruments) detected a decline in peak force. Manual

priming of the trigger was necessary to prevent premature

stimulation prior to the attainment of peak force. When
primed, the decline in peak force necessary to automati-

cally trigger the stimulus was \1%. Further, within 3 s

following each superimposed contraction, a second stim-
ulus was delivered with the muscle at complete rest to

determine potentiated twitch properties. Mean voluntary

isometric torque was determined by averaging the peak
isometric torque produced over the five contractions (mean

MVC). Mean torque values were determined during the

25 ms preceding the delivery of the electrical stimulus.

Voluntary activation (VA)

VA was calculated using the twitch interpolation technique

(Allen et al. 1995). Peak superimposed torque following

the delivery of the stimulus during the MVC’s was deter-
mined as the peak torque value produced during the

50–150-ms period subsequent to the delivery of the stim-

ulus. Interpolated twitch torque was subsequently deter-
mined as peak superimposed torque minus voluntary peak

torque and calculated to four decimal places. VA was

determined by expressing the interpolated twitch torque
(ITT) as a percentage of the peak potentiated evoked twitch

torque (Pt) obtained at rest between contractions using the

following equation: VA (%) = [1 - (ITT/Pt)] 9 100.
Peak VA was determined from the peak isometric con-

traction and mean VA was determined from the average of

all five superimposed contractions. Both the mean and peak
VA of the five contractions were used for subsequent

analyses.

Potentiated evoked twitch contractile and M-wave
properties

Potentiated twitch and M-wave properties were determined

from an electrical stimulus initiated *3 s following the

superimposed contraction on the resting muscle. Torque-
time curves from the potentiated evoked twitch

contractions were averaged across all trials with mean data

used to determine the following characteristics: (1) peak
potentiated twitch torque (Pt); (2) the rate of torque

development (RTD); (3) time to peak torque (TPt); (4) the

rate of relaxation (RR); (5) half-relaxation time (1/2 RT);
and (6) contraction duration (CD) (Cannon et al. 2006).

Torque onset was determined as the point at which torque

increased beyond 2 standard deviations above the mean
torque value calculated over a 50-ms period immediately

prior to stimulation (Wilder and Cannon 2009). Potentiated
M-wave data was averaged across the 5 trials with the

mean used to determine: (1) peak to peak amplitude, (2)

duration, and (3) latency (Saboisky et al. 2003).

Surface electromyography (EMG)

Surface EMG data were obtained from the vastus lateralis

(VL), vastus medialis (VM) and the antagonist biceps

femoris (BF). Voluntary EMG data were obtained during
the assessment of MVC pre-, post-exercise and all post-

recovery assessments. EMG signals were sampled using

differential surface electrodes (Bagnoli-16, Delsys Inc,
Boston, USA) and positioned on VL, VM, BF according to

Cram and Kasman (1998). Low impedance was obtained

by shaving, abrading and cleaning the skin prior to posi-
tioning of the electrodes at each testing time point. The

electrode placement sites were marked with permanent pen

to ensure identical placement for subsequent testing ses-
sions. In addition, a reusable self-adhesive electrode was

attached to the patella of the opposing limb and acromion

process for the arm to ground the signals. EMG signals
were pre-amplified and bandpass filtered, with a bandwidth

frequency ranging from 20 to 450 Hz (common mode

rejection ratio [90 dB; impedance input = 100 MX;
gain = 1,000).

Voluntary EMG signals were quantified using the root

mean square (RMS) amplitude calculated as the average of
the 25-ms preceding the superimposed twitch during MVC.

The EMG signal was then averaged between vasti muscles

to provide a global indication of total KE motor unit
activity. For processing, voluntary EMG data were nor-

malized against the peak to peak M-wave amplitude with

average RMS data expressed as a percentage of the average
VM/VL M-wave amplitude. All data were processed off-

line with the determination of mean MVC, VA, potentiated

twitch and M-wave properties, and RMS achieved using
Matlab software (version R2010a; The MathWorks Inc.

Natick, USA). For the isometric contractions, correction

for the effect of gravity on the lower leg during the
superimposed and potentiated evoked contractions was

performed by calculating the average load applied to the

force transducer during the 50-ms period immediately prior
to force onset. The average load applied to the transducer
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during this period was used to offset force data. Once

corrected for the effect of gravity, force data were then
multiplied by lever arm length and expressed in units of

torque (N m-1).

Repeated sprint ability

Participants performed a repeated sprint exercise protocol
prior to, post-exercise, post-recovery and 2- and 24-h post-

exercise. The RSA protocol consisted of 5 9 15-m maxi-
mal sprints performed every 20 s. Maximal 15-m sprint

times were assessed with infra-red timing gates (Speed-

Light, Swift, Australia) and the percentage decline within
each 5 9 15-m bout was calculated [(total time/(fastest

time sprint n) 100)].

Capillary and venous blood measures

On arrival, a 100 lL sample of capillary blood was
obtained for the measurement of Lactate (La-), pH and

bicarbonate (HCO3) with further samples obtained imme-

diately post-exercise and post-recovery intervention. A
5 mL sample of venous blood was obtained from the

antecubital vein pre-exercise and at post-recovery intervals

(immediately, 2 and 24 h) for the measurement of creatine
kinase (CK), C-reactive protein (CRP), aspartate amino-

transferase (AST) as markers of muscle damage and cell

inflammation. Using an evacuated venipuncture system and
serum separator tubes (Monovette, Sarstedt, Numbrecht,

Germany), samples were allowed to clot at room temper-

ature prior to centrifugation for 10 min at 4,000 rpm.
Serum was then extracted and stored at -20"C until

analysis. Before analysis, the serum was allowed to reach

room temperature and mixed gently via inversion. CK,
CRP and AST were analyzed according to manufacturer’s

instructions provided in the respective assay kits (Dimen-

sion Xpand spectrophotometer, Dade Bearing, USA). Intra-
assay Coefficients of Variance were \5% for all venous

blood analyses.

Nude mass, heart rate and core temperature

Nude mass was recorded on arrival and immediately after
the exercise protocol on a set of calibrated scales (HW

150 K, A and D, Tokyo, Japan). Heart rate (HR) was

measured with a heart rate monitor and wrist watch
receiver (F1, Polar Electro-Oy, Finland). Core temperature

(Tcore) was measured with a telemetric capsule (Vital

Sense, Mini Mitter, Oregon, USA) ingested 4 h prior to
each testing session to ensure it had passed into the gas-

trointestinal tract. Tcore was assessed with a hand-held

monitor that telemetrically received measures from the
ingested capsule (VitalSense, Mini Mitter, Oregon, USA).

HR and Tcore were measured prior to the initial warm-up,

every 5 min during the exercise protocol, immediately
post-recovery and 2-h post-recovery.

Perceptual measures

Perceptual measures of rating of perceived exertion (RPE)

were determined using the Borg 6–20 Scale (Morrison
et al. 2004). Muscle soreness (MS), thirst and thermal

strain were all determined using 10-point Likert scales
(MS: 0 = no pain and 10 = very very sore; thirst: 0 = not

thirsty and 10 = extremely thirsty; thermal strain:

0 = unbearably cold and 10 = unbearably hot). RPE,
thirst and thermal strain were determined pre- and post-

exercise and every 5 min during the exercise protocol,

whilst MS was determined pre- and post-exercise and
throughout the recovery period (post-recovery, 2 and 24 h).

Statistical analysis

Data recorded from neuromuscular, physiological and

perceptual measures are reported as mean ± SD. A repe-
ated measures analysis of variance (ANOVA) (condi-

tion 9 time) was used to determine significant difference

between conditions and over time for each recovery
intervention. Significant difference (P \ 0.05) between

time points was determined using planned within-subject

contrasts. Mauchly’s test of sphericity was performed to
test for the homogeneity of variance (Portney and Watkins

2009) with Greenhouse-Geisser correction applied if

sphericity was significant (P \ 0.05). All data collected
were analyzed using SPSS

TM

version 16.0 (Statistical

Package for the Social Sciences, Chicago, IL, USA).

Results

Distance covered and sprint time

There were no significant differences between conditions for
the total distance covered during the exercise protocol

(P = 0.80; 4,207 ± 550 m CONT vs. 4,170 ± 342 m

CWI). Total distance covered for hard running was 1,843 ±
224 m CONT and 1,842 ± 180 m CWI (P = 0.10). Dis-

tance covered for jogging was 1,449 ± 223 m CONT and

1,436 ± 133 m CWI (P = 0.78); whilst 915 ± 122 m
CONT and 892 ± 88 m CWI were covered during walking

(P = 0.54). There were no significant differences between

conditions for double leg bound distance at any time point
(134.8 ± 10.1 m CONT vs. 134.5 ± 9.2 m CWI; P =

0.30–0.80). Total time for maximal 15 m sprints during the

exercise protocol was 176.1 ± 8.2 s CONT and 175.2 ±
3.2 s CWI (P = 0.10–0.90).
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Repeated sprint ability

Mean sprint time and percentage decline in 5 9 15-m
maximal sprints were significantly increased post-exercise

and remained above pre-exercise values up to 2-h post-

recovery in both conditions (P \ 0.05; Table 1). No sig-
nificant differences were evident between recovery condi-

tions for repeated 5 9 15-m sprints during any time point

(P [ 0.05).

Maximal voluntary contractions and activation

Post-exercise mean MVC and VA were significantly

reduced compared to pre-exercise values in both conditions

(P = 0.001–0.01; Fig. 1). Mean VA did not return to
baseline values until 2-h post-recovery, with MVC

remaining below pre-exercise values for the 24-h recovery

period (P = 0.01; Fig. 1) in both conditions. Compared to
CONT, mean MVC and VA were significantly higher post-

recovery following CWI (P = 0.01). However, 24-h post-

recovery mean MVC was greater in the CONT condition
compared to CWI (P = 0.04).

Potentiated twitch and M-wave properties

The exercise protocol resulted in significantly reduced Pt,

RR and TPt (P = 0.002–0.05; Table 2). Pt and RR

remained below pre-exercise values post-recovery and 2-h

post-recovery in both conditions (P = 0.001–0.01).
Despite the post-exercise reduction in Pt and TPt, no sig-

nificant differences were evident between the recovery

conditions at any time point (P = 0.06–0.99; Table 2).
Compared to CONT, CWI resulted in a significantly

reduced RR and CD post-recovery (P = 0.01), which

remained evident 24-h post-recovery for RR only
(P = 0.01). Exercise did not significantly alter the duration

and latency of the M-wave (P = 0.09–0.90; Table 3).
Compared to CONT, post-recovery M-wave duration was

significantly increased following CWI (P = 0.02;

Table 3). No significant differences were evident between
respective recovery conditions at any time point for

M-wave latency (P = 0.10–0.90; Table 3).

Voluntary EMG

Voluntary EMG (RMS) expressed as a percentage of the
M-wave amplitude was not significantly different between

conditions at any time point (P = 0.10–0.80). Post-exer-

cise mean RMS of VM/VL was significantly reduced
compared to pre-exercise values in both conditions

(P = 0.02–0.05; Fig. 2). Compared to CONT, mean RMS

of VM/VL was significantly increased post-recovery in
CWI (P = 0.05; Fig. 2). However, 24-h post-recovery,

mean RMS values of VM/VL were significantly increased

Table 1 Mean and percentage
decline ± SD maximal 5 9 15-
m repeated sprint time for cold
water immersion (CWI) and
passive recovery (CONT)

Pre Post Post-rec 2-h Post 24-h Post

Mean sprint time

CONT 2.64 ± 0.07 2.92 ± 0.13 2.80 ± 0.14 2.70 ± 0.08 2.62 ± 0.08

CWI 2.61 ± 0.06 3.02 ± 0.20 2.81 ± 0.11 2.71 ± 0.09 2.64 ± 0.08

% Decline

CONT 2.33 ± 1.02 8.43 ± 4.04 4.55 ± 2.96 2.50 ± 1.42 1.93 ± 1.05

CWI 2.24 ± 0.67 8.29 ± 4.04 3.59 ± 1.97 1.94 ± 1.30 1.71 ± 0.50

(a) (b)

Fig. 1 Mean ± SD a mean voluntary torque (MVC) and, b activation (VA) for cold water immersion (CWI) and passive recovery (CONT).
^Significant time effect from pre-exercise values (P \ 0.05). *Significant difference between conditions (P \ 0.05)
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in CONT compared to CWI (P = 0.05; Fig. 2). Absolute
RMS of BF was not altered by the exercise protocol and no

significant differences were evident between conditions at

any time point (P [ 0.05; Fig. 2).

Nude body mass, heart rate and core temperature

Nude body mass was significantly reduced post-exercise

(P = 0.01) in CONT (1.60 ± 0.50 kg) and CWI (1.48 ±

0.41 kg), with no significant differences evident between the

conditions (P = 0.50). Tcore and HR significantly increased
post-exercise compared to pre-exercise values in both con-

ditions (P = 0.01). Following CWI, absolute Tcore values

were not significantly different compared to CONT
(P = 0.50; Fig. 3); however, the relative rate of change in

Tcore was significantly faster post-recovery and 2-h post-

recovery compared to CONT (P = 0.05 and 0.04, respec-
tively; Fig. 3). In addition, CWI resulted in a significantly

reduced HR post-recovery compared to a CONT (P = 0.02;

90 ± 10 vs. 101 ± 14 beats min-1, respectively).

Table 2 Mean ± SD potentiated twitch properties for cold water immersion (CWI) and passive recovery (CONT)

Pre Post Post-rec 2-h Post 24-h Post

Pt (Nm)

CONT 43.1 ± 7.1 33.9 ± 11.8^ 30.7 ± 9.2^ 34.9 ± 10.1^ 36.1 ± 10.7

CWI 41.9 ± 10.3 37.5 ± 7.1^ 35.6 ± 8.4^ 36.0 ± 7.5^ 40.5 ± 8.8

TPt (ms)

CONT 95.3 ± 9.6 87.8 ± 14.7^ 84.2 ± 11.2 86.1 ± 6.0 88.2 ± 18.0

CWI 99.8 ± 14.8 86.8 ± 14.4^ 103.3 ± 17.1 92.1 ± 17.4 98.9 ± 16.4

! RT (ms)

CONT 81.6 ± 11.2 73.5 ± 9.7 86.2 ± 8.9 92.8 ± 11.5 91.8 ± 5.1

CWI 81.6 ± 12.9 72.6 ± 13.1 84.0 ± 12.3 90.0 ± 13.8 81.3 ± 14.6

RTD (Nm s-1)

CONT 454.4 ± 64.6 402.8 ± 156.4 362.3 ± 142.9 411.1 ± 120.2 417.5 ± 139.0

CWI 437.7 ± 65.5 438.5 ± 80.1 346.9 ± 68.8 398.8 ± 88.2 417.4 ± 98.4

RR (Nm s-1)

CONT -273.6 ± 71.7 -249.6 ± 61.9^ -176.5 ± 54.6*^ -194.9 ± 65.9^ -200.1 ± 61.9*

CWI -270.3 ± 91.3 -271.2 ± 77.8^ -217.6 ± 49.1^ -209.4 ± 69.3^ -263.0 ± 85.4

CD (ms)

CONT 176.8 ± 9.9 162.5 ± 13.4 168.9 ± 10.5* 178.9 ± 15.3 179.0 ± 17.8

CWI 181.4 ± 16.1 163.4 ± 13.0 187.2 ± 14.5 182.1 ± 20.0 180.2 ± 10.3

Latency (ms)

CONT 22.4 ± 6.5 20.5 ± 7.9 24.9 ± 6.2 21.6 ± 8.2 25.7 ± 9.0

CWI 21.2 ± 6.0 21.4 ± 8.1 25.4 ± 8.3 24.1 ± 9.3 23.5 ± 4.5

Pt peak twitch, TPt time to peak twitch, ! RT half-relaxation time, RTD rate of torque development, RR rate of relaxation and CD contraction
duration

* Significant difference between conditions (P \ 0.05)
^ Significant difference within conditions from pre-exercise values (P \ 0.05)

Table 3 Mean ± SD
potentiated M-wave properties
for the mean of vastus lateralis
and vastus medialis for cold
water immersion (CWI) and
passive recovery (CONT)

* Significant difference
between conditions (P \ 0.05)

Pre Post Post-rec 2-h Post 24-h Post

Latency (ms)

CONT 10.9 ± 1.9 10.2 ± 1.8 11.3 ± 1.7 9.6 ± 1.9 11.1 ± 1.7

CWI 11.1 ± 4.2 11.2 ± 1.8 12.2 ± 3.0 11.7 ± 2.5 11.0 ± 2.6

Duration (ms)

CONT 4.9 ± 1.9 4.2 ± 0.9 3.6 ± 1.1* 4.6 ± 1.4 4.4 ± 1.5

CWI 5.2 ± 2.0 5.4 ± 2.4 4.9 ± 1.2 4.8 ± 2.1 4.5 ± 1.2

Amplitude (mV)

CONT 1.2 ± 0.2 1.3 ± 1.1 0.9 ± 0.2 1.0 ± 0.4 1.0 ± 0.3

CWI 1.0 ± 0.3 1.0 ± 0.4 1.2 ± 0.4 1.0 ± 0.3 1.0 ± 0.3
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Venous and capillary blood variables

Significant post-exercise increases in CK, AST and La-

were evident, with CK values remaining elevated during

the 24-h recovery period (P = 0.01–0.03) as presented in

Table 4. Despite exercise-induced elevations in CK, AST
and La-, no differences were evident between recovery

conditions at any time point (P = 0.10–0.80; Table 4).

CRP was not significantly altered by the exercise protocol
and no significant differences were observed between

recovery conditions at any time point (P = 0.10–0.80;

Table 4). Further, no significant differences were evident
between the conditions for the % change in CK, AST and

CRP at any time point (P = 0.14–0.90; Table 4). Post-

exercise pH and HCO3
- decreased significantly from pre-

exercise values in both conditions (P = 0.01–0.05;

Table 4); however, no significant differences were evident

between conditions at any time point (P = 0.10–0.80).

Perceptual measures

Ratings of MS were significantly increased post-exercise

and remained elevated above pre-exercise values during

the 24-h recovery period (P = 0.01). Compared to
CONT, perceptions of MS were significantly reduced

immediately post-recovery in CWI (P = 0.02; 4.5 ± 0.9
CWI vs. 5.7 ± 0.9 CONT). Ratings of thermal strain,

perceived exertion and thirst were significantly increased

during the exercise protocol (P = 0.01). Compared to
CONT, thermal strain was significantly lower immedi-

ately following CWI (P = 0.01; 3.5 ± 1.2 CWI vs.

6.2 ± 0.9 CONT); whilst, no significant differences were

(a) (b)

Fig. 2 Mean ± SD of root mean square (RMS) for a average vastus
medialis and vastus lateralis and, b biceps femoris for cold water
immersion (CWI) and passive recovery (CONT). *Significant

difference between conditions (P \ 0.05). ^Significant time effect
from pre-exercise values (P \ 0.05)

°
(a) (b)

Fig. 3 Mean ± SD a Core temperature during the exercise protocol and post-recovery and, b rate of change in core temperature from post-
exercise to post-recovery, and post-exercise to 2-h post-recovery for cold water immersion (CWI) and passive recovery (CONT)
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evident between recovery conditions at any time point for
thirst and RPE (P [ 0.05).

Discussion

This investigation aimed to examine the efficacy of CWI on
the recovery of performance and physiological function

following simulated team-sport exercise in the heat and

during the ensuing 24-h recovery period. Following exercise-
induced reductions in muscle contractile force generation,

CWI significantly improved acute recovery of MVC and VA.

Furthermore, a faster reduction in post-recovery Tcore and
HR, together with reduced perceptions of muscle soreness

and thermal strain were evident following CWI. The reduc-

tion in post-recovery Tcore and HR with CWI likely con-
tributed to the enhanced acute recovery of MVC, and the

novel finding of increased central activation (VA) and motor

unit recruitment (RMS) observed in the present study.
Despite initial improvements in MVC and VA following

CWI, an additional novel finding of this investigation was the

suppression of voluntary force and RMS 24-h post-recovery
following CWI compared to passive recovery. That is, MVC

was *85% of pre-exercise values in CONT compared to

*74% in CWI; thus resulting in an 11% impaired recovery
of voluntary force 24-h post-recovery. However, despite

altered muscle function, no changes in RSA were evident

following cooling; highlighting the divergence in isolated
joint versus whole-body exercise performance. Accordingly,

based on the results of the present study, implementation of

CWI on the recovery of neuromuscular and contractile
function following team-sport exercise in the heat may be

time and mode dependent providing immediate beneficial
effects to recovery of isometric MVC; however, counter-

productive to long-term recovery of single-joint isometric

voluntary force production.

Table 4 Mean ± SD capillary and venous blood variables for cold water immersion (CWI) and passive recovery (CONT)

Pre Post-ex Post-rec 2-h Post 24-h Post

La- (mmol 1-1)

CONT 1.18 ± 0.15 4.62 ± 1.17^ 1.43 ± 0.47

CWI 1.14 ± 0.14 4.73 ± 1.50^ 1.80 ± 0.60

pH (mmol 1-1)

CONT 7.36 ± 0.03 7.37 ± 0.02^ 7.39 ± 0.02^

CWI 7.37 ± 0.02 7.37 ± 0.05^ 7.40 ± 0.03^

HCO3 (mmol 1-1)

CONT 22.29 ± 0.69 19.70 ± 1.44^ 22.42 ± 0.79*

CWI 22.19 ± 0.65 19.59 ± 1.82^ 21.87 ± 0.54

CK (IU l-1)

CONT 308.1 ± 189.7 418.8 ± 205.5^ 394.5 ± 209.1^ 419.3 ± 228.3^ 551.7 ± 359.5^

CWI 359.1 ± 157.9 477.1 ± 199.9^ 489.0 ± 208.2^ 544.5 ± 252.3^ 708.9 ± 362.7^

CK (% change)

CONT 146.7 ± 30.8 135.2 ± 20.0 143.8 ± 26.0 194.7 ± 106.0

CWI 135.6 ± 13.5 141.5 ± 28.1 160.5 ± 50.5 219.7 ± 118.5

AST (IU l-1)

CONT 25.30 ± 3.86 32.75 ± 3.56^ 33.25 ± 3.51 31.88 ± 3.79 32.50 ± 4.13

CWI 33.13 ± 5.43 39.00 ± 7.67^ 40.00 ± 5.42 37.13 ± 6.16 39.13 ± 5.42

AST (% change)

CONT 110.7 ± 25.5 111.5 ± 27.5 106.6 ± 23.5 106.9 ± 33.6

CWI 117.2 ± 18.5 135.8 ± 32.5 126.5 ± 41.1 128.5 ± 32.2

CRP (IU l-1)

CONT 1.6 ± 0.9 1.8 ± 1.3 1.7 ± 1.2 1.7 ± 1.1 2.1 ± 1.3

CWI 1.9 ± 1.2 2.0 ± 1.2 1.9 ± 1.3 2.0 ± 1.0 2.5 ± 1.3

CRP (% change)

CONT 100.6 ± 24.0 98.7 ± 24.9 104.0 ± 19.7 133.6 ± 45.2

CWI 106.7 ± 9.1 100.7 ± 28.6 116.8 ± 31.4 161.0 ± 83.1

La- Lactate, pH, HCO3 bicarbonate, CK creatine kinase, AST aspartate aminotransferase and CRP c-reactive protein

* Significant difference between conditions (P \ 0.05)
^ Significant difference from pre-exercise values (P \ 0.05)
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Simulated team-sport exercise in the heat resulted in

prolonged reduction in MVC and VA which is commonly
observed following exercise-induced elevations in thermal

stress (Martin et al. 2004; Nybo and Nielsen 2001; Thomas

et al. 2006). Impaired performance with increased thermal
load has previously been associated with a reduction in

centrally mediated recruitment and activation (Martin et al.

2004; Nybo and Nielsen 2001; Thomas et al. 2006). The
exercise protocol in the current study also resulted in

reduced peak twitch contractile force, evident up to 2-h
post-recovery. Therefore, reductions in post-exercise MVC

likely resulted from a combination of reduced neural

activation of skeletal musculature (Nybo and Nielsen 2001)
and suppression of peripheral contractile ability (Har-

greaves 2004).

In accordance with previous research (Peiffer et al.
2010a; Vaile et al. 2008a, 2010), implementation of CWI

recovery resulted in a faster rate of reduction in Tcore and

HR, with subsequent improvements in performance. Indeed,
Vaile et al. (2010) and Peiffer et al. (2010a) recently dem-

onstrated a more rapid reduction in Tcore and HR with post-

exercise CWI, and subsequent improved repeated cycling
performance in the heat. Peiffer et al. (2010a) observed

smaller reductions in power output and thus a faster com-

pletion of a subsequent 4-km cycling time trial when per-
formed immediately following CWI compared to a seated

recovery (1.5 ± 0.2% CWI vs. 14 ± 1.0% control). The

authors postulated that the mechanisms for improved exer-
cise performance were related to CWI reducing post-exer-

cise thermal and cardiovascular strain (Yeargin et al. 2006).

Whilst the faster reduction in Tcore is a likely explanation
for the observed performance enhancement, a further

explanation may include the role of enhanced centrally

mediated skeletal muscle recruitment. Accordingly, a novel
finding of the present investigation was the ameliorated

recovery of central activation; together with increased RMS

following CWI. Thus, acute improvements in post-recovery
MVC are likely a result of centrally mediated mechanisms

increasing skeletal muscle activation and recruitment based

on CWI producing a faster reduction in internal thermal
load. Therefore, CWI interventions to hasten recovery of

increased thermal load may also act to negate the reported

centrally mediated suppression of VA (Morrison et al.
2004); hence allowing greater skeletal muscle recruitment

and improved acute MVC performance following post-

exercise CWI.
Further to improvements in central activation, CWI

recovery resulted in altered peripheral contractile proper-

ties. Slower CD, RR and TPt of the potentiated twitch and
duration of the M-wave were evident immediately fol-

lowing CWI compared to CONT. To control for the effects

of temperature on the evoked signal, M-wave amplitude
was normalized to the voluntary EMG signal. Upon

normalization, no differences between conditions were

evident. Unfortunately, a limitation of the present study
was that the temperature of the muscle during evoked

twitches was not measured. Despite this, it is well known

that reduced muscle temperature with the application of
cold significantly alters muscle contractile properties and

slows nerve conduction velocity (Eston and Peters 1999).

Implementation of a re-warm up in the present study per-
formed prior to 2- and 24-h post-recovery measurements

attempted to provide a similar level of potentiation in the
evoked signal prior to MVC measures. With no differences

evident between the conditions for twitch and M-wave

duration at 2- and 24-h post-recovery, the re-warm up was
sufficient to counter potential negative effects of cold

temperatures on the evoked signal. Regardless of the

potential for such changes in evoked twitch contractile
properties and whilst the effect of temperature remained

evident (post-recovery), the immediate recovery of volun-

tary force (MVC) following CWI was enhanced compared
to a passive recovery. Although CWI slowed the response

to the evoked signal, increased VA and RMS highlights the

influence of central activation in enhancing voluntary force
production. Thus, results of the present study indicate that

ameliorated recovery of acute MVC is likely due to other

factors including reductions in whole-body endogenous
thermal and cardiovascular strain (Yeargin et al. 2006), and

improved perceptions of thermal recovery and MS.

The ISE protocol in the current study resulted in sig-
nificant reductions in muscle contractile properties (Pt and

M-wave amplitude) and prolonged elevations in CK and

AST. Recent studies examining the influence of CWI on
markers of muscle damage after a simulated cycling time

trial in the heat (Halson et al. 2008) and a 90-min rugby

training session (Banfi et al. 2007) have reported no effect
of CWI on the appearance of CK and CRP. However, these

studies measured the appearance of CK and CRP imme-

diately post-recovery (within 40 min of exercise cessation)
and, therefore, the peak expression of such markers is

unlikely to have been evident, which may explain the lack

of difference between conditions. Regardless, in accor-
dance with previous research, the results of the present

investigation also demonstrated that CWI was ineffective

in reducing the immediate and prolonged (24 h) appear-
ance of blood markers of muscle damage (Bailey et al.

2007; Halson et al. 2008; Rowsell et al. 2009). Further, a

common finding in the literature is the improved perception
of MS for up to 48 h following the post-exercise use of

CWI recovery interventions (Ascensão et al. 2011; Parouty

et al. 2010). For example, Parouty et al. (2010) recently
reported an immediate increase in the perception of

recovery when CWI was performed between 2 9 100-m

swimming sprints. Further, both acute (30 min) and pro-
longed (24 h) reductions in leg soreness were observed
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when CWI immediately followed a one-off soccer match

(Ascensão et al. 2011). Similarly, the results of the present
study demonstrated an immediate reduction in MS fol-

lowing CWI. Whether the improved perception of recovery

from CWI contributes to the observed acute improvements
in MVC and VA is unknown, and further research may be

required to fully elucidate the role of perceptual recovery.

Despite acute improvements in MVC and VA, suppres-
sion of force production and global KE RMS was evident

24-h post-recovery following CWI compared to CONT.
The decrement in exercise performance 24-h post-recovery

contrasts with previous investigations examining CWI fol-

lowing ISE (Bailey et al. 2007; Ingram et al. 2009). Possible
explanations for differences between the present study and

previous investigations may be due to the incorporation of

double leg bounds, resulting in greater exercise-induced
muscle damage (EIMD) compared to intermittent running

and cycling exercise in previous studies (Bailey et al. 2007;

Ingram et al. 2009). Indeed, previous investigations
reporting no benefit of CWI on recovery of muscle function

and strength loss often elicit EIMD via single-joint

modalities, frequently causing trauma to muscle contractile
properties (Eston and Peters 1999; Howatson et al. 2005;

Jakeman et al. 2009). Thus, the implementation of cold

therapy post-damaging exercise may not be beneficial to the
repair of contractile trauma (Yamane et al. 2006). Although

the application of cold has been shown to reduce acute

inflammation following musculoskeletal injury (Knight
1989), it has recently been suggested that repressing acute

inflammation negatively affects repair and regenerative

processes of skeletal muscle and may be detrimental to
prolonged muscle performance (Barnett 2006; Yamane

et al. 2006). As such, although CWI was effective in

reducing Tcore, HR and thermal strain, resulting in
enhanced short-term recovery of voluntary force, CWI was

ineffective in maintaining long-term recovery of isometric

muscle function compared to CONT. Despite CWI-induced
decrements in 24-h post-recovery single-joint MVC, RSA

did not differ. Accordingly, from an applied perspective,

while CWI may result in the reduction of single-joint iso-
metric MVC, the ability to produce repeated maximal effort

sprints was not compromised.

In conclusion, CWI recovery following simulated team-
sport exercise in the heat enhanced the rate of reduction in

Tcore, HR and thermal strain, resulting in improved acute

recovery of MVC. With an increase in VA and RMS
observed post-CWI, it is likely that reductions in thermal and

cardiovascular strain improved centrally mediated mecha-

nisms increasing skeletal muscle recruitment contributing to
ameliorated short-term recovery of MVC. Despite acute

improvements to the recovery of MVC, CWI resulted in a

decrement in voluntary force production and global KE
RMS 24-h post-recovery. The precise mechanisms

responsible for observed decrements in force production

24-h post-recovery with CWI are unknown and, therefore,
further research is required to fully elucidate the long-term

effects of CWI on muscle repair and adaptation processes

necessary for improved isometric muscle function. How-
ever, regardless of the recovery of isolated skeletal muscle

contractile function, no differences in RSA were evident.

Accordingly, practitioners should be aware of the mode and
duration specific responses to CWI as a recovery interven-

tion following team-sport exercise in the heat.
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This study examined the effects of post-exercise cooling
on recovery of neuromuscular, physiological, and cere-
bral hemodynamic responses after intermittent-sprint
exercise in the heat. Nine participants underwent three
post-exercise recovery trials, including a control (CONT),
mixed-method cooling (MIX), and cold-water immersion
(10 °C; CWI). Voluntary force and activation were
assessed simultaneously with cerebral oxygenation (near-
infrared spectroscopy) pre- and post-exercise, post-
intervention, and 1-h and 24-h post-exercise. Measures of
heart rate, core temperature, skin temperature, muscle
damage, and inflammation were also collected. Both
cooling interventions reduced heart rate, core, and skin
temperature post-intervention (P < 0.05). CWI hastened
the recovery of voluntary force by 12.7 ! 11.7%
(mean ! SD) and 16.3 ! 10.5% 1-h post-exercise com-

pared to MIX and CONT, respectively (P < 0.01). Volun-
tary force remained elevated by 16.1 ! 20.5% 24-h
post-exercise after CWI compared to CONT (P < 0.05).
Central activation was increased post-intervention and
1-h post-exercise with CWI compared to CONT
(P < 0.05), without differences between conditions 24-h
post-exercise (P > 0.05). CWI reduced cerebral oxygen-
ation compared to MIX and CONT post-intervention
(P < 0.01). Furthermore, cooling interventions reduced
cortisol 1-h post-exercise (P < 0.01), although only CWI
blunted creatine kinase 24-h post-exercise compared to
CONT (P < 0.05). Accordingly, improvements in neuro-
muscular recovery after post-exercise cooling appear to
be disassociated with cerebral oxygenation, rather reflect-
ing reductions in thermoregulatory demands to sustain
force production.

Neuromuscular functioning and exercise capacity are
inversely associated with an elevated core temperature
(Tc), as the recruitment of motor units during voluntary
activation of skeletal muscle is reduced under heat stress
(Cheung, 2007). Concomitantly, increasing thermal
strain reduces cerebral blood flow velocity and oxygen-
ation (Nybo & Nielsen, 2001; González-Alonso et al.,
2004), also contributing to declines in motor outflow and
exercise performance (Rasmussen et al., 2010). Despite
such findings, the recovery of cerebrovascular regulation
in relation to voluntary force production after exercise-
and environment-induced heat stress remains equivocal.
Where repeated bouts of exercise in the heat are
required, post-exercise cooling is demonstrated to alle-
viate high Tc and hasten the recovery of voluntary force,
central activation (Pointon et al., 2012), and ensuing
exercise performance (Vaile et al., 2008a; Peiffer et al.,
2010). These findings may demonstrate post-exercise
cooling to mitigate thermally inhibited central nervous
system (CNS) drive after hyperthermic exercise
(Cheung, 2007). However, whether rapidly reducing

the thermal strain developed during intermittent-sprint
exercise in the heat might also ease cerebrovascular per-
turbations affecting corticomotor function is unknown.

González-Alonso et al. (2004) previously reported
heat stress to reduce cerebral oxygenation during
maximal exercise, as declines in middle cerebral artery
blood flow velocity reflect a lowered mean arterial pres-
sure (MAP) and cardiac output (Q). Such reductions in
cerebral oxygenation are suggested to alter central motor
output (Amann & Kayser, 2009), although it is yet to be
determined whether these effects may be reversed with
aggressive reduction of endogenous thermal strain.
Indeed, hypoxic models indicate exercise capacity to
return once oxygen delivery and uptake in the brain
is restored (Nielsen et al., 1999). While unsubstantiated
under heat stress, it could be speculated that central
blood volume shifts achieved via post-exercise cooling
may regain cardiocirculatory homeostasis (Vaile et al.,
2011), as greater MAP and Q increase cerebral perfu-
sion, and presumably oxygenation, to improve compro-
mised motor output to active musculature (Périard et al.,
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2013). This may be particularly prudent in hot conditions
as declines in cerebral oxygenation that precipitate
reduced exercise performance (Smith & Billaut, 2010)
are likely exacerbated (González-Alonso et al., 2004;
Rasmussen et al., 2010).

Therefore, the present study aimed to examine the
effects of post-exercise cooling on physiological, neuro-
muscular, biochemical, and perceptual measures of recov-
ery after intermittent-sprint exercise in the heat. A further
aim was to determine whether these interventions affected
cerebral oxygenation and subsequent neuromuscular
function. While the efficacy of cold-water immersion
(CWI) in treating heat stress is unparalleled (Casa et al.,
2007), we have previously shown a positive relationship
between the magnitude of pre-cooling, voluntary force,
and intermittent-sprint performance in the heat (Minett
et al., 2011). Given recent concerns surrounding the prac-
tical application of CWI in the field (Barwood et al., 2009),
a dose response for post-exercise cooling was achieved via
the use of: (1) whole-body CWI and (2) mixed-method
cooling (MIX) designed to maximize surface area cover-
age and maintain logistical practicality. We hypothesized
that the larger dosage effects of CWI would improve the
recovery of cerebral oxygenation and neuromuscular func-
tion compared to MIX and control (CONT), respectively.

Methods
Participants
Nine moderate- to well-trained, male team-sport athletes volun-
teered to participate in this study [mean ! standard deviation
(SD): age 21 ! 2 years; stature: 183.3 ! 7.0 cm; body mass:
78.7 ! 8.1 kg]. Participants were sub-elite, amateur level team-
sport athletes and, at the time of testing, were undergoing
in-season training, reporting "3 training sessions and competition
on a weekly basis. Participants provided written and verbal
informed consent, and all experimental procedures were approved
by the Ethics in Human Research Committee of the University.

Overview
Participants were familiarized with all equipment and procedures
under experimental conditions before reporting to the laboratory for
three separate experimental trials that were separated by 5–7 days.
Each testing session included an intermittent-sprint exercise protocol
(2 ¥ 35 min bouts) completed on a 20-m tartan indoor running track
in the heat. Environmental conditions were controlled using a cus-
tomized gas heating system and four 2000 W electric heaters (Kam-
brook, Port Melbourne, Victoria, Australia), with mean ! SD
ambient temperatures maintained at 32.4 ! 1.0°C and 42.4 ! 6.1%
relative humidity. Fluid intake was restricted to a standardized
350 mL of water ingested ad libitum throughout the exercise proto-
col, with complete consumption ensured during each trial. Upon
completion, participants underwent a post-exercise recovery inter-
vention administered using a randomized, repeated-measures cross-
over design. Physiological, neuromuscular, and perceptual responses
were obtained pre-, post-, and 1-h and 24-h post-exercise. Dietary
intake and physical activity records were maintained 24-h pre-
exercise and during the 24-h recovery period for the initial experi-
mental trial and replicated thereafter. The participants abstained from
strenuous activity and alcohol consumption 24-h pre-exercise and
caffeine and food substances 3-h pre-exercise.

Exercise protocol
After a standardized 5-min warm-up consisting of progressively
increasing shuttle running speeds and six maximal sprint efforts,
the participants completed 2 ¥ 35 min bouts (bouts 1 and 2) of
intermittent-sprint exercise, interspersed by a 15-min mid-exercise
passive recovery period. The exercise protocol was adapted from
that reported in a companion paper as part of a series of investi-
gations incorporating the movement patterns of cricket fast
bowlers (Minett et al., 2011). In brief, each 35-min bout was
identical, both involving five sets of 6 ¥ 15 m sprints every 30 s as
per a 6-ball cricket over. Sets of sprints were separated by 5-min
periods of 15-m shuttles at intensities (hard run, jog and walk)
instructed on a minute-by-minute basis. The participants returned
to their starting positions at 50 s of each self-paced minute to
commence the subsequent exercise intensity. Shuttle-run distances
were recorded during the initial testing session and matched in the
remaining trials to standardize individual workloads. Maximal
15-m sprint times were assessed with an infrared timing system
(Speedlight; Swift, Wacol, Queensland, Australia), while sub-
maximal shuttle distances were calculated using 1-m markings
adjoining the running track. The reliability of sprint time variables
in the present study demonstrate the intraclass correlation coeffi-
cient (ICC) as r = 0.50–0.70 and coefficient of variation (CV) as
1.6–2.6%. Accordingly, the participants completed 10 sets of
sprints and eight periods of sub-maximal shuttle running, repre-
senting 2 ¥ 5 over spells of fast bowling.

Cooling interventions
The participants underwent one of three 20-min recovery interven-
tions (CWI, MIX, or CONT) within 10 min of exercise comple-
tion. CWI involved submersion to the mesosternal in 10.0 ! 0.4°C
cold water (Halson et al., 2008; Pointon et al., 2012). MIX was
performed using a cold, wet towel positioned over the head, neck,
and shoulders, with an ice-vest covering the torso (Arctic Heat,
Brisbane, Queensland, Australia) and ice-packs applied to the
hamstrings and quadriceps (Techni Ice, Frankston, Victoria, Aus-
tralia) (Minett et al., 2012). The towel was soaked in cold water
(5.0 ! 0.5°C) and the ice-vest and ice-packs were stored at -20°C
before application. Participants received no cooling during the
CONT and sat passively in 32°C and 42% relative humidity
throughout all treatments.

Measures

Neuromuscular function

Maximal voluntary contraction (MVC) and central activation of
the right knee extensors were assessed pre- and post-exercise,
post-intervention, and 1-h and 24-h post-exercise using a custom-
built isometric dynamometer. The participants sat in an upright
position (trunk-thigh angle of 100°) on a modified leg extension
bench (York Barbell Co., Toronto, Ontario, Canada), secured with
an adjustable lap sash and padded ankle cuff superior to the lateral
malleolus. A calibrated load cell (Model No. UU-K200; Dacell
Co., Ltd, Cheongwon-gun, Chungbuk, Korea) was fixed between
the movable lever arm and the steel bench frame and connected
to a BNC2100 terminal block and signal acquisition system
(PXI1024; National Instruments, Austin, Texas, USA). The MVC
protocol involved 20 ¥ 5 s isometric efforts completed using a
work-to-rest ratio of 1:1. Force outputs were corrected for gravi-
tation effects and torque values were quantified in relation to lever
arm length during analyses using the methods of Cannon et al.
(2008).

Muscle activation
Supra-maximal stimulation of the femoral nerve was applied
during contractions 1–4 and 17–20 of each MVC protocol.

Cooling for recovery in the heat
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Reusable self-adhesive gel electrodes (90 ¥ 50 mm; Verity
Medical Ltd, Stockbridge, Hampshire, UK) were positioned on the
anterior thigh 3 cm below the inguinal fold and on the medio-
posterior aspect of the upper thigh below the gluteal fold, serving
as the cathode and anode, respectively. The current applied to
the femoral nerve was delivered by a Digitimer DS7 stimulator
(Digitimer Ltd, Welwyn Garden City, Hertfordshire, UK) using
a single square-wave pulse with a width of 200 ms (400 V with
a current of 100–450 mA) and customized LabVIEW software
(version 8.0; National Instruments, North Ryde, New South Wales,
Australia). Maximal peak twitch torque and M-wave amplitude
were identified using incrementally increasing stimuli and then
increased by 10% to ensure supra-maximal stimulation. The
central activation ratio (CAR) was calculated as the ratio between
voluntary muscle torque and superimposed muscle torque as
described by Kent-Braun and Le Blanc (1996).

Surface electromyography (EMG)
Knee extensor EMG was recorded during the MVC protocol, with
differential surface electrodes (Bagnoli-16, Delsys Inc., Boston,
Massachusetts, USA) positioned over the vastus medialis (VM)
and vastus lateralis (VL) on the right thigh. EMG electrodes were
positioned at the visual mid-point of the muscle belly and a self-
adhesive reference electrode was attached to the patella on the left
leg. All placement sites were shaved, exfoliated, and cleaned with
an alcohol swab, and electrodes and cables were taped to avoid any
movement artifact. Furthermore, a permanent marker was used to
outline electrode placement to ensure consistency within and
between testing sessions. Raw electrode output was pre-amplified
and bandpass filtered, with a bandwidth frequency ranging from
20 to 450 Hz (common mode rejection ratio > 90 dB; impedance
input = 100 MW; gain = 1000).

EMG amplitudes were determined via the root mean square
(RMS) of 300 ms following supra-maximal stimulation and the
MVC offset. Repolarization of the superimposed M-wave and
restoration of voluntary EMG signals were observed in all data
sets by 300-ms post-stimulation, thus eliminating twitch artifact
from contaminating the signal. Mean amplitude was quantified
for both VM and VL; however, a mean value was expressed as an
overall indication of neural drive to the knee extensors. EMG
signals were normalized with respect to the RMS of M-wave
amplitude and presented as percentage of the mean VM and VL
M-wave amplitude. Processing of all neuromuscular data was
performed using MATLAB software (R2010a; The MathWorks
Inc., Natick, Massachusetts, USA).

Near-infrared spectroscopy (NIRS)
A continuous-wave NIRS instrument (Oxymon MKIII, Artinis
Medical Systems B.V., Zetten, the Netherlands) was used to
examine changes in oxygenated ([O2Hb]), deoxygenated ([HHb]),
and total ([THb]) cerebral hemoglobin concentrations throughout
the MVC protocols. The NIRS probe was placed over the left
prefrontal lobe, between Fp1 and F3 (international EEG 10–20
system) (Perrey, 2008) and adjusted by <5 mm to optimize signal
strength (Billaut et al., 2010). Optode placement sites were
cleaned with an alcohol swab, marked with an indelible pen, and
then photographed to standardize positioning within and between
sessions. Inter-optode distance was set at 3.5 cm using a black,
plastic spacer and was affixed to the skin with double-sided self-
adhesive disks. A black, elastic headband was worn over the probe
to further secure placement and minimize the effects of ambient
light. Changes in [O2Hb] and [HHb] concentrations were calcu-
lated using a modified Beer–Lambert law based on the absorption
coefficient of continuous wavelength infrared light (856 and
764 nm) and age-dependent differential path-length factors (range:

5.76–5.85) (Duncan et al., 1996; Billaut et al., 2010). The [THb]
was calculated as the sum of [O2Hb] and [HHb] to provide an
indicative measure of regional blood volume (Van Beekvelt et al.,
2001). In addition, the tissue saturation index (TSI; quantified as
the ratio between [O2Hb] and [THb]), which reflects the dynamic
balance between O2 supply and O2 consumption and is indepen-
dent of near-infrared photon path-length in tissue, was calculated
as an additional index of tissue oxygenation (Boushel et al., 2001).
NIRS data were recorded at 10 Hz and averaged over the last
second of each isometric contraction throughout the MVC proto-
col. These data were then normalized against a 120-s baseline
value collected before the commencement of each session while
subjects sat quietly on the isometric dynamometer with their eyes
closed. The reliability of baseline TSI in the present study dem-
onstrate the ICC as r = 0.86–0.88 and CV as 1.8–2.0%.

Venous blood collection and analyses
The effects of cooling interventions on muscle damage, inflam-
mation, and anabolic/catabolic responses were quantified from
venous blood samples collected pre-, post-, and 1-h and 24-h
post-exercise. Samples were drawn from an antecubital vein using
an evacuated venipuncture assembly and serum separator
tubes (BD Vacutainer, North Ryde, New South Wales, Australia),
allowed to clot at room temperature before centrifugation
(4000 rpm for 10 min at 4 °C), and serum storage at -20 °C.
Creatine kinase (CK) was determined using an enzymatic method
and bichromatic rate technique (CV = 2.8%), while C-reactive
protein (CRP) was quantified according to the particle-enhanced
turbidimetric immunoassay methods (CV = 6.2%; Dimension
Xpand spectrophotometer, Dade Behring, Atlanta, Georgia, USA).
Testosterone and cortisol were assessed using a solid-phase, com-
petitive chemiluminescent enzyme immunoassay (CV = 3.9% and
2.1%, respectively; Immulite 2000, Diagnostic Products Corp.,
Los Angeles, California, USA). Data are presented as circulating
concentrations and no corrections were made for alterations in
plasma volume.

Physiological measures
Hydration status was assessed upon arrival to the laboratory via
the provision of a mid-stream urine sample to measure urine
specific gravity (USG) (PAL-10S; Atago Co. Ltd, Tokyo, Japan)
and changes in pre- and post-exercise body mass recorded using
calibrated scales (HW150 K; A&D, Adelaide, South Australia,
Australia) as a measure of non-urinal fluid loss. Heart rate (HR)
values were determined with a chest strap and wrist watch receiver
(FS1; Polar Electro Oy, Kempele, Finland) and Tc was monitored
through a telemetric capsule (VitalSense; Mini Mitter, Bend,
Oregon, USA) ingested 5-h pre-exercise. HR and Tc were recorded
at 5- and 10-min intervals, respectively, during exercise, and
every 5 min throughout the intervention period. The reliability
(ICC = 0.99) and validity (r = 0.98) of Tc capsules have previously
been reported as acceptable by Gant et al. (2006). Skin tempera-
ture (Tsk) was measured at four sites (sternum, mid-forearm,
mid-quadriceps, and medial calf) pre- and post-exercise, post-
intervention, and 1-h and 24-h post-exercise using an infrared
thermometer (ThermoScan 3000; Braun, Kronberg, Germany) as
per the methods of Burnham et al. (2006) (ICC = 0.96; r = 0.92). A
weighted-mean Tsk was calculated using the Ramanathan’s (1964)
formula and mean body temperature (Tb) was determined as
described by Schmidt and Brück (1981).

Perceptual measures
Rating of perceived exertion (RPE; Borg CR-10 scale) was
recorded every 5 min during the exercise protocol. Perceived
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thermal sensation (0 = unbearably cold; 8 = unbearably hot) was
measured at 5-min intervals throughout exercise and intervention
periods, while muscle soreness (0 = normal; 10 = extremely sore)
was assessed pre-, post-, and 1-h and 24-h post-session pre- and
post-exercise, post-intervention, and 1-h and 24-h post-exercise.

Statistical analyses
Data are presented as mean ! SD. A two-way (condition ¥ time)
repeated-measures analysis of variance was performed to deter-
mine differences between cooling conditions (CWI vs. MIX vs.
CONT). Unprotected pairwise comparisons (protected Fisher’s
LSD) were applied to determine the source of significance, which
was accepted when P < 0.05. Analysis was performed using the
Statistical Package for Social Sciences (SPSS v 17.0, SPSS Inc.,
Chicago, Illinois, USA).

Results
Intermittent-sprint exercise performance
Shuttle-run efforts were standardized between sessions
to match individual workloads, with a mean total
distance covered during the exercise protocol of
4159 ! 270 m. Specifically, 3496 ! 240, 833 ! 99, and
449 ! 43 m were accumulated at hard running, jogging,
and walking intensities, respectively. Mean 15-m sprint
times were not significantly different between conditions
during the exercise protocol (CWI 2.73 ! 0.08 s vs.
MIX 2.74 ! 0.07 s vs. CONT 2.76 ! 0.12 s; P = 0.30–
0.63).

MVC and CAR
Mean MVC and CAR were significantly reduced pre- to
post-exercise in all conditions (P = 0.001–0.05; Fig. 1),
without differences between conditions (P = 0.52–0.98).
However, CWI hastened the return of neuromuscular
function toward pre-exercise values, with higher mean
MVC evident at post-intervention and 1-h and 24-h post-
exercise compared to CONT (P = 0.002–0.05). Further-
more, mean MVC was greater at 1-h post-exercise after
CWI compared with MIX (P = 0.006). While mean
MVC was significantly lower than pre-exercise values
for the duration of the 24-h recovery period in MIX
and CONT conditions (P = 0.001–0.01), no differences
were evident compared to pre-exercise measures 24-h
post-exercise in CWI trials (P = 0.41). Moreover,
CAR was significantly higher at post-intervention and
1-h post-exercise in CWI trials compared to CONT
(P = 0.007–0.03), and 1-h post-exercise compared to
MIX (P = 0.01), respectively. No significant differences
were observed in CAR between 24-h post-exercise con-
ditions (P = 0.09–0.53), although CAR remained signifi-
cantly lower than pre-exercise measures (P = 0.002).

Voluntary EMG
Mean RMS of VM and VL were higher at post-
intervention after CWI compared to CONT (P = 0.005;

Fig. 1c). Furthermore, CWI demonstrated a greater
mean RMS of VM and VL at 1-h post-exercise than MIX
(P = 0.01) and CONT (P = 0.003), respectively. No
differences were evident in the change in mean RMS of
VM and VL in any condition over time (P = 0.13–1.00).

Fig. 1. (a) Mean ! SD peak torque, (b) mean ! SD central
activation ratio, and (c) mean ! SD root mean square for com-
bined mean vastus medialis and vastus lateralis for cold-water
immersion (CWI), mixed-method cooling (MIX), and control
(CONT) trials. *Significant difference between CWI and CONT
(P < 0.05). !Significant difference between CWI and MIX
(P < 0.05). RMS, root mean square.
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Potentiated M-wave properties
M-wave amplitude was reduced pre- to post-exercise in
all trials (P = 0.03–0.04; Table 1). The exercise protocol
demonstrated no significant effects on M-wave latency
or duration (P = 0.07–0.91). However, M-wave ampli-
tude was significantly higher with CWI post-intervention
compared to CONT (P = 0.01). No significant differ-
ences were evident in any remaining M-wave variables
(P = 0.08–0.98).

NIRS
Regional cerebral blood volume and oxygenation were
significantly decreased in all trials pre- to post-exercise
(" [O2Hb], # [HHb], " [THb], and " TSI; P = 0.001–
0.05; Fig. 2). An exacerbated reduction in [O2Hb] was
evident post-intervention in both CWI and MIX com-
pared to CONT (P < 0.001), albeit with greater reduc-
tions noted in CWI than in MIX trials (P = 0.02). CWI
increased [HHb] (P = 0.04) while lowering [THb] and
TSI compared to CONT post-intervention (P = 0.001–
0.01). Despite a reduced [THb] after the MIX interven-
tion (P = 0.001), TSI remained unchanged compared to
CONT (P = 0.99), although was significantly higher than
CWI (P = 0.01). Nevertheless, suppressed [THb] indi-
cates a reduced regional cerebral blood volume after
CWI to be sustained 1-h post-exercise compared to the
remaining conditions (P = 0.03). Similarly, [O2Hb] and
[HHb] were reduced with CWI compared to CONT
(P = 0.04–0.05); however, TSI was not significantly
altered between 1-h post-exercise conditions (P = 0.08–
0.91). All variables had returned to pre-exercise values
by 24-h post-exercise and no differences were present
between conditions (P = 0.35–0.95).

Hydration, HR, Tc, and Tsk

No significant differences were observed in pre-exercise
USG between conditions (CWI 1.015 ! 0.006 vs. MIX

1.015 ! 0.008 vs. CONT 1.014 ! 0.007; P = 0.66–
1.00). Nude body mass was significantly reduced
pre- to post-exercise (CWI 1.86 ! 0.33 kg vs. MIX
1.82 ! 0.33 kg vs. CONT 1.83 ! 0.25 kg; P < 0.001),
with no differences between conditions (P = 0.60–0.85).
No significant differences were demonstrated in HR,
Tc, Tsk, and Tb between conditions during exercise
(P = 0.09–0.98; Fig. 3). Increased HR, Tc, and Tb were
evident pre- to post-exercise (P < 0.001), despite no
change in Tsk over time in all conditions (P = 0.33–0.79).
Both CWI and MIX cooling significantly reduced Tc and
Tb during the intervention period compared to CONT
(P = 0.001–0.03), with a lower Tc and Tb still evident 1-h
post-exercise (P = 0.001–0.009). Cooling reduced Tsk

post-intervention (P < 0.001), with larger reductions
apparent following CWI compared to MIX (P < 0.001).
However, this lowered Tsk had dissipated by 1 h post-
exercise (P = 0.41–0.67), which was also reflected in
the similar Tb values observed between conditions
(P = 0.16). Both MIX and CWI reduced HR after 15 and
20 min of post-exercise cooling compared to CONT
(P = 0.03–0.04).

Venous blood
No significant differences were observed between con-
ditions in pre- and post-exercise concentrations of CK,
CRP, testosterone, or cortisol (P = 0.07–0.99; Table 2).
However, cortisol responses were lower 1-h post-
exercise in both MIX (P = 0.006) and CWI conditions
(P = 0.003) compared to CONT. CWI blunted CK
24-h post-exercise (P = 0.047). CRP and testosterone
responses were not significantly affected in recovery
following either cooling intervention (P = 0.08–0.82).
CK was elevated at all time-points in each trial following
intermittent-sprint exercise (P = 0.001–0.01), although
this was not reflected in any change in CRP compared
to pre-exercise values (P = 0.07–0.92). Testosterone
increased over time in CONT trials (P = 0.01–0.04),
with no time effects apparent for MIX or CWI conditions

Table 1. Mean ! SD potentiated M-wave properties of mean vastus medialis and vastus lateralis between conditions and time

Pre-exercise Post-exercise Post-intervention 1-h post-exercise 24-h post-exercise

Latency (ms)
CONT 5.1 ! 1.5 6.1 ! 2.1 4.7 ! 1.9 5.3 ! 2.1 5.3 ! 1.7
MIX 5.2 ! 2.2 6.1 ! 1.9 5.1 ! 2.4 5.2 ! 1.8 5.5 ! 1.8
CWI 5.1 ! 2.2 6.2 ! 2.0 5.2 ! 2.3 5.1 ! 2.3 5.4 ! 2.3

Duration (ms)
CONT 7.1 ! 2.4 7.7 ! 2.2 7.6 ! 2.4 6.9 ! 2.5 7.6 ! 3.1
MIX 6.9 ! 2.6 7.8 ! 2.3 7.9 ! 2.7 6.8 ! 2.1 7.6 ! 2.4
CWI 7.2 ! 2.4 7.8 ! 2.3 9.7 ! 2.3 7.0 ! 1.9 7.5 ! 2.1

Amplitude (mV)
CONT 7.5 ! 2.1 5.7 ! 1.5† 5.8 ! 2.1 7.3 ! 2.2 7.6 ! 2.3
MIX 7.7 ! 2.2 5.5 ! 1.5† 7.3 ! 2.5 7.3 ! 1.5 7.4 ! 0.9
CWI 7.5 ! 1.9 5.7 ! 0.8† 8.6 ! 1.8* 7.8 ! 2.1 7.6 ! 1.7

*Significant difference compared to Control condition (P < 0.05).
†Significant difference compared to pre-exercise (P < 0.05).
CONT, control; CWI, cold-water immersion; MIX, mixed-method cooling.
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(P = 0.08–0.99). Finally, cortisol concentrations were
higher compared to pre-exercise values at all time-points
in CONT (P = 0.001–0.03), post-exercise and 1-h post-
intervention in MIX (P = 0.003–0.02), and post-exercise
only in CWI trials (P = 0.003).

Perceptual
Mean RPE was not significantly different between con-
ditions (CWI 5.9 ! 1.4 vs. MIX 6.0 ! 1.6 vs. CONT
6.3 ! 1.5; P = 0.36–0.64); nor were differences in RPE
detected at any time-point throughout the exercise pro-
tocol (P = 0.18–1.00; Fig. 4a). While thermal sensation
was reduced during the intervention period with CWI
and MIX compared to CONT (P < 0.001; Fig. 4b), CWI
remained lower than CONT 1-h post-exercise (P = 0.03).
Perceived muscle soreness was increased after exercise
(P = 0.001–0.003; Fig. 4c), remaining elevated for the
duration of the 24-h recovery period (P = 0.001–0.007).
Furthermore, CWI reduced perceived muscle soreness
at all time-points post-intervention compared to CONT
(P = 0.001) and MIX 24-h post-exercise (P = 0.02).
Lower muscle soreness was also reported with MIX
compared to CONT 24-h post-exercise (P = 0.01).

Discussion

The present findings provide further insight into the
benefits of CWI in improving acute recovery of neuro-
muscular contractile function after intermittent-sprint
exercise in the heat. While both post-exercise cooling
interventions reduced thermal strain (as evident via
reductions in Tc, Tsk, Tb, HR, and thermal sensation), only
CWI hastened the recovery of MVC, central activation,
and motor unit recruitment (RMS). Novel to this inves-
tigation, we report the effects of post-exercise cooling
on cerebral hemodynamics, demonstrating reduced
[O2Hb] and [THb] after both CWI and MIX interven-
tions. Importantly, greater deoxygenation of the prefron-
tal cortex apparent with a lower TSI after CWI appeared
to be disassociated with subsequent improvement in neu-
romuscular function. Thus, enhanced recovery of MVC
is more likely attributable to the faster return of central
activation achieved via larger acute reduction in Tc

post-intervention or the decreased muscle soreness and
blunted CK response evident at 24 h. Although MIX
may assist physiological, thermoregulatory, and percep-
tual recovery after exercise in hot conditions, the greater
physiological perturbations achieved with CWI likely
accelerated the recovery of disruptions to neuromuscular
function as indicated by maintenance of contractile force
that were not observed in MIX or CONT.

Post-exercise cooling techniques in hot conditions
aim to rapidly reduce elevated thermoregulatory and car-
diovascular strain, alleviating impaired neuromuscular
function and facilitating the maintenance of subsequent
exercise performance (Wilcock et al., 2006). That is, a

Fig. 2. Changes in oxygenation of the prefrontal cortex between
cooling modes. (a) Mean ! SD [O2Hb], (b) mean ! SD [HHb],
(c) mean ! SD [THb], and (d) mean ! SD TSI. *Significant
difference between cold-water immersion (CWI) and control
(CONT) (P < 0.05). !Significant difference between CWI and
mixed-method cooling (MIX) (P < 0.05). +Significant difference
between MIX and CONT (P < 0.05). TSI, tissue saturation index.
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Fig. 3. (a) Mean ! SD heart rate, (b) mean ! SD core temperature, (c) mean ! SD skin temperature, and (d) mean ! SD body
temperature for cold-water immersion (CWI), mixed-method cooling (MIX), and control (CONT) trials. *Significant difference
between CWI and CONT (P < 0.05). !Significant difference between CWI and MIX (P < 0.05). +Significant difference between MIX
and CONT (P < 0.05).

Table 2. Mean ! SD biochemical data comparison between cooling modes

Pre-exercise Post-exercise 1-h post-exercise 24-h post-exercise

Creatine kinase (U/L)
CONT 218 ! 147 451 ! 270† 465 ! 271† 741 ! 504†

MIX 268 ! 220 498 ! 358† 567 ! 383† 656 ! 585†

CWI 240 ! 90 463 ! 203† 495 ! 220† 513 ! 235*†

C-reactive protein (mg/L)
CONT 1.41 ! 0.37 1.98 ! 1.42 1.89 ! 1.36 2.41 ! 1.44
MIX 1.49 ! 0.38 1.67 ! 0.34 1.71 ! 0.37 2.64 ! 1.94
CWI 1.63 ! 0.51 1.62 ! 0.36 1.79 ! 0.41 2.10 ! 0.93

Testosterone (ng/dL)
CONT 314 ! 81 412 ! 114† 390 ! 113† 392 ! 138†

MIX 316 ! 102 361 ! 88 311 ! 71 316 ! 89
CWI 319 ! 71 347 ! 49 319 ! 67 347 ! 72

Cortisol (nmol/L)
CONT 287 ! 109 500 ! 213† 658 ! 220† 419 ! 126†

MIX 262 ! 63 507 ! 184† 465 ! 241*† 317 ! 176
CWI 286 ! 78 500 ! 121† 348 ! 47* 279 ! 107

*Significant difference compared to control condition (P < 0.05).
†Significant difference compared to pre-exercise (P < 0.05).
CONT, control; CWI, cold-water immersion; MIX, mixed-method cooling.
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return of voluntary force and activation has been shown
upon reversal of high thermal strain after both passive
heating/cooling (Morrison et al., 2004; Thomas et al.,
2006) and exercise models (Pointon et al., 2012). The

present findings indicate that intermittent-sprint exercise
in the heat leads to prolonged reductions in MVC torque
and CAR (Fig. 1). However, the greater reduction in Tb

over the duration of the post-exercise intervention (CWI
-2.18 ! 0.36 °C/min vs. MIX -1.14 ! 0.42 °C/min vs.
CONT –0.31 ! 0.15 °C/min; P < 0.001) might reflect
the faster rate of neuromuscular recovery and return of
voluntary force. Considering the increased RMS values
(Fig. 1c), the ergogenic benefits of CWI may be due to
greater central activation and subsequent gain in skeletal
muscle recruitment (Pointon et al., 2012). These findings
corroborate previously reported benefits of CWI on
MVC recovery in temperate conditions (Bailey et al.,
2007; Vaile et al., 2008b; Ingram et al., 2009; Peiffer
et al., 2009), further demonstrating the influence of
cooling modes on the recovery of voluntary force, par-
ticularly given negligible improvements in MVC were
noted in MIX trials. Consequently, the recovery of neu-
romuscular function could be speculated to be influenced
by the magnitude of cooling administered (i.e., reduc-
tions in Tc, Tsk and Tb; Fig. 3), with the superior conduc-
tance properties and larger surface area coverage of CWI
(Casa et al., 2007) likely to explain the performance
outcomes.

Cooling-induced changes to circulatory characteris-
tics, such as altered central blood volume or regional
blood flow, are thought to protect post-exercise contrac-
tile function (Wilcock et al., 2006; Leeder et al., 2012),
although it is unknown how these mechanisms operate,
particularly in light of the observed improvements in
voluntary activation and CNS drive (Pointon et al.,
2011). A reasonable postulate is that reduced thermal
load and increased centralized blood volume achieved
with post-exercise cooling might increase cerebral
oxygen availability and augment exercise capacity by
maintaining neuronal activity (Rupp & Perrey, 2008;
Billaut et al., 2010). However, we observed a post-
intervention reduction in an index of cerebral blood
volume ([THb]) in both cooling trials, although TSI was
only reduced after CWI (Fig. 2). Although decreased
oxygenation of the prefrontal cortex has been linked
with reduced voluntary force and power output during
exercise in hypoxic conditions (Nybo & Rasmussen,
2007; Smith & Billaut, 2010), these detrimental effects
to central drive may not always be replicated in hyper-
thermic conditions (Morrison et al., 2009). In fact,
humans exhibit a large tolerance to changes in cerebral
oxygenation in normoxic conditions and are able to
up-regulate neural drive (assessed via EMG measure-
ments) and strenuous voluntary performance in the
face of deoxygenation (Billaut et al., 2010). Underlying
mechanisms to explain the divergent relationship
between TSI and neuromuscular function observed here
are speculative and require further investigation.

Traditionally, reduced thermal loads (Tc and Tsk) and
resultant peripheral vasoconstriction achieved using cold
therapies have been suggested to increase central blood

Fig. 4. (a) Mean ! SD rating of perceived exertion, (b)
mean ! SD thermal sensation, and (c) mean ! SD muscle sore-
ness between cooling modes. *Significant difference between
cold-water immersion (CWI) and control (CONT) (P < 0.05).
!Significant difference between CWI and mixed-method cooling
(MIX) (P < 0.05). +Significant difference between MIX and
CONT (P < 0.05). MS, muscle soreness; RPE, rating of per-
ceived exertion; TSS, thermal sensation scale.
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volume, and through an increased MAP and Q, enhance
muscle blood flow to maintain performance during
repeated exercise bouts (Vaile et al., 2008a). Provided
the larger centralized blood volume achieved with CWI
as suggested in the present study and elsewhere (Peiffer
et al., 2009; Gregson et al., 2011; Vaile et al., 2011), it is
noteworthy that no differences in HR were observed
post-intervention between cooling trials (i.e., CWI vs.
MIX) (Fig. 3a). Given the improvements in MVC
torque, CAR, and RMS apparent only after CWI, these
data may suggest the absence of cardiodynamic contri-
butions to neuromuscular recovery after intermittent-
sprint exercise in the heat. Interestingly, these events
seemingly differ from the findings of Périard et al.
(2013) who linked declining cerebral oxygenation with
higher HR during hyperthermic exercise. Intuitively
then, narrowing the Tc–Tsk gradient via post-exercise
cooling should reduce peripheral blood flow required for
heat loss, increasing MAP and Q (" HR), and so cerebral
perfusion, highlighted to influence aerobic performance
under heat stress (Cheuvront et al., 2010). Regardless,
our data indicate moderate reductions in cerebral oxy-
genation after post-exercise cooling in the heat as uncon-
straining of CNS drive, perhaps indicating the magnitude
of cooling-induced reductions in Tc and Tsk as mediators
of neuromuscular recovery and not lowered cerebral
perfusion as related to cardiovascular strain.

Regardless of the centrally mediated mechanisms
discussed earlier, an alternative proposition pertaining
to the benefits of post-exercise cooling relates to the
blunted inflammatory responses often observed with
such recovery techniques (Gregson et al., 2011). Inter-
stitial protein and muscle enzyme release in addition to
hormonal profiles may characterize exercise-induced
muscle damage, inflammation, and stress, indirectly
highlighting the functional status of skeletal muscle
(Halson et al., 2008; Pournot et al., 2011). Corroborating
previous reports (Ingram et al., 2009; Pournot et al.,
2011), CK efflux was attenuated with CWI 24 h post-
exercise (Table 2). Despite this, post-exercise cooling
demonstrated no effect on CRP at any time-point,
although lower cortisol might reflect an ameliorated anti-
inflammatory response 1-h post-exercise in MIX and
CWI trials. Cooling-induced vasoconstriction is sug-
gested to aid the maintenance of cellular integrity
by decreasing circulatory and lymphatic permeability,
easing interstitial fluid gain and blunting inflammatory
events following exercise-induced muscle damage
(Wilcock et al., 2006). Thus, while the efficacy of post-
exercise cooling in improving biochemical perturbations
incurred during exercise is contentious (Leeder et al.,
2012), the maintenance of MVC torque in the CWI
trial 24-h post-exercise, irrespective of similar CAR and
RMS, may reflect sustained skeletal muscle structure,
and so improved peripheral contractile force.

Further to the observed reduction in physiological
strain, the present findings also highlight lowered

subjective perceptions of soreness after post-exercise
cooling (Fig. 4). The analgesic effects of cooling are
well documented (Leeder et al., 2012), potentially
easing ratings of muscle soreness by mitigating acute
tissue edema and ensuing inflammatory responses to
muscle damage (Bailey et al., 2007; Vaile et al., 2008b).
Interestingly, CWI reported lowered muscle soreness at
both acute (post-intervention and 1 h post-exercise) and
delayed-onset time-points (24-h post-exercise), although
only 24-h post-exercise in the MIX trial. Considering
the minimal changes observed in inflammatory markers
(CRP) and the absence of any measurement of swelling,
potential placebo effects of post-exercise cooling cannot
be discounted (Leeder et al., 2012). However, when
coupled with the greater reductions in thermal strain
(Tc, Tsk, and thermal sensation) and the hydrostatic pres-
sure associated with CWI (Wilcock et al., 2006), differ-
ences in muscle soreness between recovery methods
might reflect the greater magnitude of cooling stimulus
incurred. Still, if and/or how improved perceptual ratings
of muscle soreness may influence subsequent neuro-
muscular performance is yet to be identified.

Finally, although these findings add novel insight into
the effects of post-exercise cooling and neuromuscular
recovery under heat stress, it is prudent that several limi-
tations are acknowledged. Hyperthermic exercise report-
edly reduces cerebral oxygenation (Nybo & Nielsen,
2001; Rasmussen et al., 2010; Périard et al., 2013) and is
proposed as a contributing modulator of central fatigue
(Nybo & Rasmussen, 2007). Our premise was that the
removal of high thermal loads after exercise in the heat
might alleviate these cerebrovascular perturbations and
so hasten the recovery of CNS drive. Inherently, this
implies the improvement of cerebral blood flow charac-
teristics otherwise compromised with hyperthermia
(Nybo & Nielsen, 2001). The NIRS technique utilized
here provides a non-invasive measure of cerebrovascular
function, although it underestimates cerebral blood
flow values in comparison with direct (e.g., transcranial
Doppler) or anatomical measures (e.g., positron emis-
sion tomography) (Perrey, 2008). For this reason, we
have presented changes in cerebral oxygenation in rela-
tion to baseline measures. Nevertheless, despite the high
reliability of baseline values reported here, the absence
of any direct blood flow assessment remains a limitation
and warrants further inquiry. Future study would benefit
from examining cerebrovascular and metabolic activity
in the brain during recovery after post-exercise cooling
in the heat as an index of neuronal activation.

In summary, these findings highlighted the physi-
ological, cerebral hemodynamic, and perceptual effects
of post-exercise cooling and subsequent influence on
neuromuscular recovery after intermittent-sprint exer-
cise in the heat. Importantly, CWI hastened the recovery
of voluntary force, increasing central activation and
easing thermal strain. A novel finding is the reduction in
cerebral oxygenation and improved CNS drive after
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CWI, suggesting the blood volume shift to be a reflex
response to greater heat removal with post-exercise
cooling. Thus, these changes in cerebral hemodynamics
after post-exercise cooling do not appear to present a
regulatory pathway for the recovery of MVC and CAR.
Instead, corresponding differences in cooling magni-
tude between conditions (CWI > MIX > CONT) point to
thermoregulatory and cardiocirculatory perturbations
incurred during post-exercise cooling as reflective of the
physiological and perceptual recovery achieved.

Perspectives

Post-exercise cooling is of benefit to athletic recovery
after sustained self-paced intermittent-sprint exercise in
hot conditions. Although field-based implementation
can be problematic, the larger cooling stimulus of CWI
appears most effective in alleviating heat strain, ex-
pression of muscle damage, and perceptual soreness
to maintain neuromuscular function. Mixed-method

cooling strategies may still be relevant in applied
settings, particularly where access to CWI techniques
is limited or scenarios where the recovery of exercise
performance is of lesser importance. However, practi-
tioners should be aware of the influences of cooling
magnitude on neuromuscular recovery and design
cooling approaches to suit the individual constraints of
each field-based scenario.

Key words: near-infrared spectroscopy, neuromuscular,
heat strain, cold therapy, fatigue, muscle damage, cricket.
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Abstract The purpose of this study was to examine the
extent to which lighter runners might be more advan-
taged than larger, heavier runners during prolonged run-
ning in warm humid conditions. Sixteen highly trained
runners with a range of body masses (55–90 kg) ran on a
motorised treadmill on three separate occasions at 15, 25
or 35°C, 60% relative humidity and 15 km·h–1 wind
speed. The protocol consisted of a 30-min run at 70%
peak treadmill running speed (sub-max) followed by a
self-paced 8-km performance run. At the end of the sub-
max and 8-km run, rectal temperature was higher at
35°C (39.5±0.4°C, P<0.05) compared with 15°C
(38.6±0.4°C) and 25°C (39.1±0.4°C) conditions. Time to
complete the 8-km run at 35°C was 30.4±2.9 min
(P<0.05) compared with 27.0±1.5 min at 15°C and
27.4±1.5 min at 25°C. Heat storage determined from rec-
tal and mean skin temperatures was positively correlated
with body mass (r=0.74, P<0.0008) at 35°C but only
moderately correlated at 25°C (r=0.50, P<0.04), whereas
no correlation was evident at 15°C. Potential evaporation
estimated from sweat rates was positively associated
with body mass (r=0.71, P<0.002) at 35°C. In addition,
the decreased rate of heat production and mean running
speed during the 8-km performance run were significant-
ly correlated with body mass (r=–0.61, P<0.02 and
r=–0.77, P<0.0004, respectively). It is concluded that,
compared to heavier runners, those with a lower body
mass have a distinct thermal advantage when running in
conditions in which heat-dissipation mechanisms are at
their limit. Lighter runners produce and store less heat at

the same running speed; hence they can run faster or fur-
ther before reaching a limiting rectal temperature.

Keywords Endurance · Exercise · Heat stress ·
Temperature

Introduction

When prolonged exercise is performed at high ambient
temperatures (Ta) and high relative humidity (rh) perfor-
mance is significantly impaired [25]. The time to exhaus-
tion during prolonged exercise at 70% of maximal aero-
bic power (V̇O2 max) was found to vary under different en-
vironmental conditions, although the exercise terminated
at the same rectal temperature (Tre) [22]. Performance
decrement during exercise-induced hyperthermia has
been linked to a reduction in oxygen consumption
(V̇ O2), increased skin blood flow and cardiovascular de-
mands for a given workload [3, 30, 31, 36]. It is apparent,
however, that an athletes’ tolerance to increased body
temperatures during exercise is not influenced by training
[32], heat acclimation [26] or exercise intensity [24].

Little attention has been given to the possibility that
athletes competing in hot environments might be either
advantaged or disadvantaged by their individual physical
characteristics. This is somewhat surprising given the
common observation that distance runners are smaller
than sprinters or middle distance competitors and that
marathons run at a Ta of 20–25°C are 6–10% slower than
races run at a Ta of 10–12°C [6, 12]. There is also evi-
dence that characteristics such as the ratio between body
surface area (AD) and mass (m, in kg) (AD/m) are impor-
tant determinants of heat gain and loss when exercising
in hot environments [11]. For example, a large AD/m ra-
tio is advantageous for heat loss while a small AD/m ratio
facilitates heat gain from the environment [11]. These
observations suggest that a greater degree of heat reten-
tion in larger heavier runners may be a major factor lim-
iting the performance of bigger athletes in distance
events.
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More than half a century ago Robinson [29] noted
that, during moderate exercise in warm conditions
(31–33°C and 68–74% rh), a large man (99 kg) was un-
able to maintain thermal balance compared with a small-
er man (61 kg), even though the surface area of the larg-
er man allowed for potentially greater evaporation of
sweat. Similarly, Hayward et al. [17] observed that the
rate of increase in Tre was greater for subjects with a
high mesomorphy component whilst subjects walked at
7 km·h–1 at a Ta of 30°C and 80% rh.

In contrast, Havenith et al. [15] found that the in-
crease in Tre and heat storage (S) while cycling at 60 W
for 1 h (35°C and 60% rh) were inversely related to body
mass (r=–0.70). This is to be expected as smaller sub-
jects would probably be working at a higher relative
V̇O2, when all exercised at the same absolute workload.
However, the exercise protocol used in that study rarely
invoked a thermoregulatory strain, with the end of exer-
cise Tre reaching only ≅38.1°C. The authors concluded,
however, that exercise intensity is not the only determi-
nant of core temperature, and that other individual char-
acteristics such as surface area and volume also contrib-
ute to the core temperature response.

Recently Dennis and Noakes [8], using marathon
runners as an example, examined the extent to which
lighter runners might be more advantaged than heavier
runners in races conducted in warm humid (35°C, 60%
rh) conditions. Their calculations clearly indicate that
heavier runners are unable to maintain thermal balance
in such conditions. Furthermore, in order to maintain
thermal balance, maximum running speed for a 75-kg
runner was estimated to be 12.2 km·h–1 under these ex-
treme conditions, whereas a 45-kg runner could main-
tain thermal balance at a running speed of 19.1 km·h–1.
These calculations, therefore, implicate that a large
body size is a major disadvantage in competitive endur-
ance races conducted in warm humid conditions. To
date there are no studies that have specifically tested

this hypothesis using highly trained runners with a
range of body mass.

Therefore, the purpose of this investigation was to ex-
amine to what extent lighter runners might be more ad-
vantaged than larger, heavier competitors during pro-
longed running performance in warm humid conditions.

Materials and methods

Subjects

Sixteen highly trained male endurance runners were recruited for
the study. It was assumed that subjects were not naturally heat ac-
climatized, as the experiments were conducted during the months
of September and October at which time the daily temperature
ranged from 8 to 25°C. All experimentation was carried out in a
climate chamber (Scientific Technology, South Africa). Table 1
shows the physical characteristics of each runner. On average the
subjects maintained a training volume of 60–80 km·week–1 for at
least 3 months before the study. Subjects also competed in nation-
al and local running events on a regular basis. All participants
maintained a regular diet during the study period and were asked
to refrain from alcohol and caffeine ingestion for at least 24 h pri-
or to testing. The study was approved by the Research and Ethics
Committee of the University and each subject signed a letter of
consent after being informed of the risks associated with the ex-
periment.

Descriptive measurements

Stature (cm) and body mass (kg) were determined using a preci-
sion stadiometer and balance (Model 770, Seca, Bonn, Germany).
All measurements were recorded with the subject fully instrumen-
ted and wearing light running shorts. Skinfolds were measured in
duplicate with skinfold calipers (Holtain, Crymych, UK) to the
nearest mm at nine sites (bicep, tricep, subscapular, pectoral, mid-
axilla, mid-abdominal, supra-iliac, mid-thigh and medial calf).
Percentage body fat (%BF) was estimated as previously described
[19]. Fat mass (FM) was estimated from %BF/100·body mass,
while lean body mass (LBM) was estimated from body mass mi-
nus fat mass. Body surface area (AD) was calculated from mass
and height as described by DuBois and DuBois [10].
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Table 1 Physical characteristics of each subject. (AD Body surface
area in m2, AD/m body-surface-area-to-mass ratio, ΣSF sum of
nine skinfold sites in mm, %BF percent body fat, FM fat mass,

LBM lean body mass, PTRS peak treadmill running speed deter-
mined during the incremental tests)

Subject Mass Height AD AD/m ΣSF %BF FM LBM PTRS VO2peak
number (kg) (cm) (m2) (mm) (kg) (kg) (km·h–1) (ml·kg–1·min–1)

1 55.0 158.7 1.55 0.028 49.9 5.2 2.8 52.2 20 69.4
2 55.2 168.3 1.62 0.029 46.1 4.9 2.7 52.5 22 65.4
3 56.7 167 1.64 0.029 47.5 5.0 2.8 53.9 22 66.5
4 57.0 167.6 1.64 0.029 46.7 4.9 2.8 54.2 22 63.0
5 57.5 170.4 1.66 0.029 49.4 5.2 2.9 54.6 23 74.4
6 59.8 170.6 1.68 0.028 51.2 5.3 3.2 56.6 20 66.3
7 63.0 178.2 1.79 0.028 55.3 5.7 3.6 59.4 21 59.7
8 64.0 170 1.74 0.027 48.4 4.8 3.1 60.9 20 61.0
9 65.0 172.6 1.77 0.027 51.4 5.2 3.4 61.6 23 64.1

10 65.0 169.7 1.75 0.027 51.1 5.1 3.3 61.7 20 64.6
11 72.6 186 1.96 0.027 50.0 4.9 3.5 69.1 21 65.1
12 74.3 175.7 1.90 0.026 59.2 5.6 4.2 70.1 21 57.8
13 74.7 188 2.00 0.027 53.0 5.2 3.9 70.8 21 67.0
14 76.0 179.7 1.95 0.026 54.5 5.2 3.9 72.1 21 62.0
15 83.6 192 2.13 0.025 56.0 5.2 4.3 79.3 21 61.5
16 90.0 189 2.17 0.024 58.0 5.2 4.7 85.3 22 58.0
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Familiarisation and incremental running tests

During a familiarisation session peak oxygen uptake (V̇O2 peak)
and peak treadmill running speed (PTRS) were determined in
moderate environmental conditions where the Ta, rh and wind ve-
locity were set at 21±0.6°C, 50±0.9%, 5±0.6 km·h–1, respectively.
The individual (V̇O2 peak) and PTRS were determined on a motor-
ised treadmill (Powerjog EG30, Sports Engineering, Birmingham,
UK) set at a 1% gradient. Subjects started running at 12 km·h–1

with speed increments of 1 km·h–1 every minute until they could
no longer maintain the pace of the treadmill. The last increment in
speed that could be maintained for at least 1 min was defined as
PTRS. The speed of the treadmill was set to 70% PTRS in the sub-
sequent sub-maximal trials. During the incremental tests, the sub-
jects wore a nose-clip and breathed through a mouthpiece connect-
ed to an automated gas analyser (Oxycon Alpha, Jaeger, The
Netherlands). Prior to each test the gas analyser was calibrated
with gases of known concentration and the ventilometer was cali-
brated with a 3-l syringe (Hans Rudolph, Vacumed, Ventura,
USA). V̇O2, CO2 production (V̇CO2), minute ventilation (V̇E) and
respiratory exchange ratio (RER) were calculated for each breath.
V̇O2 peak (ml·kg–1·min–1) was the average of the highest values at-
tained over the final minute of exercise. Following the measure-
ments of V̇O2 peak and PTRS, the subjects rested for approximately
5–7 min and then performed a familiarisation run on the treadmill
in order to minimise a “learning effect” for the subsequent experi-
mental trials. They began the familiarisation trial by running at
70% of PTRS for 1–2 min and then as far as possible in 10 min by
adjusting their running speed with a touch-pad on the side arm of
the treadmill.

Experimental trials

Within a minimum of 3, but no more than 7 days following the fa-
miliarisation session, the subjects reported to the laboratory for the
first of three randomised experimental trials. Each trial was con-
ducted at the same time of day so that the effect of circadian varia-
tion could be minimised. During each experiment the rh and wind
velocity were kept constant at 60±0.8% and 15±0.6 km·h–1, re-
spectively whilst the Ta was set at either 15 (T15), 25 (T25) or 35°C
(T35). Ambient temperatures of 15, 25, and 35°C and radiant tem-
peratures (Tr) of 13, 23, 33°C, and at 60% rh, resulted in wet bulb
temperatures (Twb) of 11, 20 and 28°C, respectively [23]. For dis-
tance events, the risk of thermal injuries are considered low at wet
bulb globe temperatures (WBGTs) of <18°C, moderate at
18–23°C and high at >23°C [33].

Before the experimental trials, the subjects voided, and insert-
ed a rectal thermistor (Mon-a-therm, Mallinckrodt, Ohio, USA)
10 cm beyond the anal sphincter. Four skin thermistors were then
secured as previously described [28] and subjects were fitted with
a heart rate monitor (Sport Tester, Polar Electro, Oy, Finland).
Next a 20-gauge Teflon cannula was inserted in a superficial fore-
arm vein and connected to a three-way stopcock. This cannula was
used for the collection of venous blood samples (5 ml) and was
kept patent by periodic flushing with 2–3 ml of 0.9% sterile saline
containing heparin (5 IU·ml–1). Following the collection of a pre-
exercise blood sample, body mass was determined with the subject
wearing light running shorts and all instrumentation.

The subject then entered the climate chamber and started a
sub-maximal run for 30 min at 70% PTRS (range 14.7–
16.1 km·h–1). Thereafter there was a 5-min interval during which
the subject removed socks and shoes and was towelled dry, re-
weighed and permitted to drink up to 300 ml distilled water. Then
the subject ran 8 km (5 miles) as fast as possible by adjusting the
running speed. The running speed was noted at the end of each
minute and at the end of exercise. A mean running speed was cal-
culated at the end of each 5-min interval and when subjects com-
pleted the 8 km. From this an overall mean running speed was cal-
culated for the time taken to complete the run. The changes in
body mass were adjusted for fluid ingested and used to calculate
total body sweat rates.

Throughout the sub-maximal and 8-km trials, rectal and skin
temperatures were monitored continuously with a telethermometer
(YSI model 4002, Yellow Springs, Ohio, USA) and recorded at 
5-min intervals. Mean skin temperature (T̄sk) was calculated as
previously described by Ramanathan [28].

Blood analyses

Blood was only drawn at the beginning and end of the sub-maxi-
mal run and at the completion of the 8-km performance run in case
it interfered with the runner’s performance. Blood samples were
collected into tubes containing lithium heparin and three samples
(100 µl) were promptly haemolysed with 20 volumes of distilled
water and stored at –80°C for later determination of haemoglobin
concentration. Haemoglobin was determined in triplicate using a
Beckman DU 62 Spectrophotometer (Beckman, Fullerton, Calif.,
USA), as described by Hainline [14], and used to estimate the
changes in blood volume [9].

Heart rate and subjective measurements

Heart rate (HR), rating of perceived exertion (RPE) [4] and ther-
mal comfort [2] were recorded at 5-min intervals.

Heat balance calculations

Assuming similar efficiencies, heat production amounts to approx-
imately 4 kJ·kg–1·km–1 [25]. Therefore, the rate of heat production
(H) in J·s–1 (or W) equates to the product of the runner’s body
mass (m, in kg), the running speed (v, in m·s–1) and ≅4 J produced
per kg·m as shown in: Eq. 1:
H=m·v (in kg·m·s-1)·4 (in J·kg-1·m-1) (1)
The potential rates of heat loss via convection (C) and radiation
(R) were calculated as previously described [21] with Eqs. 2 and
3, respectively while heat storage (S) was estimated with Eq. 4:

(2)
(3)
(4)

Where:
1. The expression (T̄sk–Ta) is the difference between mean skin

temperature and the ambient air in °C
2. The expression (T̄sk–Tr) is the difference between mean skin

temperature and the mean radiant temperature of nearby sur-
faces in °C with Tr determined from the temperature of the sur-
face of the climate chamber wall 

3. v0.5 is the square root of the velocity of air flow (m·s–1) over
the skin

4. 8.3 is a constant relating heat exchange (J·s–1·m2) to the tem-
perature gradient (°C) and the square root of air flow (m·s–1)
over the skin

5. 5.2 is a constant relating radiation (J·s·m2) to the radiant tem-
perature gradient in °C

6. 0.965 is the specific heat of body tissues (W·kg–1·°C–1)
7. m is body mass (kg)
8. The expression ΔT̄B is the change in mean body temperature

over the exercise period calculated from T̄B=00.87 Tre+0.13 T̄sk
9. AD is body surface (m2)
The heat loss via potential evaporation (EP) was calculated from
the predicted sweat rates determined from changes in body mass
and the 40.55 kJ·mol latent heat of evaporation of water and its
18 g·mol molecular weight. The evaporation of 1 l of sweat per
hour dissipates ≅625 J·s–1 assuming that all the sweat is evaporat-
ed [8]. The required evaporation (ER) was calculated as the residu-
al component from H–C–R–S, where S is the heat storage estimat-
ed from Eq. 4.
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Statistics

Separate ANOVAs for repeated measures on time and trials (1–3)
were applied to determine treatment effects during exercise. The
statistics pertaining to avenues of heat loss and storage were anal-
ysed by separate ANOVAs for repeated measures on trials (1–3).
If a main effect was detected post-hoc comparisons were made
with either Tukey’s HSD for pairwise comparisons or one-way
ANOVA for significant interactions. Comparisons between un-
equal sample sizes were made using harmonic means. Correlation
coefficients and simple linear regressions were used to analyse re-
lationships between physical characteristics, decreases in running
speed, heat production and avenues of heat loss. In all cases n=16
unless stated otherwise. Significance was accepted at P<0.05. All
data are presented as mean ±SD.

Results

Effect of Ta on treadmill running speed

The mean PTRS during the sub-maximal run for each
temperature condition was 14.9±0.7 km·h–1 (see Fig. 1).
During the performance run, 4 of the 16 subjects were
unable to complete the test, stopping between 15 and
30 min into the run. During the 8-km performance run,
subjects progressively increased their average running

speeds at T15 (17.8±1.0 km·h–1) and T25 (17.5±
1.0 km·h–1). In contrast, at T35 the average running speed
was lower (15.8±1.5 km·h–1, P<0.05; see Fig. 1). The
times to complete the 8 km at T15 and T25 were 27.0±1.5
and 27.4±1.5 min, respectively while the completion
time for T35 was 30.4±2.9 min (P<0.05, n=12).

Effect of Ta on blood volume and heart rate

The decreases in blood volume were not different among
trials and were approximately 2%, 5% and 6% for T15,
T25 and T35, respectively. Despite the similar reductions
in blood volume, heart rates were higher at T35 than at
T15 or T25 during the sub-maximal run (see Fig. 1). The
heart rates at the end of the sub-maximal run were higher
at T35 (174±12 beats·min–1; P<0.05) compared with T25
(159±10 beats·min–1) and T15 (153±10 beats·min–1; see
Fig. 1). However, at the end of the 8-km performance
run heart rates were similar at 181±10, 187±8 and
186±12 beats·min–1 for T15, T25 and T35 (n=12), respec-
tively (see Fig. 1).

Effect of Ta on subjective ratings

At the end of the sub-maximal run the values for RPE
were 10±2 and 11±2 at T15 and T25, respectively and
12±2 at T35 (P<0.05). During the performance run RPE
at T15 and T25 were similar while RPE at T35 was in-
creased at 45 and 50 min (P<0.05, n=12). The final RPE
value was higher for both T25 and T35 compared with T15
(P<0.05). As expected the thermal comfort rating in-
creased over time (P<0.05) throughout exercise in all
conditions. Consequently, thermal comfort ratings were
different (P<0.05) among trials.

Effect of Ta on Tre and mean Tsk

The pre-exercise Tre was similar (36.8°C) among condi-
tions. At 25 min and then at the end of the sub-maximal
run Tre at T35 was higher at 38.5±0.3°C (P<0.05) com-
pared with 38.0±0.3°C at T15 and 38.1±0.3°C at T25. Due
to the time interval between the sub-maximal and perfor-
mance run, Tre was lower for each condition 5 min into
the performance run than at the end of the sub-maximal
run. However, over the remaining time during the perfor-
mance run Tre remained significantly different among
conditions with parallel rises of ≅1.2°C evident. At the
end of the performance run, Tre was different among con-
ditions at 38.6±0.4°C at T15, 39.1±0.4°C at T25 and
39.5±0.4°C (P<0.01, n=12) at T35. The fact that four sub-
jects were unable to complete the performance run at T35
did not have a significant effect on the end of exercise
Tre. That is, Tre was no greater in those subjects that
stopped compared with those subjects that were able to
continue. In addition, the physical characteristics of the
subjects that stopped running were not notably different
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Fig. 1 A Running speed for the sub-maximal and 8-km perfor-
mance runs in three ambient conditions. Running speed in the sub-
maximal run was the same for each condition (broken line). Run-
ning speeds during the performance run at 35°C were all signifi-
cantly (*P<0.05) reduced compared with those at 15 and 25°C.
B The heart rate response for the sub-maximal and 8-km perfor-
mance runs. Heart rates were significantly (*P<0.05) higher during
the sub-maximal run and up to 45 min into the performance run at
35°C. At all time points n=16 unless indicated otherwise
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from those of the other subjects. Ten minutes after com-
mencing the sub-maximal run, T̄ sk remained relatively
constant throughout but was significantly (P<0.05) differ-
ent among temperature conditions. Throughout the sub-
maximal and performance periods, T̄sk ranged 25–26°C,
31–32°C and 34–35°C for T15, T25 and T35, respectively.

Effect of Ta on heat balance

Sub-maximal run

Heat production during the sub-maximal run was
1113±180 W. This value was similar for all ambient con-
ditions given that subjects were running at the same speed
(i.e. 70% PTRS). The value of S during the sub-maximal
run increased as Ta increased. At T15, T25 and T35, S was
44±57, 141±50 and 193±45 W, respectively and was sig-
nificantly (P<0.05) different among conditions (see
Fig. 2). Heat loss by C+R at T15 was –754±88 W whereas
at T25 C+R was –389±35 W (P<0.05). However, Fig. 2
shows that at T35 C+R resulted in a heat gain of 28±26 W
as Tsk was either similar or above Ta. Heat production mi-
nus S, C and R gave the required heat loss via evaporation
(ER). The value of ER was –316±219, –527±133 and
–949±182 W for T15, T25 and T35, respectively and was
different (P<0.05) among temperature conditions (see
Fig. 2). The value of EP calculated from mean total body
sweat rates was –587±131 W at T15 but at T25 and T35 it

was –890±201 W and –1123±261 W, respectively. This
resulted in EP excesses of 46%, 41% and 15% in T15, T25
and T35, respectively.

Performance run

During the performance run, H was 1320±195,
1294±192 and 1165±152 W at T15, T25 and T35, respec-
tively, in accordance with a reduced running speed at
higher Ta (Fig. 2). In each temperature condition S was
limited to 107±54, 122±46 and 88±38 W (Fig. 2) for T15,
T25 and T35, respectively and was most likely the result
of the value of S achieved by the end of the sub-maximal
run. The heat loss via C+R was –694±77 W at T15,
–398±37 W at T25 and at T35 C+R resulted in a heat gain
of 70±40 W. The ER was –519±227, –771±159 and
–1148±193 W for T15, T25 and T35, respectively. The dif-
ference between ER and EP resulted in EP excesses of
13% and 15% at T15 and T25, respectively. However, at
T35, the ER was slightly more than EP.

Effect of physical characteristics on heat balance
parameters

The results of the effect of physical characteristics on
heat balance parameters are from the sub-maximal run
during T35 given the need for a fixed running speed for
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Fig. 2 The avenues of heat loss
and gain during the sub-maxi-
mal and 8-km performance
runs where S is heat storage,
C+R is convection plus radia-
tion and ER is required evapo-
ration. Note that during both
sub-maximal and performance
runs at 35°C, C+R resulted in
heat gain. In all ambient condi-
tions S was limited during the
performance run due to the
higher S achieved during the
preceding sub-maximal run

Table 2 Results of linear regressions for individual temperature conditions for heat storage (S) and body mass; and for S and AD/m.
Where y=a+bx, r is the correlation co-efficient, NS is not significant

Ambient Temperature °C y-intercept (a) Slope (b) r Significance

Heat storage and body mass 15 28.4 0.04 – NS
25 –16.78 2.36 0.50 0.04
35 –18.86 3.17 0.74 0.0008

Heat storage and AD/m 15 40.2 0 – NS
25 527.34 –14180.3 –0.42 0.05
35 830.33 –23392.4 –0.77 0.001
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different calculations. The regression analyses did not
detect any significant relationship between fat mass and
EP (r=0.24, P=0.37) or ER (r=0.08, P=0.74). Similarly,
lean body mass was not correlated with either EP
(r=0.33, P=0.20) or ER (r=0.20, P=0.50). However, there

was a positive relationship between body mass and both
EP and ER (Fig. 3). Table 2 shows the results of the re-
gression analyses for S versus body mass and AD/m for
each temperature condition. At T15, there was no rela-
tionship between body mass and S, whereas at T25 the re-
lationship between body mass and S was moderate and
positive (r=0.50, P<0.04; Table 2). This relationship was
strengthened further at T35 (r=0.74, P<0.0008; Table 2).
The ratio of AD/m resulted in similar relationships with S
among the different ambient conditions. Again, at T15, a
relationship was not apparent while only a moderate in-
verse relationship occurred at T25 (r=–0.42; P<0.05; Ta-
ble 2). At T35, the relationship between AD/m and S was
strengthened (r=–0.77; P<0.001; Table 2). 

Effect of physical characteristics and heat production on
running speeds and rates of heat production at 35°C

No significant relationship was detected for decreases in
heat production and either fat mass (r=0.14, P=0.61) or
lean body mass (r=0.03, P=0.92). However, decreases in
H were negatively correlated with the increase in heat
production (r=–0.65, P<0.01; Fig. 4A) and body mass
(r=–0.61, P<0.02; Fig. 4B). The relationships between
the mean running speed (m·s–1) and body mass in the
three ambient conditions are shown in Fig. 5. At 15 and
25°C running speed was not correlated with body mass
(P>0.05) whilst at 35°C, the mean running speed was
significantly correlated with body mass (y=6.30-0.0265x;
r=–0.77; P<0.0004). 

Discussion

The novel finding of this study is the apparent advantage
that runners with a lower body mass have over their
heavier counterparts during prolonged exercise under
high environmental heat loads. By using highly trained
endurance runners with a range of body masses (range
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Fig. 3 The relationship be-
tween body mass and required
and potential evaporation at
35°C. Note that body mass ac-
counts for only 51% of the
variance for potential evapora-
tion whilst body mass accounts
for 90% of the variance for re-
quired evaporation

Fig. 4 The relationships between body mass and heat production
with decreases in heat production
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55–90 kg) it is evident that heavier runners display great-
er imbalances between heat production and dissipation
during prolonged exercise in hot (35°C) humid environ-
ments compared with cooler environments of 15 and
25°C. Furthermore, not only do heavier runners display
greater imbalances between heat production and evapo-
ration, their decrease in heat production is also greater
than that of runners with a lower body mass (Fig. 4).
This demonstrates that heavier runners accrue a greater
absolute heat load. In addition, it is apparent that heavier
runners self-select slower running speeds and that this
speed is inversely related to their body mass (Fig. 5)
when running in warm humid environments.

The time taken to complete the 8-km performance
runs was greater at T35 than at T15 and T25, with the dec-
rement in running performance accompanied by higher
values of Tre and Tsk. The higher Tre are particularly rele-
vant as it is becoming increasingly evident that high
body core temperatures possibly lead to a diminished
drive for exercise performance, and this seems to be the
case whether or not individuals are heat acclimatised
[26]. In the present study, four subjects were unable to
complete the performance run at T35. However, whether
the participants finished the 8-km performance run or
not, there was no significant difference in the rise in Tre.
That is, in both finishers and non-finishers, Tre did not
increase beyond the critically high value of 39.5–40°C
that frequently coincides with the termination of exercise
in the heat [26]. In addition to the higher Tre and skin
temperatures, the subjective ratings of thermal comfort
were increased relative to the ambient temperatures. Al-
though, RPE values were similar at T15 and T25 and were
significantly higher at T35 for the sub-maximal run and
for part of the performance run, the difference in heart
rates was not significant among conditions at the end of
the performance runs. Although this can be partly ex-
plained by the higher running speeds achieved at both
T15 and T25 compared with T35 (Fig. 1), it is difficult to
explain why these athletes would end exercise at similar

heart rates for each temperature condition even though
the 8-km run time was different for T35 compared with
T15 and T25. These heart rate data suggest that heart rate
might be a limiting factor in prolonged exercise.

Factors that have been suggested to exacerbate the
risks of thermal illness include the WBGT indexes [23,
34], medical history and/or treatment of the individual,
and hydration status has also been shown to influence
endurance performance [18, 20]. The individual’s level
of acclimation and training has also been shown to influ-
ence exercise performance in the heat [13].

Another factor which is thought to increase thermal
strain is body mass. For example, it is well established
that obesity has an adverse effect on exercise heat toler-
ance [16], due to the lower specific heat and lower water
content of adipose tissue resulting in a reduced capacity
for heat storage. In the present study the fat content was
not significantly related to any of the heat balance pa-
rameters. This finding might reflect the fact that the par-
ticipants in the study were all highly trained endurance
runners with similar levels of relative body fat. This is
not unlike data reported previously [15], where it was
found that neither skinfolds nor percent body fat was
correlated with heat storage. Similarly, a high mesomor-
phic component was also shown to augment thermal
strain, presumably due to the increased distances for heat
transfer to the body surfaces [17]. However, because
heat production during running depends on body mass
(Eq. 1) and heat loss depends on AD (Eqs. 2 and 3), a
runner’s body mass has an approximately twofold great-
er effect on heat production than on heat dissipation.
These factors have been shown to be important determi-
nants of work efficiency and heat tolerance [11]. Addi-
tionally a low AD/m ratio is thought to be an unfavour-
able characteristic if physical work is to be carried out in
the heat. The present results clearly indicate that a high
AD/m ratio is advantageous as Ta rises from 15 to 35°C
with respect to heat storage (Table 2). Hayward et al.
[17], in their assessment of physique and thermoregula-
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Fig. 5 The relationship be-
tween body mass and the mean
running speed during the 8-km
performance run in the three
ambient conditions. At 15 and
25°C there was no significant
correlation. A significant corre-
lation is evident at 35°C
(y=6.30-0.0265x; r=0.77,
P<0.0004)
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tion in warm humid conditions, found that when the
AD/m ratio was less than 0.024 m2·kg–1 thermal strain
was significantly increased. As can be seen from the re-
gression analyses (Table 2) heavier subjects experienced
significantly greater thermal strain than lighter runners
due to their lower AD/m ratio. More importantly, howev-
er, the regression analysis shows that the level of heat
storage becomes increasingly dependent on body mass
as the ambient temperature rises.

The effect of body mass on heat storage at 15°C was
not apparent as indicated by the horizontal slope of the
regression line. However, the slope and significance of
the regression line increased as the Ta rose to 35°C. The
AD/m ratio also plays a major role in heat dissipation,
particularly if ER is close to EP [11]. That is, the more AD
per unit mass available for evaporation the less the ther-
mal strain. The present results show that ER was less
than EP during the sub-maximal run in each of the tem-
perature conditions, but that differences between ER and
EP were reduced during higher compared with lower Ta.
Interestingly, during the 8-km performance run at T15
and T25 the differences between ER and EP were substan-
tially reduced. However, at T35 ER was higher than EP in-
dicating a greater imbalance between heat production
and total body sweat rates. Most likely, at T35 compared
with T15 and T25, a greater portion of the sweat produced
dripped off the body rather than evaporating. This effect
of reduced evaporation through increased drippage of
sweat would compromise thermoregulation under these
conditions. However, according to the present data, even
if all the sweat produced evaporated it would still not be
sufficient to compensate for the greater required evapo-
ration in warm humid conditions. In addition, the fact
that heavier runners sweated more did not compensate
them for their higher rate of heat production. Further to
this point, when body mass is plotted against decreases
in heat production during running at T35 (Fig. 4), it be-
comes apparent that heavier runners reach a “heat stor-
age limit” sooner than do lighter runners. That is, heavier
runners have a reduced capacity to continue to produce
heat beyond a critical limit and at a rate that would en-
able them to match the speed of runners with a smaller
body mass.

The proposition of a “heat storage limit” has not been
previously dealt with in any great detail. A heat storage
limit has been demonstrated by Taylor and Rowntree
[35] using a running cheetah as a model. At high running
speeds 90% of heat produced was stored by the cheetah.
Hence, the duration of the cheetahs’ sprint is determined
by the amount of heat it is able to store before reaching a
limiting body temperature. However, because the chee-
tah is a small animal (34–44 kg) it is able to store large
amounts of heat and, unlike sprinters, long distance run-
ners cannot continue to use heat storage without reaching
high internal temperatures [35]. Therefore, body mass
becomes increasingly important in distance events when
ambient conditions are hot and water vapour pressure
gradients are reduced. According to the present results,
body mass is the best predictor of a decrease in heat pro-

duction and running speed during distance running in
warm humid environments. As heat storage depends on
body mass and surface area, a heavier runner will be
more disadvantaged in races run in warm humid condi-
tions.

In addition to the present findings, the observations
pertaining to actual race performances provide strong ev-
idence that heavier runners are disadvantaged in warm
humid environments. For example, finishing times of
marathon races at Ta of 20–25°C are 6–10% slower com-
pared with marathons run at a Ta of 10–12°C [6, 12]. In
fact, the current world record marathon times for men
(2 h:06 min: 50 s) and women (2 h:21 min:06 s) were
both set at a Ta of 10–12°C.

A follow-up analysis of the effects of heat stress on
performances during the 1996 Olympic Games conclud-
ed that heat stress did not reach levels that would com-
promise thermal balance; that is 35°C, rh>60% [34]. In
fact, records were set for both men and women for run-
ning and walking races of 5 km or longer. In contrast, the
times for these events were significantly increased dur-
ing the previous Olympics in Barcelona. The evidence
indicates that the Barcelona Olympics were conducted in
more severe ambient conditions [34]. Interestingly, how-
ever, the winner of the men’s 1996 Olympic marathon
was 1.58 m tall and weighed a mere 45 kg [7] with an AD
of 1.42 m2. According to the model presented, an indi-
vidual with these physical characteristics should be able
to run at ≅18.4 km·h–1, and because of their high AD/m
ratio (0.031 m2·kg–1) is able to store body heat at a slow-
er rate than a heavier runner. This evidence indicates that
there may be an optimal body mass suited to marathon or
distance running. An analysis of the data on heights and
masses of males winning the Boston Marathon indicates
that these characteristics have remained relatively con-
stant for over a century [27]. That is, the mean height is
171.3±5.4 cm and mass is 61.6±5.1 kg [27]. These data
are in contrast to the secular trend of the general popula-
tion, which indicates an increase in height of about 1 cm
per decade [27].

The present findings suggest that heavier distance
runners may indeed experience some form of cumulative
heat stress. If so, this may also explain why male and fe-
male runners with a lower body mass can progressively
compensate for their lower peak work rates by running at
higher relative exercise intensities over increasing race
distances [1, 5]. Hence, at any given speed the absolute
metabolic heat production of smaller competitors will be
less than that of the heavier runners. This may be one
reason why smallness is an asset in distance running.

In conclusion, the data indicate that runners with a
lower body mass have a distinct advantage compared
with heavier runners in distance races run in conditions
where heat dissipation mechanisms are at their limit. It
seems that the capacity to continue to produce heat is a
critical aspect of running long distances in humid heat
and that this is at least in part related to the size (mass)
of the runner.
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ABSTRACT The purpose of this investigation was to
evaluate the influence of lean body mass (LBM) and body
weight (BW) on the thermoregulatory responses and en-
durance performance of male and female athletes in
warm, humid environments. Ten (5 males, 5 females)
healthy, moderately trained athletes with varying phy-
siques performed a self-paced 30-min run on a motorized
treadmill in warm (30°C), humid (60% relative humidity)
conditions, with the aim of running the greatest distance
possible. Males completed one trial, while females com-
pleted two trials, one in each of the follicular (Fol) and
luteal (Lut) phases of the menstrual cycle in a randomized
fashion. There were no significant differences among
groups for distance run (males, 5.2 � 0.4 km; Fol, 4.9 � 0.1
km; Lut, 4.7 � 0.1 km). However, following analysis of

covariance accounting for LBM and BW, the distances run
were significantly different. The adjusted means for dis-
tance run after accounting for LBM were 3.4 km for males
(P � 0.05), 5.9 km for Fol, and 5.6 km for Lut. Adjusted
means accounting for BW resulted in run distances of 6.5
km for males (P � 0.05), 4.2 km for Fol, and 4.0 km for
Lut. Thermoregulatory responses such as rectal and skin
temperatures were similar among groups. Avenues of heat
loss and gain were altered relative to the menstrual cycle
phase. The results suggest that one reason for the dispar-
ity in performance between male and female athletes over
similar race distances might in part be related to unequal
body characteristics and in particular to differences in
LBM. Am J Phys Anthropol 118:285–291, 2002.
© 2002 Wiley-Liss, Inc.

The disparity between male and female perfor-
mances in endurance events has attracted a great
deal of attention. Recent evidence of world record
times for men and women over the last 16 years, for
distances of 1,500 m to 42.2 km, indicates that the
gap between the sexes has not narrowed (Sparling et
al., 1998), despite evidence that at ultramarathon
distances women might outperform men (Bam et al.,
1997). However, evaluation of performance differ-
ences between males and females exercising in
warm, humid environments has yielded conflicting
results. Early comparisons of thermoregulatory re-
sponses suggested that men displayed a greater
heat tolerance. However, when males and females
matched for aerobic fitness were compared using
relative workloads, thermoregulatory differences
were less pronounced (Drinkwater et al., 1976). It is
suggested that this is partly due to females being
advantaged by their smaller body size, greater sur-
face area per unit of body mass, and lower sweat
rate (Frye and Kamon, 1981). In contrast, men are
unable to benefit from their higher sweat rate due to
the reduced evaporative capacity of humid air, al-
though given similar acclimation, women respond in

a similar way to men with respect to core tempera-
ture and sweating responses (Frye and Kamon,
1981).

Few studies have considered the physical charac-
teristics of individuals as determining factors for
performance and the development of thermal strain.
Body fat has been the most studied physical charac-
teristic when comparing men and women in a vari-
ety of athletic settings, while little attention has
been given to the individual components of lean body
mass (LBM) and body weight (BW). This is surpris-
ing, given that the greater proportion of LBM is
skeletal muscle and is largely responsible for heat
generation. Futhermore, BW comprises both LBM
and body fat, which for females is unlikely to be an
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advantage during distance running (Bar-Or et al.,
1969). To date only one study (Hayward et al., 1986)
reported that the rate of increase in rectal temper-
ature (Tre) was greater for subjects with a high me-
somorphy (LBM) component while walking at 7
km.hr�1 in 30°C and 80% relative humidity (rh). In
contrast, others reported that the increase in Tre and
body heat storage (S) while exercising in the heat
(35°C; 60% rh) were inversely related to body mass
(Havenith et al., 1995). From these two studies, it is
not possible to draw conclusions regarding perfor-
mance outcomes or whether differences in body
characteristics between males and females impact
on performance during exercise in warm, humid en-
vironments.

Recently, it was suggested that heavier runners
are unable to maintain thermal balance in warm,
humid conditions compared with their lighter coun-
terparts, implicating large body size as a disadvan-
tage (Dennis and Noakes, 1999). In fact, Marino et
al. (2000) showed that lighter runners produce and
store less heat compared to heavier runners at sim-
ilar running speeds, and hence can run faster before
reaching a limiting core temperature. However, in
this study all participants were males (n � 16), the
% body fat was not different among runners, and the
LBM had no significant effect on heat balance pa-
rameters, probably because of the homogeneity of
the elite participants. In addition to these limita-
tions, the female menstrual cycle is also thought to
influence thermoregulation during exercise (Ste-
phenson and Kolka, 1993). It is generally accepted
that women have a higher basal core body temper-
ature (�0.4°C) during the luteal compared with the
follicular menstrual phase (Stephenson and Kolka,
1993). This is thought to disadvantage females dur-
ing the luteal phase, due to the reduced capacity to
store heat and hence limit the rise in core tempera-
ture during exercise. To date, there are no studies
that have evaluated the relationship between run-
ning performance, LBM, and BW between males
and females in warm, humid environments while
considering the menstrual phase of the female run-
ners.

Therefore, the purpose of this investigation was to
examine to what extent the physical characteristics
of LBM and BW might account for differences in
endurance performance between males and females
in warm, humid conditions.

MATERIALS AND METHODS

Subjects and experimental design

Ten subjects (5 males and 5 females) aged 19–30
years participated in the study. The mean physical
characteristics of each subject are given in Table 1.
All subjects were apparently healthy, having com-
pleted a health history questionnaire and an incre-
mental treadmill run to volitional exhaustion. Com-
pared with male subjects, the females did not differ
significantly in cardiorespiratory fitness or percent
body fat, but did differ significantly in stature,
weight, surface area, and lean body mass. As such,
the sample comprised of trained runners who par-
ticipated regularly in competion. The experiment
was approved by the Ethics in Human Research
Committee of Charles Sturt University, and each
participant signed a letter of informed consent fol-
lowing an explanation of the procedures and risks
involved. All subjects abstained from strenuous ex-
ercise, and from consumption of alcohol and caffeine
for at least 24 hr prior to attending the laboratory.
During the months of data collection, subjects were
permitted to continue exercising but were required
to standardize exercise, eating, and drinking rou-
tines in the 24 hr prior to each experimental session.

Initially, each subject attended the laboratory to
be familiarized with the testing apparatus and mea-
surement of anthropometrical data, and to complete
an incremental test to exhaustion. The incremental
test was performed on a motorized treadmill (Quin-
ton Instrument Co., Bothell, WA). The protocol be-
gan with subjects walking at 5 km.hr�1 on a gradi-
ent of 4%. The speed was increased every minute by
1 km.hr�1 until the subjects could no longer main-
tain pace. Throughout the incremental tests, sub-
jects breathed through a two-way nonrebreathing
valve (Hans Rudolf, St. Louis, MO), and expired air
passed through respiratory tubing to a mixing
chamber of 5.5 l, sampled at 30-sec intervals by an
automated gas analyzer (Quinton Instrument Co.).
Peak oxygen consumption (VO2peak) was determined
as the highest VO2 (ml.kg�1.min�1) obtained over a
1-min interval. Following this session, the male sub-
jects attended one experimental session, while fe-
males attended two experimental sessions: one in
each of the follicular (Fol) and luteal (Lut) phases of
the menstrual cycle in a randomized fashion. This
was done to account for the possible differences in

TABLE 1. Mean � SE physical characteristics of male and female participants1

Subjects Age (years) Height (cm) Weight (kg) AD (m2)
AD � kg�1

(m2 � kg�1) %BF LBM (kg)
VO2peak

(mL � kg�1 � min�1)

Mean (F) 20.6 168.0* 60.2* 1.68* 0.028* 19.2 48.7* 51.0
SE 0.75 2.35 0.62 0.01 0.0004 1.76 1.15 1.90
Mean (M) 25.0 184.4 80.8 2.04 0.025 15.7 65.3 59.2
SE 1.62 3.78 4.3 0.07 0.0005 1.37 3.18 3.80

1 F, female; M, male; AD, body surface area; AD/kg, surface area to mass ratio; %BF, percent body fat; LBM, lean body mass; VO2peak,
peak oxygen consumption.
* P � 0.01 compared with males.
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thermoregulatory responses during each of the men-
strual phases. In order to determine the menstrual
phase and sequencing of tests, the female partici-
pants were given a calendar and instructions to
record information regarding their menstrual cycle
by marking on the calendar when their days of men-
strual flow occurred for the months of July, August,
and September. In addition, discomforts and irreg-
ularities associated with menstrual flow were docu-
mented. Three female subjects reported taking low-
dosage triphasic oral contraceptives. None reported
any menstrual irregularities, and all subjects expe-
rienced a regular menstrual cycle (range, 27–32
days).

Before commencing the experimental run, sub-
jects were weighed nude, a rectal thermistor was
inserted, and a heart rate transmitter strap and
skin thermistors were secured. Next, subjects en-
tered the climate chamber and were prepared for
running. During the experimental sessions, subjects
were required to complete a 30-min self-paced tread-
mill run with the gradient set at 4%, the aim being
to run the greatest distance possible in the allotted
time. All experimental sessions were conducted at
the same time of day for individual subjects in 33°C
and 60% relative humidity (rh), with wind speed of
3 m.s�1. Subjects were permitted to drink a maxi-
mum of 300 ml of tap water during the run, to
minimize the effects of dehydration. To minimize
the effects of fatigue and acclimatization, all testing
was separated by a minimum of 3 days for males and
14 days for females. It was assumed that subjects
were not naturally heat-acclimatized, as the average
daily temperature and rh were 7–26°C and 54–70%,
respectively, during the preceding 3 months.

Anthropometric measurements

During the initial visit to the laboratory, height
was recorded to the nearest 0.1 cm and body weight
to the nearest 10 g, using a precision stadiometer
and electronic balance, respectively (HW-100KAI,
GEC, Avery Ltd., Australia). Body surface area (AD)
was determined by the method of DuBois and
DuBois (1916). Body density was calculated by stan-
dard hydrostatic weighing methods, and percent
body fat (%BF) was determined by the equation of
Siri (1961). Residual lung volume was estimated
from a measurement of vital capacity, as previously
described (Morrow et al., 1986). Lean body mass
(LBM) was estimated with Equation 1:

LBM�kg� � body weight � body fat. (1)

In addition to the anthropometric measurements,
each subject completed a familiarization treadmill
run in order to minimize any learning effect during
the subsequent experimental trials.

Temperature measurements and heat balance
calculations

Rectal temperature (Tre) was monitored as an in-
dex of core temperature by a 12-gauge disposable

rectal thermistor (Mon-a-therm, Mallinckrodt Med-
ical, Inc., St. Louis, MO) inserted 10 cm beyond the
anal sphincter. Skin temperature was measured at
four sites using thermistors (427 series, YSI, Yellow
Springs, OH) placed on the left side of the body, and
mean skin temperature (T� sk) was calculated as pre-
viously described (Ramanathan, 1964). The skin and
rectal thermistors were connected to an eight-chan-
nel telethermometer (Zentemp 5000, Zencor Pty.
Ltd., Australia) and monitored continuously during
exercise. Potential rates of heat loss via convection
(C) and radiation (R) were estimated with Equations
2 and 3 (Kerslake, 1972):

C � �T� sk � Ta� � �0.5 � AD � 8.3, (2)

R � �T� sk � Tr� � AD � 5.2, (3)

where (T� sk � Ta) is the difference between mean
skin temperature and the ambient air in degrees
Celsius, v0.5 is the square root of the velocity of air
flow over the skin in m.s�1, AD is the body surface
area in m2, 8.3 and 5.2 are constants relating heat
exchange in J.s.m2, and (T� sk � Tr) is the difference
between mean skin temperature and mean radiant
temperature of the walls of the climate chamber.

Heat production (H) in watts (W) was calculated
using Equation 4 (Nielsen, 1996):

H � kg � m.s�1 � 4J.kg�1, (4)

where kg is the body weight, m.s�1 is the running
speed, and 4 is the approximate heat in Joules pro-
duced per kilogram. The rate of heat storage (S) was
calculated from Equation 5 (Lee and Haymes, 1995):

S � 0.97 � m��T� b/dt� � AD
�1, (5)

where 0.97 is the specific heat of body tissue in W, m
is the body weight in kg, �T� b/dt is the change in
mean body temperature during exercise estimated
from a weighted combination of T� sk and Tre (T� b �
Tre�0.65 	 T� sk�0.35; Burton, 1935). The potential
heat loss via evaporation was calculated from the
predicted sweat rates where 1 l of sweat per hour
dissipates �625 W. The required evaporation was
then calculated as the residual component from H-
C-R-S. Sweat rates were estimated from the change
in nude body mass, corrected for fluid ingestion and
urine output.

Heart rate measurements and rating of
perceived exertion

Heart rate (HR) was monitored continuously and
recorded at 5-min intervals during the run with a
heart rate monitor (Polar Vantage, Oy, Kempele,
Finland). Ratings of perceived exertion (RPE) were
recorded at 5-min intervals during exercise, using
the 6–20 point scale of Borg (1982).

Statistical analysis

All statistical analyses were performed with SPSS
version 10.0 software. Univariate analysis of vari-
ance did not reveal a significant interaction between
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the covariate and the independent variable and,
therefore, the assumption for analysis of covariance
(ANCOVA) was met (Hazard-Munro, 2001). The ef-
fect sizes for different variables were calculated ac-
cording to the procedures outlined by Portney and
Watkins (1993, p. 651–667) and were found to range
between 0.40–1.41. The total sample size was esti-
mated to range between N � 7–9 for independent
comparisons and N � 10–14 for analysis of variance.
Independent repeated-measures ANCOVA correct-
ing for LBM and BW were performed when compar-
ing males with females. When a significant main
effect for a covariate was detected, the mean (y) was
adjusted, using Equation 6 (Shavelson, 1996):

y � y� � bw�x� j � x� G�, (6)

where y� is the unadjusted mean of the group, bw is
the pooled within-group regression coefficient, x� j is
the mean of the covariate for the group, and x�G is the
grand mean of the covariate. The sources of signifi-
cant differences were located using Tukey’s HSD
post hoc test. Independent t-tests were used where
appropriate. The level of significance was set at P �
0.05. All values are reported as the mean � stan-
dard error of the mean (SE).

RESULTS
Exercise performance and oxygen consumption

The results of the distances run are shown in
Table 2. The actual distances run were not signifi-
cantly different between males and females in either
phase of the menstrual cycle. However, when dis-
tances were adjusted to account for LBM, females
outperformed males regardless of menstrual cycle
phase. The differences were 2.56 km more in the
follicular phase, and 2.25 km more in the luteal
phase. Conversely, when adjusting distances to ac-
count for BW, males outperformed females by 2.31
km in the follicular phase and 2.45 km in the luteal
phase. The VO2peak values were not significantly
different between males and females (59 vs. 51
mL.kg�1.min�1, respectively).

Thermoregulatory responses and heat balance

Males and Fol females started exercise with a
similar Tre of 37.42 � 0.28°C. The end of exercise Tre
was significantly increased from preexercise values
for males to 39.20 � 0.12°C (P � 0.05), and for Fol
females to 39.30 � 0.10°C (P � 0.05). For Lut fe-
males, Tre at the start of exercise was higher

(37.7°C; P � 0.05) than the starting Tre of males and
Fol females, indicating that females were in the
luteal phase of the menstrual cycle. Despite the
higher starting temperature, the end of exercise Tre
for Lut females were similar to those for males and
Fol females at 39.20 � 0.01°C (change in Tre from
starting, P � 0.05). Other than the difference at the
start of exercise, Tre was similar among conditions
throughout exercise. The overall mean skin temper-
atures during the run were 34.1 � 0.3°C for males,
33.5 � 0.9°C for Fol females, and 34.3 � 0.5°C for
Lut females, and were not significantly different
among groups. The only difference in individual
mean skin temperatures became apparent at 20–30
min of exercise, when the females in the follicular
phase had a lower (P � 0.05) mean skin temperature
compared with males and Lut females.

Sweat rates were not different between menstrual
phases at 0.30 � 0.04 l.hr�1 and 0.25 � 0.04 l.hr�1

for Fol and Lut, respectively. However, the sweat
rate for males was 0.51 � 0.1 l.hr�1 and significantly
(P � 0.05) greater compared with females for all
trials. Figure 1 shows the combined avenues of heat
loss and gain during the performance run for each
group. The combined values for heat loss via C 	 R
were significantly higher for Lut females (�90.35 �
0.22 W; P � 0.05) compared with males (�52.20 �
0.52 W) and Fol females (�34.90 � 0.25 W). Males
required significantly more heat to be lost through
evaporation (�780.80 � 0.21 W; P � 0.05) compared
with Fol females (�511.85 � 0.10 W) and Lut fe-
males (�450.73 � 0.10 W). No differences in re-
quired evaporation were observed between menstrual
phases. S was similar among conditions. For males, S
was 77.70 � 8.0 W, for Fol females S was 85.90 � 5.0
W, and for Lut females S was 60.0 � 12.3 W.

Heart rate and RPE

Heart rate was similar among conditions through-
out the exercise period. At the conclusion of exercise,
heart rates were 190 � 3, 191 � 2, and 189 � 6
beats.min�1 for males, Fol females, and Lut females,
respectively. As a percentage of maximal heart rate,
these values correspond to 96%, 97%, and 96%, re-
spectively. The RPE values reported by male partic-
ipants were significantly higher at up to 25 and 30
min of exercise compared with females in either part
of the menstrual phase. Final RPE values were 15 �
1, 15 � 1, and 16 � 1 for males, Fol females, and Lut
females, respectively.

TABLE 2. Actual and adjusted run distances (km) for each group1

Actual distance (km)
Adjusted distance (km)

(LBM)
Adjusted distance (km)

(BW)

Males 5.20 � 0.42 3.47 � 0.70 6.53 � 0.65**
Females (follicular) 4.90 � 0.13 5.93 � 0.42* 4.24 � 0.43
Females (luteal) 4.74 � 0.20 5.65 � 0.44* 4.03 � 0.38

1 Values are means � SE, LBM is lean body mass, BW is body weight.
* P � 0.05 compared with males.
** P � 0.05 compared with both female groups.
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DISCUSSION

Previous studies investigating the differences be-
tween male and female endurance competitors indi-
cated that males outperformed females (Sparling et
al., 1998). However, many studies used exercise pro-
tocols at either fixed workloads or exercise to ex-
haustion. In contrast, competitive events do not re-
quire these constant or fixed workloads, but rather
the intensity varies in a random way. In the present
study, a self-paced running protocol was used, and
differences in performance were observed between
males and females but not between females in either
part of their menstrual phase. The significantly
smaller LBM of females compared with males (48.7
vs. 65.3 kg) is able to account for the adjusted dif-
ference in distance run over 30 min in warm, humid
conditions. That is, when distances run are cor-
rected for LBM as a covariate, females outperform
males by �2.3 km, independent of menstrual phase.
Conversely, when distances are corrected for BW,
males outperform females, indicating that females
are disadvantaged by their absolute BW.

Some previous studies (Frye et al., 1992; Burse,
1979; Fox et al., 1969; Morimoto et al., 1967) exam-
ining the thermoregulatory responses during exer-
cise between male and female athletes under similar
environmental conditions neglected to account for
the potential influence of the female menstrual cy-
cle. However, other studies (Frye and Kamon, 1981;
Avellini et al., 1980; Shapiro et al., 1980) recognized
the potential influence of hormonal changes to ther-
moregulation during exercise, and attempted to ac-
count for these changes in the experimental design.

For example, resting Tre is usually 0.4°C higher
during the luteal phase of the menstrual cycle, and
has been thought to contribute to the reduced exer-
cise endurance of female athletes during this time.
In the present study, however, Lut females did not
significantly underperform compared with Fol fe-
males. Interestingly, final rectal temperatures were
similar for Fol, Lut, and males, indicating that run-
ning intensity might be regulated by level of thermal
strain. It was recently postulated that an athlete can
only store a limited amount of heat before being
forced to reduce exercise intensity or stop the exer-
cise bout (Noakes, 2000). The phenomenon of a crit-
ical limiting body temperature has been observed in
a range of mammalian species (Fuller et al., 1998;
Fruth and Gisolfi, 1983; Caputa et al., 1986; Nielsen
et al., 1993). The mechanism responsible for reduced
performance when high internal temperature en-
sues has yet to be clearly delineated, although it is
hypothesised that a reduced motor drive is likely to
play a part. Recently, Kay et al. (2001) showed that
pacing during exercise might be regulated by a sub-
conscious mechanism so that the organism is able to
avoid cellular death as a result of hyperthermia.
Indirect evidence for this hypothesis comes from
precooling studies, where reduced thermal strain
accounts for increased running and cycling perfor-
mance (Booth et al., 1997; Kay et al., 1999).

Another factor that may have contributed to sim-
ilar thermoregulatory responses among conditions
was the fact that three of the females were taking
oral contraceptive preparations, which provide con-
sistency in hormonal and thermoregulatory re-
sponses during exercise (Rogers and Baker, 1997;
Grucza et al., 1993). On balance, however, perfor-
mances in the present study between females in
either of the menstrual phases is not dissimilar to
performances in previous studies (LeBrun, 1993)
which also discounted the possibility of differences
in metabolism due to oral contraceptives (Bailey et
al., 2000).

Whereas heat production during running depends
on body mass and heat loss depends on surface area
and air velocity over the skin, a smaller stature with
a relatively larger surface area; characteristic of fe-
male athletes, appears advantageous in events
where the body mass must be carried over long
distances (Kerslake, 1972). Therefore, when com-
paring males and females with different body sizes it
is important to consider avenues of heat loss and
gain. For example, the males in the present study
had a significantly lower ratio of surface area to
mass compared with the females (0.025 vs. 0.028
m2.kg�1) and, therefore, were less likely to maintain
thermal equilibrium due to a reduced capacity to
dissipate heat to the environment (Epstein et al.,
1983; Marino et al., 2000). Although heat storage
among the groups was similar, Lut females were
able to take advantage of heat loss via C 	 R,
albeit with a reduced required evaporation com-
pared with males and Fol females. Interestingly, the

Fig. 1. Avenues of heat loss and gain during 30-min self-paced
treadmill run. HS, heat storage; C 	 R, convection plus radiation;
ER, required evaporation. Groups are of males, follicular females
(Fol), and luteal females (Lut). *P � 0.05 Lut compared with males
and Fol. ‡P � 0.05 males compared with Fol and Lut.
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Fol females were unable to take advantage of heat
loss via C 	 R coupled with higher heat storage.
This result could be due to the Fol females starting
the exercise bout with a significantly lower rectal
temperature, thereby increasing the capacity to
store heat. However, another reason might be that
women, during the luteal phase of their menstrual
cycle, have a higher threshold for the onset of sweat-
ing (Kolka and Stephenson, 1985), and hence will
need to maintain thermal equilibrium through
means other than evaporation of sweat. Previous
research showed that persons with a higher surface
area to mass ratio have a distinct advantage in heat
loss via C 	 R when evaporation of sweat is limited
or diminished (Shvartz et al., 1973). It follows that if
the threshold for the onset of sweating is increased,
then a higher surface area to mass ratio would be
advantageous for heat loss via C 	 R. As shown in
Figure 1, Lut females had an increased heat loss via
C 	 R compared with Fol females and males. This
supports the proposition that Lut females took ad-
vantage of heat loss via C 	 R due to their high
surface area to mass ratio.

Although females have been shown to have a
lower sweat rate compared with men even following
acclimation (Avellini et al., 1980), the males in the
present study had a greater required evaporation
but this was unable to compensate them, as the
majority of sweat was probably lost through drip-
page, given the high humidity. A higher sweat rate
is advantageous in dry heat, but in conditions where
the vapor pressure gradient is reduced (rh 
 60%),
as in the present study, a higher sweat rate will not
compensate for the absolute heat gain (Nielsen,
1996).

An observation from the present study that may
also help explain the performance difference of
males and females is the relationship between oxy-
gen consumption and LBM. The data from Table 1
indicate that females have about 25% less LBM than
males. Lean body mass is predominantly comprised
of muscle and skeletal mass and, according to pub-
lished data, skeletal mass is approximately 6.81% of
LBM for males (Friedl et al., 1992) and 4.96% for
females (Baumgartner et al., 1991). Taking the data
from Table 1 and correcting for skeletal mass, the
LBM is 60.8 and 46.3 kg for males and females,
respectively. Clearly, females have a smaller muscle
mass. For the purpose of illustration, if one consid-
ers the difference in LBM together with the peak
oxygen uptake values (Table 1), then the rate of
oxygen uptake per kg of LBM for males is 77
ml.kg�1.min�1 (4.7 l.min�1 � 60.8 kg). In contrast,
the rate of oxygen uptake for the females is 65
ml.kg�1.min�1 (3.0 l.min�1 � 46.3 kg). This differ-
ence shows that females in the present study have
less muscle for a lower peak oxygen consumption in
order to transport their body weight. In accordance
with this model are the data of Cureton and
Sparling (1980), who compared the running perfor-
mance of females to males by increasing the weight

of the males by the same amount of fat weight of the
females in the study. Even when increasing the dead
metabolic weight of the males, it did not hinder
them from outperforming the females in absolute
terms. Therefore, even when body fat was equalized,
men were still able to run faster or longer due to
higher peak oxygen consumption at higher running
speeds. In addition to this evidence are the data of
Cureton et al. (1986), who showed that males still
outperform females even when the oxygen-carrying
capacity of blood was reduced to match that of females.

In addition, it seems that the present females are
inherently more efficient than their male counter-
parts. That is, when corrected for LBM, females
outperform males with less oxygen consumption per
kg of LBM. The reasons for better efficiency in these
females are not clear; however, one possible reason
might be related to size. Generally, endurance com-
petitors are small and have lighter body masses,
which is particularly the case for females (Bam et
al., 1997; Speechly et al., 1996). Speechly et al.
(1996) studied female and male endurance runners
matched for 42.2-km performance and found that
female subjects outran their male counterparts over
90-km distances. However, the better performance
by females could not be attributed to a higher
VO2peak, running economy, or endurance training.
These authors did not consider size as an alternative
reason for better performance of the females, even
though the differences between males and females
for mass and LBM were 15 and 15.2 kg, respectively.
These data, coupled with those of Marino et al.
(2000), provide an alternative hypothesis, which
suggests that smaller individuals produce and store
less metabolic heat compared with larger individu-
als, and are therefore able to attenuate the rate of
rise in body core temperature. Thus, in the present
study, the females were able to utilize their relative
leanness with less oxygen consumption per kg LBM
and less metabolic heat production to “outperform”
the males.

Finally, an evolutionary perspective suggests that
differences between males and females might be
explained by structural deviations. For example,
compared with males, females have a diminished
range of motion about the hip, and for a given length
of stride, females are required to rotate the hip
through a greater range of motion than males
(Napier, 1967). This would no doubt require greater
energy. In order to compensate for the higher energy
cost, females might need to employ more efficient
oxygen consumption during locomotion. However, this
hypothesis needs further development and testing.

This study is not the first to show that females
might be able to outperform men in endurance
events. However, it is not our contention that fe-
males will surpass males in endurance events.
Rather, the present findings suggest that the rea-
sons for the disparity in performance between males
and females, at least under warm, humid conditions,
might in part be related to the size of the individual.
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The purpose of this study was to examine the running performances
and associated thermoregulatory responses of African and Caucasian
runners in cool and warm conditions. On two separate occasions, 12
(n ! 6 African, n ! 6 Caucasian) well-trained men ran on a motorized
treadmill at 70% of peak treadmill running velocity for 30 min
followed by an 8-km self-paced performance run (PR) in cool (15°C)
or warm (35°C) humid (60% relative humidity) conditions. Time to
complete the PR in the cool condition was not different between
groups ("27 min) but was significantly longer in warm conditions for
Caucasian (33.0 # 1.6 min) vs. African (29.7 # 2.3 min, P $ 0.01)
runners. Rectal temperatures were not different between groups but
were higher during warm compared with cool conditions. During the
8-km PR, sweat rates for Africans (25.3 # 2.3 ml/min) were lower
compared with Caucasians (32.2 # 4.1 ml/min; P $ 0.01). Relative
rates of heat production were less for Africans than Caucasians in the
heat. The finding that African runners ran faster only in the heat
despite similar thermoregulatory responses as Caucasian runners sug-
gests that the larger Caucasians reduce their running speed to ensure
an optimal rate of heat storage without developing dangerous hyper-
thermia. According to this model, the superior running performance in
the heat of these African runners can be partly attributed to their
smaller size and hence their capacity to run faster in the heat while
storing heat at the same rate as heavier Caucasian runners.

efficiency; ethnicity; fatigue; pacing; anticipation; thermoregulation

THERE IS EVIDENCE THAT ATHLETES of (East) African ancestry
presently dominate international distance running events (10,
22). A number of studies have searched for a physiological
explanation for this apparent superiority of African athletes.
Results from early studies suggested that Africans might

enjoy a superior economy of movement (18, 26, 35). Indeed, a
recent study confirms that African runners had a significantly
lower maximum oxygen uptake (V̇O2 max) than did Caucasian
runners of matched ability but were more economical, at least
over a 10-km race distance (33). In addition, African runners
generally have a lower absolute V̇O2 max than do Caucasian
runners of matched ability. However, these differences dimin-
ish when V̇O2 max is expressed relative to body mass (7, 32).
Bosch et al. (4) compared various physiological responses of

(South) African and Caucasian runners during a 42-km tread-
mill marathon in cool conditions and concluded that the only
discernable difference was the ability of African runners to run

at a higher percentage of V̇O2 max during competition. Coetzer
et al. (7) have also shown greater fatigue resistance in a group
of elite African runners who were able to sustain a higher
%V̇O2 max during races longer than 3 km. African athletes also
had lower blood lactate concentrations for a given oxygen
consumption. Furthermore, African athletes fatigued less rap-
idly during repetitive bouts of isometric testing of the quadri-
ceps muscles. The physiological basis for this enhanced fatigue
resistance was unclear because muscle fiber types were not
different between groups, although the African athletes tended
to have a lower percentage of type I muscle fibers. More
recently, and in support of these previous findings, Weston et
al. (32) showed that African runners took 21% longer to fatigue
during an incremental running test. This superior resistance to
fatigue was associated with higher skeletal muscle enzyme
activity and a lower proportion of type I fibers compared with
Caucasian athletes. A higher skeletal muscle oxidative capacity
has also been found in nonathletic persons of (West) African
ancestry (29).
A fundamental problem when comparing (East and South)

African and Caucasian athletes is the inherent difference in
body size between the two groups given that elite East and
South African athletes are generally smaller than Caucasian
athletes (7, 27, 33). It has also been shown that a small body
size could be an advantage in distance running, particularly in
the heat (8, 19), and that lean body mass may account for
differences in running performance in the heat between indi-
viduals of different sizes (34). It has been hypothesized that, as
ambient temperature rises from 25 to 35°C, larger and heavier
runners must run slower because the accumulation of body heat
would increase body temperature to levels commonly associ-
ated with fatigue (8, 12, 19, 21). Given the evidence that
African athletes seem to be more economical, have higher
fatigue resistance, and are generally smaller than their Cauca-
sian counterparts, it seems feasible to postulate that smaller
East and South African runners might have an advantage over
Caucasian athletes during distance running in warmer environ-
mental conditions. We are unaware of any studies that have
specifically tested this hypothesis.
Therefore, the purpose of this study was to examine whether

African distance runners enjoy any advantage over Caucasian
runners when running in warmer ambient conditions because,
as previously postulated (8, 19), their smaller size would allow
a faster running speed with a similar or lesser thermoregulatory
strain.
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METHODS

Subjects. Twelve (6 African, 6 Caucasian) well-trained male en-
durance runners were recruited for the study. Table 1 shows the mean
physical characteristics of each group. Overall, the physical charac-
teristics of the subjects indicate that the sample for each group was
comprised of representative African and Caucasian runners as those
reported in previous studies (e.g., African"57 kg; Caucasian"67 kg)
(2, 4, 7, 17, 18, 27, 33). It was assumed that subjects were not
naturally heat acclimatized because the experiments were conducted
during the months of September and October, at which time the daily
temperature ranged from 8 to 25°C. None of the subjects reported any
international travel within the 3 mo before the experiments. All
experimentation was carried out in a climate chamber. On average, the
subjects maintained a training volume of 60–80 km/wk for at least 3
mo before the study. Subjects also competed in national and local
running events on a regular basis. All participants were instructed to
maintain a regular diet during the study period and were asked to
refrain from alcohol and caffeine ingestion for at least 24 h before
testing. The study was approved by the Research and Ethics Com-
mittee of the Faculty of Health Sciences of the University of Cape
Town, and each subject signed a letter of consent after being informed
of the risks associated with the experiment.
Descriptive measurements. Stature (cm) and body mass (kg) were

determined by use of a precision stadiometer and balance (model 770,
Seca, Bonn, Germany). All measurements were recorded with the
subject fully instrumented and wearing light running shorts. Nine
skinfold sites (biceps, triceps, subscapular, pectoral, midaxilla, mid-
abdominal, suprailiac, midthigh, and medial calf) were measured in
duplicate with skinfold calipers (Holtain, Crymych, UK) to the nearest
millimeter. Percent body fat was estimated as previously described
(14), and body surface area (AD) was calculated from mass and height
as described by DuBois and DuBois (9).
Familiarization and incremental running tests. During a familiar-

ization session, peak oxygen uptake (V̇O2 peak) and peak treadmill
running velocity (PTV) were determined in moderate environmental
conditions in which the ambient temperature, relative humidity, and
wind velocity were set at 21.0 # 0.6°C, 50.0 # 0.9%, and 5.0 # 0.6
km/h, respectively. The individual V̇O2 peak and PTV were determined
on a motorized treadmill (Powerjog EG30, Sports Engineering, Bir-
mingham, UK) set at a 1% gradient. Subjects started running at 12
km/h with speed increments of 1 km/h every minute until they could
no longer keep pace. The last increment in speed that could be
maintained for at least 1 min was defined as the PTV. During the
incremental tests, the subjects wore a nose clip and breathed through
a mouthpiece connected to an automated gas analyzer (Oxycon Alpha,
Jaeger). Before each test, the gas analyzer was calibrated with gases
of known concentration and the ventilometer was calibrated with a
3-liter syringe (Hans Rudolph, Vacumed, Ventura, CA). Oxygen
consumption, CO2 production, minute ventilation, and respiratory
exchange ratio were calculated for each breath. V̇O2 peak
(ml!kg%1!min%1) was the average of the highest values attained over

the final minute of exercise. After the measurements of V̇O2 peak and
PTV, the subjects rested for "5–7 min and then performed a famil-
iarization run on the treadmill to minimize a “learning effect” for the
subsequent experimental trials. They began the familiarization trial by
running at 70% of PTV for 1–2 min and then as far as possible in 10
min by adjusting their running speed with a touch pad on the side arm
of the treadmill.
Experimental trials. Each trial was conducted at the same time of

day so that the effect of circadian variation could be minimized.
During each trial, relative humidity and wind velocity were kept
constant at 60.3 # 0.8% and 15.1 # 0.6 km/h, respectively, while the
ambient temperature was set at either 15 or 35°C.
Before the experimental trials, the subjects voided and inserted a

rectal thermistor (Mon-a-therm, Mallinckrodt, OH) secured by a bead
10 cm beyond the anal sphincter. Four skin thermistors were then
secured as previously described (25), and subjects were fitted with a
heart rate monitor (Sport Tester, Polar Electro, Kempele, Finland).
The subject then entered the climate chamber and started a sub-

maximal run for 30 min at 70% PTV (range 14.7–16.1 km/h).
Thereafter, there was a 5-min interval during which the subject
removed socks and shoes and was toweled dry, reweighed, and
permitted to drink up to 300 ml of distilled water. The subject was
then prepared for an 8-km performance run that was to be completed
as fast as possible by adjusting the running speed. The running speed
was noted at the end of each minute and at the end of exercise. A mean
running speed was calculated at the end of each 5-min interval and
when subjects completed the 8 km. An overall mean running speed
was calculated for the time taken to complete the run. The changes in
body mass were adjusted for fluid ingested and were used to calculate
total body sweat rates (without correction for metabolic fuel utiliza-
tion during the trial).
Throughout the submaximal and 8-km trials, rectal and skin tem-

peratures at four sites (chest, arm, thigh, leg) were monitored contin-
uously with a telethermometer (YSI model 4002, Yellow Springs,
OH) and recorded at 5-min intervals. Mean skin temperature was
calculated as previously described (25).
Heart rate and subjective measurements. Heart rate was monitored

continuously and recorded at 5-min intervals with a Polar heart rate
monitor (Sport Tester, Polar Electro). Rating of perceived exertion
(RPE) was measured at 5-min intervals as previously described (3).
Heat production, storage, and dissipation. Although varying

slightly with running economy, heat production in runners has been
shown to amount to "4 kJ!kg body mass%1!km%1 (20). Therefore,
rate of heat production (H) in watts (W) is equal to the product of the
runner’s body mass (in kg), the running speed (v, in m/s), and "4 J
produced per kilogram of body mass. The rate of heat storage (S) was
estimated with the equation S ! (3.48!103)!(body mass!&T!B/s)!AD%1,
where (3.48!103) is the specific heat of body tissue (in J!kg%1!°C%1),
&T!B is the change (&) in mean body temperature (T!B) calculated from
T!B ! 0.87 Tre ' 0.13 T! sk, where Tre is rectal temperature and T! sk is
mean skin temperature, over the exercise period in seconds, and AD is
body surface area in square meters. Heat loss via potential evaporation
(EP) was calculated from the predicted sweat rates determined from
changes in body mass and the 40.55 kJ!mol latent heat of evaporation
of water and its 18 g!mol molecular weight. The evaporation of 1 liter
of sweat per hour dissipates "675 J/s or W, assuming that all the
sweat is evaporated (8). Potential rates of heat loss via convection (C)
and radiation (R) were estimated with the following equations (20)

C ! (T! sk % Ta) !v0.5!AD!8.3

R ! (T! sk % Tr) !AD!5.2

where (T! sk % Ta) is the difference between mean skin temperature and
the ambient air (in °C), v0.5 is the square root of the velocity of air
flow over the skin in (m/s), AD is the body surface area (in m2), 8.3
and 5.2 are heat transfer coefficients (in W!m%2!°C%1), and (T! sk % Tr)
is the difference between mean skin temperature and mean radiant

Table 1. Characteristics of African and Caucasian runners

African Caucasian

Height, cm 167.4#4.4 183.4#6.5*
Mass, kg 59.3#4.4 76.6#9.3*
AD, m2 1.66#0.1 1.98#0.2*
%BF 5.1#0.2 5.3#0.3
Skinfold, mm 49.1#2.0 55.5#3.2
V̇O2peak, ml!kg%1!min%1 62.6#3.5 64.3#3.0
PTV, km/h%1 21.2#0.8 20.8#1.2

Values are means # SD. AD, body surface area; %BF, percent body fat;
V̇O2peak, peak oxygen uptake; PTV, peak treadmill velocity. *P $ 0.01
compared with African.
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temperature of the walls of the climate chamber. The required evap-
oration (ER) was estimated from the residual component from H #
S # C # R.
Statistics. Separate ANOVAs for repeated measures on time and

trials were applied to determine treatment effects during exercise. If a
main effect was detected post hoc, comparisons were made with either
Tukey’s honestly significant difference test for pairwise comparisons
or simple main effects for significant interactions. Significance was
accepted at P $ 0.05. All data are presented as means # SD.

RESULTS

Performance run. The African runners completed the per-
formance run in cool (15°C) conditions in 27.4 # 1.0 min,
which was not different from the 27.4# 0.4 min for Caucasian
runners. African runners ran marginally slower (29.7 # 2.3
min) in the heat (35°C), but this was not significant. In contrast,
compared with their time in the cool condition, Caucasian
runners ran slower in the heat (33.0 # 1.6 min vs. 27.4 # 0.4;
P $ 0.05).
Figure 1 shows the mean running speed at 5-min intervals

for both groups during the submaximal and performance runs
in each ambient condition. During the performance run in cool
conditions, mean running speed for Caucasian runners was
17.5# 0.6 (range 17.0–17.7) km/h and was similar to the mean
running speed of 17.4 # 0.8 (range 16.8–18.4) km/h for the
African runners. Conversely, during the performance run in the
heat, Caucasian runners were only able to maintain a mean
running speed of 14.5# 0.7 (range 13.8–16.6) km/h compared
with the mean running speed of 16.0 # 1.2 km/h (P $ 0.01)
(range 15.2–16.7 km/h) for the African runners. Thus running
speed in the heat was significantly slower at all time points for
Caucasian runners compared with their performance in the cool
condition (Fig. 1). In contrast, the speed of the African runners
was significantly reduced only at the last two time points
compared with their performance in the cool conditions
(Fig. 1).
Thermoregulatory responses, heat production, storage, and

dissipation. During the submaximal and performance runs,
mean skin temperatures were not different between African
and Caucasian runners (Fig. 2). However, during cool condi-

tions, the mean skin temperature ranged from 24.5 to 25.7°C
compared with a range of 33.9–34.9°C during the warm
condition. Mean skin temperatures at 5-min intervals were
significantly different between ambient conditions for both
groups (Fig. 2). Rectal temperature increased over time during
the submaximal run from preexercise to "37.8°C in cool
conditions and "38.4°C in warm conditions for both groups.
However, the sole difference between groups became apparent
in warm conditions during the remaining 10 min of the per-
formance run, when Caucasian athletes reached higher rectal
temperatures than when they ran in cool conditions (Fig. 2)
despite the fact that they were running significantly slower.
Rectal temperatures at the end of the performance run were
38.7 # 0.4°C in cool and 39.2 # 0.2°C (P $ 0.05) in warm
conditions for African runners and 38.6 # 0.5°C in cool and
39.5 # 0.5°C (P $ 0.05) in warm conditions for Caucasian
runners. The rate of increase in rectal temperature during the
submaximal run was similar in cool and warm conditions but
was 2.2°C/h for African runners and 3.2°C/h (P $ 0.05) for
Caucasian runners. This rate of increase was reduced for both
groups during the performance run in warm conditions and was
similar for African (1.6°C/h) and Caucasian (1.8°C/h) runners.
The total body sweat rates for the combined submaximal and

performance runs in cool conditions were 13.1 # 2.2 ml/min
for African runners and 19.5 # 5.0 ml/min for Caucasian
runners, but these were not significantly different. Compared

Fig. 1. Running speed during the submaximal run (0–30 min) at 70% peak
treadmill velocity and during the 8-km performance run (start–end). Cool
conditions: ■, Africans; F, Caucasians. Warm conditions: E, Caucasians; !,
Africans. *P $ 0.001 compared with African and Caucasian in cool condi-
tions; aP $ 0.01 compared with Caucasians in warm conditions. Data at end of
x-axis represent the mean # SD running speed during the 8-km performance
run.

Fig. 2. Mean skin temperature (A) and rectal temperature (B) during the
submaximal run (0–30 min) at 70% peak treadmill velocity and during the
8-km performance run (35 min–End). Cool conditions (T15): ■, Africans (A);
F, Caucasians (C). Warm conditions (T35): E, Caucasians; !, Africans. Mean
skin temperatures in warm conditions were significantly different (P $ 0.001)
compared with cool conditions. *P $ 0.05 compared with Caucasians in cool
conditions (CT15).
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with the cool conditions, the sweat rate increased during warm
conditions to 22.1 # 3.0 ml/min for Africans and 28.9 # 4.1
ml/min (P $ 0.03) for Caucasian runners. Figure 3 shows the
separate total body sweat rates for submaximal and perfor-
mance runs in both cool and warm conditions. The sweat rate
for African runners was similar during submaximal (13.3# 2.8
ml/min) and performance (12.8 # 2.5 ml/min) runs in cool
conditions. In warm conditions, the sweat rate tended to in-
crease in the African runners from the submaximal to perfor-
mance runs (18.9# 6.0 ml/min vs. 25.3# 2.3 ml/min), but this
was not significant. Caucasian runners tended to sweat more
than Africans in the cool condition (20.1 # 3.3 vs. 18.9 # 6.0
ml/min), although this was not significant during either sub-
maximal or the performance runs. During warm conditions in
the performance run, the sweat rate was higher in Caucasian
runners (32.2 # 4.1 ml/min) compared with African runners
(25.3 # 2.3 ml/min; P $ 0.01; Fig. 3).
Table 2 shows the separate heat-exchange values for sub-

maximal and performance runs for each group in both ambient

conditions. Heat production for submaximal and performance
runs in the cool condition was significantly (P $ 0.05) higher
for Caucasian compared with African runners. This trend
continued during the warm condition with heat production for
Caucasians remaining significantly (P $ 0.05) higher than
Africans during submaximal and performance run. The S in the
cool environment was higher (P $ 0.05) for Caucasian than
African runners in both submaximal and performance runs.
However, in warm conditions, S increased significantly (P $
0.05) compared with the cooler condition for both groups with
this difference also significant between groups (Table 2). Heat
loss via C ' R was similar between groups in the cool
condition and between submaximal and performance runs.
However, both groups gained heat via C ' R during the warm
compared with the cool condition (Table 2). Sweat rates from
the submaximal and performance runs indicate that EP was
increased in warmer conditions compared with the cooler
condition for both groups. During the cool condition, the ER
was similar for both groups, although the African runners had
a significantly lower ER during the submaximal run. In the
warm condition, ER increased significantly (P $ 0.05) com-
pared with the cool condition for both African and Caucasian
runners with a tendency for ER to be greater than or equal to EP
for both groups. The ER for Caucasian runners was signifi-
cantly (P $ 0.01) greater than the African runners.
Heart rate and RPE responses. The heart rate was signifi-

cantly lower for African runners at each 5-min interval during
the submaximal run in cool conditions from 10 to 30 min (Fig.
4). During the submaximal run in the cool condition, the
average heart rate for the African runners was 149 # 10
beats/min compared with 160 # 7 beats/min (P $ 0.01) for
Caucasian runners. The heart rate was significantly higher
during the submaximal run for Caucasian runners at each
5-min interval from 10 to 30 min in the warm condition. The
mean heart rate for the Caucasian runners was 179 # 5
beats/min compared with 160 # 8 beats/min (P $ 0.01) for
Africans during the submaximal run in warm conditions
(Fig. 4).
During the performance run in cool conditions, the mean

heart rate was 171 # 4 beats/min for the African runners
compared with 176 # 6 beats/min for Caucasians, which was
not significantly different. The African runners commenced the

Fig. 3. Total body sweat rate during the submaximal run (SS) at 70% peak
treadmill velocity and during the 8-km performance run (P). Cool conditions
(T15): ■, Africans (A); F, Caucasians (C). Warm conditions (T35): E, Cauca-
sians; !, Africans. *P $ 0.01 compared with cool conditions; aP $ 0.05
compared with Africans.

Table 2. Heat exchange values for African and Caucasian runners in each submaximal and 8-km performance
runs in cool (15 °C) and warm (35 °C) humid conditions

H, W S, W/m2 C ' R, W/m2 EP, W ER, W

African 15 °C
Submax 967#67 21#1 %755#93 %538#113 %232#40*†
8-km PR 1,126#97 29#1 %620#159 %475#92 %535#135

Caucasian 15 °C
Submax 1,271#170‡ 71#4‡ %759#184 %769#93‡ %583#157
8-km PR 1,458#178‡ 81#4‡ %742#180 %777#94‡ %797#103

African 35 °C
Submax 967#67 123#4*†‡ 26#12* %765#143† %1,116#63*
8-km PR 1,062#143 73#2* 45#19* %1,014#92* %1,180#149*

Caucasian 35 °C
Submax 1,271#170‡ 106#5*† 19#12*† %1,012#133*†‡ %1,397#175*‡
8-km PR 1,244#169*‡ 44#2* 78#33* %1,435#182* %1,367#106*‡

Values are means # SD. H, heat production; S, rate of heat storage; C ' R, heat loss via convection (C) and radiation (R); EP, potential evaporation; ER,
required evaporation. Submax, 30-min submaximal treadmill run; 8-km PR, 8-km performance run. *Different between ambient conditions (P $ 0.05); †different
between submaximal and performance runs (P $ 0.05); ‡different between groups (P $ 0.05).
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performance run in cool conditions with a lower heart rate
(35–40 min) than Caucasians, but this difference was not
evident for the remainder of the run (Fig. 4). The mean heart
rate during the performance run in warm conditions was 185#
7 beats/min for Caucasians and 182 # 6 beats/min for Afri-
cans. However, there were no differences in heart rates at any
time between Africans and Caucasians during the performance
run in warm conditions (Fig. 4). Heart rates at the end of the
performance run in the cool condition were 191# 6 and 186#
7 beats/min for Caucasians and Africans, respectively, and in
warm conditions terminal heart rates were 189 # 6 and 186 #
9 beats/min for Caucasians and Africans, respectively.
RPE during the submaximal run in the cool condition tended

to be lower for African (9# 1 units) compared with Caucasian
runners (11 # 1 units), but this difference was not significant
(Fig. 4). In warm conditions during the submaximal run,
Caucasian runners also tended to report higher RPE responses
(12# 2 units), but again these were not significant. There were
no discernable differences in RPE during the performance runs
in any condition other than the generally lower RPE of the
African runners (12 # 3 units) in the cool condition (Fig. 4).
RPE during the performance runs in warm conditions were
"15 units for both groups.

DISCUSSION

Previous studies have shown that anthropometric character-
istics such as mass, surface area-to-mass ratio, adiposity, and
muscularity are key factors in determining individual heat
strain levels during exercise (1, 13). In particular, runners with
a low body mass have a distinct thermal advantage when
running in conditions in which heat-dissipation mechanisms
are at their limit (8, 19, 34). Specifically, as the ambient
temperature rises from 25 to 35°C with a relative humidity
(60%, larger heavier runners are unable to maintain a similar
running pace compared with their smaller counterparts because
this entails faster rates of heat accumulation and hence the
more rapid onset of a limiting hyperthermia (8, 19). Although
the difference in size between the African and Caucasian
runners in the present study was significant, the physical
characteristics of the African runners are not dissimilar to those
reported in previous studies comparing physiological responses
and performances of elite African and Caucasian athletes (2, 4,
7, 17, 18, 33). The present findings in addition to the observa-
tion that African athletes are generally smaller than their
Caucasian counterparts suggest that the body size of the Afri-
cans provides an advantage during distance running, particu-
larly in the heat. Conversely, for the Caucasian runners, their
larger size presents a disadvantage during distance running in
the heat, whereby it seems that these athletes adopt an antici-
patory reduction in running speed and hence the rate of heat
production, such that a limiting hyperthermia is not reached
before the successful completion of the exercise bout.
In the present study, African and Caucasian subjects had

similar percent body fat, but Caucasian runners were "17 kg
heavier than the African runners. Thus, when running at the
same pace, African runners produced less heat than did the
Caucasian runners and had lower rates of heat storage and
lower potential evaporation in cool conditions, in which the
environment does not limit rates of heat loss (8). The rate of
increase in rectal temperature during the submaximal run was
similar for Caucasians and Africans, with the end submaximal
rectal temperature reaching identical levels for each group for
almost identical running speeds (14.8 vs. 14.6 km/h). This
confirms that under cool conditions the larger Caucasians are
able to thermoregulate as effectively as smaller African runners
and can finish the submaximal run with identical rectal tem-
peratures as these smaller African runners. However, this was
not achieved without some cost, because Caucasian runners
had higher, but not significant, sweat rates (Fig. 3) and signif-
icantly higher heart rates (Fig. 4) even under these cool
conditions in which their pacing strategy was imposed and not
self-selected.
Similarly, during the performance run in the cool conditions,

African and Caucasian runners self-selected the same pacing
strategy so that their overall performance was similar (Fig. 1).
However, there was a trend for African runners to progres-
sively increase their speeds throughout the performance trial
with some evidence for an “end-spurt” from 45 min to the end
of the trial (Fig. 1). In contrast, in the heat, the Caucasian
runners ran significantly slower from the initiation of the trial,
compared with their performance in the cool condition. Fur-
thermore, in both African and Caucasian runners, running
speeds fell progressively after 40 min and were significantly

Fig. 4. Heart rate (A) and ratings of perceived exertion (RPE; B) during the
submaximal run (0–30 min) at 70% peak treadmill velocity and during the
8-km performance run (35 min–End). Cool conditions: ■, Africans; F, Cau-
casians. Warm conditions: E, Caucasians; !, Africans. *P $ 0.001 compared
with Africans and Caucasians in cool conditions; aP $ 0.05 compared with
Caucasians in cool conditions.
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lower in Caucasian than in African runners in the final two time
points in the trial (Fig. 1).
Presently it is thought that exercise in the heat is limited by

an elevated and limiting critical body temperature such that
subjects will continue to exercise until a limiting core body
temperature is reached at which point exercise terminates (21,
24). It is also thought that a critical limiting temperature acts
directly on the central nervous system by reducing the drive or
motivation for further exercise (5, 21, 23). However, this
interpretation comes from studies in which the work rate is
fixed and externally imposed so that the athlete is unable to
alter their rate of heat production in response to the prevailing
environmental conditions. In contrast, the findings of the
present study indicate that performance in the heat is not
limited solely by the attainment of a critical terminal rectal
temperature per se but rather is regulated by the rate of increase
in rectal temperature and hence the rate of heat storage based
on the anticipated duration of the exercise bout. This ensures
that the critical (limiting) core body temperature is not reached
before the anticipated completion of the specific exercise bout.
Interestingly, the rate of increase in rectal temperature during
the performance trial was similar between African and Cauca-
sian runners, with identical terminal rectal temperatures for
both groups in cool (38.7 vs. 38.6°C) and warm (39.2 vs.
39.5°C) conditions even though the Caucasian runners took
"3.22 min longer to complete the performance run.
It has been previously suggested that athletes must arrange

the energy consumption per unit time with respect to the
finishing point (31). In the present example, both groups of
athletes would need to draw on previous experience and
arrange the required energy consumption relative to the antic-
ipated rate of heat production and storage. The evidence for
this anticipatory regulation of exercise performance in the
present study is the following: First, the rate of increase in core
temperature was similar for African and Caucasian runners in
both warm and cool conditions. Second, running speed was
significantly slower in Caucasian runners when they ran in the
heat than in the cool, suggesting that they ran slower specifi-
cally to ensure that their rate of heat accumulation was similar
to that in cool conditions, thereby ensuring that a limiting
hyperpyrexia did not occur before the anticipated termination
of the exercise bout. Third, Caucasian runners ran slower
immediately from the onset of the performance trial in the heat
(Fig. 1) when their rectal temperatures were 38.2°C (Fig. 2)
and identical to values measured in African runners who were
running substantially faster at that time. This indicates the
action of an anticipatory process that reduced the running
speed of Caucasian runners in the heat long before they
developed a significant hyperpyrexia. Hence, the slower run-
ning speed of the Caucasian runners in the heat could not be
explained by the attainment and maintenance of higher rectal
temperatures for the duration of the performance trial. Fourth,
both groups progressively reduced their running speeds during
the latter half of the time trial in the heat but maintained
(Caucasian) or increased (African) their speed when running in
cool conditions. Despite, or more likely because of, these
changes in running speed and hence in metabolic rate, the rate
of heating was similar in all conditions.
Indeed, we are not the first to suggest that humans pace

themselves during exercise in the heat specifically to prevent
an excessive rate of heat production for the anticipated duration

of the exercise bout (15). Tatterson et al. (30) found that the
core temperature response of elite cyclists performing a 30-min
time trial in moderate and warm humid conditions was similar,
with terminal core temperature values for each condition reach-
ing 39.0 and 39.2°C, respectively. Despite the similar core
temperature response, mean power output was 6.5% lower in
the warm humid conditions, essentially similar to the present
findings. These authors concluded that, during self-paced ex-
ercise, cyclists select a power output that allows them to
maintain a body temperature below a critical limit during
exercise.
Thus the fact that the African runners were able to run at

"1.5 km/h faster than the Caucasian runners during the per-
formance run with identical terminal rectal temperatures and a
lower rate of heat storage suggests that these African runners
were much more efficient in either heat production or heat
dissipation when forced to run in limiting environmental con-
ditions. The possibility that heat dissipation might have been
more efficient for Africans than Caucasians can be discounted
on the basis of the high humidity in the present trial (20).
However, heat production was higher for Caucasians in both
cool and warm conditions even though African runners ran at
higher speeds. This can be explained by the higher body mass
of the Caucasians, although this was partly offset by their
lower running speed. Another possibility is that African run-
ners were more economical at higher gait speeds. Generally,
efficiency of skeletal muscle is improved from 45% at 8 km/h
to 80% at 32 km/h (6). However, Weston et al. (33) have
shown that at 16 km/h African athletes were at least 5% more
efficient than Caucasian runners, with this difference increas-
ing to 8% when corrected for differences in body mass. It is
noteworthy that in the present study the mean running speed in
the heat for African runners was 16 km/h.
Another possibility explaining the different performances of

African and Caucasian runners was the heart rate response. It
was evident that Caucasian runners had a significantly higher
cardiovascular strain during the submaximal run in the heat
compared with the African runners (Fig. 4). This difference
disappeared in both cool and warm conditions during the 8-km
performance run. The fact that the Caucasians ran slower
during the performance run in the heat but at similar heart rates
as those measured in cool conditions and comparable to that
measured in the African runners suggests that the cardiovas-
cular strain was similar in all conditions. However, it has been
shown that heat stress reduces V̇O2 max by 8% despite heart rate
and core temperature reaching similar peak values as in the
control condition (11). These authors also showed that, in
trained humans, severe heat stress reduces V̇O2 max by acceler-
ating the decline in cardiac output and mean arterial pressure,
leading to decrements in exercising muscle blood flow, oxygen
delivery, and uptake. If this is the case, then African runners
must be able to maintain a higher cardiac output or alterna-
tively a higher oxygen extraction from the working muscles for
any given running speed because the V̇O2 max values for both
groups were similar. This supports previous findings that suggest
that African runners are able to maintain a higher %V̇O2 max
during a treadmill marathon (4) and at 10- and 21.1-km
distances (7). It is also noteworthy that all runners finished the
performance run with identical heart rates irrespective of am-
bient conditions. Although it remains unclear why these ath-
letes would finish the self-paced run with identical heart rates,
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it is possible that terminal heart rate is yet another means by
which the body self-regulates pacing during prolonged exer-
cise.
In summary, this study shows that African and Caucasian

runners of equivalent running ability in cool conditions and
with similar maximal physiological characteristics, but with
marked differences in body size and mass but not in body fat
content, perform quite differently during an 8-km time trial in
the heat. In particular, African runners were able to run "1.5
km/h faster than Caucasian runners. Because this difference in
running speed was apparent from the onset of the time trial,
when rectal temperatures were the same in African and Cau-
casian runners and were only modestly elevated ("38°C), the
slower running speed of the Caucasian runners was not caused
by their reaching a higher limiting core temperature earlier in
exercise than did the African runners. Rather, these findings
implicate an anticipatory exercise response, the goal of which
is to ensure an increase in core body temperature that does not
produce a critical limiting temperature before the anticipated
termination of the exercise bout. This anticipatory response
would control the exercise work rate by regulating the number
of motor units that are recruited or derecruited during pro-
longed exercise in the heat (16, 28).
In conclusion, the superior running performance of African

runners in the heat in this study would likely be explained by
physiological adaptations, in particular their smaller body mass
and perhaps a greater capacity for heat loss in hot environmen-
tal conditions, both of which allow African runners to self-
regulate pacing during exercise and attenuate the physiological
stress signals to the central nervous system so that physiolog-
ical limits are not prematurely reached.
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a b s t r a c t

The combined effects of age and training on the regulation of exercise performance may be confounded
by the additional challenge of thermoregulation. Thus, the objective of this study was to compare the
pacing strategy of older men who have recently completed 12 weeks of exercise training (acute) to men
who have been regularly (43 times/week) training for at least 6 months (chronic) in a hot, humid
environment and to observe disparity, if any, between acute and chronic exercise training on thermo-
regulation. Eleven chronically trained men (OT) completed a familiarisation trial before returning after
7–10 days to repeat the protocol. Similarly, eight untrained men (OU-PRE) were familiarised and re-
peated the protocol before completing 12 weeks of exercise training. Post-training, the eight acutely
trained men (OU-POST) returned to the laboratory for a third trial. All trials were conducted on a cycle
ergometer at the same time of the day in a climate controlled chamber with a mean dry bulb tem-
perature and relative humidity of 32.0 °C and 68%, respectively. OT consumed more water than OU-POST
and OU-PRE (Po0.01) whilst no differences were observed in the OU with training. Voluntary activation
of the knee extensors decreased by 11.3% (Po0.05) in the OU-PRE after the cycling time trial. However,
the decrease in voluntary activation observed in the OU-POST and OT after the cycling time trial were not
signi!cant. The OT maintained a higher power output compared with the OU-POST and OU-PRE except
for the last sprint, whilst no signi!cant differences in power output were observed between the OU-PRE
and OU-POST. The rate of rise in core temperature was signi!cantly higher in the OT compared with OU-
POST (Po0.001) and OU-PRE (Po0.001). With more experience in training, the OT used an alternative
hydration strategy compared with the OU-POST and OU-PRE to mitigate the effects of possible exercise
hyperthermia, ultimately attaining a higher, but non-critical core temperature at the end of the cycling
time trial. Twelve weeks of exercise training may not manifest in improved exercise performance per se,
but could translate to improved performance of activities of daily and independent living.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Humans regulate core temperature (Tc) in the heat largely by
the evaporation of secreted sweat (Kenney and Munce, 2003).
Thus the ability to thermoregulate is reduced when air tempera-
ture exceeds 35 °C and relative humidity becomes higher than 60%
(Nielsen, 1996). Earlier studies examining exercise performance in
the heat conclude that exercise is ultimately terminated by a cri-
tical limiting temperature of Z39.5 °C (González-Alonso et al.,
1999; Nielsen et al., 1993), but more recent evidence suggests that
the rate of rise in core temperature is a critical factor in regulating
exercise (Marino et al., 2004; Tucker et al., 2006). Tucker et al.
(2006) demonstrated a decrease in power output shortly after the

start of self-paced exercise when body temperature was not cri-
tically elevated, providing evidence that the regulation of exercise
is anticipatory to maintain homoeostasis and avoid a catastrophic
event (Marino, 2004). This anticipatory down-regulation of ex-
ercise performance is thought to be selectively driven by the
central nervous system (CNS), since the force output and central
activation of the exercised muscles were reduced without a con-
comitant decrease in non-exercise muscles when rectal tempera-
tures were E38.8 °C (Saboisky et al., 2003).

Exercise in the !eld comprises a known endpoint which par-
ticipants complete to the best of their capacities and abilities at a
self-chosen pace by regulating intensity. Ulmer (1996) proposed
that knowledge of the endpoint (teleoanticipation) is an integral
part of regulating fatigue, allowing a system to perform optimally
by incorporating feedback and feedforward processes to avoid the
premature termination of exercise.

The effect of age on thermoregulation include reduced sweat
gland secretion and reduced skin blood "ow, smaller increases in
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cardiac output, less redistribution of blood "ow from renal and
splanchnic circulations, and a decreased thirst sensation and re-
duced "uid intake during exercise in a warm environment (Ken-
ney and Chiu, 2001; Kenney and Munce, 2003). Despite these age-
related changes, healthy older adults largely retain the ability to
thermoregulate, although factors such as body composition and
exercise training can affect thermoregulatory responses to exercise
(Kenney and Munce, 2003).

Exercise in the heat presents numerous physiological chal-
lenges and leads to alteration in pacing strategies (Tucker et al.,
2006). It is not clear how the altered pacing strategy is manifested,
although neuronal activity in a hot, humid environment might
indicate how pacing is handled centrally. Smith and Billaut (2010)
demonstrated that exercise in hypoxic conditions elicited an ear-
lier and larger degree of cerebral deoxygenation than normoxic
conditions suggesting that changes to prefrontal cortex oxygena-
tion contributes to the impairment of exercise performance. At
present there are no data which describe the differences or
changes in cerebral blood "ow which could shed light on the
evolution of pacing in different age groups in different
environments.

Population ageing is a growing phenomenon worldwide with
global life expectancy at birth rising by almost 20 years, from 46.5
years in 1950–1955 to 66.0 years in 2005–2010 and is projected to
increase another 10 years in 2045–2050 (Department of Economic
and Social Affairs, 2001). Ageing is characterised physiologically by
a decline in performance of, but not exclusively, the cardiovascular
(Wei, 1992) and skeletal muscle systems (Doherty, 2003). These
deteriorations can also be associated with disease, disability, and
ultimately death, although the bene!ts of physical activity in at-
tenuating the negative impact of ageing are well-documented
(Cotman and Berchtold, 2002; Nelson et al., 2007; Seals, 2014).
Aerobic exercise can ameliorate the effects of age on heart rate
variability (Galetta et al., 2005) and vascular function (DeSouza
et al., 2000) but minimally impacts peak heart rate (Tanaka et al.,
2001). Resistance exercise has favourable outcomes on body
composition, muscle structure and the neuromuscular system
(Jubrias et al., 2001), with these changes occurring either at the
periphery and/or centrally (Cannon et al., 2007; Sale, 1988). This
aging demographic has also led to an increase in the popularity of

Masters sports and competition with more than 28,000 athletes
participating in the World Masters Games in 2009 (History of the
World Masters Games, 2014). The motivation for participation can
be linked to achievement and social goals (Hodge et al., 2008), and
Masters athletes have displayed remarkable exercise perfor-
mances, but the decrease in performance with age is still evident
(Tanaka and Seals, 2008).

Pacing and thermoregulatory responses have been studied in
athletic and active younger age groups. However, to date the lit-
erature has not dealt with the pacing phenomenon in older in-
dividuals. Despite the rapidly increasing ageing population, there
are few studies examining the pacing strategy of older adults
during endurance exercise in the heat. Given the increase in par-
ticipation of older adults in sports and competitive events where
environmental temperatures can exceed 50 °C (Peiser and Reilly,
2004), the objective of this study was to compare the pacing
strategy of older men who have recently completed 12 weeks of
aerobic and strength training (acute; further described in Section
2.8) to menwho have been regularly (43 times/week) training for
at least 6 months (chronic) in a hot, humid environment and to
observe disparity, if any, between acute and chronic exercise
training on thermoregulation. It was hypothesised that the best
cycling performance will be elicited with chronic training, and the
physiological and thermoregulatory parameters will be re"ected
in these performances.

2. Methods

2.1. Participants

Nineteen males (aged 50–64 years) were recruited from the
local community. All the participants were healthy, non-smokers.
After a thorough explanation of the study, all participants signed a
letter of informed consent that was approved by the Human Re-
search Ethics Committee of the University. The trained men (OT;
50–61 years) had participated in regular training at least three
times per week for the last 6 months while the untrained men
(OU; 53–64 years) had not participated in any regular exercise for
at least 6 months. Their mean7SD physical characteristics are

Table 1
Mean7SD (range) of age and physical characteristics for 19 male participants.

Acute Chronic Effect size, d

OU-PRE OU-POST OT OU-POST: OU-PRE OT: OU-POST OT: OU-PRE
N"8 N"8 N"11

Age (yr) 58.774.2 – 57.573.4 – – #0.21
(52.5–63.7)

Height (cm) 176.870.07 – 172.270.05 – – #0.02
(168.0–190.0) (164.2–185.0)

Mass (kg) 87.378.9 86.978.3 77.778.9 #0.03 #0.83* #0.85a

(75.6–96.9) (76.0–97.2) (66.3–89.7)

DXA
Total fat (%) 30.372.8 28.871.5 21.176.9 #0.39 #1.08† #1.25c

(27–36) (27–31) (4–28)

Total lean mass (kg) 59.875.6 61.376.1 60.376.9 0.18 #0.11 0.06
(51.3–67.3) (53.1–68.3) (50.9–69.6)

OU-PRE"untrained men; OU-POST"acutely trained men; OT"chronically trained men
Signi!cance between OT and OU-POST indicated by * Po0.05 and † Po0.01.
Signi!cance between OT and OU-PRE indicated by a Po0.05 and c Po0.001.
Effect size: r0.19"trivial, 0.20–0.49"small, 0.50–0.79"moderate, and 40.80" large (Cohen, 1988).
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presented in Table 1.

2.2. Study design

The study design is depicted in Fig. 1. In addition to being fa-
miliarised with the equipment and study requirements, each
participant completed a familiarisation of the cycling time trial in
order to minimise the potential for a confounding learning effect.
The time trial comprised a 30 s maximal effort sprint for every
4.5 min of lower intensity for a total of 25 min. Although the
participants self-selected the gears and cadence throughout the
entire 25 min, the time trial required them to complete as much
work as possible and be fully expended at the end of 25 min, i.e.,
the pace selected during the 4.5 min should have been one that
was maximally sustainable for the duration keeping in mind the
30 s of maximal effort immediately following. Participants re-
mained seated throughout the protocol. After 7–10 days, the par-
ticipant returned to repeat the protocol. The level of physical ac-
tivity was kept constant through a 1-week activity diary logged at
baseline and used to remind participants before subsequent trials.
Participants also completed a 24-h food and sleep diary which was
used as a reference before returning for subsequent trials. The OU
then completed 12 weeks of exercise training (described subse-
quently) before returning to the laboratory for a third trial. Thus,
OT completed two laboratory trials whilst OU completed three
trials.

All trials were conducted on a cycle ergometer (Velotron Pro,
RacerMate Inc., Seattle, WA) which was successfully calibrated
with the Accuwatt™ test (Velotron Coaching Software, Version
1.6.458, RacerMate Inc., Seattle, WA) before each trial. The saddle
and handle bar positions were adjusted to !t each participant and
the settings were recorded for subsequent trials. All trials were
performed at the same time of the day in a climate controlled
chamber with a mean dry bulb temperature and relative humidity
of 32.0 °C and 68%, respectively (Questemp° 15 Area Heat Stress
Monitor, Quest Technologies, Oconomowoc, WI). Before each trial,
each participant was asked to keep their eating habits relatively
constant which was veri!ed by a food diary.

2.3. Height and body composition

During the familiarisation session, height was recorded in cm
(S!M Height Measure, Aaxis Paci!c, NSW, Australia), followed by
supine whole body dual-energy X-ray absorptiometry (DXA) scan
for analysis of whole body and regional body composition (Nor-
land XR-800, CooperSurgical Inc., CT). Scanning resolution was set
at 6.5$13.0 mm2 and scanning speed was set at 130 mm/s (Illu-
minatus DXA™ User Interface Software Version 4.2.0). The whole

body was analysed for lean and fat mass in kg and percentage and
the right thigh was analysed for lean mass to calculate muscle
quality using Eq. (1):

Muscle quality Nm
kg

Maximal voluntary torque
Right thigh lean mass 1

! ( ) = ! !
! ! ! ( )

2.4. Hydration

Before each cycling time trial, participants provided a urine
sample to assess urine speci!c gravity (USG) using a digital re-
fractometer (PAL-10S, ATAGOs, Tokyo, Japan). Pre- and post-trial
nude body mass were measured to the nearest 10 g using a digital
scale (HW-150K, A&D Weighing, Thebarton, SA, Australia). The
participants were provided with water heated to approximately
37 °C to consume ad libitum and volume consumed was measured
to the nearest ml. Post-trial nude mass was obtained within 5 min
of cessation of exercise, after towelling down to remove un-
evaporated perspiration. Sweat measurement was determined
from the differences in nude body mass from the beginning to the
end of the trial and corrected for "uid intake.

2.5. Neuromuscular performance tests – voluntary activation

Before the cycling trial, participant’s right knee extensor
strength was measured on an isokinetic dynamometer (Humacs

NORMTM, CSMI, MA, USA) whilst seated with their arms folded
across their chest and their hips and upper bodies strapped !rmly
to the seat. In this position, the hip angle was 100° "exion. The
right leg was attached to the arm of the dynamometer at a level
slightly above the lateral malleolus and the axis of rotation of the
arm aligned with the lateral femoral condyle. The dynamometer
arm was set so that the knee was 90° from full leg extension. Each
subject performed 4$ sub-maximal familiarisation contractions
prior to performing 3–6$ 5-s maximal contractions, separated by
1-min recovery periods. Subjects were encouraged verbally to
exert the maximal possible force during each contraction. Con-
tractions within a 5% variance were averaged and analysed.

The level of voluntary knee extensor muscle activation was
assessed using the twitch interpolation technique (Shield and
Zhou, 2004) before and after each cycling trial. The femoral nerve
was stimulated using a constant current peripheral nerve stimu-
lator (Digitimer DS7AH Digitimer, Welwyn Garden City, Hert-
fordshire, UK) driven by customised software (Labview, version
2010 SP1, National Instruments, Austin, TX, USA). The stimulus was
delivered to the skin using self-adhesive electrodes (Verity Medi-
cal Ltd., Stockbridge, Hampshire, UK). The cathode was positioned
medially on the anterior aspect of the upper thigh E1 cm below
the inguinal fold, while the anode was positioned on the lateral
aspect of the upper thigh, between the iliac crest and the greater
trochanter. The current was delivered using a single square-wave
pulse with a width of 200 !s at 400 V. Initially, the current applied
was increased in incremental steps until the resting M wave and
evoked twitch torque amplitude plateaus. The current was then
increased by a further 10% to ensure supramaximal activation of
the nerve. Six resting twitches were elicited with 10-s rest be-
tween stimulations. The level of voluntary knee muscle activation
was assessed across three trials with a 1-min rest between each
attempt. Participants were instructed to slowly ramp their con-
traction to attain maximal torque over 2–3 s. Stimulus delivery
during contraction was manually triggered by customised soft-
ware when maximum voluntary contraction (MVC) was attained.
Within 5 s following each superimposed MVC, a second stimulus
was delivered with the knee extensors at complete rest, de-
termined by the absence of any load placed on the torque strain

Fig. 1. Schematic of study design. OT"chronically trained men; OU-PRE-
"untrained men; OU-POST"acutely trained men; MVC"maximum voluntary
contraction; VA%" level of voluntary activation; clear box labelled L represents
4.5 min of cycling at lower intensity; shaded grey box labelled S represents 30 s of
maximal effort sprint.
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gauge other than the effect of gravity on the lower limb and the
absence of EMG signals from the vastus medialis. The level of
voluntary knee extensor muscle activation during each super-
imposed MVC was calculated using Eq. (2):

Level of voluntary activation %

1 Interpolated twitch amplitude
Control twitch amplitude

100
2

! ! ! ( )

= [ " ( ! !
! ! )] #

( )

where interpolated twitch amplitude was calculated as the max-
imum torque value produced within 200 ms subsequent to the
delivery of the stimulus minus the mean torque value produced
during the 50 ms period immediately prior to stimulus delivery
and control twitch amplitude is the maximal torque value pro-
duced following stimulation whilst the muscle is at complete rest.
The level of voluntary knee extensor muscle activation was as-
sessed for all attempts with the single highest value used for fur-
ther analysis.

2.6. Near-infrared spectroscopy (NIRS)

A continuous-wave NIRS instrument (Oxymon MKIII, Artinis
Medical Systems B.V., Zetten, the Netherlands) was used to ex-
amine changes in oxygenated ([O2Hb]), deoxygenated ([HHb])
cerebral haemoglobin concentrations throughout the cycling time
trial. One NIRS probe was placed over the left prefrontal lobe, and
a second probe was placed over the belly of the vastus lateralis
muscle. Both were adjusted to optimise signal strength. The pla-
cement sites were cleaned with an alcohol swab. Inter-optode
distance was set at 35 mm using a black, plastic spacer and was
af!xed to the skin with double-sided self-adhesive discs. Black
elastic covering were wrapped over the probes to further secure
placement and minimise the intrusion of ambient light. NIRS data
were recorded at 10 Hz and averaged over a 10 s period [e.g., 2:10–
2:20 min for the !rst lower intensity (L) section and 4:40–4:50 for
the !rst sprint (S)]. The [O2Hb] and [HHb] in the present study are
reported as changes against a 120 s baseline value collected before
the commencement of each session while participants sat quietly
on the cycle ergometer with their eyes closed.

2.7. Performance time trial, physiological responses and RPE

Power output, heart rate, core temperature and skin tempera-
ture were monitored continuously. Data were averaged over a 20-s
period [e.g., 2:05–2:25 min for the !rst lower intensity (L) section
and 4:35–4:55 for the !rst sprint (S)].

Power output derived from Velotron 3D software (Version 1.0,
RacerMate Inc., Seattle, WA) was normalised to lean leg mass and
calculated as power output (W)/lean leg mass (kg). Each partici-
pant was !tted with a sensor belt (Equivital™ EQ02 LifeMonitor
Sensor Belt, Hidalgo, Cambridge, UK) to monitor heart rate. Core
temperature (Tc) was monitored via an ingestible telemetric sen-
sor ingested 5 h before the cycling time trial (VitalSenses Core
Body Temperature Capsule, Respironics Inc., Murrysville, PA)
whilst skin temperature (Tsk) was measured by iButtonss (Ther-
modata Viewer, 3.1.19) programmed according to the manu-
facturer’s instructions and af!xed to the skin using Transpore™
tape (3 M Health Care, St. Paul, MN) at the chest, arm, thigh and
leg (Ramanathan, 1964) immediately before entering the climate
chamber. Heart rate and Tc signals were transmitted to a sensor
electronics module (Equivital™ EQ02 LifeMonitor, Hidalgo, Cam-
bridge, UK) and monitored by eqView Professional software
(Version 4.1.59.6907). Rating of Perceived Exertion (RPE) was
measured using the Borg 6–20 scale (Borg, 1982) every 2.5 min.
Whole blood lactate (BLa) was assessed from blood taken from the
ear lobe with a handheld analyzer (Lactate Pro, Arkray KDK, Kyoto,

Japan) immediately after every sprint.

2.8. Exercise training

The intervention followed a mixed method of training. The !rst
session was aerobic, the second session was strength, and the third
session was half aerobic and half strength for a total of 3 sessions
per week. Aerobic exercises were performed on the cycle erg-
ometer, treadmill or rowing machine and progressed from 30 to
55 min over the 12 weeks. All bouts of aerobic exercise followed
the time trial protocol of 30 s maximal effort sprint for every
4.5 min of lower intensity, and targeted an intensity of 470% peak
heart rate for the lower intensity sections and 480% of peak heart
rate for the sprint sections. Resistance exercises targeting the
major muscle groups were performed on pulley-weight machines
(chest press, seated row, lat pulldown, shoulder press, leg press,
leg curl, squats, and lunges). Participants progressed from 3 sets of
3 exercises to 4 sets of 8 exercises over the 12 weeks. All sets were
performed at loads aimed at the completion of 10 repetition
maximum. Participants were encouraged to perform as many re-
petitions as possible on the last set, with loads increasing when
12–15 repetitions were completed on the !nal set. At the begin-
ning, the third (mixed) session comprised 15 min of aerobic ex-
ercise and 2 sets of 3 resistance exercises and progressed to 28 min
of aerobic exercise and 2 sets of 8 resistance exercises towards the
end of the 12 weeks. All exercise sessions were fully supervised by
quali!ed personnel and attained 100% compliance.

2.9. Statistics

Data from the OU were analysed for differences pre- and post-
training (OU-PRE and OU-POST, respectively). The OU-POST data
were then compared with those of the OT. Between group differ-
ences were identi!ed by a one-way ANOVA. Multiple comparisons
between and within group were identi!ed through a repeated
measures two-way ANOVA, determined using an uncorrected
Fisher’s LSD test.

All statistical analyses were performed with Prism 6 software
(Version 6.05, GraphPad Software, Inc., La Jolla, CA) for Windows.
Data are presented as mean7SD unless otherwise indicated with
signi!cance set at Po0.05. Effect sizes were calculated by dividing
the mean difference by a pooled variance estimate, and magni-
tudes were assessed using the following criteria: r0.19"trivial,
0.20–0.49"small, 0.50–0.79"moderate, and 40.80" large (Co-
hen, 1988).

3. Results

3.1. Mass and body composition

Total body mass pre-cycling did not change in the OU with
training, although it was lower in the OT compared with OU-PRE
and OU-POST (Po0.05; Table 1). Whole body fat percentage was
lower in the OT compared with OU-POST (Po0.01) and OU-PRE
(Po0.001). Post-training, the 1.5% decrease in whole body fat in
the OU-POST compared with the OU-PRE was not signi!cant.
There were no differences in total lean mass between groups.

3.2. Hydration

Fig. 2 shows the water consumed during the cycling time trial.
OT consumed more water than OU-POST and OU-PRE (Po0.01)
whilst no differences were observed in the OU with training. There
were no differences in urine speci!c gravity between groups (Ta-
ble 2). Sweat rate did not change in the OU with training. OT had a
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higher sweat rate compared with OU-PRE (Po0.01), but the 0.54 l/
h more compared with OU-POST was not signi!cant. The loss of
0.21 l/h more "uid in the OU-POST compared with OU-PRE was
not signi!cant.

3.3. Neuromuscular performance

There were no signi!cant differences in evoked resting peak
twitch force and rate of force development between the groups
(Table 2). The time to peak force in the OT was signi!cantly faster
by 10.1 ms compared with the OU-POST (Po0.05) while the
1.3 ms delay in OU-POST compared with the OU-PRE was not
signi!cant. The differences in half relaxation time were not

signi!cant, although it represented a large effect size (0.81) be-
tween the OT and OU-POST. The difference in contraction duration
between groups was not signi!cant with a moderate effect size
(0.60) between the OT and OU-POST.

Voluntary activation is illustrated in Fig. 3 (left ordinate). Before
the time trial, the voluntary activation was 89.778.6%,
81.3716.0% and 87.278.7% for OU-PRE, OU-POST and OT, re-
spectively. The voluntary activation between groups was not sig-
ni!cantly different but there was a moderate effect size (#0.51)
between OU-POST and OU-PRE. After the time trial, the voluntary
activation was 78.4716.0%, 79.8710.8% and 85.677.5% for OU-
PRE, OU-POST and OT, respectively. No signi!cant differences were
observed between groups although there was a moderate effect

Fig. 2. Volume of water consumed by individuals ($ ) and group (bars). Sig-
ni!cance between OT and OU-POST indicated by † Po0.01. Signi!cance between OT
and OU-PRE indicated by b Po0.01. Data presented as mean7SEM.

Table 2
Mean7SD (range) of hydration, time trial descriptives and evoked twitch properties.

OU-PRE OU-POST OT Effect size, d

N"8 N"8 N"11 OU-POST: OU-PRE OT: OU-POST OT: OU-PRE

Hydration
USG 1.01470.007 1.01570.009 1.01970.007 0.000 0.002 0.002

(1.005–1.023) (1.005–1.029) (1.007–1.030)
Sweat rate (l/h) 0.9070.28 1.1170.37 1.6570.70 0.08 0.21 0.30b

(0.41–1.20) (0.58–1.55) (1.03–3.20)

Time trial
Distance (km) 11.4071.15 11.2871.11 12.6171.18 #0.04 0.47* 0.42a

(10.14–13.80) (10.14–13.46) (10.58–14.74)
Normalised peak power (W/kg) 42.176.4 46.476.6 60.3711.6 0.48 1.11† 1.46c

(32.9–51.0) (40.1–59.3) (46.7–86.8)
Peak heart rate (beats/min) 166712 159714 165713 #0.39 0.35 #0.06

(149–183) (137–184) (147–192)

Evoked resting twitch#

Normalised Peak force (N/kg) 4.971.1 5.171.5 4.971.5 0.09 #0.08 0.01
(3.3–6.5) (3.0–7.3) (3.5–7.6)

Rate of force development (N/s) 366.2789.1 383.37110.9 399.4793.1 0.13 0.13 0.29
(261.2–485.0) (265.3–528.9) (284.8–525.6)

Time to peak force (ms) 86.375.2 87.572.6 77.479.3 0.22 #1.11* #0.90
(81.5–94.0) (85.0–91.5) (68.5–94.0)

Half relaxation time (ms) 51.6723.3 46.8720.6 71.1726.5 #0.17 0.81 0.62
(29.5–91.5) (29.0–84.5) (34.0–102.5)

Contraction duration (ms) 137.8722.0 134.3719.4 148.5718.5 #0.13 0.60 0.42
(118.5–173.0) (116.5–171.0) (127.0–171.0)

# Indicates N"6 for OU-PRE and OU-POST; N"7 for OT.
Signi!cance between OT and OU-POST indicated by * Po0.05 and † indicates Po0.01.
Signi!cance between OT and OU-PRE indicated by a Po0.05, b Po0.01 and c indicates Po0.001.
Effect size: r0.19"trivial, 0.20–0.49"small, 0.50–0.79"moderate, and 40.80" large (Cohen, 1988).

Fig. 3. Voluntary activation and muscle quality in the OU-PRE, OU-POST and OT.
Signi!cant effect of time trial in OU-PRE indicated by * Po0.05. Data presented as
mean.
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size (0.50) between OT and OU-POST. There was a signi!cant effect
of the cycling time trial on voluntary activation in OU-PRE, de-
creasing by 11.3% (Po0.05; effect size"#0.72) after the cycling
time trial. However, the 1.5% decrease in the OU-POST and 1.6%
decrease in the OT after the cycling time trial were not signi!cant
(effect size"#0.09 and #0.15, respectively).

3.4. Muscle quality

Muscle quality is illustrated in Fig. 3 (right ordinate). Muscle
quality was 23.074.6 N m/kg, 21.475.7 N m/kg and
23.175.0 N m/kg in the OU-PRE, OU-POST and OT, respectively. No
signi!cant differences were observed between groups, represent-
ing a small effect size of #0.22 between OU-POST and OU-PRE, a
small effect size of 0.24 between OT and OU-POST, and a trivial
effect size of 0.01 between OT and OU-PRE.

3.5. Near-infrared spectroscopy

The changes in tissue hemodynamics are shown in Fig. 4. Cer-
ebral ![O2Hb] was signi!cantly higher than baseline from S1 in
OU-PRE and OU-POST (Po0.01) and from L2 in OT (Po0.01).
Muscle ![O2Hb] in OU-PRE was signi!cantly lower than baseline
at S1 (Po0.01) and signi!cantly higher than baseline at L4
(Po0.05) and L5 (Po0.01), whilst the muscle ![O2Hb] in the OU-
POST and OT were signi!cantly lower than baseline. Cerebral !
[HHb] was signi!cantly different from baseline in OU-PRE from L2
(Po0.05) whilst the changes were signi!cant from S3 in OU-POST
(Po0.05) and S2 in OT (Po0.05). The muscle ![HHb] was higher
than baseline throughout the cycling time trial in all groups.

3.6. Performance time trial, physiological responses and RPE

The OT cycled 1.33 km and 1.20 km further than the OU-POST
(Po0.05) and OU-PRE (Po0.05), respectively (Table 2). The OT
achieved a normalised peak power of 13.9 W/kg (effect size"1.11)
and 18.2 W/kg (effect size"1.46) more than the OU-POST
(Po0.01) and OU-PRE (Po0.001), respectively. Peak heart rate
during the time trial was similar between groups.

Heart rate and RPE are shown in Fig. 5. The OT maintained a

higher heart rate than the OU-POST throughout the 25 min cycling
time trial (Fig. 5A), with signi!cance at L1, L2, and S1 (Po0.05).
This occurred even though the peak heart rate was similar be-
tween groups (Table 2). The OU-PRE maintained a higher heart
rate than the OT at S4 and S5, although this was not signi!cant.

Fig. 4. Changes from resting values in cerebral and muscle tissue oxygenation during the cycling time trial. Signi!cance from baseline indicated by * Po0.05, † Po0.01, ‡

Po0.001 and § Po0.0001. [O2Hb]"concentration of oxyhemoglobin; [HHb]"concentration of deoxyhemoglobin; L" lower intensity; S"sprint. Values are presented as
mean7SEM.

Fig. 5. Heart rate and RPE during the cycling time trial. Signi!cance between OT
and OU-POST indicated by * Po0.05. L" lower intensity; S"sprint. Data presented
as mean7SEM.
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RPE during the time trial (Fig. 5B) was similar between groups
during the time trial.

No signi!cant differences were observed in blood lactate be-
tween groups. In the OT, BLa after S1 was 6.473.8 and
9.173.2 mmol/l after S5. In the OU-POST, BLa after S1 was
5.971.1 and 9.572.3 mmol/l after S5. In the OU-PRE, BLa after S1
was 6.071.6 and 9.471.1 mmol/l after S5.

Tc and Tsk are shown in Fig. 6. Tc was 38.670.3, 38.170.3, and
38.170.3 °C in the OT, OU-POST, and OU-PRE, respectively, at the
end of the time trial. The rate of rise in the Tc of 3.670.8 °C/h in
the OT was signi!cantly higher compared with the rate of rise of
1.970.6 °C/h in the OU-POST (Po0.001) and, 2.270.6 °C/h in the
OU-PRE (Po0.001). The Tc (Fig. 6A) was signi!cantly higher in the

OT from S4 compared with OU-POST and from S3 compared with
OU-PRE. No signi!cant differences in Tc were observed between
the OU-POST and OU-PRE. The OT maintained a higher Tsk com-
pared with the OU-POST and OU-PRE throughout the time trial
(Fig. 6B), although the differences were not signi!cant.

Power output is shown in Fig. 7. The OT maintained a higher
power output compared with OU-POST and OU-PRE during the
low intensity sections (Fig. 4A). The OT maintained a higher power
output compared with the OU-POST and OU-PRE during all but the
last sprint (Fig. 7B). No signi!cant differences in power output
were observed between the OU-PRE and OU-POST.

4. Discussion

Although increased adiposity is associated with reduced heat
loss (Kenney and Munce, 2003), we found that the OU-POST in the
present study mitigated the heat load by modulating their pacing,
ultimately producing a lower power output corresponding with
relatively attenuated physiological responses compared with the
OT. The OU-PRE maintained a similar power output compared
with the OU-POST. Although no heat acclimation was carried out
in this study, aerobic training alone can improve cardiovascular
!tness (Huang et al., 2005) and indirectly improve performance in
the heat by allowing the cardiovascular system to compensate for
the increased demand for skin circulation to dissipate heat gained
during exercise (Rowell et al., 1966). It has been established that
the onset of sweating begins earlier with exercise training and
heat acclimation (Nadel et al., 1974). For example, Nielsen et al.
(1993) observed the rate of weight loss increased signi!cantly by
E2.8 g/min for 10–40 min after heat acclimation. Similarly, a
2 week heat acclimation programme increased sweat rate by
E0.19 l/h and 0.25 l/h in moderately !t and highly trained sub-
jects, respectively, although exercise heat tolerance was improved
only by long-term aerobic !tness (Cheung and McLellan, 1998).
Thus, in the present study, exercise training reduced the difference
in sweat rate between OT and OU-PRE, as indicated by the lack of a
signi!cant difference between OT and OU-POST. This signi!es an
improvement in sweat rate in OU-POST, and provides an indication
of positive adaptation with longer term exercise training.

The OT in this study exhibited a higher sweat rate (Po0.05)
compared with the OU-PRE, in line with research showing a cor-
relation between sweating rate and !tness levels (Drinkwater
et al., 1982) and higher cycling performance. In the present study
this is corroborated by the fact that the OT maintained high power
during each of the section of the time trial compared to OU-PRE
and OU-POST. It is interesting to note that only one out of the

Fig. 6. Thermoregulatory responses during the cycling time trial. Signi!cance be-
tween OT and OU-POST indicated by * Po0.05 and † Po0.01. L" lower intensity;
S"sprint. Data are presented as mean7SEM.

Fig. 7. Normalised power output during the cycling time trial. Signi!cance between OT and OU-POST indicated by * Po0.05, † Po0.01 and ‡ Po0.001. Signi!cance between
OT and OU-PRE indicated by a Po0.05, b Po0.01, c Po0.001 and d Po0.0001. L" lower intensity; S"sprint. Data presented as mean7SEM.
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eleven OT did not consume any water during the time trial whilst
two out of eight participants consumed water during the OU-PRE
time trial and only one out of eight participants consumed water
during the time trial in OU-POST, resulting in a signi!cant volume
of water consumed by the OT. Even in the OT who had the largest
change in body mass post-cycling, the relatively short duration of
the present cycling time-trial did not allow us to observe the loss
of body mass thought to have a detrimental effect on performance
(Robinson et al., 1995) or invoke a thirst response (Sawka et al.,
1992). Fluid ingestion may enhance exercise performance in the
heat by increasing the sweating response, thus attenuating the rise
in core temperature (Sawka and Montain, 2000). With more ex-
perience in exercise training, the OT has subconsciously im-
plemented a different hydration strategy compared with the OU-
POST and the OU-PRE to mitigate the effects of possible exercise
hyperthermia in the present time trial environment, ultimately
attaining a higher, but non-critical, Tc at the end of the 25 min time
trial.

Our !ndings demonstrate that trained older men display a
superior pacing strategy compared to the more newly trained men
in terms of performance output i.e., normalised peak power,
power output throughout the time trial and total distance cycled.
This is not an unusual !nding as larger improvements in aerobic
!tness are typically observed with training programmes lasting
Z16 week (Huang et al., 2005). Interestingly the higher sweat rate
did not prevent the OT from maintaining a higher heart rate de-
spite all groups displaying a similar peak heart rate, which may
have been in part mitigated by the higher volume of "uid ingested.
The resultant higher performance produced by the OT occurred
with corresponding physiological responses (Figs. 5–7) while all
groups increased their RPE linearly and at the same rate
throughout the time trial. Their similar lactate responses
throughout the time trial indicate that all participants provided a
conscious best effort. Taken together, these responses imply that
fatigue can be predicted near the start of exercise (Horstman et al.,
1979). This has been observed in subjects performing exercise to
exhaustion in cool and hot environments at !xed work rates.
Crewe et al. (2008) demonstrated that the rate of increase in RPE
accurately predicts the duration of exercise to exhaustion at a !xed
work rate, supporting the hypothesis that the brain integrates af-
ferent feedback at the onset of exercise and pre-sets the duration
of exercise based on its own decision of when fatigue will occur,
allowing an appropriate rate of heat storage that ensures the ex-
ercise bout is completed before dangerous hyperthermia develops
(Crewe et al., 2008).

Previous research examining the relationship between ther-
moregulation and exercise performance over a wide variety of
hydration strategies, environment, and performance protocols
have shown that the purported critical TcZ39.5 °C is seldom at-
tained, or if attained, no life-threatening consequences are ob-
served (Marino et al., 2004; Nolte et al., 2011). In addition, the
short duration of the present time trial was insuf!cient for parti-
cipants to accumulate and store a suf!cient heat load to reach the
purported critical Tc. The OT subconsciously chose a pace that re-
sulted in a higher rate of increase in their Tc. With knowledge of
the environmental condition and duration of the time trial, they
were able to forecast that the exercise session would be completed
at the selected pace before any potential harm would occur, sup-
porting Ulmer’s (1996) theory of teleoanticipation in which feed-
back and feedforward processes are integrated to regulate pre-
mature cessation of exercise. However, RPE was similar between
groups, which suggests that the OU are able to forecast and pace
the ride equally well as the OT or at the very least match their
effort to the prevailing condition in order to complete the exercise
bout. Based on previous experience, the OT were able to select a
more aggressive pacing strategy in the knowledge that they would

be able to complete the 25-min time trial safely, reducing the
likelihood of physiological failure. The OT completed more work
and incurred a higher rate of rise in Tc, although this did not
translate to a critical core temperature at completion of the 25 min
cycling time trial. In fact, the Tc in the OT at S5 was E38.6 °C, well
below core temperatures associated with heat illnesses or exercise
termination (Convertino et al., 1996).

The present study assessed central fatigue through peripheral
electrical stimulation delivered to the motor axons innervating the
muscle during voluntary muscle contraction (Gandevia, 2001).
Peripheral sources of fatigue include neuromuscular propagation
and contractile properties which can be indirectly measured by
the amplitude of the compound muscle action potential (M wave)
in response to a peripheral electrical stimulation and relaxation
time. The time to peak force, half relaxation time and contraction
duration may indicate differences in contractile function with
training, although these variables are derivatives of the twitch
contraction/relaxation cycle. Between groups, there were no dif-
ferences in voluntary activation, indicating no changes in central
activation (Gandevia, 2001). However, there was a signi!cant ef-
fect of the time trial in the OU-PRE. After the time trial, voluntary
activation in the OU-PRE decreased signi!cantly whilst it re-
mained unchanged in the OU-POST and OT. Given the age group of
these participants, the maintenance of neuromuscular function is
understandably retained. However, the decrease in voluntary ac-
tivation observed in OU-PRE after the time trial may indicate a
fatiguing effect of the time trial since no changes were observed in
the trained groups. The inability of the OU-PRE to maintain vo-
luntary drive to the knee extensors is an indication of central fa-
tigue. This decrease in voluntary activation is not observed in the
same participants post-training, indicating positive adaptations to
the 12 week training programme, although it is unclear if these
adaptations occurred at the periphery or within the central ner-
vous system. Interestingly, there were no differences in muscle
quality after 12 weeks of exercise training in the OU-POST or with
longer term training in the OT, indicating the contribution of fa-
tigue mechanisms unrelated to the periphery. Evaluation of the
cerebral and muscle tissue hemodynamics during the cycling time
trial provides some indication of the changes taking place. Chan-
ges in the muscle [O2Hb] in the OU-POST indicate some effect of
training resulting in a trend similar to the OT, displaying lower
levels of oxygen saturation during the sprints (Boushel et al.,
2001). The changes in the cerebral [HHb] indicate systemic hy-
poxaemia from L2 to the end of the cycling trial in OU-PRE whilst
this was evident only at L5 for OU-POST and OT and during the
latter sprints.

The disconnection between cycling time trial performance,
physiological responses and perceived exertion of the OT in
comparison with the OU-POST (and OU-PRE) may partially be
explained by motivation. The OT in this study may have high task
achievement goals and social af!liation which may facilitate their
performance in acute and chronic exercise bouts at a time when
their peers are experiencing a decline in exercise participation
(Hodge et al., 2008). Taken together, while it seems the bene!ts of
beginning exercise training later in life may not manifest itself in
improved performance, there are potential neuromuscular and
physiological adaptations which may translate to improved func-
tion. This study provides evidence for encouraging older adults to
begin and continue exercise interventions earlier in life to gain the
multitude of bene!ts associated with longer term exercise which
could translate to prolonging performing activities of daily living
and independent living in addition to the maintenance of exercise
performance.
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Letters to the Editor-in-Chief

Time Trial Performance and Pacing in
Heat is Determined by Rate of Heat Gain

Dear Editor-in-Chief

The very elegant study by Racinais et al. (6) shows for the
first time that at least one outcome of heat acclimatization
is altered pacing strategy. A key finding from their Figure 1
was the attenuated reduction in power output over the percent
distance completed from the first (TTH-1) to the third time
trial (TTH-3) in the heat. Interestingly, the rectal temperature
(Tre) in both trials was not different over the trial distance as
shown in their Figure 2 (bottom panel) so that subjects ter-
minated performance with identical values (40.1-C–40.2-C).
The authors correctly concluded that a critical temperature
threshold of 40-C is unlikely to determine performance.
Thus, this study should now close the chapter on the pre-
sumption that humans cannot continue exercising beyond a
critical core temperature of 39.5-C–40-C.

Nevertheless, it still remains to be elucidated as to what
thermoregulatory factors either determine or regulate pacing
with and without heat acclimatization. Fortunately, retro-
spective interpretation of their data can shed further light on
this issue. According to their Figure 1, regardless of power
output over the duration of both trials in the heat, Tre response
was almost identical. The time to complete the two trials was
different with trial 1 completed in about 77.28 min, whereas
trial 3 was completed in 65.61 min, approximately 11.66 min
faster. Taking the change in Tre over the total time, it is ap-
parent that the rate of increase in Tre was different, approxi-
mately 1.44-C I hj1 and 1.88-C I hj1 for TTH-1 and TTH-3,
respectively. Coupled with the finding that terminal Tre were
identical, these data suggest that pacing was determined by
the rate of increase in Tre as previously posited (7,8).

Although the authors suggest that attenuated cardiovas-
cular strain with acclimatization could also explain the im-
proved performance, this negates the obvious observation
that as cardiovascular strain increases, power output can also
increase (4,5) or maintained as Racinais et al. (6) now show
(as per their Figs. 1 and 2). An alternative possibility is that
skeletal muscle recruitment is regulated relative to thermal
strain during self-paced time trials (2,8). This is consistent
with the finding that subjects ended both trials with identical
Tre albeit with significantly different power outputs.

Their data also show that power output explains approx-
imately 90% of the variance for Tre response (R2 ~0.88–
0.97). Remarkably, power output range was larger in trial 1
(~220–320 W) compared with trial 3 (~280–320 W) where
it was tightly controlled. These data are consistent with the
proposition that pacing in the heat, even after acclimatiza-
tion, is regulated in anticipation of the terminal Tre so that
exercise is completed without the development of hyperpy-
rexia (3). This phenomenon was first noted over 50 yr ago
by Ladell (1) who concluded that ‘‘The wonder is, not that
anyone gets hyperpyrexia, but that so few of us ever do’’
(p. 206). Perhaps it is now time to embrace the possibility
that humans, like all other animals, are able to regulate their
exercise responses in order to avoid cellular catastrophe.

Frank E. Marino, PhD
School of Human Movement Studies
Faculty of Science
Charles Sturt University
Bathurst, New South Wales, AUSTRALIA
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a b s t r a c t

This study examined the effect of exercise intensity and duration during 5-day heat acclimation (HA) on
cycling performance and neuromuscular responses. 20 recreationally trained males completed a ‘baseline’ trial
followed by 5 consecutive days HA, and a ‘post-acclimation’ trial. Baseline and post-acclimation trials con-
sisted of maximal voluntary contractions (MVC), a single and repeated countermovement jump protocol,
20 km cycling time trial (TT) and 5!6 s maximal sprints (SPR). Cycling trials were undertaken in 33.0 7
0.8 °C and 60 7 3% relative humidity. Core (Tcore), and skin temperatures (Tskin), heart rate (HR), rating of
perceived exertion (RPE) and thermal sensation were recorded throughout cycling trials. Participants were
assigned to either 30 min high-intensity (30HI) or 90 min low-intensity (90LI) cohorts for HA, conducted in
environmental conditions of 32.0 7 1.6 °C. Percentage change time to complete the 20 km TT for the 90LI
cohort was signi!cantly improved post-acclimation ("5.9 7 7.0%; P#0.04) compared to the 30HI cohort
("0.18 7 3.9%; Po0.05). The 30HI cohort showed greatest improvements in power output (PO) during post-
acclimation SPR 1 and 2 compared to 90LI (546 7 128W and 517 7 87W, respectively; Po0.02). No
differences were evident for MVC within 30HI cohort, however, a reduced performance indicated by % change
within the 90LI (P#0.04). Compared to baseline, mean Tcore was reduced post-acclimation within the 30HI
cohort (P#0.05) while mean Tcore and HRwere signi!cantly reduced within the 90LI cohort (P#0.01 and 0.04,
respectively). Greater physiological adaptations and performance improvements were noted within the 90LI
cohort compared to the 30HI. However, 30HI did provide some bene!t to anaerobic performance including
sprint PO and MVC. These !ndings suggest specifying training duration and intensity during heat acclimation
may be useful for speci!c post-acclimation performance.

& 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The ef!cacy of heat acclimation (HA) to improve self-paced ex-
ercise performance in hot conditions has been well documented
(Armstrong and Maresh, 1991; Lorenzo et al., 2010; Saat et al., 2005;
Sunderland et al., 2008). Favorable reductions in cardiovascular,
thermoregulatory and perceptual strain for a given work rate are
conventionally used to explain performance gains (Chen et al., 2013;
Sunderland et al., 2008), as such, the degree of acclimation achieved
appears to be dependent on the dose of thermal strain administered
(Maughan and Shirreffs, 2004). While this trend may point to the use

of prolonged, repeated heat exposures to maximize adaptations in
heat loss mechanisms (Houmard et al., 1990), pre-competition pre-
paration time constraints often restrict long-term HA regimes (Pe-
tersen et al., 2010). Short-duration, high intensity exercise training has
become a more recognized form of exercise training for enhanced
physiological status and improved performance utilising a greater
ef!ciency of time distribution. Consideration for applying an accli-
mation intervention should be given to the increased cumulative
training load (Halson et al., 2002) and reduced rate of voluntary force
recovery (Duf!eld et al., 2009) accompanying exercise- and environ-
ment-induced heat stress. Shorter periods of high-intensity HA have
been reported to alleviate such concerns and yet still attain the de-
sired increases in thermoregulatory ef!ciency and exercise perfor-
mance (Chen et al., 2013; Houmard et al., 1990). Nevertheless,
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understanding how short term, high-intensity HA stimuli may impact
neuromuscular properties associated with improved pacing strategy
remains to be elucidated.

Increased rates of heat storage in high environmental tempera-
tures demonstrate a dose-response relationship with neuromuscular
performance (Racinais and Oksa, 2010). Importantly, the exercise
duration, and associated changes in local muscle and core body
temperature (Tcore), highlight contrasting direct (i.e., improved brief,
powerful action) and inverse trends (i.e., reduced prolonged exercise
performance) (Maughan and Shirreffs, 2004; Racinais and Oksa,
2010). Although increased short-term muscle contractility, force and
power output (PO) are reported in warm conditions (Edwards et al.,
1972), continual rise in Tcore during extended exercise in the heat
inhibits neural drive to the muscle and reduces voluntary activation
(VA) (Nybo and Nielsen, 2001; Périard et al., 2011). This suboptimal
neuromuscular recruitment under heat stress may reduce metabolic
heat gain to protect health status (Kay et al., 2001), and downregulate
exercise intensity as a result (Tucker et al., 2004). Enhanced ther-
moregulatory ef!ciency achieved via HA may protect self-paced ex-
ercise performance in the heat, but how such strategies can in"uence
neuromuscular mechanisms, including central and peripheral con-
tributions to performance outcomes remain unknown. This is notable
considering the speci!city of neuromuscular adaptations to exercise
prescription (Häkkinen et al., 2003) and the relationships between
maximal voluntary contraction (MVC) and training status (Lattier
et al., 2003).

Accordingly, the primary aim of the present study was to
compare low-intensity, long duration (90 min; 90LI) to inter-
mittent high-intensity, short duration (30 min; 30HI) cycling
during HA on cycling performance. A further aim of the present
study was to compare neuromuscular responses between two HA
training types. This is pertinent as this study is the !rst to compare
neuromuscular changes between exercise duration and intensity
to explain improvements in exercise performance following HA.
We hypothesised that 30HI would produce greater power output
during maximal sprints post-acclimation, while 90LI is hypothe-
sised to produce better endurance performance post-acclimation.
Further, we hypothesised that any performance gains may be
caused by increases in maximal voluntary torque (MVT) and VA
speci!c to the respective training stimuli.

2. Methods

2.1. Participants

Participants were 20 recreationally active, male team-sport
players who reported undertaking physical training and/or com-
petition 2–3 times per week. All participants were required to be
non-acclimated (mean climatic temperature during the interven-
tion: 17.3 °C), non-smokers, with no current illness or injury.
Mean7standard deviation (mean7SD) age, body mass, height and
peak oxygen uptake (VO2peak) characteristics of the participants for
the respective cohorts were; 30HI (24.374.2 y, 80.576.3 kg,

180.275.3 cm, and 41.973.7 ml kg"1 min"1, respectively); and
90LI (23.575.0 y, 72.776.3 kg, 175.474.9 cm, and
44.376.0 ml kg"1 min"1, respectively). Ethical approval was
gained from the Institution Human Research Ethics Committee
prior to any data collection. All participants were informed of the
demands and risks involved in the research, and provided verbal
and written consent prior to testing.

2.2. Overview

Participants completed a singular familiarisation session to
become accustomed to all testing equipment and procedures 5–7
days prior to experimental trials. Familiarisation also included
assessment of VO2peak using a ramp protocol (Barstow et al., 2000)
and a cycle ergometer to pair match participants for the respective
cohorts based on peak oxygen uptake and power output at VO2peak

(Lode B.V., Excalibur Sport, Groningen, The Netherlands). The
VO2peak test commenced at 35 W with increments of 35 W every
60 s with cadence maintained at 80 rpm for the duration of test. At
exhaustion, peak power (Pmax) was recorded to calculate load for
the subsequent HA training cycling protocols. Participants were
advised to abstain from food and caffeine 2 h prior to all exercise
protocols, and strenuous physical activity 24 h prior to all exercise
training. See Fig. 1 for schematic overview of study design.

2.2.1. Baseline and post-acclimation experimental trials (Day 1 and
7)

Baseline and post-acclimation experimental trials occurred
within 24–48 h before and after HA, respectively. Urine speci!c
gravity (USG), nude body mass, resting heart rate (HR), core
temperature (Tcore), skin temperature (Tskin), capillary blood sam-
ple for lactate (La"), thermal sensation (TS) and rate of perceived
exertion (RPE) were recorded on arrival following $10 min seated
in a rested state. This was immediately followed by neuromuscular
assessment of the right knee extensors including MVC, and vertical
jump (VJ) and countermovement jumps (CMJ). Participants then
completed cycling trials in an environmental chamber (33.1 7
0.8 °C and 60 7 3% relative humidity (RH)), including a 20 km
time trial (TT) (Tucker et al., 2004) and 5!6 s maximal cycling
sprints (SPR) on an air-braked stationary cycle ergometer (Velo-
tron, RacerMate Inc., Seattle, USA). Previous literature demon-
strates the maximal sprint protocol has a high test-retest reliability
ICC#0.96–0.98 (Koninckx et al., 2010). During the 5 min seated
recovery between TT and SPR participants were allocated with
maximal 600 ml water (475 7 128 ml ingested). Each SPR was
separated by 24 s active recovery (work:rest ratio of 1:5) during
which participants continued to cycle slowly. Participants were
required to remain seated for duration of all cycling protocols.
Immediately following cycling protocols, participants completed
physiological measures including nude mass, HR, Tcore, Tskin and
capillary blood sample was obtained.

2.2.2. Heat acclimation training (Day 2–6)
Following baseline testing, participants underwent !ve

Fig. 1. Schematic overview of study design for baseline, heat acclimation training and post-acclimation.
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consecutive days of HA at the same time of day for each session,
though due to logistical restrains, time of training varied between
participants. Participants were separated into two training groups
and completed either a 30 min HA cycling protocol (30HI), invol-
ving alternating cycling intensities every 3 min between 40% and
70% Pmax (n#10), or 90 min of continuous cycling (90LI) where HA
training intensity remained !xed at 40% Pmax (n#10) (Febbraio
et al., 1994; Pandolf et al., 1988).

Training was conducted in a temperature-controlled room main-
tained at 32.0 7 1.6 °C (Daikin Room Air Conditioner, FTY60GV1A7,
Daikin Industries. LTD, Osaka, Japan). Participants completed training
on a Monark cycle ergometer (Monark 828E, Monark Exercise AB,
Varburg, Sweden) and maintained cadence of 80 rpm throughout the
session, with intensity altered by changes in resistance.

2.3. Measures

2.3.1. Performance
Power output was continuously recorded throughout the

20 km TT using the Velotron software (Velotron CS 2008, Ra-
cerMate Inc., Seattle, USA) and a 30 s data sample was isolated and
analysed to determine mean power output every 2 km (Excel
2007, Microsoft Corp, Washington, USA). Throughout the maximal
sprints, power output was recorded continuously and later ana-
lysed to determine peak power output for each SPR.

Lower body power was assessed via VJ height (cm) and CMJ
height (cm) using a calibrated linear position transducer integrated
with customised software (Ballistic Measurement System, Fitness
Technology, Adelaide, Australia). The VJ protocol involved a single
vertical jump during which the participant positioned into a ‘squat’
position (90° "exion at the knee) then vertically propelled with
maximal exertion. The CMJ protocol consisted of 5 continuous and
repeated jumps starting in upright position. During both jump pro-
tocols, participants were instructed to rest a 1.2 m dowel across their
shoulders to eliminate arm swing. The typical error of the VJ and CMJ
protocol is 0.023 m and 0.010 m, respectively (Cormack et al., 2008).

2.3.2. Neuromuscular
Neuromuscular measurements were completed via the use of an

isokinetic dynamometer (Humac Norm Isokinetic Dynamometer,
Ausmedic, CSMi Medical Solutions, Stoughton, USA). Participants
were seated with 90° "exion at the hip and knee and secured to the
dynamometer via a chest strap. The lever armwas !xed $1 cm above
lateral malleolus of the right leg, and the axis of rotation aligned with
the lateral epicondyle of the femur. During the MVC, participants
placed their arms across their chest to minimize additional forces.

Supramaximal muscle stimulation was achieved by securing sur-
face electrodes (Meditrace Mini Electrodes, EBOS Healthcare, King-
sgrove, Australia) on the femoral nerve $1 cm below the inguinal
fold. The current was delivered via voltage stimulator (Model DS 7 A,
Digitimer Ltd, Welwyn Garden City, Hertfordshire, England) linked to
a terminal block and signal acquisition system (PXI1024; National
Instruments, Austin, USA) that sampled data at 2000 Hz. The elec-
trical stimulus was directed using a computer software system (v8.0
LabView; National Instruments, Austin, USA) and was delivered with
a width of 200 !s. The current was applied in incremental steps until
a plateau in twitch torque was achieved, then increased by a further
10% to ensure supramaximal muscle stimulation.

Participants performed a warm-up protocol that included two
isometric contractions each at 50%, 75% and 90% of perceived max-
imal effort. Participants then completed 6 x MVCs of right knee ex-
tensors for 5 s with 25 s recovery between contractions. Previous
research has shown strong test-retest reliability data for a 2–5 s MVC
protocol ICC#0.91–0.95 (Hunter et al., 2000). When participants
achieved maximal torque during each MVC, the muscle was super-
imposed with electrical stimulus to the femoral nerve. Immediately

following each MVC, when complete relaxation in the muscle was
achieved ($2 s), a potentiated evoked twitch was delivered (Minett
et al., 2011). MVT was determined as the mean torque value produced
within 50 ms prior to stimulus delivery. VA was calculated according
to the twitch interpolation technique (Merton, 1954). From the po-
tentiated evoked twitch contractions, mean torque-time curves were
generated to determine the following characteristics of each MVC;
peak twitch torque (Pt); rate of torque development (RTD); time to
peak torque (TPt); rate of relaxation (RR); half relaxation time (HRT);
contraction duration (CD) using MatLabTM Software (The Mathworks
Inc, Natick, USA).

2.3.3. Physiological
On arrival for baseline and post-acclimation trials, participants

provided a mid-stream urine sample for assessment of USG using a
digital refractometer (Refractometer 503, Nippon Optical, Works Co,
Tokyo, Japan). All participants presented to the laboratory in a eu-
hydrated state (o1.020) and did not require addition "uids before
commencing. Nude body mass was measured at rest and after ex-
ercise using a set of calibrated scales accurate to 100 g (HW 150K, A &
D, Tokyo, Japan). HR was recorded via a chest strap and wristwatch
receiver (F1, Polar, Electro-Oy, Kempele, Finland). During baseline and
post-acclimation trials, HR was recorded at rest and every 2 km
throughout the 20 km TT, and immediately after each SPR. HR was
recorded at pre-exercise and at 5 min intervals during HA sessions.

Telemetric Tcore capsules were consumed 4 h prior to experimental
trials to ensure passing into the gastrointestinal tract (Byrne and Lim,
2007) and were recorded using a hand-held receiver (VitalSense, Mini
Mitter, Oregon, USA) at rest, and every 2 km throughout the TT and
immediately following each SPR. Tympanic temperature (Ttym) was
used as a substitute for Tcore during HA due to funding constraints
(ICC#0.96; r#0.92; Burnham et al., 2006). Ttym was recorded every
5 min via digital temperature device (Thermoscan 3000, Braun,
Kronberg, Germany). Tskin was recorded at rest, every 2 km during the
20 km TT, immediately post SPR and at pre-exercise, and every at
5 min throughout the respective HA protocols. Mean Tskin was esti-
mated from four sites; (1) 1 cm below suprasternal notch of sternum
(Tsternum), (2) anterior surface midpoint of forearm at maximal girth
(Tforearm), (3) anterior aspect of quadriceps at midpoint (Tthigh),
(4) posterior aspect of maximal girth of calf (Tcalf) (Ramanathan, 1964)
using a digital temperature device (Thermoscan 3000, Braun, Kron-
berg, Germany) as per Burnham et al. (2006) (ICC#0.96; r#0.92).

A 100 mL capillary blood sample was obtained from the !ngertip
and analysed for La" using a Radiometer Blood Analyser (ABL825
Radiometer, Copenhagen, Denmark). During experimental trials an
additional 60 mL capillary blood sample was obtained pre and post-
exercise, centrifuged (NF048 Microtube and Microhematocrit Cen-
trifuge, Hurst Scienti!c PTY LTD, Canning Vale, WA, Australia) at
3000 rpm for 3 min, and manually analysed for haematocrit (Hct).

2.3.4. Perceptual
RPE using the 6–20 point Borg RPE scale (Borg, 1982), and TS

Likert scale 0–8 point scale; 0#unbearably cold to 8#unbearably
hot (Leon et al., 2008) assessed perceptual ratings throughout each
stage of acclimation. TS was documented pre-exercise, and RPE
and TS were recorded every 2 km during TT, immediately follow-
ing all SPR and at every 10 min interval during HA cycling protocol.

2.4. Statistical analysis

Data are reported as mean 7 standard deviation (SD). Sig-
ni!cance was set a prori Po0.05. A Shapiro-Wilk test was initially
used to determine sphericity within data and did not substantially
differ from a normal distribution. A repeated-measures (condition
x time) ANOVA with Tukey's HSD post hoc test were used to de-
termine signi!cant differences for performance and physiological
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variables within the respective cohorts (30HI and 90LI). A one-way
ANOVA was used to test for signi!cant differences between
baseline and post-acclimation for performance and physiological
variables. Percentage change was calculated to report relative
differences between baseline and post-acclimation for power
output and time to completion performance variables within the
respective cohort. Analysis was performed using statistical pack-
age for social sciences (SPSS v 20.0, Chicago, USA).

3. Results

3.1. 20 km TT

3.1.1. Performance
Time to complete the 20 km TT was signi!cantly shorter for the

30HI cohort compared to the 90LI cohort at baseline (30HI: 40.46
7 3.82 min vs. 90LI: 44.68 7 4.12 min; P#0.01); however, no
differences were observed post-acclimation (30HI: 40.45 7
3.60 min vs. 90LI: 41.85 7 3.08 min; P40.05). No differences
were observed within the 30HI cohort (P40.05), though time to
completion was shorter post-acclimation compared to baseline in
the 90LI condition (P#0.03). Further, percentage change time to
completion from baseline to post-acclimation was signi!cantly
greater (signi!cantly enhanced performance) in the 90LI cohort
compared to the 30HI cohort (30HI:"0.2 7 3.9% vs. 90LI:"5.9 7
7.1%, P#0.04).

As shown in Fig 2A, mean PO during the 20 km TT was sig-
ni!cantly higher in the 30HI cohort compared to 90LI at baseline
at 6 and 10–14 km (P40.04). However, no signi!cant difference
was observed in overall mean PO between the respective condi-
tions during baseline (30HI: 154 7 38 W vs. 90LI: 124 7 32 W,

Fig. 2. Mean 7 SD A) power output, B) heart rate, C) core temperature, and D) mean skin temperature; at baseline and post-acclimation during 20 km time trial for high-
intensity (30HI: n#10) and low-intensity (90LI: n#10) cohorts, respectively. a Signi!cant difference between 90LI and 30 HI within baseline (Po0.04) ¥ Signi!cant dif-
ference between 90LI and 30 HI within post-acclimation (Po0.05) # Signi!cant difference between baseline and post-acclimation within 30HI (Po0.05)* Signi!cant
difference between baseline and post-acclimation within 90LI (Po0.05).
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P40.05) or post-acclimation (30HI: 157 7 47 W vs. 90LI: 144 7
27 W, P40.05). Within the 30HI cohort, mean PO was signi!cantly
higher at 18 and 20 km post-acclimation compared to baseline
(P#0.01). Within the 90LI cohort, mean PO was higher at 14 and
20 km in the post-acclimation TT compared to baseline (P#0.04).

3.1.2. Physiological
Fig 2B, C and D show HR, Tcore and Tskin responses at baseline

and post-HA, respectively. Pre-exercise and overall mean HR dur-
ing the 20 km TT were not signi!cantly different between cohorts
during baseline or post-acclimation (mean: baseline: 30HI: 161 7
11 beats min"1 vs. 90LI: 170 7 13 beats min"1; post-acclimation:
30HI: 153 7 14 beats min"1 vs. 90LI 161 7 14 beats min"1;
P40.05). The 30HI cohort showed a signi!cant decrease in post-
acclimation HR from 12 to 16 km compared to baseline (P#0.04),
while the 90LI cohort presented reduced HR at pre-exercise and
from 6 to 12 km during post-acclimation compared to baseline
(P#0.04).

Tcore was not signi!cantly different between the respective
cohorts during baseline; however, was signi!cantly reduced dur-
ing post-acclimation in the 90LI cohort compared to the 30HI
cohort at 2 km (P#0.05). Within the 30HI cohort Tcore was sig-
ni!cantly reduced at 18 and 20 km post-acclimation compared to
baseline (P#0.04), and was reduced at 2, 6–16 and 20 km post-
acclimation within the 90LI cohort (P#0.04). No change in overall
mean Tcore was evident within the 30HI cohort at post-acclimation
compared to baseline (baseline: 38.12 7 0.35 °C vs. post-accli-
mation: 37.94 7 0.36 °C; P#0.01). Overall mean Tcore was reduced
post-HAwithin the 90LI cohort (baseline: 38.18 7 0.35 °C vs. post-
acclimation: 37.75 7 0.36 °C; P#0.01).

There were no signi!cant differences present between the re-
spective cohorts for Tskin during baseline (P40.05). However,
during the post-acclimation trial, Tskin was lower in the 90LI co-
hort compared to the 30HI cohort at 2, 4 and 10 km (P#0.05). The

30HI cohort also showed a signi!cant reduction in Tskin at 20 km
(P#0.02), while the 90LI cohort showed reduced Tskin at 2–10, and
18–20 km during the post-acclimation TT (P#0.05). Overall mean
Tskin of the 30HI cohort showed no signi!cant change (baseline:
34.7 7 0.6 °C vs. post-acclimation: 34.8 7 0.9 °C; P40.05), while
the 90LI cohort showed signi!cantly reduced overall mean Tskin
post-acclimation compared to baseline (baseline: 34.5 7 1.0 °C vs.
post-acclimation: 33.8 7 0.9 °C; P#0.02).

La" was not signi!cantly different between cohorts at baseline
or post-acclimation (P40.05; Table 2). While pre-exercise Hct was
signi!cantly greater for the 30HI cohort compared to the 90LI
cohort during baseline (P#0.03; Table 2); no signi!cant differ-
ences were observed between cohorts post-exercise or during
post-acclimation, at pre- or post-exercise within the respective
cohorts (P40.05).

3.1.3. Perceptual
Fig 3 presents the perceptual responses for the 20 km TT during

baseline and post-acclimation for the respective cohorts. RPE
during the 20 km TT was signi!cantly higher in the 90LI cohort
compared to 30HI during baseline at 6 km (P#0.05). During post-
acclimation, higher RPE was reported for the 90LI cohort com-
pared to the 30HI cohort at 2–4 km (P#0.02). Within the 30HI
cohort, participants reported a higher RPE at 2, 10, 16–20 km and
overall mean RPE at baseline compared to post-acclimation
(mean: baseline: 15 7 2 vs. post-acclimation: 14 7 2; P#0.04).
No signi!cant difference was evident within the 90LI cohort
(P40.05). TS between cohorts during baseline was signi!cantly
higher at 20 km for the 30HI cohort compared to the 90LI cohort
(P#0.05). Participants reported lower TS at post-acclimation
compared to baseline within the 30HI cohort at 4, 8–10, 16–20 km
and overall mean TS (mean: baseline: 7 7 1 vs. post-acclimation:
671; P#0.04). Within the 90LI cohort, pre-exercise and at 2 km
participants reported lower TS post-acclimation compared to
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Fig. 3. Mean 7 SD A) rate of perceived exertion, and B) thermal sensation; at baseline and post-acclimation during 20 km time trial for the 30 min high-intensity (30HI:
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baseline (P#0.01) and no differences in overall mean TS were
present within 90LI (mean: baseline: 7 7 1 vs. post-acclimation: 6
7 1; P40.05).

3.2. Maximal effort sprints

3.2.1. Performance
As shown in Fig 4A, maximal sprint PO during the baseline trial

was greater during SPR 3 and overall mean PO in the 30HI cohort
(459 7 82 W) compared to 90LI (406 7 37 W; P#0.04). While
during post-acclimation, PO during maximal sprints was sig-
ni!cantly greater during SPR 1 and 2 and overall mean PO for the
30HI cohort (468 7 91 W) compared to the 90LI cohort (401 7
36 W; Po0.03). Unexpectedly, no signi!cant differences were
observed between baseline and post-acclimation for SPR perfor-
mance in either condition (P40.05).(Fig. 4).

3.2.2. Physiological
Fig 4B, C and D illustrate the physiological changes within the

maximal sprints. No signi!cant difference was evident in HR be-
tween cohorts during baseline or post-acclimation (P40.05).
Within the 30HI cohort, SPR 1–5 and within the 90LI cohort during
SPR 2–5, HR was signi!cantly reduced post-acclimation compared
to baseline (Po0.05). Overall mean HR within the respective co-
horts was signi!cantly lower post-acclimation compared to base-
line (mean: baseline: 30HI: 169 7 9 beats.min"1 vs. 90LI: 180 7
14 beats.min"1; post-acclimation: 30HI: 161 7 12 beats min"1 vs.
90LI 167 7 10 beats min"1; Po0.05). There were no signi!cant
changes present between cohorts for Tcore at baseline or post-ac-
climation (P40.05); however, Tcore was signi!cantly reduced
within the 30HI cohort post-acclimation compared to baseline
(Po0.05). Further, Tskin did not differ between or within cohorts
during SPR (P40.05).

3.2.3. Perceptual
No signi!cant differences in RPE were present within or be-

tween cohorts during maximal sprints (baseline 30HI: 19 7 2 vs.
90LI: 18 7 2 au; post-acclimation: 30HI: 18 7 2 vs. 90LI: 16 7 2;
au; P40.05). There were no signi!cant changes in TS between
cohorts following SPR at baseline or post-acclimation (baseline
30HI: 7.3 7 0.8 vs. 90LI: 6.8 7 0.8 au; post-acclimation: 30HI: 6.4
7 0.9 vs. 90LI: 6.0 7 1.2 au; P40.05). Within the 30HI cohort,
there was a signi!cant decrease during SPR in post-acclimation TS
(P#0.01).

3.3. Neuromuscular

Table 1 depicts neuromuscular responses at baseline and post-
acclimation. No signi!cant difference between cohorts at baseline
or post-acclimation for peak MVT (P40.05). There were no dif-
ferences between trials within the 30HI cohort for peak MVT
(P40.05), though the 90LI cohort showed signi!cantly reduced
peak and mean MVT post-acclimation compared to baseline
(P#0.04). There were no signi!cant differences between the re-
spective cohorts for Pt at baseline (P40.05) though a signi!cantly
lower Pt post-acclimation was observed within the 90LI cohort
compared to the 30HI cohort (P#0.03). No change was evident in
VA, tPt, RTD, CD, RR and HRT within each cohort during either
baseline or post-acclimation (P40.05).

3.4. Physiological characteristics

No signi!cant differences were observed for USG between co-
horts during baseline or post-acclimation (P40.05; Table 2). Nude
body mass was signi!cantly lower for the 90LI cohort compared to
the 30HI cohort at baseline and post-acclimation both pre- and

post-exercise (P#0.01; Table 2). Nude body mass was signi!cantly
lower post-exercise in both cohorts at baseline and post-accli-
mation (P#0.02).

3.5. VJ and CMJ

Table 3 depicts jump height (cm) for VJ, and peak and mean
CMJ. There were no signi!cant differences between cohorts during
baseline (P40.05). Post-acclimation, all jump heights were sig-
ni!cantly higher for the 30HI cohort compared to 90LI (Po0.04).
There was no signi!cant difference between cohorts for percen-
tage change (VJ: 30HI: 5.3 7 17.1% vs. 90LI: 0.8 7 10.4%; peak
CMJ: 30HI: 4.0 7 8.7% vs. 90LI:"3.4 7 10.9%; mean CMJ: 30HI:
6.6 7 10.8% vs. 90LI:"1.7 7 7.4%; P40.05). There were no sig-
ni!cant differences observed between baseline and post-acclima-
tion trials in the 30HI and 90LI cohorts (P40.05).

3.6. Heat acclimation training

Table 4 presents the physiological and perceptual changes
during the 5 day HA period. No signi!cant differences were evi-
dent between or within the respective cohorts for pre-exercise or
overall mean HR, Ttym, Tskin, RPE or TS on any day of HA (P40.05).
However, while there were no signi!cant differences for pre-ex-
ercise La" between cohorts during HA, post-exercise La"was
signi!cantly greater for the 30HI cohort on all days of HA com-
pared to 90LI (Po0.02).

4. Discussion

The aim of the present study was to determine the effect of
training duration and intensity during !ve consecutive days of HA
on exercise performance, neuromuscular responses and physiolo-
gical adaptations. As far as we are aware this is the !rst study to
date to examine the effect of HA modality on neuromuscular
performance. The novel !nding indicates that a reduction in MVT
following 90 min of HA over !ve consecutive days was likely due
to reductions in twitch peak torque with minimal effect on neural
drive. However, 30 min of high intensity HA had neither positive
nor detrimental effects on neuromuscular performance. We fur-
ther demonstrate longer HA session duration (i.e. 90 min vs.
30 min) could provide greater improvements, as shown by greater
percentage change in cycling TT time to completion, in endurance
cycling performance after a !ve day intervention. Notably, the
higher intensity training completed in the 30HI cohort incurred
greater improvements in anaerobic exercise performance, includ-
ing VJ and CMJ height and maximal cycling sprint power output at
least during SPR 1 and 2. Accordingly, results indicate altered ex-
ercise type attributed to speci!c performance improvements fol-
lowing the acclimation training.

A further novel aspect of the present study was the comparison
of neuromuscular responses between 30 and 90 min HA. While no
differences between cohorts were evident at baseline for all neu-
romuscular variables, peak MVT was signi!cantly reduced for the
90LI cohort post-acclimation. This decline in MVT and twitch Pt in
conjunction with no change in VA, may indicate the greater
training load induced greater cumulative fatigue, thus reducing
neuromuscular performance during the post-acclimation trial.
While not utilising heat acclimation, the effect of moderate in-
tensity exercise during consecutive days of exercise has been si-
milarly shown to reduce MVT (Halson et al., 2002) due to reduc-
tions in twitch force (Ronglan et al., 2006). Generally, reductions in
twitch force and declines in muscular force in the active muscu-
lature are attributed to disruptions distal to the neuromuscular
junction, suggesting peripheral fatigue (Thomas et al., 2014). As
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Fig. 4. Mean 7 SD A) power output, B) heart rate, C) core temperature, and D) mean skin temperature; at baseline and post-acclimation during the maximal sprints for
30 min high-intensity (30HI: n#10) and 90 min low-intensity (90LI: n#10) cohorts, respectively. a Signi!cant difference between 90LI and 30 HI within baseline (P#0.03) ¥
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Signi!cant difference between baseline and post-acclimation within 90LI (Po0.04).

Table 1
Mean7SD peak and mean maximal voluntary torque (MVT), voluntary activation (VA) and twitch contractile properties (TCP) including latency (Lat), peak torque (Pt), rate
of torque development (RTD), rate of relaxation (RR), half relaxation time (HRT) and contraction duration (CD) for 30 min high-intensity (30HI: n#10) and 90 min low-
intensity (90LI: n#10) cohorts, at baseline and post acclimation at pre-exercise.

Peak MVT (Nm) Mean MVT (Nm) VA (%) Lat (ms) Pt (Nm) RTD (Pts"1) TPt (ms) RR (Pts"1) HRT (ms) CD (ms)

Baseline
30HI 149749 146748 74713 2375 51714 8107311 66711 "4077253 83753 149751
90LI 145733 143733 82719 2776 49712 9067348 58711 "4267166 67728 124719
Post-acclimation
30HI 151745 149745 76711 2974 51711 6727370 80745 "3097192 877167 167796
90LI 135731* 132731* 78712 2676 39711*,¥ 6857238 5979 "308798 67715 127721

¥ Signi!cant difference between 90LI and 30HI within post-acclimation (P#0.03).
* Signi!cant difference between baseline and post-acclimation within 90LI (Po0.04).
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such, it may be likely that the extended nature of the 90 min
training protocol resulted in cumulative fatigue within the active
musculature, which may have been exacerbated by insuf!cient
recovery (Halson et al., 2002).

A self-paced cycling TT was used to evaluate exercise perfor-
mance under heat-stress conditions, and to evaluate physiological
and perceptual responses following 5 days of HA. During the
baseline 20 km TT, PO was signi!cantly higher for the 30HI cohort
compared to 90LI. Interestingly, during the post-acclimation TT,
differences between cohorts were no longer apparent, due to a

considerable 23 7 35% improvement in the overall mean PO for
the 90LI cohort following HA, where the 30HI cohort showed only
a 4 7 8% improvement. Interestingly, Lorenzo et al. (2010) had
participants train for 460 min for a 10 d HA intervention, and
found only an 8 % performance increase during a subsequent
60 min cycling TT. Sunderland et al. (2008) also examined the
response of an intermittent training protocol (35–40 min) on
subsequent high-intensity intermittent performance. The authors
reported the moderate-intensity training protocol was suf!cient to
increase the high-intensity running to exhaustion. Using the
aforementioned !ndings in conjunction with the present results,
we can suggest that increased exposure to heat stress can con-
tribute to greater performance improvements post-acclimation,
while less-duration, high-intensity HA may provide only low to
moderate performance improvements. Standard recommenda-
tions pertaining to HA type are established to produce improve-
ments during subsequent endurance exercise (Chalmers et al.,
2014; Guy et al., 2015; Lorenzo et al., 2010), the current results can
similarly conclude greater performance improvements are attrib-
uted to greater HA duration.

While performance improvements are well documented in
endurance exercise following a heat acclimation intervention, al-
tering training type for a desired outcome (speci!city) has re-
ceived less attention (González-Alonso et al., 1999; Sunderland
et al., 2008). Though Houmard et al. (1990) suggested shorter
duration, moderate-intensity exercise could produce the same
degree of acclimation compared to long duration, low-intensity
exercise, performance outcomes were not assessed. Findings from
the present study indicate that 30 min moderate " high intensity
HA can bene!t short-duration, explosive exercise. The current
results show greater SPR, VJ, and CMJ performance post-acclima-
tion within the 30HI cohort (3.2 7 16.3%, 5.3 7 17.2% and 6.6 7
10.8% change, respectively) compared to the 90LI cohort ("0.7 7
5.2%, 0.8 7 10.3 and "1.7 7 7.3% change, respectively). Brade
et al. (2013) have similarly shown high-intensity HA over 11 d to
produce a 4 % improvement in repeated sprints post-acclimation.
The protocol design elicited by Brade and colleagues (2013) utilises
!ve sessions starting with eight blocks of 3 min increasing by one
block every session to !nish with 12 blocks over 10 days. Collec-
tively, the enhanced SPR, VJ and CMJ performances in the present
study suggest that there may be some bene!t to tailoring HA type
to cater for speci!c post-acclimation performance requirements.
Furthermore, our !ndings suggest improvements in SPR, VJ and
CMJ performance following acclimation may not be resultant of
physiological adaptations, but rather re"ect greater speci!city of
the HA protocol to these anaerobic power based assessments. If so,
these improvements in anaerobic performance may be best
achieved using more sport-speci!c training modalities that more
closely re"ect competition demands (Ronglan et al., 2006).

The performance improvements during the post-acclimation
cycling TT may re"ect the greater physiological adaptations gained
during the 90LI HA protocol. Speci!cally, the present investigation
shows signi!cantly reduced cardiovascular strain, including a re-
duction in resting and exercising HR post-acclimation. In addition,
a larger increase in pre-exercise Hct was present post-acclimation
within the 90LI cohort (2 7 2%) indicating greater blood volume
following acclimation. In comparison, Hct was reduced post-ac-
climation ("3 7 1%) within the 30HI cohort which may attribute
to the lower exercising HR and plasma volume expansion (Garrett
et al., 2011). As there was a greater loss in body mass by sweat
secretion post-HA within the 30HI cohort, higher sweat rates can
contribute to the decline in Hct. In addition to earlier onset and
increase in sweat rate, reductions in resting and exercising Tcore
and Tskin are further linked to decreased cardiovascular strain and
reduced metabolic heat gain (Brück and Olschewski, 1987; Gon-
zález-Alonso et al., 1999). It appears the changes in

Table 2
Mean7SD Haematocrit (Hct), lactate (La") and Nude mass during baseline and
post-acclimation at pre-exercise and during the 20 km time trial for the 30 min
high-intensity (30HI: n#10) and 90 min low-intensity (90LI: n#10) cohorts,
respectively.

Pre- exercise Post 20 km TT Post SPR

Nude body
mass (kg)

Baseline

30HI 80.5476.28a 79.7376.47a

90LI 72.6476.22 71.9776.40
Post-
acclimation
30HI 81.0776.30#,¥ 80.4875.99#,¥

90LI 72.8676.09* 72.4075.90*

USG (mmol/
L)

Baseline

30HI 0.01
90LI 1.0270.01
Post-
Acclimation
30HI 1.0370.01
90LI 1.0270.01

Hct (%) Baseline
30HI 52.273.7a 53.173.0
90LI 47.372.7 51.072.8
Post-
acclimation
30HI 50.774.9 50.274.3
90LI 48.274.9 49.973.1

La- (mmol/
L)

Baseline

30HI 1.3070.37 6.8373.59 11.3873.44
90LI 1.4670.24 6.2072.68 12.4673.03
Post-
acclimation
30HI 1.4870.45 8.9870.45 13.1673.51
90LI 1.6370.46 7.0573.94 12.9972.98

a Signi!cant difference between 90LI and 30HI within baseline (Po0.03).
¥ Signi!cant difference between 90LI and 30 HI within post-acclimation

(Po0.02).
# Signi!cant difference between baseline and post-acclimation within 30HI

(Po0.01).
* Signi!cant difference between baseline and post-acclimation within 90LI

(Po0.02).

Table 3
Mean7SD peak vertical jump and peak and mean countermovement jump at
baseline and post acclimation for high-intensity (30HI: n#10) and low-intensity
(90LI: n#10) cohorts, respectively.

Peak ver-
tical height
(cm)

Peak counter-
movement height
(cm)

Mean Counter-
movement height
(cm)

Baseline
30HI 0.3770.08 0.3570.06 0.3370.07
90LI 0.3270.06 0.3170.05 0.2970.04
Post-Acclimation
30HI 0.3870.07¥ 0.3770.08¥ 0.3570.08¥

90LI 0.3170.04 0.3070.06 0.2870.04

¥ Signi!cant difference between 90LI and 30 HI within post-acclimation
(Po0.04).
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thermoregulatory variables within each cohort were not dissim-
ilar, though this lack of physiological differences coincides with a
12 % difference in TT performance between cohorts. These !ndings
suggest that participants within the 90LI cohort were able to ex-
ercise at higher exercise intensities during the TT for similar
physiological improvements to short-duration, high intensity HA.

During the post-acclimation performance trials, there appears
to be some disconnect between physiological adaptations and
perceptual responses within the respective cohorts. Participants
within the 30HI cohort indicated feeling ‘cooler’ post-acclimation
than the 90LI cohort. Further, RPE was only signi!cantly reduced
within the 30HI cohort, perhaps indicating moderate-high in-
tensity, short-duration exercise leads to greater reductions in
perceptual strain during exercise in the heat compared to low-
intensity, longer duration exercise. Sunderland et al. (2008) also
reported signi!cant reductions in TS following high-intensity HA
compared to a control condition. The authors concluded that re-
peated exposure to hot conditions combined with exercise train-
ing could alleviate perceptions of thermal sensation during post-
acclimation performance. Further, the greater impact on TS and
RPE following high-intensity training is interesting as there were
greater physiological adaptations achieved using a low-intensity,
longer duration training type. A possible explanation for greater
perceived tolerance within the 30HI cohort may be a !ve hour
collective reduction in exercise duration for the HA training.

In summary, the current data highlight training speci!city to
in"uence subsequent exercise performance following HA training.
This is evidenced by changes in anaerobic exercise performance
including repeated maximal sprints and explosive jump height
following 30HI intervention. Finally, as the present !ndings sug-
gests, the increased heat-acclimation duration results in a decline
in force production, possibly due to peripheral fatigue; however,
the neuromuscular performance mechanisms post-HA still require
further investigation.

5. Limitations

Potential limitations of the current study include the study

design, which did not include a control trial, rather a comparison
between two acclimation conditions which varied in exercise in-
tensity and duration. Therefore, it is not certain if the adaptations
observed post-acclimation are a result of the exercise protocol or
acclimation training. Furthermore, due to time constraints, parti-
cipants did not complete post-cycling neuromuscular assessments
(MVC, VA and twitch contractile properties), which may provide
further insight into the effect of HA exercise intensity and type on
neuromuscular fatigue.
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Table 4
Mean7SD heart rate (HR), tympanic temperature (Ttym), mean skin temperature (Tskin), rate of perceived exertion (RPE) thermal sensation (TS) and lactate (La") for high
intensity (30HI: n#10) and low-intensity (90LI: n#10) cohorts, recepectively on days 2–6 of acclimation training.

Day 2 Day 3 Day 4 Day 5 Day 6

30HI 90LI 30HI 90LI 30HI 90LI 30HI 90LI 30HI 90LI

HR
Pre 79717 85711 85715 76711 80715 78719 80721 77711 73717 73715
Post 170712 166720 167711 157722 16879 159711 168710 156717 159716 156714
Mean 16179 160719 156711 157717 152712 153715 152711 152728 143715 145716
TTYM
Pre 36.1870.6 36.5470.6 36.1270.6 36.1270.8 35.6970.9 36.6270.5 35.9870.6 36.5570.6 35.8070.5 36.3970.5
Post 37.9770.5 37.5670.8 37.9770.6 37.8070.8 37.2070.6 37.4470.6 37.6570.7 37.5370.5 37.4770.7 37.2570.4
Mean 37.5270.4 37.4470.7 37.4670.4 37.4770.6 37.2070.6 37.2370.4 37.2870.5 37.1070.4 37.2470.7 37.0770.4
TSKIN
Pre 33.171.4 33.471.4 33.671.2 33.271.5 32.971.2 32.770.9 33.171.2 33.171.4 33.470.9 32.871.1
Post 34.770.8 33.871.5 34.671.0 35.071.2 34.370.7 34.071.3 34.570.8 33.771.2 34.270.6 34.171.5
Mean 33.870.7 33.871.4 34.470.8 34.271.2 34.070.6 33.072.8 34.170.7 33.771.3 34.070.4 32.574.0
RPE
Post 1771 1772 1672 1772 1673 1672 1672 1672 1571 1673
Mean 1672 1572 1571 1672 1571 1572 1571 1572 1471 1571
TS
Pre 4.370.8 4.270.5 4.370.5 4.370.7 4.270.6 4.370.7 4.570.4 4.170.9 3.970.8 4.570.5
Post 6.570.6 6.970.9 6.870.6 7.170.9 6.474 6.770.8 6.770.5 6.373.0 5.670.5 6.570.91
Mean 6.270.7 6.370.8 6.370.4 6.570.8 6.170.3 6.270.7 6.370.3 6.672.3 5.770.5 6.070.7
La-

Pre 2.271.2 1.970.5 1.970.7 1.970.9 1.770.5 1.970.6 1.871.1 1.870.6 1.570.5 1.670.4
Post 7.073.0 2.571.3a 7.473.3 2.871.6a 6.672.5 2.571.5a 7.170.4 3.472.9a 7.875.3 1.670.7a

a Signi!cant difference between 90LI and 30HI at post- exercise (Po0.02).
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Fluid ingestion and exercise hyperthermia: Implications
for performance, thermoregulation, metabolism and the
development of fatigue
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The development of fatigue during exercise and the subsequent onset of exhaustion occur earlier in the heat than
in cooler environments. The underlying mechanisms responsible for the premature development of fatigue in the
heat have yet to be clearly identi®ed. However, the proposed mechanisms include metabolic, cardiovascular and
central nervous system perturbations, together with an elevated core temperature. Fluid ingestion is one of three
strategies that have been shown to be successful in enhancing the performance of endurance exercise in the heat,
with the other interventions being precooling and acclimatization. However, like the development of fatigue in
the heat, the mechanisms by which ¯uid ingestion allows for improved exercise performance remain unclear. We
propose that ¯uid ingestion enhances exercise performance in the heat by increasing the heat storage capacity of
the body. We suggest that the thermoregulatory, metabolic and cardiovascular alterations that occur as a result of
this increased heat storage capacity contribute to performance enhancement when ¯uid is ingested during
exercise heat stress.

Keywords: ¯uid replacement, heat storage, heat stress, hydration, hyperthermia, metabolism.

Introduction

To date, several strategies have been shown to be suc-
cessful in improving exercise performance and reducing
thermoregulatory strain in the heat. Such interventions
include acclimatization, whole-body precooling using
either cold air exposure (Schmidt and BrÅck, 1981;
Olschewski and BrÅck, 1988; Lee and Haymes, 1995)
or water immersion (Booth et al., 1997; Marino and
Booth, 1998), and ¯uid ingestion (Pitts et al., 1944;
Wyndham and Strydom, 1969; Candas et al., 1986;
Armstrong et al., 1997). However, experimental heat
acclimatization requires approximately 8±13 days before
most adaptations are noted (Wenger, 1988; Nielsen

et al., 1997). Precooling may be equally restrictive
because of the equipment and time required to under-
take the procedure (Marino and Booth, 1998). Fluid
replacement, on the other hand, is the most practical
intervention strategy for improving the safety, health

* Author to whom all correspondence should be addressed. e-mail:
fmarino@csu.edu.au

and performance of individuals undertaking physical
activity in the heat.

Several studies (Pitts et al., 1944; Greenleaf and
Castle, 1971; Candas et al., 1986; Hamilton et al., 1991;
Hargreaves et al., 1996; Armstrong et al., 1997;
McConell et al., 1997) have investigated the e ęcts
of various ¯uid ingestion regimens on the thermo-
regulatory, cardiovascular and metabolic responses
during exercise hyperthermia. However, many of these
studies dealt mainly with the composition of re-
hydration solutions, neglecting the possible bene®ts of
only water replacement. More recent studies have
shown water replacement alone to be of signi®cant
bene®t to prolonged exercise (Hargreaves et al., 1996;
Wimer et al., 1997). Even though there have been many
studies on the general topic of ¯uid ingestion and
exercise performance, the mechanisms by which ¯uid
ingestion aids exercise performance are not clear.

The aims of this review were to determine the e ęcts
of ¯uid ingestion, particularly water, on thermo-
regulatory and metabolic parameters, and how they may
relate to the mechanisms identi®ed as contributing to
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72 Kay and Marino

the development of fatigue and the onset of exhaustion
during exercise.

Background

Over the last 30 years, health professionals have
advocated the practice of regular ¯uid intake before,
during and after exercise. Despite the importance now
assigned to hydration during exercise, historically it
was ¯uid restriction that was the commonly accepted
and enforced practice during exercise (Noakes, 1995).
The military were the ®rst to recognize the importance
of ¯uid replacement for human performance, based on
the common observation that major battles were
decided solely on the availability of water (Sawka and
Pandolf, 1990). This became clear when dehydration
was believed to have claimed the lives of thousands of
military troops during the 1967 Six-Day War between
Egypt and Isreal (Hubbard et al., 1982). Although
the need for ¯uid replacement had attracted con-
siderable attention in military and occupational settings,
it was not until the late 1960s that the in¯uence of
hydration status and ¯uid ingestion received signi®cant
recognition in the ®eld of exercise science and human
performance. Based on the considerable amount of
laboratory and ®eld research that has since been com-
pleted in this area, it is now the recommendation of
the American College of Sports Medicine (ACSM )
that ¯uid ingestion should commence early during
exercise and be continued at regular intervals through-
out the activity (ACSM, 1996). In addition, it is
recommended that individuals consume a balanced
diet, which should include adequate ¯uids in the 24 h
before an event to ensure adequate hydration at the
start of exercise.

However, a unique feature of human behaviour is the
involuntary dehydration that occurs during exercise
(Noakes, 1993). Despite unlimited access to ¯uids,
humans fail to replace all of the body water that is
lost as a consequence of prolonged exercise (Armstrong

et al., 1997). This leads to exercise ± in particular,
its latter stages ± often being performed in a state of
hypohydration. During both rest and exercise, there
is a continuous loss of body water from the skin and
respiratory tract (Greenleaf , 1992). If an individual fails
to replace this water, dehydration will occur, leading to a
state of hypohydration. However, the loss of electrolytes
also impacts on performance and replacing lost body
water will not lead to a replacement of the `lost osm oles’
unless sodium is also replaced (Noakes, 1993). There-
fore, we use the term `hypohydration’ to describe a body
¯uid de®cit, with the more common term `dehydration’
being used to describe the dynamic process of body
water loss (Sawka et al., 1984).

Importance of body water

Water is the main component of the human body, repre-
senting approximately 60% of body mass and 72% of
lean body mass in a healthy adult (Sawka and Pandolf,
1990). It contributes to the maintenance of internal
homeostasis and facilitates osmolar equilibrium within
and between cells (Greenleaf and Morimoto, 1996).
Additionally, water provides a medium for biochemical
reactions and is essential for maintaining blood volume,
and hence optimal function of the cardiovascular system
(Sawka and Pandolf, 1990). Because water plays such
an important role in sustaining and facilitating the
physiological function of the body, it is not surprising
that hypohydration is associated with impaired per-
formance in both occupational and athletic settings.

Studies of the e ęcts of dehydration on exercise
performance have reported an increased core tem-
perature and cardiovascular strain, but a decreased
blood volume, skin blood ¯ow and sweat rate (Sawka

et al., 1985; Nadel et al., 1990). It has been assumed
that these factors, either individually or synergistically,
contribute to a decreased capacity to perform sub-
maximal exercise. Dehydration that results in a loss
in body mass of as little as 1±2% contributes to an
elevation in core temperature and cardiovascular strain
during exercise (Ho˛man et al., 1994). Under resting
conditions, thirst is an adequate indicator of the need
for ¯uid replacement (Greenleaf, 1992); however, thirst
is not perceived until a loss in body mass of ª2% has
occurred (Sawka, 1988). During exercise, the reliance
upon thirst for the regulation of ¯uid ingestion will incur
some degree of dehydration. Therefore, when forced
rehydration is not used during prolonged exercise, at
least some portion of the activity will be performed in a
hypohydrated state, and thus the ability to perform will
be unnecessarily compromised.

It has been suggested that the optimal rate of
¯uid ingestion is one that approximates sweat rate
(Montain and Coyle, 1992). However, this proposal
has been contested on the ground that rates of ¯uid
ingestion that are greater than rates of sweat loss might
lead to the potentially life-threatening condition of
water intoxication, clinically termed `hyponatraemia’
(Noakes, 1995). Additionally, it has been suggested
that athletes cannot tolerate such high rates of ¯uid
ingestion and that the development of gastrointestinal
discomfort outweighs the bene®ts of high rates of ¯uid
ingestion (Robinson et al., 1995). In marathon runners
and endurance canoeists, it has been shown that a ¯uid
intake of 500 ml ´ h-1 is adequate to prevent the onset
of signi®cant dehydration under mild environmental
conditions (Noakes et al., 1988). However, at ambient
temperatures higher than 35°C and relative humidity
above 60%, it is not possible to evaporate the sweat
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Fluid ingestion and exercise hyperthermia 73

necessary for the maintenance of steady-state body
temperature (Nielsen, 1996). Under such environ-
mental stress, the extra sweat secretions required for
heat dissipation exacerbate the reduction in body
water content and, therefore, the rate of ¯uid ingestion
may need to be increased under these conditions.
In addition, it is highly probable that cyclists can ingest
¯uid more e ęctively than runners, and hence are
able to drink more than their sweat rates with relative
ease.

Factors in¯uencing the development of

fatigue during exercise

It is di˝cult to provide a strict de®nition of the term
`fatigue’, mainly because it involves a complex inter-
action of physiological and psychological factors. From
a psychological perspective, fatigue can be de®ned as a
lack of motivation or interest. Physiologically, fatigue
may be systemic, general or local in nature (èstrand and
Rodahl, 1986). With such a complex interaction, the
identi®cation of the exact site of fatigue remains di˝cult
to de®ne. Another problem is the variety of de®nitions
that have been used to describe this phenomenon. We
take the position that the point at which exercise is
term inated should not be regarded as the `fatigue point’,
as this only relates to earlier physiological or psycho-
logical perturbations; rather, it is exhaustion that ter-
minates the activity. Therefore, fatigue should be
viewed as a process that changes the functional state,
possibly resulting in exhaustion and the termination
of exercise or work. Fatigue will be referred to in this
context throughout this review. Furthermore, it may
be important to view fatigue as a safety mechanism, pre-
venting the development of injury or death by forcing
a reduction in the intensity or cessation of the activity
(Wagenmakers, 1992; Noakes, 1998).

Compared with moderate environments, the per-
formance of prolonged physical activity is reduced in
the presence of environmental heat stress. The earlier
onset of exhaustion in the presence of heat stress has
previously been related to elevated internal body tem-
perature (M acDougall et al., 1974; Gonz…lez-Alonso

et al., 1999), the increased accumulation and depletion
of metabolites (MacLaren et al., 1989), and alterations
in the recruitment patterns of skeletal muscle ®bres
(èstrand and Rodahl, 1986). A central component
mediating the development of fatigue has also been sug-
gested (Nielsen, 1992). Fluid ingestion during exercise
has been associated with enhanced performance and,
therefore, a delay in the onset of exhaustion. However,
the mechanisms by which ¯uid ingestion allows for
enhanced athletic performance are yet to be clearly
de®ned.

Hyperthermia and fatigue

A critical factor for prolonged endurance performance
in the heat seems to be an increase in body temperature
(the weighted combination of mean skin temperature
and core temperature), and the in¯uence this has upon
the successful completion of the activity. The increase in
body temperature during exercise is closely related to
the intensity of exercise, but may also be in¯uenced by
environmental factors, particularly during severe heat
stress (Nielsen, 1996). Two studies have demonstrated
that metabolic and environmental heat-induced hyper-
thermia subsequently lead to a reduction in the capacity
to perform physical activity. Using a water-perfused
suit, MacDougall et al. (1974) found tolerance to work
to be signi®cantly reduced in hyperthermic (45 min)
compared with normothermic conditions (75 min).
Interestingly, work tolerance was considerably reduced
by the development of hyperthermia, with exercise
term inated at a similar elevated core temperature of

ª39°C. Similarly, Gonz…lez-Alonso et al. (1999) found
that exercise was terminated at the same elevated core
temperature under di ęrent thermal conditions. They
suggested that an elevated core temperature lim its
endurance performance in hot environments, with time
to exhaustion being inversely related to initial body
temperature and directly related to the rate of heat
storage. Moreover, Galloway and Maughan (1997)
have shown that di ęrences in environmental tem-
peratures result in di ęrences in exercise performance
consistent with an in¯uence of hyperthermia on the
development of fatigue. BrÅck and Olschewski (1987)
suggested that a combination of physiological factors
related to an elevated body temperature act indepen-
dently to reduce exercise performance. These factors
were identi®ed as being muscular, circulatory and
thermal discomfort. BrÅck and Olschewski concluded
that alterations in body temperature in¯uence these
physiological factors, leading to a decrease in the
motivational drive to exercise, which subsequently
results in a reduction in work rate and performance.

This hypothesis was supported by Nielsen et al.

(1993), who, in a comprehensive study, demonstrated
that an elevated core temperature and not circulatory
stress might be the critical factor in the development of
exhaustion during exercise heat stress. These ®ndings
rule out the cardiovascular system as the mechanism
of fatigue during exercise in the heat. As demonstrated
by this and other studies (Savard et al., 1988; Nielsen

et al., 1990), muscle blood ¯ow is not compromised by
elevated body temperature during exercise; therefore,
transient metabolic factors such as substrate delivery
and clearance may not reach inhibitory levels. Hence, it
may be that the development of fatigue and subsequent
exhaustion in the heat result from triggering of the
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74 Kay and Marino

centrally mediated `safety mechanism’, preventing the
possibility of injury or even death (Wagenmakers, 1992;
Noakes, 1998).

Dehydration is thought to impair thermoregulatory
mechanisms during exercise by a reduction in sweating
and a subsequent lowering of the capacity for evapora-
tive cooling (Greenleaf and Castle, 1971). Harrison

et al. (1978) suggested that the mechanism responsible
for the dehydration-induced reduction in sweating may
be alterations in plasma osmotic pressure or plasma
sodium concentration. These authors demonstrated
a relationship between elevated core temperature,
plasma sodium concentration and osmolality. However,
they were unable to identify a consistent relationship
between core temperature and intravascular volume.
They also demonstrated that the administration of a
1% saline solution was more successful in attenuating
the reduction in blood volume than similar volumes
of water. Interestingly, however, water ingestion resulted
in a lower core temperature during exercise than the
infused saline solution. The in¯uence of plasma osmo-
lality, independently of plasma volume, on sweat rate
during exercise was further described by Fortney et al.

(1984). The results of these two studies indicate that
plasma osmolality plays a greater role in the control
of sweat secretions than plasma volume. It is this rela-
tionship that has stimulated much of the research into
exercise and ¯uid ingestion to include electrolyte
supplements. Because of a high concentration of sodium
in the extracellular ¯uid and its in¯uence in regulating
body water distribution, sodium has been identi®ed as
being a particularly important component of ¯uids
used to replace body water after exercise (Maughan

et al., 1997).
The contribution of dehydration in elevating the core

temperature during and immediately after exercise has
been questioned by Noakes et al. (1991). Although
acknowledging the role of ¯uid intake in reducing the
core temperature response during exercise, Noakes et al.

suggested that metabolic rate during the concluding
stages of marathon running has a greater in¯uence
on post-race core temperature than dehydration. How-
ever, ingestion of ¯uids has been demonstrated to
attenuate the rise in core temperature during exercise
under hot (34°C: Pitts et al., 1944; Candas et al., 1986)
and moderate (21°C: McConell et al., 1997) environ-
mental conditions. Complete ¯uid replacement ± the
ingestion of su˝cient ¯uid to prevent any change in
body mass during exercise ± resulted in a lower rectal
temperature after 2 h of cycling compared with no ¯uid
replacement or replacement equal to half that of com-
plete ¯uid replacement (McConell et al., 1997). From
these studies, it can be concluded that the core tem-
perature response to exercise can be blunted by the
ingestion of ¯uids, with the attenuation in core tem-

perature possibly being linked to the volume of ¯uid
ingested. These ®ndings indicate that ¯uid ingestion
is a viable way of attenuating the development of
fatigue through a reduction in the core temperature
response, if indeed fatigue is related to a critical limiting
core temperature.

What remains unclear is the mechanism by which
¯uid ingestion enhances exercise performance, par-
ticularly under heat stress. Traditional explanations,
as previously described, suggested that ¯uid ingestion
assists in the maintenance of blood volume, which
allows for more e˝cient dissipation of heat to the
environment via the sweat response. However, studies
evaluating sweat response and evaporative heat loss
with respect to ¯uid intake have reported mixed results,
with sweat rate either being increased (Ekblom et al.,
1970) or remaining unchanged (Costill et al., 1970;
Hamilton et al., 1991). Montain and Coyle (1992)
demonstrated that ¯uid ingestion attenuated the
development of hyperthermia by increasing skin blood
¯ow, but this e ęct was not found to be the result of
an increase in blood volume. This ®nding indicates that
the expansion of blood volume that occurs as a result
of the ingestion of ¯uids may have a limited e ęct on
thermoregulation.

Although Montain and Coyle (1992) found that skin
blood ¯ow increased following ¯uid ingestion, rates of
heat loss were not calculated. Grucza et al. (1987) found
that hyperhydrated men did not di ęr in absolute values
for evaporative sweating compared with euhydrated
men, although sweating e˝ciency was higher in the
hyperhydrated men. They concluded that hyper-
hydration did not change sweat rate but rather reduced
the amount of dripped sweat. This suggests that ¯uid
ingestion does not necessarily increase heat dissipation,
but rather increases the capacity to store heat. In add-
ition, dehydrated individuals became exhausted sooner
at a lower core temperature when exercising in the heat
compared with euhydrated individuals (Sawka et al.,
1992; Gonz…lez-Alonso et al., 1997). It is possible that
the improved exercise performance and tolerance to an
elevated core temperature observed in well-hydrated
individuals may be related to their increased ability to
store heat, not dissipate it. By maintaining body water
content near homeostatic levels, the capacity of the body
to store heat may be enhanced by the large speci®c heat
of water.

It is possible to determine the extent to which in-
gested ¯uid might account for the di ęrences in the core
temperature response for a given exercise bout (Candas

et al., 1986). For example, if an individual of 70 kg body
mass exercised so that core temperature reached 38°C,
while ingesting 2.0 litres of ¯uid at a temperature of
18°C, the di ęrence in the core temperature response
can be estimated by the following equation:
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Fluid ingestion and exercise hyperthermia 75

DT c ´ 3.49 ´ m = DTw ´ 4.18 ´ Vw

DT c ´ 3.49 ´ 70 = 20 ´ 4.18 ´ 2.0

DT c = 0.7°C

where DT c is the di ęrence in core temperature
response; 3.49 and 4.18 are the speci®c heat of body
tissue and water, respectively, in kJ ´ kg-1 ´ K -1; DTw is
the change in water temperature of the ingested ¯uid,
assuming that the ¯uid will equilibrate with internal
temperature; m  is body mass in kilograms; and Vw is the
volume of the ingested ¯uid in litres.

This equation was applied to studies for which the
necessary data were available (see Table 1). Allowing for
rounding error, the equation estimates very closely the
di ęrences in the core temperature response reported
in these studies (see Table 1). Furthermore, the results
of the calculations show that ¯uid intake of su˝cient
volume (range 310±2520 ml), combined with a given
¯uid temperature (range 5±20°C), provide a `heat sink’,
which body tissues alone would not normally allow. For
example, by applying the proposed model to the data
presented in the studies of Costill et al. (1970), Candas

et al. (1986), Robinson et al. (1995) and Armstrong et al.
(1997), the resulting core temperature after exercise
and ¯uid ingestion can be estimated within 0.03°C.
These data indicate that, as well as reducing the risk of
dehydration, ¯uid ingestion might provide a mechanism
for heat storage and consequently blunting rises in
core temperature, metabolic heat accumulation, and
delaying thermal strain and hyperthermia during
exercise. However, the equation does not appear to be
accurate when applied to studies in which participants
began the trial in a hypohydrated state or when the
ingested ¯uid was at or near body temperature (see
Table 1). That is, even when ¯uid is ingested at or near
body temperature, performance is enhanced and rises in
core temperature are attenuated. We cannot explain the
reason for this disparity; however, the limitation of the
present model is that it only considers heat storage.
Thermal balance is a dynamic process involving heat
production, transfer and storage; the mathematical
model presented here does not make allowances for the
ongoing interaction between these variables. Nonethe-
less, it does provide a theoretical base that can at least in
part account for di˛erences not only in performance,
but also in thermal strain.

A second reason might be related to time-averaged
changes in the thermoregulatory e ęctor response. For
example, Wimer et al. (1997) compared the ingestion of
water at three di ęrent temperatures (0.5°C, 19°C and
38°C) with no ¯uid ingestion while exercising under
moderate environmental conditions (ambient tem-
perature = 26°C, 40% relative humidity). Wimer et al.

found that ingestion of cold water (0.5°C) compared
with warm water (38°C) attenuated the time-averaged
changes in core temperature, forearm blood ¯ow and
whole-body sweat rate. In contrast, water ingested at
19°C only attenuated the time-averaged changes in core
temperature and whole-body sweat rate, but not blood
¯ow. However, when all three water temperatures were
compared with no ¯uid ingestion, it was clear that water
ingestion alone reduced the increase in time-averaged
changes in core temperature. Hence, the heat storage
model presented here is unable to account fully for
the time-averaged thermoregulatory e ęctor responses.
Nonetheless, it is clear that ¯uid ingestion plays a
greater role in heat storage than previously thought.

Glycogen depletion

Prolonged exercise at 65±70% of maximal oxygen
uptake depletes muscle and liver glycogen stores, with
the rate of glycogen depletion having a direct in¯uence
on the time to exhaustion (Sahlin, 1992). Additionally,
muscle glycogen utilization is further increased when
exercise of comparable intensity is performed even
under moderate (20°C) conditions (Hargreaves et al.,
1996). Interestingly, plasma glucose concentration,
which is usually maintained within a narrow range
during rest and exercise, is elevated when exercise is
performed in the heat (Yaspelkis et al., 1993). The
increased muscle glycogen utilization may be due to
elevated concentrations of circulating catecholamines as
they act to increase the rate of glycogenolysis (Febbraio

et al., 1994; Guyton and Hall, 1996). It has also been
suggested that elevated catecholamines resulting from
exercise in the heat may stimulate glycogenolysis in
inactive skeletal muscle, placing further stress on glyco-
gen stores (Yaspelkis et al., 1993). Increased glycogen
utilization and elevated plasma concentrations of glu-
cose and adrenaline have been observed in association
with elevated rectal and muscle temperatures (Febbraio

et al., 1994). It has been suggested that the dehydration
and hyperthermia that regularly result from the per-
formance of prolonged exercise may have detrimental
metabolic consequences (Hargreaves et al., 1996). The
ability of ¯uid ingestion to attenuate the core tem-
perature response to exercise in the heat may blunt such
metabolic perturbations. Although not performed
under heat stress, the study by Hargreaves et al. (1996)
found that, after 2 h of cycling, complete ¯uid replace-
ment using only water resulted in a reduction in core
and muscle temperatures of 0.6°C and a subsequent
reduction in muscle glycogen utilization of 16%.

In hot environments, although increased muscle
glycogen utilization has been observed, it has also been
suggested that the availability of this energy substrate is
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78 Kay and Marino

not related to the development of fatigue (Febbraio

et al., 1996; Pitsiladis et al., 1998). This evidence is cir-
cumstantial, as neither study measured muscle glycogen
directly. In addition, it remains di˝cult to explain how
muscle glycogen depletion alone can cause an end to
exercise when other fuels are available and complete
ATP depletion has not occurred (Fitts, 1994).

Metabolite accumulation

Three metabolites ± hydrogen ions, ammonia and
inorganic phosphate ± have been implicated in the de-
velopment of fatigue during exercise (MacLaren et al.,
1989). Generally, these metabolites are related to high-
intensity exercise, but it is now apparent that metabolic
end-products such as ammonia are increased after
endurance exercise. Using MRS analysis, Montain et al.

(1998) demonstrated that hydrogen ions and inorganic
phosphate are not the cause of reduced muscle function
during repetitive contractions when hypohydrated. Of
particular interest is the production and subsequent
accumulation of plasma ammonia after physical activity.
Ammonia accumulation and plasma/muscle concen-
tration are augmented, particularly when exercise is per-
formed in the heat (Snow et al., 1993; Febbraio et al.,
1994; Marino et al., unpublished observations). In these
studies, ammonia increased under control conditions to
reach ª60 mmol ´ l-1, but increased further to ª100

mmol ´ l-1 when exercise was performed in the heat. In all
cases, augmented ammonia coincided with a signi®cant
reduction in performance. These augmented levels
under hot conditions are similar to those reported in
pathological states (Mutch and Bannister, 1983).

Although yet to be clearly de®ned, it is hypothesized
that augmented am monia may lead to the develop-
ment of fatigue through several possible mechanisms,
including interference with the mechanical and electro-
physical responses of skeletal muscle, enhanced activity
of phosphofructokinase and increased ventilation,
which may lead to elevated perception of fatigue during
exercise (Mutch and Bannister, 1983). Traditionally,
it was thought that the purine nucleotide cycle was the
only source of ammonia production during exercise;
however, it is now accepted that the deamination of
branched-chain amino acids might also contribute to
ammonia accumulation (MacLean et al., 1991; Calders

et al., 1999).
Although the evidence linking ammonia to reduced

performance is circumstantial, it is possible that
ammonia is related to energy de®ciency rather than it
being a promoter of fatigue. That is, am monia could
possibly indicate the use of, and possibly depletion of,
the adenine nucleotide pool. Nonetheless, the e ęct
of ¯uid ingestion on metabolism is compelling and

di˝cult to ignore. For example, if su˝cient ¯uid is
ingested so that a change in body mass is minimal
with the end result being a sparing of muscle glycogen
(Hargreaves et al., 1996), and if low muscle glycogen
enhances the formation of inosine 5¢-monophosphate
(Spencer and Katz, 1991), then it follows that ¯uid
ingestion might attenuate ammonia accumulation.
However, recent evidence shows that ammonia is
reduced as a consequence of increased adrenaline
(Svedenhag and Nowak, 1998). These latter authors
suggest that plasma ammonia during exercise cannot be
causally related to the concomitant increase in plasma
adrenaline concentrations. However, their data were
derived from resting measures and not during exercise.
This further indicates that increased ammonia during
exercise heat stress might be derived from other sub-
strate sources. Clearly, there is no direct evidence link-
ing ammonia accumulation and body ¯uid balance;
however, the evidence does suggest that ¯uid ingestion
reduces metabolite accumulation.

Central fatigue

As the duration of exercise increases, central factors
in the development of fatigue become more impor-
tant (Sahlin et al., 1998). Montain et al. (1998) have
linked the hypohydration mediated reduction in mus-
cular endurance with alterations in central nervous
system function. Proposed mechanisms for the develop-
ment of central nervous system fatigue involve the
neurotransmitters serotonin, dopamine and acetyl-
choline (Davis and Bailey, 1997). The most accepted
explanation involves alterations in the brain concen-
tration of serotonin. This mechanism results from an
increase in the ratio of plasma-free tryptophan to
branched-chain amino acids (Blomstrand et al.,
1988). Increases in the plasma concentration of free
tryptophan result in increased transport across the
blood±brain barrier, augmenting the rate of synthesis
of serotonin (Blomstrand et al., 1988). The action of
serotonin at the higher control centres of the nervous
system is thought to in¯uence mood and may induce
sleep (Guyton and Hall, 1996). This mechanism was
®rst described by Blomstrand et al. (1988) using a ®eld
test involving marathon runners and military personnel.
The in¯uence of the ratio of plasma-free tryptophan to
branched-chain amino acids on fatigue during exercise
in the heat was recently investigated by Mittleman et al.

(1998), who exercised 13 individuals to exhaustion
on a cycle ergometer in the heat (35°C, 40% relative
humidity) at an intensity of 40% of VÇ O2pea k. Mittleman

et al. found that the administration of branched-chain
amino acids during exercise enhanced performance.
However, they were unable to identify the speci®c
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Fluid ingestion and exercise hyperthermia 79

mechanisms responsible for the increase in exercise time
to exhaustion.

Central factors have been implicated with respect to
reductions in surface electromyograph (EMG) activity.
Research by Bigland-Ritchie et al. (1983), involving
the abductor pollicus muscle, suggested that the decline
in EMG activity during a 60 s maximal contraction
was the result of a progressive reduction in the neural
drive from the central nervous system. Bigland-Ritchie

et al. also concluded that slowing of the rate of muscle
force development during fatigue was necessary so
that the declining rate of excitation could maintain
maximal force generation. Nielsen (1992) proposed a
similar reduction in the functional capacity of motor
centres because of an elevated core temperature as an
explanation for reduced performance in the heat. If
hyperthermia is indeed the mechanism responsible for
alterations in neural drive and subsequent recruitment
of motor units, the ingestion of ¯uid, which attenuates
the rise in core temperature during exercise in the heat
(Pitts et al., 1944; Candas et al., 1986), may reduce the
impact that such central nervous system alterations have
upon the development of fatigue.

Skeletal muscle fatigue

Research into the e ęct of hypohydration on sub-
maximal aerobic activity has consistently found
performance to be adversely a ęcted. Although the
in¯uence of hypohydration on muscle performance has
shown greater variation, it appears that hypohydration
has more of an in¯uence on muscle endurance than on
muscle strength (Sawka et al., 1996). Montain et al.
(1998) dehydrated individuals by 4% of their body
mass and found muscle endurance to be substantially
reduced, whereas strength remained unchanged. The
reason for this di ęrence is not clear, but it does not
appear to be related to metabolic factors (Montain et al.,
1998). Proposed explanations include alterations in
the central nervous system and recruitment of motor
units (Nielsen, 1992; Davis and Bailey, 1997). Using
isometric maximal voluntary contractions, N ielsen et al.

(1993) found that the ability to produce muscle force
was not reduced after exercise to exhaustion in the heat,
concluding that the ability to recruit motor units was
not a contributing factor in fatigue. However, maximal
voluntary contractions may not be an adequate indica-
tor of muscle function. As previously noted, dehydration
does not impact on muscle strength but does in¯uence
muscle endurance.

Furthermore, most studies describing alterations in
recruitment of motor units and muscle ®bres and the
relationship with fatigue have described static or single
isometric contractions. Such models of muscular fatigue

based on static contractions may have little relevance
to the continuous contractions involved during the
performance of dynamic exercise (Green, 1995). In
human locomotion, muscle function is dominated
by a series of stretch±shortening contractions, where
eccentric and concentric contractions rhythmically
follow one another. Asynchronous motor unit discharge
occurs during these activities, and it has been proposed
that the development of fatigue, either in the muscle or
central nervous system, reduces the rate of motor
neuron ®ring (MacLaren et al., 1989).

Summary and conclusions

The large body of evidence relating dehydration to
reduced performance demonstrates the importance of
water to human functioning. With a considerable body
of data indicating positive e ęcts on performance with
the ingestion of ¯uids containing both carbohydrate and
electrolytes, the e ęcts and bene®ts of pure water
replacement appear to have been somewhat neglected,
particularly for athletic performance. The negative
consequences of dehydration on exercise performance
are ampli®ed when exercise is performed in the heat.
Explanations for this reduction in performance have
included the development of hyperthermia, a reduc-
tion in energy stores, accumulation of metabolic by-
products, alterations in muscle ®bre recruitment and
disturbances to the central nervous system. In this
review, we have tried to highlight the role that ¯uid
ingestion might play in preventing or attenuating the
development of fatigue during exercise in the heat and
the mechanisms involved in this process.

Enhanced submaximal exercise performance result-
ing from water ingestion may be due to the blunting
of detrimental consequences of metabolic, circulatory
and thermoregulatory responses. However, this has
generally been reported when exercise was performed
under neutral or moderate environmental conditions
using exercise protocols at either a ®xed percentage
of VÇ O2m ax or to exhaustion (Hamilton et al., 1991;
Hargreaves et al., 1996). Fluid ingestion improves
exercise performance in the heat, but the metabolic
and thermoregulatory bene®ts and the relationship
with the development of fatigue remain unclear, as
do the mechanisms that allow for such increases in
performance. Much research has focused on the com-
position of ¯uids, so as to allow for optimum absorption
from the gastrointestinal tract. However, recent investi-
gations have demonstrated that ingestion of ¯uids
containing relatively high (15%) concentrations of
carbohydrate do not impact negatively on thermo-
regulation. In addition, it would appear that the main-
tenance of blood volume provides no thermoregulatory
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80 Kay and Marino

bene®t during exercise. From the evidence presented,
it is reasonable to question traditional views that explain
increased exercise performance as being due to ¯uid in-
gestion and o ęr an alternative explanation. We propose
that the mechanism by which ¯uid ingestion enhances
human performance during exercise is, at least in part,
based on an increased capacity for heat storage; it is this
mechanism that allows the thermoregulatory, metabolic
and cardiovascular alterations to occur for performance
to improve under heat stress.
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E ęct of ¯uid ingestion on muscle metabolism during
prolonged exercise. Journal of Applied Physiology, 80,
363±366.

Harrison, M.H., Edwards, R.J. and Fennessy, P.A. (1978).
Intravascular volume and tonicity as factors in the
regulation of body temperature. Journal of Applied

Physiology, 44, 69±75.
Ho˛man, J.R., Maresh, C.M., Armstrong, L.E., Gabaree,

C.L., Bergeron, M.F., Kene®ck, R.W., Castellani, J.W.,
Ahlquist, L.E. and Ward, A. (1994). E ęcts of hydration
state on plasma testosterone, cortisol and catecholamine
concentrations before and during mild exercise at elevated
temperature. European Journal of Applied Physiology, 69,
294±300.

Hubbard, R., Mager, M. and Kerstein, M. (1982). Water as a
tactical weapon: A doctrine for preventing heat casualties.
Army Science Conference Proceedings, 1982, 125±139.

Lee, D.T. and Haymes, E.M. (1995). Exercise duration and
thermoregulatory responses after whole body precooling.
Journal of Applied Physiology, 79, 1971±1976.

MacDougall, J.D., Reddan, W.G., Layton, C.R. and Dempsey,
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A Reproducible and Variable Intensity Cycling 
Performance Protocol for Warm Conditions 
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Human Movement Studies Unit and Human Performance Laboratory, Charles Sturt 
University, Bathurst New South Wales, Australia. 

Marino, F.E., Kay., Ca nnon, J ., Serwach, N., & Hilder, M. (2002). A re producible  a nd  va ria ble  
in te ns ity cycling pe rforma nce  protocol for wa rm conditions . J o u rn a /o f S cience  and Medicine  in 
S port 5 (2): 95-107. 

This  s tudy wa s  unde rta ke n  to a s s e s s  the  re producibility of a  variable  inte ns ity cycling 
protocol us ing  s ubje cts  of va rying abilities , u n d e r wa rm humid conditions . Eleven 
s ubje cts  (Age  21.4_+2.6 ye a rs ; ~O2pea  k 3.30_+0.9 l*min-1; pe a k power 322.8_+86.3 W; 
mean_+SD) performed a  60 min  cycling tria l punc tua te d  with s ix one -ra in "a ll-out" s prints  
a t 10-ra in inte rva ls  on thre e  occa s ions  5-14 da ys  a pa rt. Ambie nt te mpe ra ture  a nd  
re la tive  humidity were  s e t a t 33_+0.7°C a nd  63_+2.0%, respective ly. S ubje cts  us e d the ir 
own bicycle  mounte d to a n  e lectromagnetic tra ine r a nd  were  only pe rmitte d to monitor 
e la ps e d time  a nd  he a rt ra te . Repea tability wa s  a s s e s s e d us ing  the  limits  of a gre e me nt 
which were  be s t be twe e n tria ls  2 a nd  3 whe re  the  dis ta nce  cycled wa s  -0.54 km be low 
a nd  1.34 km above  the  dis ta nce  cycled for tria l 2. The  co-efficient of va ria tion (CV) for 
dis ta nce  for thre e  tria ls  wa s  3.58%. For tria ls  1 a nd  2 the  CV wa s  3.54% (r = 0.97, p< 
0.001) de cre a s ing to 1.340/0 (r = 0.99, p< 0.001) for tria ls  2 a nd  3. The  intra -cla s s  
corre la tion for thre e  tria ls  wa s  0.93. Dis ta nce  for tria l 1 (26.3_+5.0 km; p< 0.05) wa s  le s s  
tha n  tria ls  2 (27.7_+5.7km) a nd  3 (28.1_+5.6km). It wa s  conclude d tha t re pe a ta bility for 
this  pe rforma nce  protocol with cyclis ts  of va rying a bilitie s  in  wa rm humid conditions  wa s  
a cce pta ble  give n a t le a s t one  fa milta ris a tion tria l. However, it is  not ye t known whe the r 
othe r protocols  des igned for mode ra te  e nvironme nts  a re  applicable  to le s s  favorable  
conditions . Furthe r s tudie s  a re  ne e de d before  re s ults  of tre a tme nt e ffects  unde r diffe ring 
a mbie nt conditions  ca n be  fully unde rs tood a nd  a s s igne d a ppropria te  s ignificance . 

Introduction 
An  im p o r t a n t  c o m p o n e n t  o f r e s e a rc h  is  th e  a b ility  to  d e te c t  t r e a t m e n t  e ffe c ts .  
O fte n  n o  e ffe c t is  fo u n d  b e twe e n  t r e a t m e n t s  o r in t e rve n t io n s  d u e  to  th e  te s t  
in s t r u m e n t  la c k in g  th e  n e c e s s a r y  s e n s it iv ity  to  d e te c t  d iffe re n c e s .  Wh ile  th e  
d e te c t io n  o f s m a ll t r e a t m e n t  e ffe c ts  is  im p o r t a n t  in  c lin ic a l s tu d ie s ,  th e  
re lia b ility  o f th e  te s t  in s t r u m e n t s  h a s  re c e ive d  re la t ive ly little  a t t e n t io n  in  th e  
e xe rc is e  s c ie n c e s .  Th is  is  s o m e w h a t  s u r p r is in g  g ive n  th a t  m in u t e  d iffe re n c e s  in  
p e r fo rm a n c e  m ig h t  in flu e n c e  c o m p e t it io n  o u tc o m e .  It h a s  b e e n  c a lc u la te d  t h a t  
a  c h a n g e  in  p e r fo rm a n c e  o f 1% a t  a n  e lite  le ve l wo u ld  r e p r e s e n t  a  d iffe re n c e  o f 
15  s e c o n d s  o ve r th e  d u r a t io n  o f a  10  k ilo m e tre  foo t ra c e  (S c h a b o rt  e t a l. ,  1999).  
As  a  1% c h a n g e  in  p e r fo rm a n c e  c a n  s ig n ific a n t ly  im p a c t  o n  th e  o u tc o m e  o f a  
ra c e ,  it  is  c ru c ia l t h a t  la b o ra to ry  p ro to c o ls  a re  o f s u ffic ie n t  s e n s it iv ity  to  d e te c t  
s m a ll b u t  m e a n in g fu l c h a n g e s  in  p e r fo r m a n c e  o u tc o m e s .  

La c k o f kn o wle d g e  a b o u t  th e  re p e a ta b ility  o f a  p e r fo r m a n c e  te s t  m ig h t  r e s u lt  
in  two  p o s s ib le  o u tc o m e s :  e ith e r  n o  d iffe re n c e  will b e  fo u n d  d u e  to  h ig h  
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va ria b ility,  o r a  t r e a tm e n t  e ffe c t m a y  b e  a s s ig n e d  wh e n  d iffe re n c e s  we re  d u e  
s o le ly to  in t ra -s u b je c t  va ria tio n .  Th e re fo re ,  kn o wle d g e  o f th e  va ria t io n  o f a  
p e r fo rm a n c e  te s t  a llo ws  th e  m a g n itu d e  o f a  t r e a tm e n t  e ffe c t to  b e  we ig h e d  
a g a in s t  th e  m a g n itu d e  o f va ria t io n  in  th e  te s t  p ro to c o l,  a llo win g  fo r a  m o re  
in fo rm a tive  d e c is io n  to  b e  m a d e  re g a rd in g  th e  p ra c tic a l u s e fu ln e s s  o f th e  
in te rve n tio n .  Bla n d  a n d  Altm a n  (1986) h a ve  p ro p o s e d  th a t  th e  d iffe re n c e s  
b e twe e n  two  m e a s u r e m e n t  m e th o d s  p lo tte d  a g a in s t  th e ir  m e a n  will yie ld  th e  
"limits  o f a g re e m e n t" a n d  th a t  th e s e  lim its  s h o u ld  c o n ta in  9 5 %  o f s u c h  
d iffe re n c e s .  

Th e  a d va n ta g e  o f u s in g  la b o ra to ry p ro to c o ls  fo r p e r fo rm a n c e  th a t  h a ve  a  low 
coe ffic ie n t o f va ria t io n  (CV} a re  th a t  re a l d iffe re n c e s  b e twe e n  t r e a tm e n t  g ro u p s  
c a n  b e  d e te rm in e d  with  re a lis tic  s a m p le  s iz e s  (Ze h r & S a le ,  1997; Atkin s o n  & 
Ne vill, 1998; S c h a b o r t  e t a l.,  1999). Tra d itio n a lly,  s u b -m a x im a l e xe rc is e  
p e r fo rm a n c e  h a s  b e e n  a s s e s s e d  b y  tre a d m ill ru n n in g  o r c yc lin g  a t  a  fixe d  
p o we r o u tp u t  to  e xh a u s t io n  (C o g g a n  & Cos till,  1984; Mc Le lla n  e t a l.,  1995; 
J e u k e n d r u p  e t a l. 1996). S u c h  p ro to c o ls  h a ve  re p o rte d  p o o r  re p ro d u c ib ility 
(Kre bs  & P o we rs ,  1989) with  a  te s t - re te s t  CV ra n g in g  fro m  17 .4% to  3 9 .5 %  
(McLe lla n  e t a l., 1995; J e u k e n d r u p  e t a l., 1996). Alth o u g h  th e s e  CV va lu e s  
s e e m  h ig h  th e y m o s t  like ly re fle c t th e  u n tra in e d  s ta tu s  o f th e  s u b je c ts  o r la c k 
o f e xp e rie n c e  with  th e  p a r t ic u la r  p ro to c o l (McLe lla n  e t a l., 1995). Th is  vie w is  
s u p p o r te d  b y  G r a h a m  & Mc Le lla n  (1989) wh o  s h o we d  th a t  t ra in e d  c yc lis ts  
e xe rc is in g  to  e xh a u s t io n  a t  1 2 0 %  VO2max h a d  a  lo we r va ria b ility o f -1 0 % .  In  
c o n tra s t  to  c o n s ta n t  lo a d  tria ls ,  p ro to c o ls  th a t  a llow s u b je c ts  to  vo lu n ta rily 
s e le c t a n d  a lte r in te n s itie s  h a ve  d e m o n s t ra te d  fa r g re a te r  te s t - re te s t  re lia b ility.  
P a lm e r e t a l. (1996) h a d  10 s u b je c ts  p e rfo rm  th re e  2 0  k m  a n d  4 0  k m  tim e  
tria ls  u s in g  th e ir  o wn  b ic yc le  m o u n te d  to  a  cyc le  e rg o m e te r.  Du rin g  th e s e  tria ls  
s u b je c ts  we re  a llo we d  to  m o n ito r  e la p s e d  d is ta n c e  on ly. Th e  re s u lts  o f th is  
s tu d y  fo u n d  a  CV fo r th e  2 0  k m  a n d  4 0  km  tim e  tria ls  to  b e  ~1 .0%. 
Add itiona lly,  a c c e p ta b le  te s t - re te s t  re s u lts  h a ve  b e e n  o b ta in e d  fro m  p ro to c o ls  
th a t  h a ve  re q u ire d  s u b je c ts  to  p e r fo rm  a s  m u c h  wo rk a s  p o s s ib le  in  a n  a llo tte d  
t im e  with  th e  o n e -h o u r  p ro to c o ls  o f Bis h o p  (1997) a n d  J e u k e n d r u p  e t a l. 
(1996) re p o rt in g  m e a n  CV o f 2 .7 %  a n d  3 .3 5 % , re s p e c tive ly.  

A fu r th e r  c o m p lic a tio n  a ris e s  wh e n  e xe rc is e  p e r fo rm a n c e  p ro to c o ls  d e s ig n e d  
fo r m o d e ra te  c o n d itio n s  a re  e m p lo ye d  u n d e r  m o re  e xtre m e  e n viro n m e n ts .  
Alth o u g h  s o m e  p ro to c o ls  s h o w low CV u n d e r  m o d e ra te  c o n d itio n s  it is  u n c le a r  
wh e th e r  a  s im ila r p e r fo rm a n c e  o u tc o m e  wo u ld  re s u lt  wh e n  th e  e n viro n m e n ta l 
h e a t  lo a d  is  s ig n ific a n tly in c re a s e d .  Un d e r c o n d itio n s  o f e le va te d  a m b ie n t  
t e m p e ra tu re  a n d  h u m id ity,  th e  p h ys io lo g ic a l re s p o n s e s  a re  a lte re d  to  c o p e  with  
th e  e xtra  e n viro n m e n ta l h e a t  loa d ,  th e re b y s ig n ific a n tly a ffe c tin g  th e  p e rfo rm - 
a n c e  o u tc o m e .  R e c e n t re lia b ility s tu d ie s  in vo lvin g  c yc lin g  a n d  tre a d m ill ru n -  
n in g  h a ve  d e m o n s t ra te d  low CV b e twe e n  tria ls  (P a lm e r e t a l., 1996; S c h a b o r t  
e t a l., 1 9 9 8 a ; S c h a b o r t  e t a l., 1999). Howe ve r,  th e s e  re s u lts  we re  o b ta in e d  fro m  
s p e c ific a lly t ra in e d  a th le te s  u n d e r  m o d e ra te  e n viro n m e n ta l c o n d itio n s .  At 
p re s e n t  th e re  a re  n o  d a ta  d e s c rib in g  th e  re lia b ility o f la b o ra to ry p ro to c o ls  o f 
s u b -m a xim a l e xe rc is e  e n d u ra n c e  u n d e r  e le va te d  e n viro n m e n ta l c o n d itio n s .  

F u r th e rm o re ,  P a lm e r e t a l. (1994) h a ve  d e s c rib e d  th e  s to c h a s t ic  n a tu re  o f 
p h ys io lo g ic a l re s p o n s e s  d u r in g  c o m p e titive  cyc le  ra c in g  wh e re  p e rio d s  o f 
s te a d y s ta te  e xe rc is e  a re  p u n c tu a t e d  b y b o u ts  o f va ryin g  in te n s itie s .  It h a s  
b e e n  s u g g e s te d  th a t  th e s e  a lte rn a t in g  e xe rc is e  p a t t e rn s  e lic it d iffe re n t 
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p h ys io lo g ic a l re s p o n s e s  to  fixe d  in te n s ity o r d u ra t io n  a c tivitie s  (F o s te r e t a l.,  
1993; P a lm e r  e t a l., 1994). Th e re fo re ,  to  e n h a n c e  th e  in te rp re ta t io n  o f re s u lts  
fro m  th e  la b o ra to ry to  th e  fie ld  la b o ra to ry,  p ro to c o ls  s h o u ld  a s  c lo s e ly a s  
p o s s ib le  s im u la te  fie ld  a n d  c o m p e tit io n  c o n d itio n s .  

Ac c o rd in g ly th is  s tu d y wa s  u n d e r t a ke n  to  a s s e s s  a  s u b -m a xim a l c yc lin g  
p ro to c o l th a t:  1) is  a p p lic a b le  to  in d ivid u a ls  with  a  wid e  ra n g e  o f c yc lin g  a b ility; 
2) s im u la te s  th e  va ryin g  n a tu re  o f c yc lin g  a n d ; 3} is  re lia b le  u n d e r  e le va te d  
a m b ie n t  c o n d itio n s .  

Materials and methods 
S ubje cts a nd e xpe rime nta l de sign 
E le ve n  s u b je c ts  (e igh t m e n ,  th re e  wo m e n ) with  a  ra n g e  o f c yc lin g  a b ilitie s  we re  
re c ru ite d  fo r th e  s tu d y.  Th e  p h ys ic a l c h a ra c te r is t ic s  o f s u b je c ts  a re  p re s e n te d  
in  Ta b le  1. S u b je c ts  we re  n o t  c o n s id e re d  a c c lim a tis e d  to  th e  w a r m  h u m id  
c o n d itio n s  a s  th e  a ve ra g e  t e m p e ra tu re  a n d  h u m id ity  fo r Ba th u rs t  NS W d u rin g  
th e  m o n th s  o f Au g u s t  a n d  S e p te m b e r  a re  16-22°C a n d  4 0 -5 5 % ,  re s p e c tive ly.  
Th e  s tu d y wa s  c o n d u c te d  with  th e  a p p ro va l o f th e  E th ic s  in  H u m a n  R e s e a rc h  
C o m m it te e  o f th e  Un ive rs ity a n d  a ll s u b je c ts  s ig n e d  a  le tte r o f in fo rm e d  
c o n s e n t.  

S u b je c ts  c o m p le te d  th re e  t im e  tria ls  (d e s c rib e d  s u b s e q u e n tly) fro m  wh ic h  
re lia b ility s ta t is t ic s  we re  c a lc u la te d .  All tria ls  we re  u n d e r ta ke n  in  a  c lim a te  
c h a m b e r  wh e re  th e  a m b ie n t  t e m p e ra tu re  a n d  h u m id ity  we re  s e t  a t  33+0 .°C 
a n d  6 3 +2 .0 % ,  re s p e c tive ly.  Tria ls  we re  s c h e d u le d  a t  le a s t  5 d a ys  a p a r t  in  o rd e r 
to  a vo id  p a rt ia l h e a t  a c c lim a tio n  th ro u g h o u t  th e  tria ls .  F o r s o m e  s u b je c ts  th e  
p e rio d  b e twe e n  tria ls  wa s  14 d a ys  d u e  e ith e r to  illn e s s  o r te c h n ic a l p ro b le m s .  

F a milia risa tlon a nd de te rmina tion of pe a k powe r 
Du rin g  th e  in itia l vis it to  th e  la b o ra to ry,  s u b je c ts  we re  fa m ilia ris e d  to  th e  
te s t in g  p ro to c o ls  a n d  th e  e q u ip m e n t.  Du rin g  th is  s e s s io n  d e s c rip tive  m e a s u re -  
m e n t s  we re  o b ta in e d  fo llowe d  b y d e te rm in a t io n  o f p e a k  p o we r a n d  o xyg e n  
cons umption (VO2peak). 

S kin fo ld  m e a s u r e m e n t s  we re  ta ke n  a t  n in e  s ite s  (b ice p , tric e p ,  s u b s c a p u la r ,  
p e c to ra l,  m id -a xilla ,  s u p ra s p in a le ,  m id -a b d o m in a l,  m id -th ig h  a n d  m e d ia l ca lf) 
in  d u p lic a te  u s in g  s kin fo ld  c a llip e rs  (Britis h  In d ic a to rs  Ltd, E n g la n d ) with  th e  
m e a n  va lu e  u s e d  to  c a lc u la te  to ta l s kin fo ld s .  He ig h t wa s  m e a s u re d  to  th e  

Mean-+SD Range 

Age (years) 21.4 .+ 2.6 18 - 26 
Height (cm) 176.2 _+ 10.8 161 - 197 
Mass (kg) 74.8 .+ 10.0 61.8 - 84.7 
7~SF (mm) 115.6 _+ 42.8 53.5 - 211.0 
A D (m 2) 1.89+ 0.18 1.63 - 2.17 
VO2pea k (lomin 1) 3.30- + 0,9 2.20 - 4.4 
Peak power output (W) 322 -+ 86 200 - 460 
P:M 4.3 -+ 0.64 3.8 - 5.4 

:ESF is sum of nine skinfold sites (see Methods); 
A D is body surface area; P:M is power to mass ratio 

Table 1: Subject characteristics. 
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n e a re s t  0 .1  c e n t im e tre  u s in g  a  p re c is io n  s ta d io m e te r  (Le n Bla yd o n ,  Lu g a rn o ,  
Au s tra lia ) wh ile  b o d y m a s s  wa s  m e a s u re d  to  th e  n e a re s t  10 g ra m s  u s in g  a n  
e le c tro n ic  p re c is io n  b a la n c e  (HW-100KAI, GEC, Ave ry Ltd , Au s tra lia ).  Bo d y 
s u rfa c e  a re a  (A D) wa s  e s t im a te d  u s in g  th e  m e th o d  d e s c rib e d  b y Du b o is  a n d  
Du b o is  (1916). Ne xt, s u b je c ts  p e rfo rm e d  th e  p e a k  p o we r te s t  u s in g  th e ir 
b ic yc le  m o u n te d  to  a n  e le c tro m a g n e tic  t ra in e r  (Ta cx, Te c h n is c h e  In d u s tr ie  
Ta c x BV, Wa s s e n a a r,  Ne th e rla n d s ).  Fo llowing  a  b rie f w a r m  u p  a t  a  s e lf s e le c te d  
wo rklo a d  th e  te s t  c o m m e n c e d  a t  a  wo rklo a d  o f 100  W. Th e  lo a d  wa s  th e n  
in c re a s e d  a t  3 0  s  in te rva ls  b y  10 W u n til th e  s u b je c t  c o u ld  n o  lo n g e r m a in ta in  
th e  re q u ire d  p o we r o u tp u t .  Th e  h ig h e s t  p o we r o u tp u t  a n d  VO 2 th a t  c o u ld  b e  
m a in ta in e d  fo r o n e  m in u te  wa s  d e e m e d  to  b e  p e a k  p o we r o u tp u t  a n d  VO2peak, 
re s p e c tive ly.  Th ro u g h o u t  th e  te s t  s u b je c ts  we re  re q u ire d  to  re m a in  in  a  s e a te d  
p o s itio n .  

Du rin g  th e  in c re m e n ta l te s t  s u b je c ts  b re a th e d  th ro u g h  a  two -wa y n o n - 
re b re a th in g  va lve  (s e rie s  2 7 0 0  la rge ,  Ha n s  R u d o lp h ,  S t. Lou is ,  MO, U.S .A). 
E xp ire d  a ir wa s  s a m p le d  b y  a n  a u to m a te d  g a s  a n a lys e r  (Q u in to n  In s t ru m e n t  
C o m p a n y,  Bothe ll,  WA, U.S .A}. P rio r to  te s tin g ,  th e  p n e u m o t a c h  (Ha n s  
R u d o lp h ,  S t. Lou is ,  MO, U.S .A) a n d  g a s  a n a lys e rs  we re  c a lib ra te d  u s in g  a  3 1 
s yrin g e  a n d  g a s e s  o f kn o wn  c o n c e n tra tio n ,  re s p e c tive ly.  E xp ire d  a ir p a s s e d  
th ro u g h  a  m ixin g  c h a m b e r  o f 5 .5  1 vo lu m e  a n d  wa s  s a m p le d  a t  3 0  s  in te rva ls .  

Performance protocol 
E a c h  tria l la s te d  60  m in  a n d  p a r t ic ip a n ts  we re  in s tru c te d  to  cyc le  a s  fa r a s  
p o s s ib le  in  th is  tim e .  Th e  tria l wa s  p e rfo rm e d  b y s u b je c ts  u s in g  th e ir  o wn  
b ic yc le  m o u n te d  to  th e  e le c tro m a g n e tic  cyc le  t ra in e r  u s e d  in  th e  in c re m e n ta l 
te s ts .  Th e  cyc le  t ra in e r  wa s  c a lib ra te d  fo r d is ta n c e  a c c u ra c y  b y  re c o rd in g  th e  
p e d a l re vo lu tio n s  re q u ire d  to  cyc le  5 km .  Th is  p ro c e d u re  yie ld e d  a  CV o f 0 .7%. 
Du rin g  th e  tria l s u b je c ts  we re  p e rm it te d  to  a lte r g e a r ra tio  a n d  c a d e n c e  a s  
re q u ire d .  In  o rd e r to  re p re s e n t  th e  s to c h a s t ic  n a tu re  o f cyc le  ra c in g  a n d  to  
p ro vid e  a n  a d d itio n a l m e a s u r e  o f p e rfo rm a n c e ,  s ix o n e -m in u te  "s p rin ts " we re  
in c lu d e d  in  th e  p e r fo rm a n c e  tria l.  S p rin ts  we re  s c h e d u le d  d u rin g  th e  10 th, 
2 0  th, 3 0  th, 4 0  th, 50  th, a n d  6 0  th m in u te s  o f th e  t im e  tria l.  S u b je c ts  we re  
e n c o u ra g e d  to  p e rfo rm  a n  "a ll o u t" e ffo rt fo r th e  d u ra t io n  o f th e  s p rin t.  

Du rin g  th e  tria l s u b je c ts  vie we d  a  c o u rs e  p ro file  in d ic a tin g  wh e re  s p r in ts  
o c c u rre d  b u t  we re  a ls o  g ive n  a  t im e  c o u n t  le a d in g  in to  th e  s ta r t  o f th e  s p rin t.  
S u b je c ts  we re  a llowe d  to  m o n ito r  e la p s e d  t im e  a n d  h e a r t  ra te  d u rin g  th e  tria l.  
Th ro u g h o u t  e a c h  e xp e r im e n t  p o we r o u tp u t,  c yc lin g  s p e e d ,  c a d e n c e ,  a n d  
d is ta n c e  we re  c o n s ta n t ly  m o n ito re d  a n d  re c o rd e d  a t  5 -m in  in te rva ls .  A fa n  
p ro vid in g  a  c o n s ta n t  win d  s p e e d  o f 2 ms -1  wa s  p o s itio n e d  d ire c tly in  fro n t o f 
th e  s u b je c t  s o  th a t  th e  a irflo w wa s  d ire c te d  to wa rd s  th e  s u b je c t ' s  h e a d  a n d  
to rs o  wh e n  in  th e ir  n o rm a l c yc lin g  p o s itio n .  S u b je c ts  we re  a llo we d  to  d r in k 
wa te r  a d  lib itum  t h r o u g h o u t  th e  tria l in  o rd e r to  m in im is e  th e  e ffe c ts  o f 
d e h yd ra tio n .  

S u b je c ts  we re  re q u e s te d  to  p e r fo rm  th e  s a m e  typ e  o f tra in in g  fo r th e  d u ra t io n  
o f th e  s tu d y  a n d  to  re fra in  fro m  h e a vy p h ys ic a l e xe rc is e  o n  th e  d a y p rio r to  th e  
tria l.  P a rt ic ip a n ts  we re  re q u e s te d  to  s ta n d a rd is e  flu id  a n d  food  in ta ke  fo r th e  
d a y p re c e d in g  th e  tria l,  a s  we ll a s  fo r th e  d a y o f th e  tria l.  Ad d itio n a lly,  s u b je c ts  
we re  re q u ire d  to  a b s ta in  fro m  th e  in g e s tio n  o f a lc o h o l a n d  c a ffe in e  fo r th e  2 4 h  
p rio r to  e a c h  tria l.  
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Physiological responses 
He a r t  ra te  (HR) wa s  m o n ito re d  c o n t in u o u s ly  a n d  re c o rd e d  a t  1 5 -s  in te rva ls  
d u rin g  a ll tria ls  u s in g  a  h e a r t  ra te  m o n ito r  (P o la r Va n ta g e ,  P o la r E le c tro  Oy, 
Ke m p e le ,  F in la n d ).  Ma xim a l HR  wa s  d e te rm in e d  a s  th e  p e a k  HR  re c o rd e d  
d u rin g  th e  p e a k  p o we r te s t.  

To ta l b o d y s we a t  ra te  wa s  d e te rm in e d  fro m  th e  d iffe re n c e s  in  n u d e  b o d y 
m a s s  fro m  th e  b e g in n in g  to  th e  e n d  o f th e  tria l a n d  c o rre c te d  fo r flu id  in ta ke .  
C h a n g e s  in  c o re  t e m p e ra tu re  we re  m o n ito re d  u s in g  a  c o m m e rc ia lly a va ila b le  
tym p a n ic  th e rm o m e te r  (IRT 1020 , T h e r m o s c a n  ln c ,  S a n  Die go, CA, U.S .A) fo r 
e th ic a l a n d  s a fe ty re a s o n s .  

Subjective responses 
S u b je c tive  a s s e s s m e n t  o f th e rm a l c o m fo rt  u s in g  th e  7 p o in t Be d fo rd  s c a le  
(1964) a n d  ra t in g s  o f p e rc e ive d  e xe rtio n  (Borg, 1982) we re  re c o rd e d  a t 5 m in  
in te rva ls  d u r in g  e a c h  tria l.  

Statistics 
Th e  d a ta  a re  d e s c rib e d  u s in g  th e  m e a n  a n d  s t a n d a rd  d e via tio n  (S D). R e p e a t-  
a b ility o f p e r fo rm a n c e  (d is ta nce ) wa s  a s s e s s e d  u s in g  th e  m e th o d  d e s c rib e d  b y 
Bla n d  a n d  Altm a n  (1986). With  th is  m e th o d  th e  lim its  o f a g re e m e n t  a re  d e fin e d  
a s  th e  m e a n + 2 S D o f th e  d iffe re n c e s  b e twe e n  m e a s u re m e n t s .  Th e s e  lim its  o f 
a g re e m e n t  we re  th e n  d e p ic te d  o n  a  Bla n d -Altm a n  p lo t.  Th e  in tra -c la s s  
c o rre la tio n  (ICC) c o -e ffic ie n t fo r th e  to ta l d is ta n c e  c yc le d  wa s  c a lc u la te d  fro m  
a  o n e -wa y re p e a te d  m e a s u re s  ANOVA u s in g  e q u a t io n  1: 

E q u a t io n  1 ICC = (MS  s  - MS e )/MS  s  

W h e re  MS s  is  th e  m e a n  s q u a re  fo r s u b je c ts  a n d  MS  e  is  th e  m e a n  s q u a re  
e rror ta k e n  f ro m  th e  ANOVA s u m m a ry  tab le . 

It is  s u g g e s te d  th a t  fo r m o s t  c lin ica l m e a s u r e m e n t s  ICC s h o u ld  e xc e e d  0 .9 0  
to  e n s u re  re a s o n a b le  va lid ity (P o rtn e y & Wa tkin s  1993). Th e  c o -e ffic ie n t o f 
va ria t io n  (CV) fo r d is ta n c e s  c yc le d  we re  c a lc u la te d  fo r e a c h  s u b je c t  a n d  a ve r- 
a g e d  b e twe e n  tria ls  to  o b ta in  a n  o ve ra ll CV a n d  c o m b in e d  tria ls  CV. In  a d d itio n  
P e a rs o n  P ro d u c t  c o rre la tio n  c o -e ffic ie n ts  we re  a ls o  c o m p u te d  to  a s s e s s  th e  
re la t io n s h ip  a m o n g  tria ls .  All o th e r va r ia b le s  we re  a n a lys e d  u s in g  a  re p e a te d  
m e a s u r e s  ANOVA for e ith e r t im e  o r tria ls .  S o u rc e s  o f s ig n ific a n t d iffe re n c e s  
we re  a n a lys e d  u s in g  Tu ke y ' s  HS D te s t.  S ig n ific a n c e  wa s  s e t  a t  P < 0 .05 .  

ReSults 
Th e  lim its  o f a g re e m e n t  c a lc u la te d  b y th e  Bla n d -Airm a n  m e th o d  in d ic a te  th a t  
th e  d iffe re n c e  in  d is ta n c e  c yc le d  fo r tria l 2 c a n  b e  -1 .5  k m  b e lo w o r 4 .3  k m  
a b o ve  th e  d is ta n c e  o f tria l 1 (F igure  1A). Howe ve r,  F ig u re  1B s h o ws  th a t,  g ive n  
a  th ird  tria l,  th e  d is ta n c e  c yc le d  c a n  b e  -0 .5 4  k m  b e lo w a n d  1 .34  k m  a b o ve  th e  
d is ta n c e  a c h ie ve d  in  tria l 2 . Th is  a n a lys is  in d ic a te s  th a t  fo r a  m in im u m  o f 9 5 %  
o f c a s e s ,  th e  d is ta n c e  o r p e r fo rm a n c e  m e a s u r e  s h o ws  a c c e p ta b le  re p e a ta b ility.  
Ta b le  2 s h o ws  th e  c o m b in e d  a n d  o ve ra ll m e a n  a n d  S D fo r d is ta n c e s  c yc le d  o ve r 
6 0  m in .  Th e  CV fo r th e  c o m b in e d  m e a n s  we re  re d u c e d  fro m  3 .5 4 %  fo r tria ls  1 
a n d  2 to  1 .3 4 %  fo r tria ls  2 a n d  3. Th e  ICC in d ic a te s  a c c e p ta b le  re lia b ility g ive n  
th a t  it wa s  a b o ve  0 .9 3  fo r a ll tria ls .  Ta b le  3 lis ts  th e  o ve ra ll a ve ra g e  d is ta n c e s ,  
p o we r o u tp u ts ,  p h ys io lo g ic a l a n d  s u b je c tive  re s p o n s e s  fo r e a c h  in d ivid u a l tria l.  
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Figure 1: Plot of difference in distance cycled against mean for trials I and 2 (panel A) 
(panel B). Limits of agreement are shown as the mean+-25D. 

}nd trials 2 and 3 

Trial 
1 and 2 1 and 3 2 and 3 overall 

m Mean 27.03 27.25 27.95 27.41 
SD 1.01 1.01 0.35 0.77 
CV (%) 3.54 3.61 1.34 3.58 
r 0.97* 0.97* 0.99* 

CV, co-efficient of variation expressed as a mean of each subject's co-efficient 
of variation, r is pearson product correlation co-efficient; values are mean-+SD 
for the combined and overall trials (N = 11), * (p< 0.001) 

Table 2: Combined and overall mean distances (km) cycled for each trial. 
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/ 

Distance (kin) Power (W) Heart rate Sweat ( l ,h "1) RPE TC. 
(beats,inin -1) 

Trial 26.3_+5.0 229_+48 170_+11 1.0_+0.2 15.0_+1.7 5.7_+0.6 
32.8 - 18.8 144 - 338 95 - 195 0.6 - 1.4 6 - 20 4.0 - 6.5 

Trial 2 27.7_+5.7* 241_+74 170.+11 1.1.+0.4 15.0.+1.7 5.5.+0.8 
35.2 - 20.1 154 - 343 96 - 195 0.1 - 1.5 7 - 20 3.5 - 6.4 

Trial 3 28.1_+5.6" 224_+538  167_+11"§ 1.0_+0.4 13.6_+1.5"§ 5.2_+0.6 
35.5 - 20.3 144. 313 90 - 188 0.6 - 1.4 7 - 19 3.7 - 6.0 

RPE is rating of perceived exel:tion; TC is thermal comfort. Distance is the mean of the final distance 
covered over 60 min. * (p < 0.05) compared with trial 1 § (p < 0.05) compared with trial 2 

Table 3: Mean_+SD and range for distance, power, physiological and subjective responses for each trial. 

Th e  d is ta n c e  cyc le d  a t th e  e n d  o f tria l 1 wa s  s ign ifica n tly le s s  (P <0.05) 
c o m p a re d  with  tria ls  2 a n d  3, wh e re a s  th e re  wa s  n o  d iffe re nce  b e twe e n  tria ls  
2 a n d  3. Th e  p o we r o u tp u t  wa s  on ly s ig n ific a n t (P< 0.05) wh e n  tria l 2 wa s  
c o m p a re d  with  tria l 3. 

Th e  m e a n  HR  for th e  th re e  tria ls  ra n g e d  fro m  167_+11 to  170_+11 be a ts °min  -]. 
HR wa s  s ign ific a n tly re d u c e d  for tria l 3 c o m p a re d  with  tria ls  1 a n d  2. Th e  
a ve ra g e  flu id  in ta ke  wa s  0.86_+0.22 1 (ra nge  0 .4 -1 .1 8  1) a n d  we re  n o t s ig- 
n ific a n tly d iffe re n t.  The  a ve ra g e  s we a t ra te  wa s  s imila r for e a c h  tria l (ra nge  
0 .5 6 -1 .6 8  l.h-]). Th e rm a l s tra in  wa s  m e a s u re d  via  tym p a n ic  te m p e ra tu re  a n d  
wa s  s im ila r fo r tria ls  1 a n d  2 b u t  wa s  re d u c e d  d u rin g  tria l 3 (P <0.05). Th e  
m e a n  th e rm a l c o m fo rt ra tin g  wa s  n o t d iffe re n t a m o n g  tria ls , wh e re a s  th e  m e a n  
RP E wa s  s ign ific a n tly le s s  d u rin g  tria l 3 c o m p a re d  with  tria ls  1 a n d  2. 

An  a n a lys is  o f th e  d is ta n c e s  a n d  p o we r o u tp u ts  d u rin g  th e  s ix s p rin ts  re ve a ls  
on ly fe w d iffe re nce s  (s e e  Ta b le  4). Dis ta n c e s  c o ve re d  d u rin g  e a c h  o f th e  s p rin ts  
we re  n o t d iffe re n t with in  tria ls  o r a m o n g  tria ls .  Th e  to ta l d is ta n c e s  cyc le d  fo r 
th e  s ix s p rin ts  fo r e a c h  c o n s e c u tive  tria l we re  4 .45 ,  4 .5 8  a n d  4 .62  km  (p=0.16). 
Th is  e q u a te s  to  d iffe re nce s  in  d is ta n c e s  cyc le d  o f 0 .1 3  km  b e twe e n  tria ls  1 a n d  
2, a n d  0 .0 4  km  b e twe e n  tria ls  2 a n d  3. Th e  m e a n  p o we r o u tp u t  in c lu d e s  va lu e s  
d u rin g  a ll s p rin ts .  The  d iffe re nce s  b e twe e n  tria ls  fo r th is  va lu e  m a y b e  d u e  to  

Sprint Trial 1 Trail 2 Trial 3 
Distance (kin) Power (W) Distance (kin) Power (W) Distance (kin) Power iW) 

1 0.78_+0.12 338.+63 0.80_+0.26 339.36_+105.65 0.81_+0.17 313.72.+65.46 
2 0.74_+0.19 311_+70 0.76_+0.12 307.36_+81.40 0.77_+0.17 288.81_+66.70 
3 0.72_+0.12 278_+45 0.72_+0.14 300.91_+88.27 0.78_+0.20 285.45_+62.78 
4 0.71_+0.14 285.+58 0.75.+0.18 299.18.+88.33 0.77_+0.16 272.63_+84.47 
5 0.72_+0.15 275.+61" 0.73.+0.18 296.63_+90.62* 0.74_+0.19 278.90_+79.59 
6 0.78_+0.16 292_+60 0.82_+0.22 343.54_+111.43§ 0.75_+0.28 313.36_+131.74 

Note: Power output was derived from the mid-point during the 60 s sprint. No significant within 
subject differences detected for distance. 
* (p < 0.05) compared with sprint # 1 § (p < 0.05) compared with sprint # 5 

Table 4: Mean.+SD for distances and power output for each of the six sprints for each trial. 
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Figure 2: Heart rate response for the three 60 rnin performance trials. The data shown are the averages 
of each 15-s period throughout the trial. 

th e  h ig h  p o we r o u tp u t  va lu e s  s u b je c ts  a c h ie ve d  d u rin g  in d ivid u a l s p r in t  
in te rva ls .  Howe ve r,  p o we r o u tp u t  a t  th e  m id -p o in t  o f th e  1 m in  s p r in t  d iffe re d  
o n ly with in  tria ls  fo r s p r in t  n u m b e r  5 c o m p a re d  with  s p r in t  n u m b e r  1 fo r tria ls  
1 a n d  2. F o r th e  la s t  s p r in t  in  tria l 2 , p o we r o u tp u t  wa s  s ig n ific a n tly in c re a s e d  
c o m p a re d  with  s p r in t  n u m b e r  5. Th e  HR  re s p o n s e  d u rin g  th e  s p r in ts  wa s  n o t 
s ig n ific a n tly d iffe re n t a n d  c o n s is te n t  a m o n g  th e  tria ls  (s e e  Fig. 2). Howe ve r,  
a c c o rd in g  to  F ig .2  th e re  wa s  a n  u p wa rd  d rift in  HR  o ve r th e  6 0  m in  p e rio d .  F o r 
tria l 1, th e  d iffe re n c e  in  HR  b e twe e n  10 a n d  6 0  m in  wa s  ~8  b e a t s . m in  -1, wh ils t 
fo r tria l 2 th is  d iffe re n c e  wa s  ~1 2  b e a t s . m in  -1 o ve r th e  s a m e  t im e  p e rio d .  
Du rin g  tria l 3 th e  d iffe re n c e  o ve r th is  s a m e  tim e  p e rio d  wa s  ~4  b e a t s . m in  -1. 
Th is  p a t t e rn  o f HR  d rift wa s  s im ila r  d u rin g  th e  s te a d y s ta te  p e rio d  o f c yc lin g  
(s e e  Fig. 2). 

Discussion 
Th e  m a jo r  find irlg  o f th is  s tu d y  is  th a t  a  1 -h  c yc lin g  p e r fo rm a n c e  tria l 
p u n c tu a t e d  with  h ig h  in te n s ity s p r in ts  p e rfo rm e d  in  a  w a r m  h u m id  e n viro n - 
m e n t  is  re p ro d u c ib le  in  c yc lis ts  o f va ryin g  a b ilitie s .  It is  c le a r th a t  g ive n  o n ly 
two  tria ls ,  th e  lim its  o f a g re e m e n t  o r re p e a ta b ility a s  d e s c rib e d  b y  Bla n d  a n d  
Altm a n  (1986) m ig h t  n o t  b e  a c c e p ta b le .  Th a t  is , fo r tria l 2, s u b je c ts  s h o w 
d is c re p a n c ie s  o f -1 .5  km  a n d  4 .3  km .  Un d e r  la b o ra to ry c o n d itio n s  th e s e  
d is c re p a n c ie s  wo u ld  p ro b a b ly  n o t  b e  a c c e p ta b le .  In  c o n tra s t ,  th e s e  d is c re p - 
a n c ie s  a re  re d u c e d  b y g iving  s u b je c ts  a  s e c o n d  a n d  th ird  tria l,  s o  th a t  th e  
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l "  

lim its  o f a g re e m e n t  c a n  b e  -0 .5 4  k m  a n d  1 .34  km .  Th e s e  d a ta  u n d e rs c o re  th e  
im p o r ta n c e  o f a  fa m ilia ris a tio n  tria l a n d  th e  p o s s ib ility o f th e  la c k o f a g re e m e n t  
b e twe e n  tria ls  wh e re  th e  re lia b ility o f a  g ive n  p ro to c o l is  n o t a s s e s s e d .  

Tra d it io n a l e n d u ra n c e  te s ts  e m p lo ye d  b y s p o r t  a n d  e xe rc is e  s c ie n tis ts  
invo lve  a s k in g  a th le te s  to  e xe rc is e  to  e xh a u s t io n  a t  c o n s ta n t  o r fixe d  wo rklo a d s  
(C o g g a n  & Cos till 1984; McLe lla n  e t a l. 1995 ; J e u k e n d r u p  e t a l. 1996). It is  
g e n e ra lly we ll a c c e p te d  th a t  th e s e  te s ts  s h o w p o o r  te s t-re te s t  re lia b ility a n d  a  
h ig h  CV (McLe lla n  e t a l. 1995; J e u k e n d r u p  e t a l. 1996). J e u k e n d r u p  e t a l. 
(1996) fo u n d  th a t  we ll t ra in e d  c yc lis ts  rid in g  to  e xh a u s t io n  p ro d u c e d  a  CV a s  
h ig h  a s  4 0 % .  Th is  a ls o  s e e m s  to  b e  th e  c a s e  in  ru n n in g  to  e xh a u s t io n  with  a  
re s u lta n t  CV o f 2 5 %  re p o rte d  (Billa t e t a l. 1994). In  c o n tra s t ,  e xe rc is e  te s ts  th a t  
re q u ire  s u b je c ts  to  a lte r o r m a n ip u la te  th e ir  in te n s ity h a ve  b e e n  s h o wn  to  b e  
m o re  re lia b le  ( J e u ke n d ru p  e t a l. 1996 ; Bis h o p  1997). In d e e d ,  th is  typ e  o f 
e xe rc is e  p ro to c o l is  b e c o m in g  p o p u la r  a m o n g  re s e a rc h e rs  a s s e s s in g  th e  
via b ility o f va r io u s  in te rve n tio n  s tra te g ie s  s u c h  a s  c a rb o h yd ra te  in g e s tio n  (E1- 
S a ye d  e t a l. 1997) a n d  p re c o o lin g  (Bo o th  e t a l. 1997; Ka y e t a l. 1999). In  
a d d itio n ,  re c e n t  e vid e n c e  s u g g e s ts  th a t ,  wh e n  s e lf-p a c e d  p ro to c o ls  a re  u s e d  
in s te a d  o f th e  m o re  tra d itio n a l fixe d  in te n s ity p ro to c o ls ,  d iffe re n c e s  in  
p h ys io lo g ic a l re s p o n s e s  a re  re d u c e d ,  wh ic h  wo u ld  o th e rwis e  b e  th e  c a s e  u n d e r  
c o n s ta n t  wo rklo a d  c o n d itio n s  (Ta tte rs o n  e t a l. 2001).  In  th e  p re s e n t  s tu d y,  th e  
e xe rc is e  p ro to c o l wa s  e s s e n tia lly s e lf-p a c e d  a n d  in c lu d e d  a  s e rie s  o f s p r in ts  a t  
re g u la r  t im e  in te rva ls .  Alth o u g h  it is  u n like ly th a t  p a r t ic ip a n ts  will n e e d  to  
a d ju s t  th e ir  in te n s ity a t  s p e c ific  in te rva ls  wh e n  c o m p e tin g  in  th e  fie ld, th e  
p re s e n t  p ro to c o l is  va ria b le  in  s o  fa r a s  s u b je c ts  a re  re q u ire d  to  p a c e  
th e m s e lve s  ke e p in g  in  m in d  th e  n u m b e r  o f s p r in ts  a n d  th e  a llo tte d  t im e  fo r 
c o m p le tin g  th e  tria l.  F u r th e rm o re ,  te s ts  with  a  kn o wn  e n d -p o in t  a re  m o re  
re lia b le  t h a n  o p e n -e n d e d  te s ts  to  e xh a u s t io n  a llo win g  s u b je c ts  th e  o p p o rtu n ity  
to  fo rm u la te  a n  a p p ro p r ia te  p a c in g  s t ra te g y p rio r to  th e  c o m m e n c e m e n t  o f th e  
tria l ( J e u ke n d ru p  e t a l. 1996). It is  th e re fo re  n e c e s s a ry  to  d is t in g u is h  b e twe e n  
e n d u ra n c e  c a p a c ity m e a s u re d  b y t im e  to  e xh a u s t io n  a n d  e xe rc is e  p e r fo rm a n c e  
(Willia ms  e t a l. 1990). Tim e  tria l p ro to c o ls  a llo w fo r th e  a s s e s s m e n t  o f e xe rc is e  
p e r fo rm a n c e  ra th e r  t h a n  e xe rc is e  c a p a c ity.  Th e re fo re ,  th e  fa vo ra b le  re s u lts  
o b ta in e d  fro m  s e lf-p a c e d  tria ls  re fle c t th e  a b ility o f a th le te s  to  re lia b ly 
re p ro d u c e  e xe rc is e  p e r fo rm a n c e  ra th e r  t h a n  th e ir  e xe rc is e  c a p a c ity.  

In  a d d itio n ,  th e  p re s e n t  re s u lts  c le a rly in d ic a te  th a t,  g ive n  a t  le a s t  o n e  
fa m ilia ris a tio n  tria l,  s u b je c ts  o f va ryin g  c yc lin g  a b ility a re  a b le  to  re p ro d u c e  
th e ir  to ta l d is ta n c e  c yc le d  with in  1.3 - 3 .5 %  in  a  s e lf-p a c e d  tria l.  Th is  re s u lt  is  
s im ila r to  th a t  o b ta in e d  b y J e u k e n d r u p  e t a l. (1996) wh o  re q u ire d  s u b je c ts  ~to 
p e r fo rm  a  c e r ta in  a m o u n t  o f wo rk in  a  1 -h  p e rio d  re s u lt in g  in  a n  o ve ra ll CV o f 
3 .4%. S im ila rly,  Bis h o p  (1997) u s in g  a  p ro to c o l th a t  re q u ire d  s u b je c ts  to  
g e n e ra te  th e  h ig h e s t  p o we r o u tp u t  p o s s ib le  th ro u g h o u t  th e  6 0  m in  o f c yc lin g  
o b ta in e d  a n  o ve ra ll CV o f 2 .7%. 

To  d a te  th e re  a re  n o  s tu d ie s  re p o rt in g  th e  re lia b ility o f va ria b le  p e r fo rm a n c e  
p ro to c o ls  u n d e r  e le va te d  e n viro n m e n ta l c o n d itio n s .  In d e e d ,  th e  fin d in g s  
re p o rte d  t h u s  ~ fa r a re  a ll fro m  s tu d ie s  c o n d u c te d  in  m o d e ra te  e n viro n m e n ts  
a n d  it is  u n c le a r  wh e th e r  a  s im ila r re lia b ility wo u ld  b e  g a in e d  u n d e r  le s s  
fa vo ra b le  e n viro n m e n ta l c o n d itio n s .  Th e  re a s o n s  fo r th is  m ig h t  b e  d u e  to  th e  
p h ys io lo g ic a l a d ju s tm e n t s  re q u ire d  wh ile  e xe rc is in g  u n d e r  h o t  c o n d itio n s  
c o m p a re d  with  m o d e ra te  c o n d itio n s .  F o r e xa m p le ,  it is  we ll d o c u m e n te d  th a t  
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e xe rc is e  in d u c e d  h yp e r th e rm ia  wh ic h  d e ve lo p s  in  th e  h e a t  lim its  e xe rc is e  
p e rfo rm a n c e .  Th is  is  s e e n  e s p e c ia lly d u rin g  e xe rc is e  te s ts  th a t  re q u ire  s u b je c ts  
to  wo rk a t  a  fixe d  wo rklo a d  to  e xh a u s t io n  wh e re  HR, RP E, c o re  t e m p e ra tu re  
a n d  m e ta b o lic  fa c to rs  a re  s ig n ific a n tly a lte re d  in  th e  h e a t  a n d  p re m a tu re ly  
re a c h  th e ir  p h ys io lo g ic a l lim its  (Nie ls e n  e t a l. 1993; G a llo wa y & Ma u g h a n ,  
1997). F o r e xa m p le ,  G a llo wa y a n d  Ma u g h a n  (1997} o b s e rve d  th a t  a m b ie n t  
t e m p e ra tu re  s ig n ific a n tly a lte re d  p h ys io lo g ic a l,  s u b je c tive ,  a n d  p e r fo rm a n c e  
re s p o n s e s  d u rin g  cyc le  e xe rc is e  a t  7 0 %  VO2max. Th e re fo re ,  it c a n n o t  b e  c e rta in  
if e xe rc is e  p ro to c o ls  fo u n d  to  d e m o n s t ra te  a c c e p ta b le  re lia b ility u n d e r  
m o d e ra te  c o n d itio n s  wo u ld  e xh ib it s im ila r re s u lts  u n d e r  m o re  e xtre m e  
c o n d itio n s .  Be c a u s e  th e re  a re  n o  s tu d ie s  th a t  re p o rt  re lia b ility d a ta  fo r e xe rc is e  
p ro to c o ls  u n d e r  e le va te d  e n viro n m e n ta l c o n d itio n s ,  it is  d ifficu lt to  fu lly 
in te rp re t  th e  p re s e n t  re s u lts .  Howe ve r,  it is  p o s s ib le  to  te n ta tive ly s u g g e s t  th a t  
p e r fo rm a n c e  typ e  p ro to c o ls  a re  m o s t  like ly b e t te r  a b le  to  d is c r im in a te  b e twe e n  
t r e a t m e n t  e ffe c ts  u n d e r  e x t r e m e  c o n d it io n s  c o m p a r e d  with  p ro to c o ls  
d e m a n d in g  e xe rc is e  a t  a  Fixe d wo rk ra te .  

In  th e  p re s e n t  s tu d y  th e  a ve ra g e  p h ys io lo g ic a l a n d  s u b je c tive  re s p o n s e s  we re  
c o n s is te n t  b e twe e n  tria ls  1 a n d  2. Du rin g  tria l 3, h o we ve r,  m e a n  HR  a n d  R P E  
we re  a ll a t te n u a te d  c o m p a re d  with  tria ls  1 a n d  2. Th e s e  p h ys io lo g ic a l a n d  
s u b je c tive  c h a n g e s  d id  n o t  a p p e a r  to  h a ve  a n y  s ig n ific a n t im p a c t  o n  th e  o ve ra ll 
re lia b ility o f th e  p ro to c o l.  Ho we ve r,  th e s e  c h a n g e s  a ls o  s u g g e s t  th a t  s u b je c ts  
b e c a m e  m o re  e ffic ie n t,  g ive n  th a t  a  s im ila r a m o u n t  o f wo rk wa s  a c h ie ve d  with  
a  s im ila r o r re d u c e d  c a rd io va s c u la r  s t ra in  to g e th e r with  a  re d u c e d  R P E  in  tria l 
3. As  th e  p h ys io lo g ic a l a n d  s u b je c tive  re s p o n s e s  d id  n o t  im p a c t  o n  p e r- 
fo rm a n c e  it m a y  b e  p o s s ib le  th a t  fa m ilia ris a tio n  to  th e  te s t in g  p ro c e d u re s  a n d  
e n viro n m e n t  re s u lte d  in  a  m o re  c o n s ta n t  p e r fo rm a n c e  s e c o n d a ry  to  a  re d u c e d  
le ve l o f a n xie ty (S c h a b o rt  e t a l. 1998b). Howe ve r,  a c c o rd in g  to  th e  d a ta  o f 
Ba rn e t t  a n d  Ma u g h a n  (1993), s u b je c ts  u n d e r ta k in g  c o n s e c u tive  e xe rc is e  b o u ts  
a t  a  fixe d  in te n s ity in  th e  h e a t ,  s e p a ra te d  b y u p  to  a  we e k,  do  n o t  s h o w a n y 
re m a rka b le  p h ys io lo g ic a l a d a p ta t io n s .  In  th e  p re s e n t  s tu d y,  s u b je c ts  u n d e r-  
to o k re p e a te d  s e lf-p a c e d  e xe rc is e  b o u t s  in  th e  h e a t  s e p a ra te d  b y 5 -1 4  d a ys  
a n d ,  a lth o u g h  s ta b le  p h ys io lo g ic a l re s p o n s e s  we re  e vid e n t a m o n g s t  tria ls ,  th e  
fa c t th e  tria ls  we re  s e lf-p a c e d  a n d  n o t  a t  a  fixe d  in te n s ity a s  in  th e  Ba rn e t t  a n d  
Ma u g h a n  (1993) s tu d y  m ig h t  a c c o u n t  fo r s o m e  o f th e  d iffe re n t p h ys io lo g ic a l 
re s p o n s e s  o b s e rve d  in  tria l 3 . Th a t  is , th e  la c k o f a va ila b le  d a ta  o n  re p e a te d  
s e lf-p a c e d  e xe rc is e  b o u t s  in  th e  h e a t  p re c lu d e s  a n y  c o n c lu s ive  s t a te m e n t  
re g a rd in g  p h ys io lo g ic a l re s p o n s e s  u n d e r  s u c h  c o n d itio n s .  

In  a d d itio n ,  th e  fa c t th a t  d is ta n c e  cyc le d  in  th e  s e c o n d  tria l wa s  s ig n ific a n tly 
in c re a s e d  c o m p a re d  with  th e  firs t tria l a n d  th a t  th e re  wa s  n o  fu r th e r  in c re a s e  
in  d is ta n c e  c yc le d  b e twe e n  tria ls  2 a n d  3 s u g g e s ts  th a t  th e re  wa s  n o  fu r th e r  
le a rn in g  e ffe c t.  Th e s e  re s u lts  a re  s im ila r to  th o s e  o b ta in e d  b y  S c h a b o r t  e t a l. 
(1998a ) fo r a  10Q k m  c yc lin g  t im e  tria l u s in g  tra in e d  a th le te s .  Th e s e  a u th o rs  
s u g g e s t  th a t  a fte r th e  in itia l tria l s u b je c ts  m ig h t  o b ta in  a  b e t te r  u n d e rs ta n d in g  
o f th e ir  c a p a b ility a n d  wh a t  is  e xp e c te d  a n d  h e n c e  a p p ly a  m o re  s u ita b le  
p a c in g  s t ra te g y fo r th e  s u b s e q u e n t  two  tria ls .  In  th e  p re s e n t  s tu d y,  th is  is  
c o n firm e d  b y  th e  c o n s is te n t  d is ta n c e  cyc le d  d u rin g  e a c h  o f th e  s p r in ts  (Ta ble  
4). Th a t  is , th e  d iffe re n c e  in  th e  to ta l d is ta n c e  cyc le d  b e twe e n  tria ls  2 a n d  3 
wa s  o n ly 0 .0 4  k m  c o m p a re d  with  a  d iffe re n c e  o f 0 .1 3  k m  b e twe e n  tria ls  1 a n d  
2, s u g g e s tin g  th a t  th e  p a c in g  s t ra te g y wa s  c o n s is te n t  fo r th e  la s t  two  tria ls .  In  
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a d d itio n  to  th e  in c re a s e d  e ffic ie ncy, th e  p re s e n t  re s u lts  a ls o  s u g g e s t  th a t  
fa m ilia ris a tio n  s e s s io n s ,  wh e re  s u b je c ts  c o m p le te  a t  le a s t  o n e  tria l o f th e  
e xe rc is e  p ro to c o l to  b e  u s e d  in  th e  e xp e r im e n ta l s e ttin g ,  b e  e m p lo ye d  s o  th a t  
th e  o ve ra ll t r e a tm e n t  e ffe c ts  c a n  b e  c le a rly e s ta b lis h e d  a n d  n o t  c o n fo u n d e d  b y  
a  le a rn in g  e ffe c t.  Howe ve r,  it c a n n o t  b e  c e rta in  th a t  a  p la te a u  in  le a rn in g  wa s  
e s ta b lis h e d ,  s in c e  in  th e  p re s e n t  s tu d y,  a n d  n o t  u n like  p re vio u s  in ve s tig a tio n s ,  
a  fo u rth  tria l wa s  n o t c o n d u c te d .  

It h a s  b e e n  s u g g e s te d  th a t  th e  u s e  o f n o n  s p e c ific a lly o r h ig h ly tra in e d  
s u b je c ts  m ig h t  c o n tr ib u te  to  th e  p o o r  re p ro d u c ib ility in  c e rta in  e xe rc is e  
p ro to c o ls  (McLe lla n  e t a l. 1995). In  th e  p re s e n t  s tu d y  th e  ra n g e  o f c yc lin g  
a b ility o f th e  p a r t ic ip a n ts  d id  n o t  s e e m  to  n e g a tive ly a ffe c t th e  re p ro d u c ib ility 
o f th e  d is ta n c e  cyc le d . O n e  re a s o n  fo r th is  m ig h t  b e  th a t  th e  e xe rc is e  te s t  
u tilis e s  s p e e d s  o r in te rm it te n t  b o u ts  o f e xe rc is e  th a t  m ig h t  a p p ro a c h  th o s e  a t  
VO2max wh ic h  m ig h t  re d u c e  th e  va ria t io n  c o m p a re d  with  e xe rc is e  te s ts  a t  a  
fixe d  wo rklo a d  (Kyle  e t a l. 1989; Billa t e t a l. 1994). Add itiona lly,  th e  p h ys ic a l 
d e m a n d s  o f th e  p ro to c o l m ig h t  b e  m o re  re p re s e n ta t ive  o f a  p e r fo rm a n c e  
s itu a t io n  s o  th a t  s u b je c ts  a re  m o re  a wa re  o f th e  p h ys io lo g ic a l d e m a n d s  
re q u ire d  fo r th e  te s t.  Alth o u g h ,  th e  s u b je c t  s a m p le  re p re s e n te d  a  ra n g e  o f 
c yc lin g  a b ilitie s ,  a ll h a d  c o m p e te d  a n d  b e e n  a c c u s to m e d  to  h ig h  in te n s ity 
e xe rc is e .  An o th e r  fa c to r wh ic h  m a y  h a ve  c o n tr ib u te d  to  th e  h ig h  re lia b ility o f 
th e  p ro to c o l m ig h t  b e  th e  fe e d b a c k g ive n  to  th e  p a r t ic ip a n ts  d u rin g  e a c h  tria l.  
In  th e  p re s e n t  s tu d y,  s u b je c ts  we re  p e rm it te d  to  m o n ito r  e la p s e d  t im e  a n d  HR  
o ve r th e  6 0  m in  p e rio d .  P re vio u s  s tu d ie s  m e a s u r in g  th e  re lia b ility o f e xe rc is e  
p ro to c o ls  h a ve  u s e d  a  va rie ty o f fe e d b a c k c u e s  fo r s u b je c ts  in c lu d in g  e la p s e d  
tim e ,  d is ta n c e  a n d  HR. Du rin g  c o m p e titive  s itu a t io n s  m o s t  a th le te s  a re  a b le  to  
a n d  u s u a lly  do  m o n ito r  a  n u m b e r  o f va r ia b le s  wh ic h  m ig h t  in c lu d e  o n e  o r a  
c o m b in a t io n  o f va ria b le s .  Allowing  s u b je c ts  to  m o n ito r  a t  le a s t  o n e  o r m o re  o f 
a  c o m b in a t io n  o f va ria b le s  d u rin g  s im u la te d  e xe rc is e  p e r fo rm a n c e  wo u ld  m o s t  
like ly in c re a s e  th e  re lia b ility b u t  a ls o  a d d  to  th e  "re a lis tic " n a tu re  o f th e  te s t.  

In  c o n c lu s io n ,  th e  re s u lts  o f th e  p re s e n t  s tu d y  in d ic a te  th a t  c yc lis ts  o f 
va ryin g  a b ility a n d  tra in in g  a re  a b le  to  re p ro d u c e  th e ir  d is ta n c e  c yc le d  d u rin g  
a  6 0  m in  la b o ra to ry te s t  p u n c tu a t e d  with  re g u la r  b o u ts  o f "a ll o u t" e ffo rts  
u n d e r  w a r m  h u m id  e n viro n m e n ts .  Th is  s tu d y  c o n firm s  p re vio u s  wo rk th a t  
s h o ws  s e lf-p a c e d  p ro to c o ls  to  b e  h ig h ly re lia b le  n o t  o n ly fo r s p e c ific a lly t ra in e d  
s u b je c ts  b u t  fo r m o d e ra te ly  tra in e d  s u b je c ts  a ls o .  Add itiona lly,  e xe rc is e  a n d  
s p o r ts  s c ie n tis ts  s h o u ld  c o n s id e r a d o p t in g  p ro to c o ls  s im ila r to  th e  p re s e n t  o n e  
s o  th a t  e xe rc is e  p e rfo rm a n c e  ra th e r  t h a n  c a p a c ity is  e va lu a te d .  Howe ve r,  wh a t  
is  ye t  to  b e  fu lly e lu c id a te d  is  wh e th e r  p ro to c o ls  d e s ig n e d  fo r m o d e ra te  
e n viro n m e n ta l c o n d itio n s  a re  a p p lic a b le  to  le s s  fa vo ra b le  c o n d itio n s .  F u r th e r  
s tu d ie s  a d d re s s in g  th is  q u e s t io n  a re  n e e d e d  b e fo re  re s u lts  o f t r e a tm e n t  e ffe c ts  
to  le s s  fa vo ra b le  c o n d itio n s  c a n  b e  fu lly u n d e rs to o d  a n d  a s s ig n e d  a p p ro p r ia te  
s ig n ific a n c e .  
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Abstract

It has been previously proposed that fluid ingestion might enhance performance and thermoregulation through the
heat storage capacity of the ingested fluid. While accurate under certain conditions, in some situations this cannot
account for differences in thermoregulatory and performance responses. To test this hypothesis seven subjects
performed a 60min self-paced cycling time trial on four occasions, differentiated by ambient temperature (moderate
19.870.61C, warm 33.270.21C; 63.370.6% relative humidity) and fluid ingestion regime (no fluid, NF; or sufficient
fluid, F, to prevent any change in body mass). No differences were observed for total distance cycled or final core
temperature during exercise where for the moderate-NF, moderate-F, warm-NF and warm-F conditions were
32.676.4, 30.875.7, 30.574.8, 30.175.0 km and 38.970.31C, 38.670.41C, 38.970.51C, 38.770.41C, respectively.
Furthermore, pacing strategy, as indicated by distance covered during maximal sprint and submaximal sections of the
trial were similar among conditions. Although this result is not dissimilar to previous findings, the data show that
complete fluid replacement during exercise of 1 h does not provide the proposed heat sink sufficient to attenuate
thermoregulatory strain and improve performance over no fluid replacement. The findings indicate that the ingestion of
fluids replacing 100% of sweat losses has no effect on 1 h of self-paced cycling performance or thermoregulation in
moderate and warm conditions.
r 2002 Elsevier Science Ltd. All rights reserved.

Keywords: CNS; Hydration; Exercise; Core temperature; Performance; Self-paced

1. Introduction

One explanation for the ergogenic effects of fluid
ingestion during exercise is the maintenance of blood
volume, and body water sufficient for sweat production,
evaporative cooling and temperature regulation. Indeed,
dehydration during physical activity has been associated
with increased core temperature and cardiovascular
strain and a decreased blood volume, skin blood flow
and sweat rate (Sawka et al., 1984; Nadel et al., 1990).
Montain and Coyle (1992) demonstrated that fluid

ingestion attenuated the development of hyperthermia
by increasing skin blood flow independent of blood
volume maintenance. This is supported by the data of
Watt et al. (2000) which shows that acute plasma
volume expansion has no thermoregulatory or perfor-
mance benefit. This indicates that the maintenance of
blood volume, which occurs through the ingestion of
fluids, may have limited importance to thermoregula-
tion.
Previously, we have questioned traditional explana-

tions for the beneficial effects of fluid ingestion during
exercise and proposed an additional mechanism which
may assist in answering the question of how fluid
ingestion enhances exercise performance (Kay and
Marino, 2000). This proposal highlighted the potential

*Corresponding author. Tel.: +61-2-63384268; fax: +61-2-
63384065.

E-mail address: fmarino@csu.edu.au (F.E. Marino).
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for the specific heat of ingested fluid to act as a heat sink
slowing the increase in body temperatures, and facil-
itating physiological and ultimately performance re-
sponses during physical activity. Briefly, we proposed
that that the thermoregulatory effect of ingested fluid
could be estimated via application of the following
equation: DTc!3:49!m" DTw!4:18!Vw; where: DTc is
the change in Tc response, 3.49 and 4.18 are the specific
heat of body tissue and water, respectively in kJ kg 1C#1,
DTw is the change in water temperature of the ingested
fluid assuming that the fluid will equilibrate with internal
temperature, m is body mass in kg and Vw is the volume
of the ingested fluid. Application of this model to
investigations where the required data were available
indicated that it was possible to account for the
difference in Tc response during exercise by considering
the heat storage capacity of the ingested fluid. The
equation proposed by Kay and Marino (2000) was able
to explain thermoregulatory responses for exercise bouts
ranging from 60min to 4 h and under both moderate
(B20–211C; McConell et al., 1997; Robinson et al.,
1995) and elevated (B31–331C; Candas et al., 1986;
Armstron et al., 1997) conditions. However, it was also
demonstrated that under certain conditions this formula
proved to be unreliable. Proposed reasons for this
discrepancy included studies where the subjects com-
menced experimental trials in a hypohydrated state,
when the ingested fluid was at or near body temperature
and, time-averaged changes in thermoregulatory effector
responses. In the majority of studies the exercise
protocol was at a fixed workload assessing exercise
capacity. An added dimension to this investigation is
the use of a self-paced performance-based exercise
protocol. Given that fluid ingestion is advocated as a
strategy for reducing thermal strain and thereby main-
taining exercise capacity in a range of environmental
conditions, this study was undertaken to test the
hypothesis that fluid ingestion acts as a heat sink
reducing thermal strain and attenuating performance
decrement utilising a reliable self-paced performance
cycling protocol.

2. Methods

2.1. Subjects and experimental design

Seven healthy cyclists participated in the study
(mean7standard deviation (SD) age 20.673.1 years,
height 1.7570.09m, mass 73.8710.5 kg, VO2peak

3.870.6 lmin#1, peak power 288732.0W) which was
approved by the Ethics in Human Research Committee
of the University. Following a familiarisation session
participants reported to the laboratory after having
abstained from caffeine and alcohol ingestion for the
previous 48 h. Subjects maintained their normal diet and

hydration status was assessed with the measurement of
body mass to the nearest 10 g with an electronic
precision balance (HW-100KAI, GEC, Avery Ltd.,
Australia). None of the subjects experienced a significant
change in pre-exercise body mass throughout the study.
On four separate occasions subjects performed a 60min
cycling time trial punctuated with six 1min all-out
sprints at 10min intervals. The experimental trials were
differentiated by ambient temperature (moderate
19.870.61C, warm 33.270.21C; 63.370.6% relative
humidity) and fluid ingestion regime (no fluid (NF); or
sufficient fluid (F), to prevent any change in body mass).
The order in which subjects performed the trials was
randomised using a Latin Squares design. All sessions
were performed at the same time of day to minimise
circadian variations and at least 7 days apart to allow
for sufficient recovery between trials. If a subject
completed an NF trial first, fluid ingestion for the
subsequent trial was estimated from sweat rate. How-
ever, if subjects completed the F trial first, fluid ingestion
was estimated as previously described by Hamilton et al.
(1991) to be 16ml kg#1 h#1 for the moderate condition.
For the warm condition fluid ingestion was estimated to
be 18ml kg#1 h#1 from pilot work and previous trials
conducted under warm conditions. The fluid volume was
divided into 12 equal portions where distilled deionised
water (4.51C) was provided at 5min intervals, with
subjects given 1min in which to consume the fluid.

2.2. Performance protocol

Details and reliability of the time trial protocol have
been reported elsewhere (Kay et al., 2001; Marino et al.,
2002). Briefly, the performance trial required partici-
pants to undertake a 60min cycling time trial, with the
aim to complete the greatest distance possible within the
allotted time. The trial was performed by subjects using
their own bicycle attached to an electromagnetic cycle
trainer (Tacx, Technische Industrie Tacx BV, Wasse-
naar, Netherlands). Throughout the trial, subjects were
allowed to alter gear selection and cadence as required.
To mimic the stochastic nature of cycle racing and to
provide an additional measure of performance, six 1min
sprints scheduled during the 10th, 20th, 30th, 40th, 50th
and 60th min were included in the trial. Subjects were
encouraged to perform a maximal effort for the entire
duration of each sprint. The coefficient of variation for
the performance trial in our laboratory is 3.54% and
1.34% following a familiarisation trial.

2.3. Measurements

Throughout each trial power output (W) and distance
cycled (km) were constantly monitored and recorded
at 5min intervals, immediately prior to, and at the
midpoint of all sprint intervals. Rectal temperature (Tre)
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was measured as an index of Tc using a 12 gauge
disposable thermistor (Mona-Therm, Mallinckrodt
Medical Inc, St. Louis, MO, USA) inserted 10 cm
beyond the anal sphincter connected to a teletherm-
ometer (Zentemp 5000, Zencor Pty. Ltd., Australia).
Temperatures were constantly monitored and recorded
at rest and at 5min intervals during exercise.

2.4. Statistics

Descriptive data were generated for all variables and
presented as the mean7SD. A two-way repeated
measures ANOVA for time was used to analyse data.
Once main effects were identified individual differences
between means were located using Tukey’s HSD post
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Fig. 1. Distance cycled during sprint and self-paced intervals during 60min of high intensity cycling for moderate-NF, moderate-F,
warm-NF and warm-F conditions. Values are means7SD.
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hoc procedure. Significant interactions were analysed by
simple main effects. Statistical significance was accepted
when po0:05:

3. Results

The total distance cycled at the completion of 60min
of high intensity cycling was not significantly altered by
either the prevention of exercise induced dehydration
with the ingestion of water equal to sweat losses or
environmental conditions (p " 0:095). Distance cycled
for the moderate-NF, moderate-F, warm-NF and
warm-F conditions were 32.676.4, 30.875.7,
30.574.8 and 30.175.0 km, respectively. Average
power output for the moderate-NF, moderate-F,
warm-NF and warm-F conditions were 235749,
217740, 225745 and 225734W, respectively, again
no differences were observed among groups. No
differences were observed among treatment conditions
for distance cycled during the maximal effort sprint

intervals (p " 0:98). Similarly, no differences were
observed for distance cycled among conditions for the
self-paced periods of cycling between sprint intervals
(p " 0:81) (Fig. 1). Mean heart rate for the moderate-
NF, moderate-F, warm-NF and warm-F conditions
were 160710, 155711, 160712 and 160711 bmin#1,
respectively.
Ambient temperature did not influence Tre responses

during exercise (p " 0:95). A significant within subjects
effect was observed for all conditions (p " 0:005), with
Tre increasing with respect to time. Fig. 2 shows the Tre

response during the cycling time trial with there being no
difference among conditions for Tre during or at the
conclusion of exercise. The final Tre was 38.970.31C,
38.670.41C, 38.970.51C and 38.770.41C for the
moderate-NF, moderate-F, warm-NF and warm-F
conditions, respectively. Table 1 shows the data
pertaining to amount of fluid ingested, sweat rate and
changes in body mass and Tre for each of the
experimental trials. As can be seen, the change in body
mass was highest for each of the NF trials with the
change in body mass for the F trials negligible. Despite
having complete fluid replacement in warm conditions,
sweat rates were not different from NF trials.

4. Discussion

Application of the model proposed by Kay and
Marino (2000) to the present investigation predicts a
difference in Tre between F and NF trials of B0.81C.
However, actual differences for final Tre under these
conditions were 0.31C and 0.11C for the moderate and
warm conditions, respectively. It is difficult to reconcile
the differences between predicted and observed values
for the above investigation. It must be considered that a
further limitation of this model describing the influence
of the heat storage capacity of ingested fluid might be
the exercise protocol employed. That is, the response is
more predictable under steady-state compared to self-
paced conditions. Indeed under self-paced conditions
subjects are free to alter exercise intensity as necessary in
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Fig. 2. Rectal temperature during 60min of high intensity
cycling for moderate-NF (K), moderate-F (J), warm-NF (m)
and warm-F (W) conditions; n " 7: Values are means, error
bars have been removed for clarity.

Table 1
Values for fluid ingestion, sweat rate and changes in body mass and rectal temperature during each trial

Moderate-NF Moderate-F Warm-NF Warm-F

Fluid ingested (l) 0 1.370.4 0 1.570.4
D Body mass (kg) #1.370.4 0.0770.3 #1.670.5 #0.0370.2
DTre (1C) 1.470.3 1.170.3 1.470.5 1.370.4
Sweat rate (l h#1) 1.370.4 1.370.3 1.670.5 1.570.5

Values are means7SD.
D Body mass (kg) is the change from pre-exercise to post-exercise.
Tre is the rectal temperature.
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order that local and systemic homeostasis be preserved,
while under fixed intensity protocols physiological
responses, such as Tc are regulated externally.
The similar Tre response among conditions, despite

the interventions of elevated environmental temperature
and hydration during exercise (Fig. 2) is in contrast to
previous studies, which have demonstrated an increased
Tre response to both the withholding of fluid (McConell
et al., 1997) and the elevation of Ta during exercise
(Galloway and Maughan, 1997). However, in the
present investigation subjects completed all experimental
conditions with similar terminal Tre values. This out-
come implicates factors other than a heat sink in
controlling the performance of exercise and the devel-
opment of fatigue under moderate and warm ambient
conditions.
This result provides further support for the hypothesis

of Nielsen et al. (1993) describing the existence of a
limiting Tc in humans that ultimately regulates exercise
capacity. The similar Tre response in conjunction
with similar exercise performances invites speculation
that deep body temperature may play a role in the
regulation of physical work in humans. Further
evidence comes from the investigation of Tatterson
et al. (2000) who found that when elite cyclists were
required to perform a 30min time trial under warm and
moderate humid conditions the Tc response to exercise
was similar with terminal values for each condition
being 39.21C and 39.01C, respectively. Despite the
similar Tc response, exercise performance as determined
by mean power output, was decreased by 6.5% in the
warm humid conditions. Tatterson et al. (2000)
concluded that during self-paced exercise cyclists select
a power output that allows them to maintain a body
temperature below a critical limit. In the present study
the Tc response to exercise was similar despite
the difference in ambient conditions, suggesting that
exercise intensity may be regulated around the rate
of increase in Tc: Under this situation the CNS would
subconsciously direct a reduction in exercise intensity or
cessation of activity in order to reduce the rate of
increase in Tc: Further support for this hypothesis
comes from the study by Marino et al. (2000) where
subjects undertaking a self-paced treadmill run in the
heat altered their pacing strategy according to the
level of thermal strain ensuring they finished the run
without incurring thermal injury. In the present
study similar thermal strain was accompanied with a
similar pacing strategy (Fig. 1). This hypothesis is
underpinned by two recent studies that show (i) during
exercise in the heat there is an apparent subconscious
down-regulation of muscle recruitment facilitating a
muscle reserve (Kay et al., 2001) and, (ii) in the presence
of a high internal temperature skeletal muscles not used
in the preceding exercise bout are unable to produce pre-
exercise values, thereby presenting the CNS as a likely

determinant of attenuated motor command (Nybo and
Nielsen, 2001).
Neufer et al. (1989) also found that a similar Tc

response in euhydrated subjects exercising in 181C and
351C did not alter the rate of gastric emptying, whereas
under the 351C condition the elevated Tre response when
subjects were hypohydrated resulted in impaired gastric
function. This outcome is similar to the present study
where a similar rise in Tc resulted in similar perfor-
mance, and by implication physiological responses.
These results provide evidence for the role of feedback
from thermoregulatory responses in regulating physio-
logical responses during physical work. This informa-
tion may then feed-forward from the thermoregulatory
input and possibly influence performance outcomes.
In conclusion, the results of the present investigation

indicate that (i) ingestion of sufficient cool fluid (4.51C)
to offset body mass changes as a result of sweating,
compared to no fluid does not influence the core
temperature response or performance to self-paced
cycling exercise under moderate and warm ambient
temperatures, and (ii) under compensable environments,
and self-paced conditions the heat sink equation
proposed by Kay and Marino (2000) is not accurate.
It may be possible to explain the contrasting outcomes
of the present study with previous investigations by
examining the different physiological demands imposed
by fixed intensity and self-paced exercise. That is under
self-paced conditions the continual adjustment of
intensity may allow for the maintenance of internal
homeostasis instead of physiological responses being
driven by an externally imposed fixed work load.
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Abstract It is equivocal whether glycerol hyperhydration
improves exercise performance and thermoregulation in
the heat. The purpose of this study was to compare the
effectiveness of glycerol with water hyperhydration, using
a reliable, self-paced variable-intensity cycling protocol
under hot, humid conditions. Seven moderately-to-well
trained subjects ingested either a solution consisting of
1.2 g kg"1 body mass (BM) glycerol mixed with 21 ml
kg"1 BM flavoured water (GLY) or placebo (PL), which
was flavoured water of equal volume to the GLY trial,
2.5 h before exercise. Following hyperhydration, subjects
undertook a self-paced, variable-intensity cycling proto-
col designed to simulate racing, with the aim being to
cycle as great a distance as possible over 60 min. There
were no differences in total distance cycled between
conditions (29.7#5.7 km for PL, 28.9#5.7 km for GLY).
Power output was not different at any time between
conditions. Terminal rectal temperatures were 39.0#0.5 $C
for PL and 38.8#0.7 $C for GLY and were not signifi-
cantly different. Heart rate was significantly higher for
GLY only during the high-intensity efforts. The sweat
rate for GLY was 1.72#0.28 l h"1 (P<0.01) compared with
1.15#0.29 l h"1 for PL. It is concluded that glycerol
hyperhydration has no significant advantage over water
hyperhydration on performance or thermoregulation dur-
ing a 1-h, variable-intensity exercise performance.

Keywords Exercise · Heat stress · Hydration ·
Self-paced · Temperature

Introduction

Over the last decade there has been increasing interest in
intervention strategies designed to reduce the risk of
complications resulting from exercising in the heat. Much
of the impetus behind this research has been the staging of
international sporting events in hot climates and the
associated health, safety and performance issues. Some of
these intervention strategies include acclimatisation [32,
46], whole-body precooling [3, 20] and fluid ingestion
with and without nutritional supplementation [7, 13, 35],
whereby fluid ingestion remains the most practical
intervention strategy [18].

Fluid ingestion during exercise is regarded as a
primary way of offsetting the detrimental effects of
dehydration, which, at levels of less than 2% change in
body mass, reduce exercise endurance [44]. Whilst some
studies have used water ingestion during exercise [2, 27,
40] others have used hyperhydration (elevation of body
water content prior to exercise) to offset the negative
effects of dehydration, using either water or glycerol
solutions [15, 25, 29, 30]. As a hyperhydrating agent,
glycerol is thought to be more effective than plain water
because it is readily absorbed and distributed among body
fluids and reduces the rate of elimination of water so that
body water is retained for longer [38, 39]. Lyons et al.
[25] gave subjects ~2 l of water with and without glycerol
over a 2.5 h period prior to treadmill walking in a hot
(42 $C) dry environment. Compared with the water trial,
glycerol ingestion reduced urine production, increased the
sweat response and reduced the rectal temperature (Tre)
during exercise. Conversely, Montner et al. [28] found
that glycerol hyperhydration enabled subjects to exercise
for longer in moderate ambient conditions with and
without fluid replacement. The increased exercise time-
to-exhaustion with glycerol hyperhydration was not
accompanied by significant differences in sweat rates,
heart rate, core temperature (Tc), rating of perceived
exertion (RPE) or percentage changes in plasma volume.
More recently, others have shown that glycerol hyperhy-
dration had no beneficial effect on thermoregulation
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during exercise in either hot dry or hot humid conditions
compared with maintenance of euhydration [23, 24].

To date, only two studies have examined the effect of
glycerol hyperhydration on exercise performance [1, 17].
Both studies used steady-state exercise followed by a
variable-intensity cycling test. In each case glycerol
hyperhydration increased the total work completed in the
performance phase of the test. However, competitive
events require individuals to vary the intensity of
exercise, with high-intensity periods interspersed with
steady-state periods [34]. Indeed, studies using alternating
exercise intensity have shown that intervention strategies
thought to enhance exercise capacity fail to improve
performance [6]. It follows that the failure of these
intervention strategies to improve performance might be
due to the different physiological responses elicited
during variable- rather than fixed-intensity exercise. To
our knowledge no studies have evaluated the effect of
glycerol hyperhydration on exercise performance in the
heat using a reliable and variable intensity endurance
protocol.

Accordingly, the present study compared the effects of
glycerol hyperhydration on exercise performance in hot
humid conditions with those of a placebo, using a reliable,
self-paced, variable-intensity cycling protocol designed to
simulate the competitive nature of bicycle racing over 1 h.

Materials and methods

Subjects and preliminary measurements

Seven moderately-to-well trained subjects (six men, one woman)
participated in the study after completing a health and medical
screening questionnaire. Each subject signed a letter of informed
consent approved by the Ethics in Human Research Committee of
the University. The subjects’ characteristics are summarised in
Table 1. The preliminary tests included body composition mea-
surements and determination of peak oxygen uptake (V̇O2,peak).
Body mass was measured over a 2-week period to determine a
baseline measure. V̇O2,peak was determined during an incremental
cycling test to voluntary exhaustion. The ambient conditions were
maintained at ~22 $C and 40–50% relative humidity (rh). The
participants performed the peak power test using his or her own
bicycle mounted on an electromagnetic trainer (Tacx, Technische
Industrie Tacx, Wassenaar, The Netherlands). Following a brief
warm-up at a self-selected intensity the test commenced at a
workload of 100 W. The load was increased by 10 W every 30 s
until the subject could no longer maintain the required power
output. The highest power output and V̇O2 that could be maintained
for 1 min was deemed to be peak power output and V̇O2,peak,
respectively. Throughout the test subjects were required to remain
in a seated position. During the incremental test subjects breathed
through a two-way, non-re-breathing valve (series 2700 large, Hans
Rudolph, St. Louis, Mo., USA). An automated gas analyser
(Quinton Instrument Company, Bothell, Wash., USA) sampled
expired air. Prior to testing, the pneumotach (Hans Rudolph) and

gas analysers were calibrated using a 3-l syringe and gasses of
known concentration, respectively. Expired air passed through a
5.5-l mixing chamber and sampled at 30-s intervals. Approximately
5–7 days following the V̇O2,peak test, subjects returned to the
laboratory to complete a familiarisation trial of the actual exercise
test to be undertaken in the subsequent experimental trials.

Hydration and experimental trials

Throughout the study subjects were instructed to consume their
regular diet and repeat a similar food intake 24 h before each trial,
and maintain their usual training routine but abstain from vigorous
exercise, caffeine and alcohol consumption for at least 24 h prior to
the trials. Each subject completed a random crossover design of two
trials in a double-blind fashion with either hyperhydration with
glycerol (GLY) or with a placebo (PL) separated by 7–10 days.
Each subject performed the trials at the same time of day in
34.5#2.2 $C and 63.4#2.6% rh. The subjects reported to the
laboratory 3 h prior to the experimental trial at which time the
subject voided and nude body mass was measured on a precision
balance accurate to 10 g (HW-100KAI, GEC, Avery, Australia).
Following this procedure, and with the subject seated, a resting
blood sample was taken from a superficial forearm vein for the
determination of plasma osmolality and haemoglobin concentration.
The subject was then given either a glycerol or a placebo solution to
drink over a 2.5-h period. The experimental solution consisted of 1.2
g kg"1 body mass (BM) glycerol in concentrated, unsweetened
orange juice mixed with water equivalent to 21 ml kg"1 BM. The
placebo solution consisted of the concentrated orange juice and
water and was equivalent in volume to the glycerol solution. At no
time did the participants report any differences in taste between the
experimental and placebo solutions. Participants were instructed to
report to the laboratory 20 min prior to the end of the 2.5 h period
and consume the remainder of the solution whilst in the laboratory.
During this time the subject was instrumented and prepared for the
trial. Immediately following the consumption of the solution, the
subject was weighed nude, emptied the bladder and a urine sample
collected for the determination of urine osmolality. Venous
catheterisation was completed just prior to the commencement of
the trial and a pre-exercise blood sample drawn while the subject
remained seated. Next the subject entered the climate chamber for
the experimental cycling trial.

The reliability of the performance protocol has been reported
previously [26]. In our laboratory using a range of moderately-to-well
trained subjects this performance protocol yields a coefficient of
variation of 1.34% following at least one familiarisation trial. For this
reason, the subjects in the present study all completed one familiari-
sation trial prior to the experimental trials. Briefly, the trial consisted
of 60 min cycling with the primary goal of completing the greatest
distance possible. The subjects performed the trial on their own
bicycles mounted on the electromagnetic cycle trainer used in the
incremental and familiarisation tests. During the trial subjects were
permitted to adjust gear ratio and cadence as required. To provide an
additional measure of performance and the stochastic nature of cycle
racing, six 1-min “sprints” were included during the 10th, 20th, 30th,
40th, 50th, and 60th min of the trial. Subjects were encouraged to
perform an “all-out” effort for the duration of the sprint.

During the trial subjects viewed a course profile indicating
where the sprints occurred but were also given a time count leading
into the start of the sprint. Subjects were allowed to monitor elapsed
time and heart rate during the trial. Throughout the trial power
output, speed, cadence and distance were constantly monitored and
recorded at 5-min intervals. A fan providing a constant wind speed

Table 1 Physical characteristics of the subjects. Means#SD, n=7. (SSF sum of nine skinfold sites, V̇O2,peak peak oxygen uptake, HRmax
maximum heart rate achieved during incremental exercise, PPO peak power output, AD body surface area)

Age (years) Height (cm) Mass (kg) SSF (mm) V̇O2,peak (l min"1) HRmax (beats·min"1) PPO (W) AD (m2)

21.2#2.4 177.8#1.5 78.8#5.1 99.6#25.3 4.87#0.63 198.6#2.7 332.4#43.8 1.96#0.05
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of 3 m s"1 was positioned directly in front of the subject so that the
airflow was directed towards the subject’s head and torso when in
their normal cycling position. Subjects were allowed to drink up to
300 ml of water at the 30-min mark. At the end of the trial all
instrumentation was removed, the subject was towelled dry and re-
weighed nude. Prior to leaving the laboratory, subjects were
debriefed and given a bottle to collect a 24 h urine sample.

Body temperatures, sweating and heat exchange

The difference in body mass was used to estimate total body sweat
rate (l h"1) after correcting for fluid ingestion and urine output. Total
body sweating was not corrected for respiratory water losses as
these were regarded as negligible [36]. Tre was monitored contin-
uously via a rectal thermistor (Mono-therm, Mallincrodt Medical,
Mo., USA) inserted 10 cm beyond the anal sphincter. Skin
temperature was monitored with skin thermistors attached at four
sites and all thermistors were connected to an eight channel
telethermometer (Zentemp, Australia) and recorded every 5 min.
Weighted mean skin temperature (T̄sk) was calculated as previously
described [37]. Heat storage (S) was estimated as
S=0.965·m·DT̄B·AD

"1, where 0.965 is the specific heat of body
tissue in watts, m is body mass in kilograms, DT̄B is the change in
mean body temperature from the beginning to end of exercise
calculated from a weighted combination of Tre and T̄sk and AD is the
body surface area in metre2. Heat production (H) was estimated
from the mean power output during the 60 min of cycling. Thermal
exchange with the environment for convection (C), radiation (R) and
potential evaporation (EP) were calculated with Eqs. 1, 2 and 3 [22]:

C! "Tsk # Ta$%n0:5%AD%8:3 "1$

R! "!TTsk # Tr$%AD%5:2 "2$

EP! sweat rate % 625 "3$
where (T̄sk"Ta) and (T̄sk"Tr) are the temperature differences in
degrees Celsius between the skin and adjacent air (Ta) and mean
radiant temperature of surrounding surfaces (Tr), v0.5 is the square
root of airflow over the skin in metres/second, 8.3 and 5.2 are
constants relating heat exchange and air flow over the skin and
625 W is the latent heat of evaporation of 1 l of sweat. The required
evaporation (ER) was calculated as the residual component from
H"S!C!R.

Heart rate and subjective responses

Heart rate was monitored continuously and recorded at 15-s
intervals with a heart rate monitor (Polar Vantage, Kempele,
Finland). The rating of perceived exertion (RPE; [4]) was measured
just prior to each sprint and immediately following the sprint and at
5-min intervals throughout the 60 min of cycling.

Blood and urine sampling and analyses

Blood was collected from a 21-G catheter inserted in a superficial
forearm vein. Patency was maintained with saline (0.9%) solution;
the catheter was flushed with 2 ml of blood before each sample was
drawn. A resting blood sample was taken prior to the fluid ingestion
regimen and a subsequent sample taken pre-exercise (seated), then
just prior to and following the 30 and 60 min sprint times while the
subject remained seated on the bicycle. At each sample time
aliquots were collected in Vacutainers (Starsdet, Germany) con-
taining either SST gel for serum separation, lithium heparin or
EDTA. Following collection the tubes were gently inverted and
placed in ice. At the completion of each experimental session
samples were centrifuged at 3,500 rpm for 15 min and the
supernatant transferred to storage containers and frozen at "25 $C
until analysis. Blood samples from EDTA tubes were assayed for

haemoglobin (Hb) within 2–3 h of collection using the cyan-
methaemoglobin method. Percentage changes in blood volume
were calculated from the Hb concentration as described previously
[10]. Plasma was assayed for lactate (La), glucose and glycerol
concentrations using commercial spectrophotometry kits (Boehrin-
ger Mannheim, Mannheim, Germany). Plasma and urine osmolality
were analysed by freezing-point depression (Model 3MO Advanced
Micro-Osmometer, Advanced Instruments, Norwood, Mass., USA).
The distribution of body fluid between extracellular and intracel-
lular compartments from the end of the hydration phase to the end
of exercise was determined using Eqs. 4 and 5 [16]:

ECF2! ECF1&'ECF1 ( "DBV% % 100#1$) "4$

ICF2! ICF1&'ICF1 ( "DOsm% % 100#1$) "5$
where ECF1 is the initial extracellular fluid in litres and calculated
as 0.375(0.57%body mass) (body mass in kilograms), ICF1 is the
initial intracellular fluid in litres and calculated as 1.666%ECF1,
DBV% is the percentage change in blood volume and DOsm% the
percentage change in plasma osmolality.

Statistics

Separate repeated-measures ANOVAs were applied to all data
collected serially during the 60 min of cycling. When a significant
main effect or interaction was detected Tukey’s “honestly”
significant difference (HSD) post-hoc procedure was applied.
Overall results for variables such as mean distance, power output
and urine volumes were analysed with two-tailed t-tests for
correlated samples. Data are reported as means#SD. Significance
was assumed when P<0.05.

Results

Baseline measures

Subjects completed all the experimental sessions and
none reported feelings of nausea, headache or stomach
fullness from drinking the fluids, although some subjects
when reporting to the laboratory needed to empty their
bladder within 15–20 min. All participants commenced
the fluid ingestion phase of each condition in a euhydrat-
ed state as indicated by body mass (PL 76.9#3.4 kg; GLY
77.2#3.7 kg), plasma osmolality (PL 281#2 mOsm kg"1;
GLY 282#1 mOsm kg"1) and Hb (PL 15.3#1.2 g 100 ml"1;
15.2#0.9 g 100 ml"1).

Performance and thermoregulatory responses

Performance, as measured by the distance cycled in
60 min, was not different between conditions, with a total
mean distance of 29.7#5.7 km for PL and 28.9#5.7 km for
GLY. Figure 1 shows that there were no differences for
distance cycled for either condition at any time through-
out the 60 min. In addition, there were no differences in
power output at any time between conditions. Figure 1
also shows the fluctuating power output which was a
result of the combination of steady-state and sprinting
exercise at 10-min intervals. Figure 2 shows the mean
thermoregulatory responses over 60 min for both condi-
tions. Tre increased significantly from a pre-exercise value
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of 37.5#0.2 $C for PL and 37.6#0.2 $C for GLY but there
were no differences at any time between PL and GLY
trials, with terminal Tre values at 39.0#0.5 and 38.8#0.7 $C
for PL and GLY trials, respectively. Mean skin temper-
ature increased from pre-exercise values of ~32.1 $C to
~33.8 $C (P<0.05) at 20 min for both conditions.
Thereafter, T̄sk did not increase significantly from the
20 min values but remained at ~33.8 $C, with end-
exercise T̄sk reaching 34.0#1.1 and 33.7#0.4 $C for PL
and GLY, respectively. At no time was T̄sk different
between conditions. Total body sweating was higher for
GLY at 1.72#0.28 l h"1 (P<0.01) compared with
1.15#0.29 l h"1 for PL. The results from the heat
exchange calculations are given in Table 2. There were
no differences between conditions for C, R, S, H or ER.
This was mainly due to the similar ambient conditions for
each experimental trial. However, there was a significant
difference in EP with GLY (P<0.05) being higher than PL.
This result was due to the higher sweat rate achieved by
GLY compared with the PL group.

Heart rate and RPE responses

Figure 3 shows the heart rate response for each 5-min
interval for each condition. The overall mean heart rates
for the 60-min cycling trial were 161#12 beats min"1 for
PL and 165#13 beats min"1 for GLY and were not
significantly different. The heart rate was significantly
(P<0.05) higher for GLY at 10 min (185#8 vs.
169#9 beats min"1), 20 min (190#9 vs. 173#10 beats
min"1), 30 min (194#7 vs. 173#8 beats min"1), 40 min
(190#7 vs. 179#8 beats min"1) and at 60 min (194#10 vs.
181#8 beats min"1) compared with PL (Fig. 3). There
were no differences in heart rate during the low-intensity
intervals. Figure 3 also shows the RPE response between
conditions. There were no differences in RPE at any time
between PL and GLY conditions. Figure 3 shows that the
RPE response fluctuated as a function of the low-intensity
and sprint intervals. The RPE increased from the 5 min
values of ~9 units to ~15 units at the completion of the 1-
min sprints and to ~12.5 units during the low-intensity

Fig. 2 Rectal temperature and mean skin temperature responses at
5-min intervals for both glycerol hyperhydration (open circles) and
placebo (solid squares) during a 60-min, variable-intensity cycling
trial. Means#SD, n=7; *P<0.05 vs. pre-exercise for both conditions

Fig. 1 Power output (W) and distance (km) cycled at 5-min
intervals for both glycerol hyperhydration (open circles) and
placebo (solid squares) during a 60-min, variable-intensity cycling
trial. Means#SD, n=7

Table 2 Heat exchange values (watts) for each condition. Means#SD (C convection, R radiation, EP potential evaporation, S heat storage,
H heat production, ER required evaporation)

C R EP S H ER

Placebo "22.52#0.57 "2.04#0.05 "720.16#180.90 55.38#2.27 241.62#49.10 "210.79#47.72
Glycerol "22.73#0.61 "2.31#0.07 "1073.75#178.23* 53.04#2.18 248.43#60.33 "219.94#58.97

*P<0.05 vs. placebo
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interval. The overall mean RPE for PL was 12.6#3.6 units
and 12.5#3.6 units for GLY.

Body fluid responses

Following the consumption of the drinks the urine output
for the GLY trial was 312#60 ml compared with
430#47 ml (P<0.05) for PL ~2.5 h after ingestion. The
pre-exercise mean urine osmolality was 120#34 mOsm
kg"1 for PL and 463#112 mOsm kg"1 (P<0.01) for GLY
reflecting a higher urine concentration compared with the
PL trial. Thus, glycerol ingestion resulted in a decreased
urine output with a higher concentration. The post-
exercise urine volumes over 24 h were 1280#200 ml for
PL and 1520#364 ml for GLY but were not significantly
different. The corresponding urine osmolalities were
517#176 mOsm kg"1 and 603#291 mOsm kg"1, respec-
tively and were not significantly different.

BV decreased by 7.3#4.2% for PL and 6.5#3.4% for
GLY at 30 min and by 4.6#5.3% for PL and 11.4#5.4%
for GLY at the end of exercise. The only significant
difference occurred at the end of 60 min where %DBV for
GLY was higher than for PL. Figure 4 shows the content
of the extracellular and intracellular compartments from
the end of the ingestion phase to the end of the trial. These
calculations indicate that body fluid was evenly distribut-

ed amongst fluid compartments for both PL and GLY
where ECF was ~15.8 l (20% body mass) and ICF was
~35.5 l (45% body mass). Values for plasma osmolality
are presented in Fig. 5. The pre-exercise plasma osmo-
lality was similar between conditions, and although
plasma osmolality increased over time, the only signif-
icant difference occurred at the end of exercise compared
with pre-exercise values for PL.

Metabolic responses

Figure 6 presents the data for plasma concentration of La,
glucose and glycerol for pre-exercise and during the
performance trials. The increases in plasma La were
similar between conditions with increases from pre-
exercise values of ~1.3 mmol l"1 to ~9.1 mmol l"1

Fig. 4 Extracellular fluid (ECF) and intracellular fluid (ICF)
volumes after 2.5 h of either glycerol hyperhydration (GLY) or
placebo (PL) and 60 min variable-intensity exercise in the heat.
Means#SD, n=7

Fig. 3 Heart rate responses and ratings of perceived exertion (RPE)
at 5-min intervals for both glycerol hyperhydration (open circles)
and placebo (solid squares) during a 60-min, variable-intensity
cycling trial. Mean#SD, n=7; *P<0.05 vs. placebo

Fig. 5 Plasma osmolality (mOsm kg"1) at pre-exercise (0 min) and
at the end of low-intensity (29 and 59 min) and high-intensity (30
and 60 min) exercise periods for both glycerol hyperhydration
(open circles) and placebo (solid squares) during a 60-min,
variable-intensity cycling trial. Means#SD, n=7; *P<0.05 vs. pre-
exercise
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(P<0.01) at the end of the 1-min sprint at 30 min. This
trend continued to the end of exercise with no differences
between conditions noted. Plasma glucose increased
slightly from pre-exercise levels of ~4.3 mmol l"1 to
~4.6 and 4.8 mmol l"1 at the end of exercise for PL and
GLY, respectively (Fig. 6) but these values were not
significantly different. Pre-exercise values for plasma
glycerol were 1.3#0.3 mmol l"1 for PL and 4.6#1.7 mmol
l"1 (P<0.01) for GLY. Plasma glycerol for GLY remained
elevated throughout the trial. Plasma glycerol remained
unchanged for PL throughout exercise but was signifi-
cantly different at each time compared with GLY.

Discussion

The major finding of this study is that, when tested
against a placebo, glycerol hyperhydration did not have
any thermoregulatory benefit and did not improve exer-
cise performance during a 60-min, self-paced time trial in

hot humid conditions (34.5 $C, 63.4% rh), which included
high-intensity work bouts and limited rehydration (250–
300 ml) during the trial. These findings are in contrast
with some previous findings [25, 30] but not with others
[15, 23, 24, 27]. After 2.5 h, glycerol was absorbed into
the blood and resulted in higher plasma glycerol concen-
trations (Fig. 6) and hyperhydration compared with
placebo. This was evidenced by the reduction in free
water clearance and higher urine concentration for GLY.

Studies evaluating hyperhydration have not reported
unequivocal improvements in exercise time to exhaustion
either in moderate or elevated ambient conditions [15, 23,
24, 25]. However, all of these studies evaluated hyper-
hydration with exercise at a fixed workload. Hitchins et
al. [17] have compared glycerol and water hyperhydration
in hot humid conditions with 30 min steady-state exercise
followed by 30 min variable-intensity exercise. Glycerol
hyperhydration improved exercise performance only
during the variable-intensity exercise. The authors con-
cluded that glycerol hyperhydration enhanced exercise
performance because the subjects were able to increase
the total work completed during the variable intensity
phase by 5% compared with the placebo condition. One
reason for improved performance was that glycerol
offered some advantage in buffering the perception of
effort as RPE and perceived thermal stress was similar in
both conditions. In the present study no differences in
performance or RPE were observed between the glycerol
and placebo trials, suggesting that in a self-paced protocol
exercise intensity is regulated with respect to RPE and
thermal strain (Fig. 2).

One possible reason for a lack of difference in
performance in the present study may be related to the
exercise protocol. That is, our 60-min trial was com-
pletely self-paced during the low-intensity and sprint
periods. Indeed, when other intervention strategies, such
as carbohydrate supplementation, are used during similar
self-paced trials, performance does not improve [6, 41]. A
recent study using the present protocol has showed that
different levels of fluid ingestion in either hot or moderate
conditions had no effect on exercise performance [19].
Therefore, the effects of intervention strategies such as
glycerol hyperhydration might be dependent on whether a
fixed intensity or self-paced protocol is used. It is possible
that in self-paced studies subjects have the opportunity to
regulate their intensity constantly and employ pacing
strategies enabling them to complete the trial, whereas in
fixed-intensity protocols, the intensity is driven by an
externally fixed load and presumably physiological
responses are proportional to the load under these
conditions. This hypothesis was initially proposed by
Ulmer [43] and termed teleoanticipation. In support of
this hypothesis two recent studies have shown that during
self-paced exercise, a reduction in power output is
accompanied by reductions in muscle activation even
though subjects consciously produced a maximum effort
[21, 41]. These authors also noted that power output
returned close to initial values toward the end of the trial,
suggesting a subconscious governor or a teleoanticipation

Fig. 6 Plasma lactate, glucose and glycerol at pre-exercise and at
the end of low-intensity (29 and 59 min) and high-intensity (30 and
60 min) exercise periods for both glycerol hyperhydration (open
circles) and placebo (solid squares) during a 60-min, variable-
intensity cycling trial. Mean#SD, n=7; *P<0.01 vs. pre-exercise,
aP<0.05 vs. placebo
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mechanism was in operation allowing subjects to regulate
intensity irrespective of the intervention strategy or the
environmental conditions.

The hypothesis that has lead to studies evaluating
hyperhydration is related to the fact that a body water
deficit has been shown to have adverse effects and reduce
exercise capacity [5]. By extension, a greater than normal
body water content might have advantages and increase
exercise capacity. Early work in this area [30] has shown
that hyperhydration reduces Tc and elevated sweat rate
compared with the control condition. Glycerol hyperhy-
dration attenuates Tre and augments the sweating response
during exercise in the heat [25]. Those authors speculated
that the thermoregulatory set point might have been
altered by glycerol hyperhydration as sweating was
initiated at a lower Tre. In the present study, glycerol
did not have any significant effect on thermoregulatory
strain compared with placebo. Terminal Tre was 39.0 $C
for PL and 38.8 $C for GLY with no differences in T̄sk.
However, in the GLY trial subjects sweated ~0.6 l h"1

more than in PL, which translated to a significantly higher
EP ("1073 vs. "720 W). This higher EP was unable to
compensate the subjects or attenuate thermoregulatory
strain due to the high humidity resulting in the extra sweat
dripping off the body. The increased sweat rate in the
present study is difficult to explain as some studies have
shown increased sweat response with hyperhydration [25,
30, 31] whilst others have not [8, 15, 28]. Moreover, the
fact that participants finished the trials with similar Tre in
both GLY and PL further suggests that a pacing strategy
was employed or that subjects regulated their intensity
with respect to the level of thermoregulatory strain.

Changes in osmolality can significantly affect the
sweating response [12, 31]. However, in the present study
osmolality was similar for GLY and PL but GLY sweat
rate was significantly higher. Due to the osmotic action of
glycerol ingested water is evenly distributed among fluid
compartments (Fig. 4) whilst the glycerol is catabolised
and water remains available to maintain blood volume.
Maintenance of blood volume has been thought to be
important for thermoregulation [11], but this now seems
questionable [45]. However, this is unlikely to be the
reason for increased sweat response in the present study
as no difference in the percentage changes in blood
volume between conditions was observed. A more likely
explanation is that glycerol might directly alter the
thermoregulatory set point as previously suggested [25].

An unexpected finding was the higher heart rate
response during the GLY trial compared with PL. This
was particularly evident during the sprint sections where
heart rate was ~11–21 beats min"1 higher in the GLY
group. In a previous study [17] glycerol hyperhydration
also increased heart rate response during the variable
intensity phase of the protocol. However, the increased
heart rate was explained by the higher power output
achieved during that particular phase. In other studies
exercise heart rate was attenuated following glycerol
hyperhydration in both hot and moderate conditions [25,
29]. In the present study the differences in heart rate are

not readily explained as blood volume, RPE, power
output, distance, Tre and plasma lactate were not different
between conditions at any time. Given these findings we
are unable speculate on the reasons for increased heart
rate with glycerol hyperhydration.

The effect of glycerol hyperhydration on metabolic
responses is equivocal. In fasting rats glycerol augments
gluconeogenesis [33]. This effect may have implications
for substrate availability and possibly enhance exercise
through increased availability of glucose. Glycerol feed-
ing 45 min before exercise increases blood glucose levels
by 14% in the latter stages of exercise and at exhaustion
compared with either glucose ingestion or placebo [14].
However, others [1] have found no differences in muscle
glycogenolysis, lactate accumulation, or phosphocreatine
degradation following glycerol hyperhydration. Recent
work indicates that glycerol during rest and exercise does
not affect the rate of appearance or disappearance of
glucose and that glucose production is most likely
maintained through specific metabolic pathways to com-
pensate for increases in glycerol [42]. This might be one
reason why glucose concentration was not different
between conditions in the present study. Other possibil-
ities include ingestion method and period (2.5 h vs.
45 min). Given the available data it is difficult to
conclude that a glycerol load would enhance metabolic
responses during exercise and that in studies where
performance was enhanced by glycerol, muscle metabo-
lism was unlikely to play a major role [1].

In summary, the present findings do not support the
hypothesis that glycerol hyperhydration is superior to
water hyperhydration in reducing thermoregulatory strain
and enhancing exercise performance in a 60 min variable
intensity time trial. It is possible that self-paced protocols
elicit different physiological responses compared with
fixed intensity protocols. The present findings support the
hypothesis that subjects regulate exercise intensity or
employ pacing strategies consistent with a central gover-
nor or teleoanticipation. Although glycerol increased the
sweat response the benefit was negated by the high
humidity.
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Abstract

The purpose of this study was to investigate the effect of active pre-warming combined with three regimens of fluid
ingestion: (1) fluid replacement equal to sweat rate (FF), (2) fluid replacement equal to half the sweat rate (HF), and (3)
no fluid replacement (NF). Eight males cycled to voluntary fatigue at 70% of peak power output (PPO) in 31.370.4!C,
63.371.2% relative humidity in a randomised fashion in either of FF, HF or NF conditions. For each trial the time to
fatigue test was preceded by 2" 20min active pre-warming periods where subjects also cycled at 70% PPO. Subjects
commenced each exercise period with identical rectal temperatures (Tre). The rate of increase in Tre for each condition
during the first 20min of active pre-warming was not different. However, the rate of increase in Tre was significantly
reduced in the second active pre-warming period for all fluid conditions but no differences between conditions were
noted. During the fatigue test, the rate of increase in Tre for FF was 0.29!Ch#1 and 0.58!Ch#1 for HF but were not
significantly different. The rate of increase in Tre for the NF trial was 0.92!Ch#1 and was significantly higher compared
to the FF trial. Overall mean skin temperatures and mean body temperatures were higher for NF compared to FF and
HF. The rate of heat storage during the fatigue test was similar for FF (80.1711.7Wm#2) and HF (73.0713.7Wm#2)
conditions but increased to 155.8731.2Wm#2 (Po0:05) in the NF trial. The results indicate that fluid ingestion equal
to sweat rate has no added benefit over fluid ingestion equal to half the sweat rate in determining time to fatigue over
40min of sub-maximal exercise in warm humid conditions. Fluid restriction accelerates the rate of increase in Tre after
40min of exercise, thereby reducing the time to fatigue. The data support the model that anticipation of impending
thermal limits reduces efferent command to working skeletal muscle ensuring cellular preservation.
r 2003 Elsevier Ltd. All rights reserved.

Keywords: Cellular preservation; CNS; Heat stress; Hydration; Core temperature; Fatigue; Thermal afferent input

1. Introduction

Several studies have concluded that terminal core
temperatures (Tc; either rectal, Tre; or esophogeal, Tes)
are associated with fatigue (Gonz!alez-Alonso et al.,
1999; Nielsen et al., 1993; Parkin et al., 1999). It is also
well accepted that fluid ingestion can attenuate the rise
in Tc during exercise in hot (Pitts et al., 1944; Candas
et al., 1986; Montain and Coyle, 1992a) and moderate

conditions (McConell et al., 1997). Sawka et al. (1992)
showed that hypohydration can reduce the Tc that can
be tolerated by subjects in a hot environment. More
recently, Buono and Wall (2000) have shown that during
hot conditions hypohydrated subjects finished 60min of
exercise with a significantly higher Tre compared to
euhydration in moderate and hot conditions. However,
fluid ingestion during exercise has been reported to have
an effect on Tre; relative to the timing and quantity of
fluid provided (Montain and Coyle, 1993; McConell
et al., 1997). McConell et al. (1997) have reported higher
Tre at the end of 2 h of exercise at B69% of maximum
oxygen uptake ( ’VO2max) in moderate conditions when
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no fluid was provided during exercise compared to fluid
replacement equal to sweat rate or fluid equal to half the
sweat rate. By extension these studies suggest that the
provision of fluid during exercise will attenuate the rise
in Tc and extend the time to fatigue as terminal Tc is
thought to be associated with the cessation of exercise
(Parkin et al., 1999; Walters et al., 2000; Fuller et al.,
1998).
However, more recent studies have shown that either

fluid ingestion during exercise or hyperhydration do not
attenuate the rise in Tre in either warm or moderate
conditions, suggesting that terminal rectal temperatures
alone do not determine performance outcome (Kay and
Marino, 2003; Marino et al., 2003). In these studies the
exercise protocols were self-paced so that the physiolo-
gical responses were not driven by externally imposed
loads. The authors concluded that during self-paced
exercise subjects use pacing strategies that allow them to
anticipate the energy expenditure required to safely
finish the exercise bout (Ulmer, 1996). Indeed, Tatterson
et al. (2000) have postulated that humans pace
themselves during exercise in the heat specifically to
prevent an excessive rate of heat production for the
anticipated duration of the exercise. These authors
found that the Tc response of elite cyclists performing
a 30min time trial in moderate or warm humid
conditions was similar with terminal Tc for each
condition reaching 39.0!C and 39.2!C, respectively. It
was concluded that during self-paced exercise, cyclists
select a power output that allows them to maintain a
body temperature below a critical limit. These findings
implicate the rate of increase in Tc as the critical factor
determining time to fatigue rather than the attainment
of a critical Tc per se.
It has been shown that passive heating of subjects to a

Tc ofB39.5!C (N $ 2) induces a reduction in the ability
to produce sustained isometric force during handgrip
exercise (Nybo and Nielsen, 2001). Indeed, pre-heating
to Tc of 38.2!C reduced performance time compared
with pre-cooling and control conditions in an uncom-
pensable environment (Gonz!alez-Alonso et al., 1999).
Similarly, Gregson et al. (2002) found that sub-maximal
exercise in a moderate environment following either an
active or passive pre-warming period of B18min
reduced the time to fatigue compared to no pre-

warming. These authors concluded that both active
and passive pre-warming increases thermoregulatory
strain during exercise thereby promoting an earlier onset
of high internal temperature.
However, we are unaware of any studies that have

examined the effect of active pre-warming and different
levels of hydration on exercise time to fatigue. This is
somewhat surprising as an active warm-up period and
fluid ingestion during exercise is normally undertaken in
a range of competitive endurance events regardless of
the environmental conditions. Presumably, pre-warming
alone will reduce time to fatigue due to the earlier
attainment of a critical Tc; particularly in warm
conditions. However, fluid replacement might offset
the rate of increase in Tc such that time to fatigue is not
attenuated. In this study, we examine the effect of active
pre-warming combined with three regimens of fluid
ingestion: (1) fluid replacement required to maintain
body mass during exercise (FF), (2) fluid replacement
equal to half that required for maintaining body mass
(HF), and (3) no fluid replacement (NF). Our working
hypothesis was that the provision of fluid during exercise
(FF and HF) preceded by active pre-warming would
delay the onset of fatigue compared with no fluid
ingestion (NF).

2. Methods

2.1. Subjects

Eight males volunteered to participate in the study.
The mean7SD of the subject’s physical characteristics is
given in Table 1. All subjects were considered healthy,
having completed a health history questionnaire and
maximal cycle ergometer stress test. Subjects were
actively involved in cycling through regular training
and competition. Written consent was obtained from the
subjects following the approval of the study by the
institutions Ethics in Human Research Committee.
Prior to the commencement of experimental sessions,

subjects attended the laboratory where they were
familiarised with testing equipment and procedures.
During this session descriptive data for height, weight
and skinfolds were recorded. An incremental cycle test
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Table 1
Subject characteristics (N $ 8)

Age (years) Height (cm) Mass (kg) AD (m2) PPO (W) VO2peak (lmin#1) SSF9 (mm)

Mean 24.5 179.9 77.6 197.2 346.3 4.3 84.6
7SD 3.2 8.5 14.0 0.21 41 0.1 10.2

Note: AD is body surface area in m2, PPO is peak power output in Watts and VO2peak is peak oxygen uptake measured during
incremental exercise to exhaustion, SSF9 is sum of nine skinfolds (biceps, triceps, subscapular, mid-axilla, iliac crest, supraspinale,
abdominal, thigh and medial calf).
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to exhaustion was also performed to determine peak
aerobic capacity % ’VO2peak& and peak power output
(PPO).

2.2. Anthropometry

Skinfold measurements were taken at nine sites
(biceps, triceps, subscapular, mid-axilla, iliac crest,
supraspinale, abdominal, front thigh and medial calf)
in duplicate using skinfold calipers (British Indicators
Ltd, England) with the mean value used to calculate
total skinfolds. Height was measured to the nearest
0.1 cm using a stadiometer (Len Blaydon, Lugarno,
Australia) while body mass was measured to the nearest
10 g using a precision balance (HW-100KAI, GEC,
Avery Ltd, Australia). Body density was calculated
according to the estimation of Durnin and Womersley
(1974) with per cent body fat then estimated using the
equation of Siri (1961).

2.3. Peak power determination

Subjects performed the PPO and ’VO2peak test on their
own bicycles attached to the same electromagnetic cycle
trainer used in the subsequent experimental trials. The
subjects commenced the test at a workload of 100W for
a period of 1min. Thereafter, the load was increased by
10W at 30 s intervals until the required power output
could no longer be maintained at which point this was
deemed PPO. Throughout testing subjects were required
to remain in a seated position. During the test subjects
breathed through a two-way non-rebreathing valve
(series 2700 large, Hans Rudolph, St. Louis, MO,
USA), using a respiratory tubing of 2.74m length and
3.5 cm diameter (Hans Rudolph, St. Louis, MO, USA).
Expired air passed via the respiratory tubing and a
mixing chamber of 5.5 l volume to an automated gas
analyser (Quinton Instrument Company, Bothell, WA,
USA) and was subsequently sampled at 10 s intervals.
The pneumotach (Hans Rudolph, St. Louis, MO, USA)
and gas analysers were calibrated using 3 l syringe and
gasses of known concentration.

2.4. Experimental design

Data were obtained over three experimental condi-
tions: (1) full fluid replacement (FF), intended to replace
fluid losses due to sweating and prevent any change in
body mass during exercise; (2) half fluid replacement
(HF), equal to 50% of fluid losses during exercise; and
(3) no fluid (NF). The order in which subjects completed
experimental trials was randomised. All experimental
sessions were conducted in a temperature controlled
chamber where the ambient temperature and relative
humidity (r.h.) were maintained at 31.370.4!C and
63.371.2%, respectively.

Subjects performed all sessions using their own
bicycle, which was mounted to an electromagnetically
braked cycle trainer (Tacx Basic, Technische Industrie
Tacx BV, Wassenaar, Netherlands). During the trials,
subjects were free to adjust pedaling speed and gear ratio
provided they maintained the required power output. At
5min intervals during each trial and at the termination
of exercise, data were obtained for heart rate, Tre; skin
temperature and subjective responses relating to per-
ceived exertion. A fan providing a constant wind speed
of 2m s#1 was placed directly in front of subjects and
positioned so that airflow was directed towards the head
and torso when in a normal cycling position.
At the commencement of experimental, trials subjects

reported to the laboratory and assisted in positioning
their bicycle in the cycle trainer. Subjects inserted a
rectal thermistor, skin thermistors were attached and a
heart rate monitor transmitter secured. Participants then
entered the climate chamber and mounted their bicycles.
Baseline values for physiological and subjective re-
sponses were obtained, and for hydration trials,
participants consumed the first drink. Initially, partici-
pants cycled for 20min (initial active pre-warming),
provided thermal comfort and perceived exertion values
after which they dismounted the bicycle and were
weighed for the determination of body mass. Subjects
then mounted their bicycle and continued cycling for a
further 20min (second active pre-warming) after which
they dismounted and were weighed a second time.
Following this, subjects were required to cycle until
volitional exhaustion (fatigue test) or until one of the
criteria for termination occurred. The time taken to
complete the transition from dismounting the bicycle
and recommencing cycling was B3.5min. At the
completion of exercise a final body mass was obtained.
Throughout the trial subjects were allowed to monitor
elapsed time and heart rate. The criteria for terminating
the trial prior to volitional exhaustion was either an
inability to maintain required power output or a Tre of
39.5!C.
All experimental sessions were conducted at the same

time of day to control for circadian rhythm variations in
core temperature. Tests were conducted a minimum of 6
days apart to allow for adequate recovery between trials
and minimise acclimation to experimental conditions.
Subjects were permitted to continue training while
participating in the study but were requested not to
perform any exercise for the 24 h period preceding each
experimental trial.

2.5. Hydration and fluid ingestion

For all trials subjects commenced in a euhydrated
state. To achieve this, they were instructed to drink
liberally the night before the experimental sessions. On
the day of the trial, subjects were required to maintain
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this routine until 1 h before the trial after which they
were required to refrain from drinking. When subjects
completed the NF trial first, the rate and volume of fluid
to be ingested for the FF and HF trials were determined
from change in body mass during this trial. Where
subjects underwent hydration trials first, fluid volume
was estimated according to the recommendation of
Hamilton et al. (1991). Cold water (4.5!C) was divided
into equal portions and administered to subjects
immediately after commencing the trial and at 10min
intervals thereafter.

2.6. Heart rate and subjective responses

Heart rate (HR) was recorded using a chest transmit-
ter strap and wristwatch receiver (Vantage NV, Polar
Electro Oy, Kempele, Finland). Maximal heart rate
(HRmax) was determined as the maximum HR recorded
during the peak power test. For all experimental trials
HR was recorded at rest, at 5min intervals during
exercise and the completion of exercise. Subjective
ratings of perceived exertion were obtained at 5min
intervals during exercise using the Borg (1982) scale.

2.7. Thermoregulatory measurements

Skin temperature was measured at four sites (chest,
upper arm, anterior thigh and posterior leg) using
thermistors (427 series, YSI, Yellow Springs, OH)
placed on the left side of the body and secured using
medical tape. Rectal temperature was measured as an
index of Tc using a 12 gauge disposable rectal thermistor
(Mona Therm, Mallinckrodt Medical Inc, St. Louis,
MO, USA) inserted 10 cm beyond the anal sphincter.
Skin and rectal thermistors were connected to an eight
channel telethermometer (Zentemp 5000, Zencor Pty.
Ltd, Australia). Temperatures were constantly moni-
tored and recorded at rest, at 5min intervals during
and at the conclusion of exercise. Mean skin tempera-
ture % %Tsk& was subsequently calculated using the
equation of Ramanathan (1964). Mean body tempera-

ture % %TB& was estimated from the equation %TB $ %Tre '
0:8& " % %Tsk ' 0:2&:

Total body sweating was determined by initially
weighing subjects in their cycling shorts and socks and
then again after the heart rate transmitter, wristwatch,
skin and rectal thermistors were attached. The difference
between these two values were then subtracted from the
proceeding measurements of mass including the final
measurement which after correcting for fluid intake, was
subtracted from the initial value to determine sweating
rate. Body mass was recorded to the nearest 10 g prior
to, at 20min, 40min and at the conclusion of each
session using a precision balance.

2.8. Statistical analysis

Descriptive data were generated for all variables and
are presented as the mean7SD. A two-way repeated-
measures analysis of variance (ANOVA) for time was
used to analyse physiological variables. Once main
effects were identified, individual differences between
means were located using Tukey’s HSD post hoc
procedure. For all statistical tests significance was
accepted at the po0:05 level.

3. Results

3.1. Exercise time to fatigue and thermoregulatory
responses

Following the two 20min active pre-warming periods,
exercise time to fatigue was significantly reduced for NF
(32.5716.3min, po0:01) compared with the FF
(41.2717.1min) and HF (40.6714.0min) conditions.
No differences in time to fatigue were observed between
the FF and HF conditions.
As a result of active pre-warming each group

commenced the subsequent exercise bout with similar
Tre (Table 2). Fig. 1 shows the time course changes in
Tre; %Tsk and %TB: There were no statistical differences at
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Table 2
Mean7SD (N $ 8) thermoregulatory responses to exercise at given time intervals

20min 40min End

Tre (!C) SR (l h#1) Tre (!C) SR (l h#1) Tre (!C) SR (l h#1)

FF 38.270.2 1.070.4 38.670.4 1.270.2 38.870.6 1.070.5
HF 38.170.3 1.170.6 38.670.6 1.270.2 39.070.4 0.970.3
NF 38.370.3 1.170.5 38.770.4 1.170.3 39.270.4 1.270.5

Note: Rectal temperature (Tre) is at the end of pre-warming period (20 and 40min) and at fatigue (End). Sweat rates (SR) are
representative of the time periods (0–20min), (20–40min) and (40min–End of exercise). FF is fluid replacement equal to sweat rate,
HF is fluid replacement equal to half the sweat rate and NF is no fluid replacement.
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any time between fluid conditions in either of these
temperature variables. However, overall mean values for
%TB and %Tsk were significantly higher for the NF trial
(37.270.4!C and 34.470.4!C; po0:001; respectively)
compared to FF (36.870.4!C and 34.170.3!C) and HF
(36.870.4!C and 33.970.3!C). Fig. 2 shows the rate of
increase in Tre for each of the exercise periods. The rate

of increase in Tre for each fluid condition during the first
20min of active pre-warming was not statistically
different, although the rate of increase in Tre tended to
be lower for the NF trial (Fig. 2). The rate of increase in
Tre was significantly reduced in the second active pre-
warming period for all fluid conditions but no differ-
ences between conditions was noted. The rate of increase
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Fig. 1. Rectal, mean skin and mean body temperature during active pre-warming periods (0–20 and S–40min) and time to fatigue (S–
End) where S is start and End is end of exercise at B90min. Intervening periods are B3.5min duration. Filled squares are full fluid
replacement (FF), open circles are half fluid replacement (HF) and filled circles are no fluid replacement (NF). Error bars have been
removed for clarity in mean skin temperature and mean body temperature. N $ 8 in all cases.
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was further reduced during the fatigue test. During the
fatigue test, the rate of increase in Tre for FF was
0.29!Ch#1 and 0.58!Ch#1 for HF but were not
significantly different. However, the rate of increase in
Tre for the NF trial was 0.92!Ch#1 and was significantly
higher compared to the FF trial. The rate of heat
storage during the fatigue test was similar for FF
(80.1711.7Wm#2) and HF (73.0713.7Wm#2) condi-
tions. However, the rate of heat storage was significantly
increased to 155.8731.2Wm#2 (po0:05) in the NF
trial. The total change in body mass from pre-exercise to
exhaustion was not different for FF (0.2170.07%) but
increased significantly to 1.0470.35% (po0:05) for HF
and 1.7370.53% (po0:03) for NF. Sweat rates during
each exercise period are shown in Table 2. No
statistically significant differences in sweat rates were
observed between fluid conditions.

3.2. Heart rate and subjective responses

The heart rate response during the active pre-warming
periods and time to fatigue trial is shown in Fig. 3. The
heart rate increased over time from resting values to
reach 159711, 164715 and 164710 beatsmin#1 for
FF, HF and NF trials, respectively, at the end of the first
active pre-warming period. The heart rate response in
the subsequent 20min active re-warming period and
final fatigue test did not increase significantly from the
end of the initial pre-warming period (Fig. 3). The
terminal heart rates were 168717, 17175 and 161714
beatsmin#1 for the FF, HF and NF trials, respectively.
The RPE values tracked changes in heart rate response
and were not different between conditions at any time.
The RPE at the end of the initial pre-warming period
were 12.771.6, 12.472.2 and 12.872.2 for the FF, HF

and NF trials, respectively. These values did not increase
significantly during the second pre-warming period.
However, by the end of the time to fatigue trial, RPE
values increased significantly from the previous pre-
warming period to 16.072.4 and 1573.0 (po0:05) for
the FF and HF trials, respectively. RPE did not increase
significantly from the pre-warming periods for the NF
trial (14.672.5).

4. Discussion

The novel finding of the present study was that active
pre-warming with and without fluid ingestion did not
influence final Tre: However, fluid ingestion did influence
the rate of increase in Tre: This was also evidenced by the
fact that subjects commenced each pre-warming period
and the final time to fatigue trial with almost identical
Tre: Fluid ingestion influenced time to fatigue as subjects
in the NF trial terminated exercise B8.0min earlier
compared with the FF and HF trials. It is also
noteworthy that fluid ingestion equal to sweat rate had
no added benefit compared to fluid ingestion equal to
half the sweat rate during exercise in the heat in either
determining final Tre or time to fatigue following active
pre-warming.
It has been shown that fluid restriction or hypohydra-

tion in moderate and warm environments can lead to
higher body temperatures (Greenleaf and Castle, 1971;
McConell et al., 1997) and earlier onset of fatigue (Pitts
et al., 1944; Sawka et al., 1992; Galloway and Maughan,
2000). However, the present findings are not completely
dissimilar to those of McConell et al. (1997) who found
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circles are no fluid replacement (NF). Note, during the fatigue
test for NF symbols overlap with HF trial up to 70min. N $ 8
in all cases.
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that rectal temperature was not different up to 60min of
exercise in a moderate environment (21!C) when
subjects ingested either no fluid, half the fluid equal to
sweat rates or fluid equal to sweat rates. More recently,
90min of cycling exercise with and without dehydration
did not result in any significant differences in rectal
temperature (Nassis and Geladas, 2002). In the present
study, the rectal temperature was similar between
hydration conditions at the end of 40min of exercise,
even though the exercise was discontinuous and the
environmental conditions were warm and humid. Given
these data, it seems plausible to suggest that there is no
added benefit to fluid replacement equal to sweat rates
over fluid replacement equal to half the sweat rate or no
fluid ingestion during sub-maximal exercise of 40–60min
duration. It is also apparent that even complete fluid
replacement during exercise may not result in any
significant changes in core temperatures up to 80min
of exercise in moderate to warm conditions (Hamilton
et al., 1991; McConell et al., 1997; Barr et al., 1991;
Montain and Coyle, 1992a, b; Gonz!alez-Alonso et al.,
1995). Although in the present study it could be argued
that the change in body mass was not sufficient to have a
significant effect on thermoregulation, others have
shown that as little as 1% reduction in body mass can
have detrimental effects on exercise performance (Ro-
binson et al., 1995).
It is noteworthy that all subjects started the fatigue

test with identical rectal temperatures. However, the
subjects in the NF trial had a significantly greater rate of
increase in rectal temperature (0.92!Ch#1) during this
time compared to the FF (0.29!Ch#1) trial but not the
HF (0.58!Ch#1) trial. This suggests that there is a
threshold in the rate of increase in body temperature
that determines the duration of exercise. That is, in all
trials subjects finished the exercise bout with similar
rectal temperatures regardless of fluid ingestion indicat-
ing that terminal rectal temperatures do not determine
time to fatigue per se, rather the rate of increase in rectal
temperature is the determining factor.
It is generally accepted that exercise is terminated at a

critical (limiting) temperature, which in humans is
thought to be 39.5–40.0!C (Nielsen et al., 1993; Nybo
and Nielsen, 2001). The mechanism for the termination
of exercise at the critical temperature is thought to be
related to a reduction in CNS drive to the working
muscle (Nybo and Nielsen, 2001). However, this model
predicts that humans must reach the critical temperature
in order to invoke the physiological responses that
would abate a further increase in body temperature
which might be lethal. Rather, the present data support
the notion that the physiological changes which would
lead to a reduced CNS drive need to occur in
anticipation to reaching the critical limiting tempera-
ture. The evidence for this is that subjects fatigued
earlier in the NF trial with similar terminal rectal

temperatures as the FF and HF conditions but with a
higher rate of heat storage during the fatigue test.
Although the mean body temperatures were not
different amongst conditions at any specific time point
(Fig. 1), the NF group maintained an overall higher
mean body and mean skin temperature throughout
exercise. This, together with the higher rate of increase
in rectal temperature during the fatigue test suggests that
the overall thermal input was higher throughout exercise
in the NF compared with FF and HF conditions.
Although it has been shown that high internal tempera-
tures have a significant effect on cerebral haemody-
namics (Nielsen and Nybo, 2003), a mechanism
explaining the reduced efferent drive to skeletal muscle
is yet to be identified during hyperthermia. Ray and
Gracey (1997) have shown that exercise with heating
induces higher muscle sympathetic nerve activity
(MSNA) so that both group III and IV muscle afferents
increase their rate of firing. It is thought that group III
and IV afferents are responsible for conveying nocicep-
tive information to the CNS (Adreani et al., 1997) and
possibly induce force inhibition (Hayward et al., 1988).
Although speculative, this could explain the earlier onset
of fatigue in the NF trial in the present study, as subjects
would need to recruit greater numbers of Type II muscle
fibres to compensate for the declining force production.
The ultimate goal of this process would be cellular
preservation which would not be possible if the critical
(limiting) temperature was the point at which these
fatigue processes begun to anticipate the impending
critical limit. In addition, in the present study, fluid
ingestion had no effect on the rate of heating until the
fatigue test. This fact alone suggests that thermal
afferent input was increased during the fatigue test
leading to an earlier onset of fatigue.
It should also be noted that sweating rates were not

different during active pre-warming or the fatigue test.
In previous studies, fluid ingestion increased sweating
rates over no fluid ingestion (McConell et al., 1997;
Buono and Wall, 2000). Given that the relative humidity
was high (X60%), even higher sweating rates would not
have been enough to compensate for the rising body
temperatures or differences in fluid ingestion protocols
as evaporation of sweat under these conditions would be
limited (Nielsen, 1996). This suggests that fluid ingestion
during exercise does not attenuate time to fatigue by
reducing thermal strain, but that fluid ingestion affects
exercise duration by a mechanism yet to be fully
determined. The possibility that fluid ingestion reduces
metabolic ‘‘strain’’ should not be discounted (Har-
greaves et al., 1996).
The heart rate response was not different amongst

fluid trials either during the active pre-warming or
fatigue tests. The higher heart rates associated with
either hypohydration or dehydration are thought to be
due to a higher cardiovascular strain secondary to an
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increased sweat rate and reduction in blood volume
(Gonz!alez-Alonso et al., 1997). Previous studies have
shown a trend for higher heart rates at similar work-
loads during hypohydration and dehydration compared
to fluid replacement (Greenleaf and Castle, 1971; Sawka
et al., 1992; Gonz!alez-Alonso et al., 1997; McConell
et al., 1997; Buono and Wall, 2000). In these studies, the
sweat rates were either increased for subjects ingesting
fluid or there were no differences between fluid replace-
ment and no fluid replacement regimens. However, in all
cases where heart rate was elevated when no fluid was
given, the change in body mass from pre-to-post exercise
ranged 3.2–5.1%. In the present study, sweat rates were
not different amongst fluid replacement conditions
either during active pre-warming or the fatigue test. In
addition, the change in body mass from pre-to-post
exercise was not in the range thought to affect
physiological responses. This might account for the lack
of change in heart rate amongst conditions in the present
study as there may be a change in body mass threshold
before significant cardiovascular strain would be evident
(Gonz!alez-Alonso et al., 1997). However, the present
heart rate results are not unlike those reported by Nassis
and Geladas (2002) who found no differences in heart
rate response over 90min of cycling exercise with and
without dehydration. These authors made the point that
fluid ingestion might not induce tachycardia until at
least 100min of exercise as shown in other studies
(Montain and Coyle, 1992b; McConell et al., 1997;
Fallowfield et al., 1996; Hamilton et al., 1991; Galloway
and Maughan, 2000).
In conclusion, the present results indicate that fluid

ingestion equal to sweat rate has no added benefit over
fluid ingestion equal to half the sweat rate in determining
time to fatigue at least over 40min of sub-maximal
exercise in warm humid conditions. Conversely, fluid
restriction accelerates the rate of increase in rectal
temperature after 40min of exercise, thereby reducing
the time to fatigue. The present findings should be
balanced against previous studies which indicate that
different fluid ingestion conditions and exercise proto-
cols produce varying responses which lead to different
outcomes and interpretations of the causes of fatigue in
the heat. The data support the model that anticipation of
impending thermal limits reduces efferent command to
working skeletal muscle ensuring cellular preservation.
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The combined effects of hydration and exercise
heat stress on choice reaction time
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Summary The purpose of this investigation was to examine the combined effects
of hydration and exercise heat stress on choice reaction time. On three separate
occasions eight male subjects performed cycle exercise at !70% of peak power
output in warm, humid conditions (31 "C, 63% relative humidity) for a maximum of
90 min or until exhaustion. Throughout the trials, subjects ingested either a vol-
ume of water equal to fluid loss (100 # FR), a volume equivalent to !50% of fluid
loss (50 # FR), or no fluid (0 # FR). A choice reaction time task was undertaken at
rest, after 20 min of cycling, 40 min of cycling and at the conclusion of exercise.
Mean reaction time for 100 # FR was 342.2 ± 8.2 ms, 352.4 ± 7.5 ms for 50 # FR and
345.6 ± 8.4 ms for 0 # FR and were not significantly different. Choice reaction time
was facilitated as the duration of exercise progressed with reaction time at 40 min
and conclusion stages of exercise faster than at rest (P < 0.005). Choice reaction
time and accuracy were affected by the number of choices, with choice reaction
time increasing linearly with the number of choices (P < 0.005) and rate of incorrect
responses increasing in the 4-choice task compared to the 1-choice and 2-choice
task (P < 0.05). The results indicate that, in up to 90 min of exercise in warm,
humid conditions, choice reaction time is not compromised by different levels of
hydration.
© 2006 Sports Medicine Australia. Published by Elsevier Ltd. All rights reserved.

Introduction

Previous studies have shown that heat stress alone
can induce marked changes in repetitive psycho-
metric tasks and mental performance.1—3 Although
some conjecture exists, it is generally thought
that, like physiological function, heat stress
negatively affects mental performance.4,5 One

$ Corresponding author. Tel.: +61 2 63384268;
fax: +61 2 63384065.

E-mail address: fmarino@csu.edu.au (F.E. Marino).

intervention strategy that can be used to offset the
effects of heat stress is fluid ingestion,6,7 as core
temperature and heart rate responses are graded
according to the level of hypohydration achieved
during exercise. It has been previously shown that
dehydration may influence the variations in mental
performance, particularly during heat stress.8,9 In
the case of team sports, hypohydration has been
suggested to affect the high degree of mental
functioning for tactical changes, reading the play,
anticipation and skill execution.10 However, there
has been relatively little research conducted

1440-2440/$ — see front matter © 2006 Sports Medicine Australia. Published by Elsevier Ltd. All rights reserved.
doi:10.1016/j.jsams.2006.03.006
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regarding the effects of level of hydration on
mental performance, particularly during exercise.

Cian et al.11 showed that a reduction in perfor-
mance of perceptual and decisional tasks occurred
irrespective of whether hypohydration occurred
due to exercise alone or due to a hot environ-
ment. However, this finding should be balanced
against the suggestion that uncomfortable feelings
emanating from exercise in the heat might result
in performance decrements as a consequence of
reduced attention demands on the exercise task
and a shifting of attention to the feelings asso-
ciated with thermal strain.12 It is also plausible
that significant decrements in performance can be
expected to occur when hypohydration is equiv-
alent to 2% body mass loss, suggesting the exis-
tence of a critical limit or impairment threshold.9,13

This hypothesis should be balanced with those
studies that have shown significant decrements in
physical performance with hypohydration equiv-
alent to as little as 1% loss in body mass.14 It
has also been suggested that the quantity of fluid
ingested might influence cognitive performance,
with better results reported for hyperhydrated
compared with euhydrated subjects,11 although
these improvements in mental performance have
been shown following, but not during prolonged
exercise.

It has also been reported that reaction time was
significantly faster when subjects were hydrated,
although there were no significant results for the
other cognitive tasks administered.15 This seems
to be a salient point as others have also shown
a positive effect of exercise duration on cognitive
processes. For example, when choice reaction time
(CRT) and simple reaction time (SRT) tasks were
performed during or immediately following exer-
cise, an improvement in both CRT and SRT was
observed.16—18 On this basis, it seems that reac-
tion time is a useful variable that could be used to
infer changes in mental processing. For instance,
reaction time has been described as an important
variable in a number of sporting situations where a
performer must make various reactions to a ball or
to manoeuvres of other performers.19

Although some studies suggest that decision-
making processes are enhanced following long
duration exercise,16,17 we are unaware of any
studies that have examined the combined effects
of hydration level and heat stress on decision-
making processes during exercise. For the purpose
of this study, we chose a reaction time task given
that an exercise bout in addition to the perfor-
mance of a reaction time task has been described
previously in terms of attentional resource alloca-
tion and defined in the literature as a dual task.17

Hence, the purpose of this investigation was to
examine the extent to which the level of hydration
and exercise heat stress affect choice reaction
time during prolonged exercise.

Methods

Subjects

Eight males volunteered to participate in the study.
The mean (±S.E.) age, height and mass were
24.5 ± 1 years, 179.9 ± 3.0 cm, and 77.6 ± 5.0 kg,
respectively. All subjects were considered healthy,
having completed a health history questionnaire
and maximal cycle ergometer stress test. The par-
ticipants could not be classified as elite cyclists,
but each subject was actively involved in cycling
either as a training method or as a regional com-
petitive athlete. The range of values for peak oxy-
gen uptake (

.
VO2peak) and peak power output was

3.6—4.7 L/min and 310—400 W, respectively. Writ-
ten consent was obtained from the subjects follow-
ing the approval of the study by the Ethics in Human
Research Committee of Charles Sturt University.

Prior to the commencement of experimental ses-
sions, subjects attended the laboratory where they
were familiarised with testing equipment and pro-
cedures. During this session descriptive data for
height, weight and skinfolds were recorded. An
incremental cycle test to exhaustion was also per-
formed to determine

.
VO2peak and peak power out-

put (PPO). Subjects were also familiarised with the
CRT to be used during the experimental trials by
completing a series of practice trials.

Peak power determination

All subjects underwent a progressive incremental
test to exhaustion for the determination of PPO and
.

VO2peak prior to completing experimental sessions.
Subjects performed this test on their own bicy-
cles attached to the same electromagnetic cycle
trainer used in the experimental trials. The sub-
jects commenced the test at a workload of 100 W
for 1 min. Thereafter, the load was increased by
10 W at 30-s intervals until the required power out-
put could no longer be maintained at which point
this was deemed PPO. Throughout testing subjects
were required to remain in a seated position. Dur-
ing the maximal test subjects breathed through a
two-way non re-breathing valve (series 2700 large,
Hans Rudolph, St. Louis, MO, USA), using respiratory
tubing of 2.74 m length and 3.5 cm diameter (Hans
Rudolph, St. Louis, MO, USA). Expired air passed
via the respiratory tubing and mixing chamber of
5.5 L volume to an automated gas analyzer (Quin-
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ton Instrument Company, Bothell, WA, USA) and was
subsequently sampled at 10-s intervals. The pneu-
motach (Hans Rudolph, St. Louis, MO, USA) and gas
analyzers were calibrated using a 3 L syringe and
gases of known concentration.

Experimental design

Data were obtained over three experimental
conditions: (1) full fluid replacement (100 # FR),
intended to replace fluid losses due to sweating
and prevent any change in body mass during
exercise; (2) half fluid replacement (50 # FR),
equal to 50% of fluid losses during exercise; and
(3) no fluid (0 # FR). The order in which subjects
completed experimental trials was randomised.
All experimental sessions were conducted in a
temperature-controlled chamber where the ambi-
ent temperature and relative humidity were main-
tained at 31.3 ± 0.4 "C, 63.3 ± .1.2%, respectively.

During each session subjects were required
to cycle at an intensity that corresponded to
!70% of their PPO for a period of 90 min or to
exhaustion. Criteria for terminating the trial prior
to 90 min included volitional exhaustion, inability
to maintain required power output or a rectal
temperature (Tre) of 39.5 "C. Subjects performed
all sessions using their own bicycle, which was
mounted to an electromagnetically braked cycle
trainer (Tacx Basic, Technische Industrie Tacx
BV, Wassenaar, Netherlands). During the trials
subjects were free to adjust pedalling speed and
gear ratio provided they maintained the required
power output. At 5-min intervals during each trial
and at the termination of exercise, data were
obtained for heart rate, Tre, skin temperature
and subjective responses relating to perceived
exertion. A fan providing a constant wind speed of
2 m/s was placed directly in front of subjects and
positioned so that airflow was directed towards the
head and torso when in a normal cycling position.

At the commencement of experimental trials
subjects reported to the laboratory and assisted
in positioning their bicycle in the cycle trainer.
Participants self-inserted a rectal thermistor, skin
thermistors were attached and a heart rate moni-
tor transmitter secured. Participants then entered
the climate chamber and were seated in front
of the computer where they completed the first
CRT test. Subjects then mounted their bicycles,
baseline values for physiological and subjective
responses were obtained and for hydration trials,
participants consumed the first drink. Initially,
participants cycled for 20 min, provided thermal
comfort and perceived exertion values after which
they dismounted from the bicycle to take their

position in front of the computer to perform the
second block of the CRT. When this was completed,
subjects were weighed, mounted their bicycle and
continued cycling for a further 20 min after which
the CRT was repeated. Following this, subjects
were required to cycle for a further 50 min or until
one of the criteria for termination occurred. The
average time taken to complete the transition from
dismounting from the bicycle and recommencing
cycling was 3.2 min ± 0.5 min. At the completion
of exercise, subjects completed their CRT session
and a final body mass was obtained. Throughout
the trial subjects were allowed to monitor elapsed
time and heart rate.

All experimental sessions were conducted at the
same time of day to control for circadian rhythm
variations in core temperature. Tests were con-
ducted a minimum of six days apart to allow for ade-
quate recovery between trials and minimise accli-
mation to experimental conditions. Subjects were
permitted to continue training while participating
in the study but were requested not to perform any
exercise for the 24-h period preceding each exper-
imental trial.

Hydration and fluid ingestion

For all trials subjects commenced with an identi-
cal body mass (see Table 1) and thus were assumed
to be in a euhydrated state. To achieve this they
were instructed to drink tap water liberally the
night before the experimental sessions. On the day
of the trial subjects were required to maintain this
routine until 1 h before the trial after which they
were required to refrain from drinking. When sub-
jects completed the 0 # F trial first, the rate and
volume of fluid to be ingested for the 100 # FR and
50 # FR trials was determined from change in body
mass during this trial. Where subjects underwent
hydration trials first, fluid volume was estimated
as previously suggested.6 Cold water (4.5 "C) was
divided into equal portions and administered to sub-
jects immediately after commencing the trial and
at 10-min intervals thereafter. For the purpose of
this investigation other avenues of mass loss such
as respiratory water loss and metabolic weight loss
were considered negligible.

Choice reaction time task (CRT)

During each experimental session, subjects per-
formed the CRT on four occasions (MEL Profes-
sional v2.01, Psychology Software Tools Inc, Pitts-
burgh, USA). Each block of CRT tests consisted of
15 individual trials consisting of five of each of the
choice reaction time situations (one choice, two

Paper 23 Paper 23

254



160 N. Serwah, F.E. Marino

Table 1 Values for body mass and fluid ingestion

Trial

100 # FR 50 # FR 0 # F
Body mass (kg)

Pre-exercise 77.8 ± 5.1 77.8 ± 5.0 77.8 ± 5.0
Post-exercise 77.9 ± 5.1 77.0 ± 5.0 76.5 ± 4.9

Fluid ingestion (water), litres 1.7 ± 0.2 0.8 ± 0.1 0
!Body mass (kg) 0.1 ± 0.1 #0.8 ± 0.1 #1.3 ± 0.2
%! Body mass 0.2 ± 0.1 #1.0 ± 0.1 #1.7 ± 0.2

n = 8 n = 8 n = 8

Values are mean ± S.E. 100 # FR = full fluid replacement, 50 # FR = half-fluid replacement, 0 # F = no fluid.

choices and four choices), which were randomly
presented. Subjects were instructed to respond to
the stimuli as quickly and accurately as possible.
Each block began with the subject positioning him-
self in front of the computer monitor, after being
in a comfortable position, pressing the spacebar to
commence the block of trials. Each trial was pre-
ceded with a ready signal, which was displayed
for a period of 2 s. After this period four circles
were displayed with the corresponding rectangles
above each. The circles were presented with a ran-
dom fore period of between 800 and 1500 ms, after
which one of the circles was filled in white. Subjects
were then required to strike the corresponding key
(D, F, J and K) as quickly as possible. No feed-
back indicating the accuracy or response time was
provided.

Heart rate and subjective responses

Heart rate (HR) was monitored and recorded via a
short-range telemetry chest transmitter strap and
wristwatch receiver (Vantage NV, Polar Electro Oy,
Kempele Finland). Maximal heart rate (HRmax) was
determined as the maximum HR recorded during
the peak power test. For all experimental trials
HR was recorded at rest, at 5-min intervals during
exercise and on the completion of exercise. Sub-
jective ratings of perceived exertion and thermal
comfort were obtained at 5-min intervals during
exercise using the scales of Borg20 and Bedford,21

respectively.

Thermoregulatory measurements

Skin temperature was measured at four sites (chest,
upper arm, anterior thigh and posterior leg) using
thermistors (427 series, YSI, Yellow Springs, OH)
placed on the left side of the body and secured
using medical tape. Rectal temperature was mea-

sured as an index of Tc using a 12-gauge disposable
rectal thermistor (Mona Therm, Mallinckrodt Medi-
cal Inc, St. Louis, MO, USA) inserted 10 cm beyond
the anal sphincter. Skin and rectal thermistors were
connected to an 8-channel telethermometer (Zen-
temp 5000, Zencor Pty. Ltd, Australia). Temper-
atures were constantly monitored and recorded
at rest, at 5-min intervals during exercise and at
the completion of exercise. Mean skin temper-
ature was subsequently calculated as previously
described.22

Total body sweating was determined by ini-
tially weighing subjects in their cycling shorts and
socks and then again after the heart rate transmit-
ter, wristwatch, skin and rectal thermistors were
attached. The difference between these two values
were then subtracted from the proceeding mea-
surements of mass including the final measurement
which, after correcting for fluid intake, was sub-
tracted from the initial value to determine sweating
rate. Body mass was recorded to the nearest 10 g
prior to, at 20 min, 40 min and at the conclusion of
each session using an electronic, precision balance
scale (HW-100KAI, GEC, Avery Ltd, Australia).

Statistical analysis

Descriptive data were generated for all variables
and are presented as the mean ± standard error
of the mean (S.E.). A two-way repeated measures
analysis of variance (ANOVA) for time was used
to analyse physiological variables. Once main
effects were identified, individual differences
between means were located using Tukey’s HSD
post hoc procedure. Data for mean accuracy
and reaction time were submitted to a 3 (trial:
100 # FR, 50 # FR, 0 # F) % 4 (block: 1, 2, 3, 4) % 3
(choices: 1, 2, 3) analysis of variance (ANOVA)
with repeated measures on all factors. In order to
allow for analysis with respect to time, data up to
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the time point which all subjects completed were
included for analysis so that n = 8 for all variables.
Statistical analysis was also conducted for all
variables on the time point corresponding to the
termination of exercise. Once main effects were
identified, individual differences between means
were located using Scheffe’s post hoc procedure.
For all statistical tests significance was accepted
at the P < 0.05 level.

Results

Of the eight subjects who participated in the study,
six completed 90 min of cycling in the 100 # FR trial,
five were able to sustain exercise for the same dura-
tion in the 50 # FR trial, while only three subjects
completed the 90 min in the 0 # F trial. Only one
subject successfully exercised for 90 min in each of
the three experimental trials.

Physiological and performance variables

Hydration
Equal hydration at the commencement of each
experimental condition was demonstrated by simi-
lar pre-exercise body mass (Table 1). The ingestion
of !1.7 L fluid during the 100 # FR maintained body
mass; however, in the 50 # FR and 0 # F trials there
was a dehydration-induced reduction in body mass
(see Table 1).

Cycling performance and thermoregulatory
responses
No differences were observed among trials for
cycling time, being 77.9 ± 5.1 min, 77.0 ± 5.0 min
and 77.5 ± 4.9 min for the 100 # FR, 50 # FR and
0 # F trials, respectively (P = 0.25). No differences
were observed among conditions for total body
sweating with values for the 100 # FR, 50 # FR
and 0 # F trials 1.6 ± 0.2, 1.6 ± 0.1 and 1.3 ± 0.2
l, respectively (P = 0.97). Rectal temperature
progressively increased throughout the duration
of exercise (P < 0.001), with the mean magnitude
of this increase for the 100 # FR, 50 # FR and
0 # F trials being 1.6 ± 0.2 "C, 1.9 ± 0.1 "C and
1.8 ± 0.2 "C, respectively. Hydration level did
not influence Tre responses throughout exercise
(P = 0.26).

Heart rate (HR)
There was an initial increase in HR from
!80 beats/min pre-exercise to !152 beats/min
within the initial 5 min of exercise. This was fol-
lowed by a slight increase in HR throughout the

remainder of the trials to !170 beats/min. There
were no differences among trials for HR (P = 0.79).

Subjective responses
Ratings of perceived exertion increased with
respect to time, from pre-exercise values to the
conclusion of exercise (P < 0.05), with no differ-
ences observed among the three trials. Thermal
comfort was found to increase from pre-exercise
levels throughout exercise to be significant at
the conclusion of exercise (P < 0.05) in all three
trials. During all trials thermal comfort ratings
at the commencement of exercise were 4.4 ± 0.2
for 100 # FR, 4.1 ± 0.2 for 50 # FR and 4.5 ± 0.3
for 0 # F. For the 100 # FR and 50 # FR trials, this
value corresponded to a rating of comfortable
while the value in the 0 # F trial corresponded to
comfortably warm. At the conclusion of exercise
the mean rating for thermal comfort increased
to 6.1 ± 0.3, 5.9 ± 0.2 and 6.0 ± 0.3, respectively,
corresponding to a rating of too warm.

Choice reaction time
Mean accuracy values were calculated for subjects,
hydration trial, block and the number of decisions.
Mean accuracy was not significantly altered by
hydration level (P = 0.13) or by the stage of exer-
cise (0 min, 20 min, 40 min and 90 min/exhaustion)
during which the CRT was performed (P = 0.96).
However, the data did reveal a significant main
effect for the number of choices (P < 0.05), the
4-choice task being performed less accurately in
comparison to the 1- and 2-choice tasks. Expressed
as a percentage of correct responses, the 1-choice
task was performed with 100% accuracy, the
2-choice task was performed with 99.3 ± 0.4%
accuracy and the 4-choice task performed with an
accuracy of 97.2 ± 0.7%.

Overall mean CRT values were calculated for
subjects, hydration trial, block and the number
of choices for accurate responses, with values
expressed in milliseconds. No differences were
observed for the mean CRT between hydration tri-
als (345 ± 18, 352 ± 18, 340 ± 20 ms for 100 # FR,
50 # FR and 0 # F, respectively; P = 0.66). Analysis
of CRT indicated that there was a significant main
effect for block (P < 0.005). Mean CRT progressively
decreased from block 1 (0 min) through to block
3 (40 min), after which CRT became progressively
slower to the conclusion of exercise when block 4
(90 min/exhaustion) was performed. Post hoc anal-
ysis revealed an increase in CRT from block 3 to
block 4, and that both of these points were signif-
icantly different from block 1 (baseline). Analysis
of CRT also revealed a main effect for the num-
ber of choices (P < 0.005). The mean CRT increased
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Figure 1 Overall mean choice reaction times for block
1 (0 min), block 2 (20 min), block 3 (40 min) and block 4
(90 min/exhaustion). *P < 0.005, compared with block 1.
Values are mean ± standard error of the mean.

linearly as the number of choices increased from
the 1-choice task to the 4-choice task. For the 1-
choice task, reaction time was 275 ± 5 ms which
increased to 350 ± 8 ms for the 2-choice task and
415 ± 10 ms for the 4-choice task. Overall mean CRT
for block is presented in Figure 1. Analysis of the
CRT data indicated that there was a significant main
effect for block (P < 0.005). Mean CRT decreased
from block 1 (0 min) through to block 3 (40 min)
after which, CRT was slower at the conclusion
of exercise when block 4 (90 min/exhaustion) was
performed.

Discussion

The ingestion of fluid had no effect on CRT as the
means for all trials were similar. This finding is in
contrast with previous results15 which show sig-
nificantly faster reaction time when subjects are
hydrated. As the present investigation and previ-
ous work15 used similar exercise protocols and fluid
ingestion regimes, it is difficult to reconcile the
difference in the findings. However, one possible
explanation is that in previous work15 subjects were
hydrated using a commercial sport beverage which,
although not described in detail, would most prob-
ably have contained carbohydrates. Others have
shown that cognitive function is enhanced when
carbohydrate is ingested and that the enhancement
may be due to increased levels of blood glucose
which are thought to facilitate central nervous sys-
tem function.23 In the present study we chose not
to administer carbohydrate so as to be able to draw
conclusions about the effect of exercise heat stress

and hydration on reaction time rather than any
effect of carbohydrate per se.

Hydration level or the stage of exercise during
which the CRT was performed did not alter mean
accuracy. The latter result is in contrast to previous
findings3 which report that, in the heat, the per-
centage errors in the performance of a serial CRT
task increased as a function of time on task. In the
present study only the number of choices that were
presented to subjects significantly altered accu-
racy. Although the 1-choice task was performed
without error, 3% of responses in the 4-choice task
were performed inaccurately. One possible expla-
nation for this finding might be that a speed accu-
racy trade-off was operating in response to the
increased task complexity of the 4-choice task.24

In accordance with this principle, subjects in the
present study may, in their attempts to respond
as quickly as possible to the stimulus, have traded
accuracy which led to the increased percentage of
incorrect responses.

However, in agreement with previous work,15

CRT improved as the exercise period progressed.
In the present study CRT progressively decreased
from block 1 (0 min) through to block 3 (40 min),
after which CRT became progressively slower
at the conclusion of exercise when block 4
(90 min/exhaustion) was performed. This find-
ing follows the inverted-U hypothesis between
arousal and performance reported elsewhere25 and
explains the results by suggesting that the facili-
tation in the performance of the CRT from block
1 (0 min) to the optimal point at block 3 (40 min)
is primarily associated with an exercise activation
effect. Further activation above the optimal level
would result in impaired performance such as that
observed for block 4. Another possibility which
might explain the improvement in CRT could be the
potential for a learning effect. For instance, it has
been proposed by Sheridan26 that it is possible to
pre-program movement so that pre-selection and
construction of a motor program can occur before
the actual movement is executed. On this basis it is
possible that the improvement in CRT observed in
the present study might have occurred because of
this pre-programming effect.

Other studies have shown that hydration dur-
ing exercise significantly improves short-term
memory.11 It was suggested that the reason
for increased cognitive function with hydration
is possibly due to decreases in cortisol, which
has been shown to increase with dehydration
and affect memory.27 In addition, there are the
positive effects of hydration on glycerol and conse-
quently on glucose availability to the central ner-
vous system.11,28 However, in the present study the
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0 # F group did not show any significant change in
mental processing compared with the 100 # FR and
50 # FR trials. This indicates that hydration may not
be the governing factor in producing similar men-
tal processing outcomes but rather the exercise
itself might play a significant role. For example,
improvements have been observed in choice reac-
tion time and simple reaction time tasks performed
immediately following exercise lasting longer than
20 min.16—18 This alone suggests that the delete-
rious effects of increased body temperature and
hypohydration are counterbalanced by the increase
in arousal level that has been shown to improve
mental performance.

Finally, it appears that the ingestion of fluid dur-
ing fixed intensity cycling exercise in warm humid
conditions had no significant effect on time to
exhaustion. The failure to yield significant differ-
ences reported in other studies14,29 between the
fluid ingestion and no fluid replacement trials might
be due to the discontinuous nature of the exer-
cise protocol employed. Subjects were required to
dismount from their bicycles at the 20 and 40 min
of exercise to perform the CRT and have their
body mass measured. It is possible that the time
taken to carry out these procedures (!3.6 min) was
sufficient to allow subjects to recover from the
preceding exercise period. The lack of difference
in time to exhaustion among trials suggests that
there is no additional benefit of ingesting a vol-
ume of fluid approximating sweating rate under
similar conditions of the present study. In addition,
there were no differences among experimental con-
ditions for Tre. Although this result is in agree-
ment with some studies,30 it is in contrast to other
investigations, which have demonstrated increases
in Tre when fluid is withheld during exercise of
similar duration.29,31 However, the lack of differ-
ence in Tre among trials could also be accounted
for by the discontinuous nature of the exercise
protocol.

The main finding of the present study is the
similar reaction time response between the three
hydration levels. This result suggests that fluid
ingestion during endurance sports such as cycling
may not be as important for decision making as it
is for physical performance. However, this is not to
say that hydration per se has no influence on deci-
sion making or other mental functions. Indeed, the
relatively small amount of research on the topic
suggests that hydration might play a very signifi-
cant role in other mental processes such as memory.
However, it is important to note that the findings of
the present study may be limited by the discontinu-
ous, fixed-intensity nature of the exercise protocol
employed.

Practical implications

• It is unlikely that limited or no hydration dur-
ing exercise in the heat will adversely affect
mental functioning in competitive athletes.

• Reaction time response is not altered by hydra-
tion during exercise but gets faster possibly
due to the effect of exercise on arousal.

• An athlete’s capacity to make correct choices
in relation to reaction time is unlikely to be
affected by rising body temperature or hydra-
tion, but rather by the number of choices to
be made.
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Experimental Physiology – Letter to Editor

Evidence for anticipatory regulation
mediated by drink temperature
during fixed intensity exercise
in the heat

The very elegant study by Mündel et al.
(2006) has prompted me to clarify the
concepts that presently underpin the
relationship between hydration, heat strain
and exercise performance. The hypothesis
that cold fluid ingestion provides a heat
sink which could enhance heat storage,
and thereby increase time to fatigue, is
an interesting and practical proposition.
Although we have also suggested that a
heat sink through fluid ingestion would
be possible under certain conditions (Kay
& Marino, 2000), the data reported by
Mündel et al. (2006) indicate that rectal
temperature response and subsequent time
to fatigue is not explicable on the basis of the
fluid ingested but possibly by an alternative
anticipatory mechanism.

First, the sweat rates were identical for both
drink conditions at 1.4 l h !1; therefore,
heat dissipation must have been similar
for both conditions, indicating that neither
fluid condition had any effect on sweat
rate per se. Second, the drink rates, which
were different (1.0 versus 1.3 l h!1 for
control and cold fluid, respectively), equate
to "1.26 and 1.1 l ingested in absolute
terms for cold fluid and control conditions,
respectively, in turn representing only a
difference of "160 ml extra fluid consumed
during the cold fluid condition. It would
seem unlikely that this amount of extra
fluid could explain any differences in
temperature response and account for a
7 min increase in time to fatigue. Third,
the identical sweat rates coupled with
the small difference ("160 ml) in absolute
fluid ingested between conditions does not
represent what is usually claimed to be the
cause of the elevated rectal temperature
during exercise heat stress because the
change in body mass was probably less than
"2% for both drink conditions; therefore,
the difference in rectal temperature, if any,
cannot be explained on this basis, since
rectal temperatures did not approach those
values that are thought to limit exercise
(i.e. "39.5#C).

We have previously shown and argued
that when subjects are restricted from
adjusting their workload, fluid ingestion
does not produce any significant differences
in exercise performance (Kay & Marino,
2003; Marino et al. 2003). Sufficient cold
(4.5#C) fluid, preventing any change in
body mass, or complete fluid restriction
had no effect on exercise performance or
thermoregulatory strain over 1 h of high-
intensity self-paced exercise in the heat (Kay
& Marino, 2003; Marino et al. 2003).

Therefore, if cold fluid ingestion does
not explain the differences in time to
fatigue owing to a heat sink effect in the
study by Mündel et al. (2006), there must
be some other mechanism which could
potentially explicate the increased time to
fatigue. The phenomenon of anticipatory
regulation of impending thermal limits has
been described in humans and rats that were
either cooled or heated before exercise (for
review see Marino, 2004). In each case, both
humans and rats altered their rate of increase
in core temperature rather than retain an
identical rate of increase in each condition,
which would have been catastrophic. At
present, there are no data that show
this same phenomenon with respect to
fluid ingestion when subjects exercise at
a fixed intensity. However, if one redraws
the rectal temperature data provided by
Mündel et al. (2006), it is evident that cold
fluid ingestion changed the rate of rise in
rectal temperature of the subjects as shown
in Fig. 1. The mechanism responsible for
the termination of exercise at the critical
limiting temperature is thought to result
from reduced central nervous system (CNS)
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Figure 1. Rate of increase in rectal
temperature for cold fluid ingestion (4#C)
and control fluid ingestion (19#C)
Data redrawn from Mündel et al. (2006).

drive to the skeletal muscle (Nybo & Nielsen,
2001). However, the subjects in the Mündel
et al. (2006) study stopped exercising
well before reaching a critical limiting
temperature of 39.5#C, probably because
they were not highly conditioned (Cheung
& McLellan, 1998). We have previously
argued that the critical limiting temperature
hypothesis must have an advanced warning
signal for impending thermal limits to
invoke a reduced motor drive (Marino
et al. 2004). The data provided by Mündel
et al. (2006) support the model which
posits that those physiological changes
leading to a reduced CNS drive occur in
anticipation of a critical temperature. The
evidence for this is that subjects ingesting
the control fluid (19#C) fatigued "7 min
earlier, with a higher rate of increase in
rectal temperature (1.83#C h!1 for control
versus 1.45#C h!1 for cold; Fig. 1). Given
that subjects finished both trials with similar
rectal temperatures (38.69 versus 38.43#C;
difference "0.25#C), we can only suggest
indicates that terminal rectal temperatures
do not determine the point of fatigue.
The interesting result, however, is that a
difference of about 160 ml of extra fluid
for the cold fluid condition not only
resulted in the delayed onset of fatigue in
these moderately trained subjects, but it
also changed the rate of increase in rectal
temperature. These data indicate that a
feedforward mechanism was in operation
which signalled the availability of cold fluid,
allowing subjects to ‘choose’ to continue
exercising. On this basis, it is possible
that sensory input from either receptors
in the mouth and/or during faster gastric
emptying of the cooler fluid may have
contributed to this signal (Costill & Saltin,
1974; Sandick et al. 1984). Although it is
not possible to rule out absolutely a heat
sink effect, it seems just as possible that
cold fluids provide a mechanism to assist in
the anticipation of thermal limits, allowing
the organism to avoid a catastrophic
outcome.

Frank Marino
Exercise & Sports Science Laboratories and

School of Human Movement Studies
Charles Sturt University

Exercise Bathurst, NSW 2795, Australia

E-mail: fmarino@csu.edu.au
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Letters to the Editor-in-Chief

COLD FLUIDS IMPROVE EXERCISE
PERFORMANCE IN THE HEAT BY
SLOWING THE RATE OF HEAT GAIN

Dear Editor-in-Chief:

The study by Lee et al. (2) shows that, compared with the
ingestion of warm fluids (È37-C) of similar volume,
drinking cold fluids (4-C) enhanced endurance exercise by
up to 23% during exercise at a fixed intensity in hot, humid
conditions. Because the same volume of fluid was ingested
in both conditions, the authors correctly conclude that the
ingestion of cold fluid explained this difference. Notably,
subjects ingesting cold fluid started exercise with a reduced
rectal temperature (precooling). Terminal rectal temper-
atures were identical in both conditions. These findings
raise two important questions: Was the extended endurance
time due either to this precooling effect or to the continued
ingestion of cold fluids during exercise? What causes
termination of exercise at 39.5-C in both conditions even
when the exercise durations were different?

We have previously shown that neither exercise per-
formance nor the thermoregulatory response was different
in subjects who drank either nothing or sufficient to prevent
any weight loss during 1 h of high-intensity self-paced
exercise in the heat (1). Subsequently, we showed that pre-
exercise hyperhydration failed to influence exercise perfor-
mance under similar conditions (5). These findings suggest
that fluid ingestion alone plays little role in modifying the
thermoregulatory response or in improving performance
during exercise lasting approximately 1 h. Perhaps the
ergogenic effect of cold drink ingestion in the study of Lee
et al. (2) was due either to a precooling effect or to the
beneficial thermoregulatory effects of cold drink ingestion
during exercise.

We have previously proposed that the ingestion of cold
drinks during exercise at a fixed intensity might alter the rate
of increase in body temperature so that this beneficial
thermoregulatory effect might improve exercise performance
(3,4). Data from our previous study (1) (Fig. 1, top) show
that the rate of rise in body temperature was almost identical
(range = 1.1–1.4-CIhj1) when subjects performed self-
paced exercise when ingesting either cold fluids (4-C) or no
fluids in both warm and moderate conditions. In contrast,
the data of Lee et al. (2) reveal that the rate of rise in body
temperature was slower when cold fluids were ingested
during exercise (Fig. 1, bottom).

These data suggest that the ingestion of cold drinks
before and during exercise may enhance performance either

by a precooling effect or by reducing the rate at which
body heat accumulates during exercise. We (6,8,9) and
others (7) have shown that, during self-paced exercise,
the body regulates its performance in an anticipatory man-
ner to ensure that the rate of heat accumulation, and
hence, the rate of rise in body temperature, is controlled.
The findings of Lee et al. (2) are also compatible with this
explanation.

Frank E. Marino
School of Human Movement Studies
Charles Sturt University
Bathurst NSW, Australia

SPECIAL COMMUNICATIONS

FIGURE 1—Top panel shows the rate of increase in rectal temperature
(range = 1.1–1.4-CIhj1) for cold fluid ingestion sufficient to negate any
change in body mass during 60 min of self-paced exercise in either cool
(Cool F) or warm (Warm F) environment versus no fluid ingestion
(Cool NF; Warm NF) in the same environments (1). Bottom panel
shows the data from Lee et al. (2) redrawn as rate on increase in rectal
temperature during fixed-intensity exercise in the heat while subjects
consumed cold and warm drinks.
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ABSTRACT
Objective: To examine the neuromuscular responses to
60 minutes of self-paced high-intensity exercise punctuated
with 6 6 1-minute ‘‘all-out’’ sprints at 10-minute intervals
in moderate (19.8uC, SEM 0.3) and warm (33.2, SEM 0.1),
humid (,64% relative humidity) conditions with either
complete hydration (CH) or without hydration (NF).
Design: Seven subjects (mean age 20.6 years (SE 1.1),
mass 73.8 kg (SE 4.5), peak power 288 W (SE 11.3))
performed the time trial on four separate occasions,
which were differentiated by ambient temperature and
fluid ingestion. For each sprint interval, distance, power
output and electromyographic (EMG) data from the rectus
femoris and vastus lateralis muscles were recorded.
Results: The NF trials resulted in a reduction in body
mass for the moderate and warm conditions of 1.7% and
2.1%, respectively. Final rectal temperatures were not
different among conditions (,38.7uC). Total body
sweating was higher in the warm condition (19.1–
21.3 ml/kg per hour) compared with the moderate
condition (16.1–16.5 ml/kg per hour; p,0.05). Neither
fluid ingestion nor ambient temperature altered total
distance cycled for any of the trials (range 30.1–
32.6 km). The normalised integrated EMG (as percentage
of maximal voluntary contraction) when compared with
the first sprint increased from sprint three for the rectus
femoris muscle in both no and complete hydration but
decreased for the vastus lateralis muscle. The mean
percentile frequency shift increased for both the vastus
lateralis and rectus femoris muscles in both no and
complete hydration.
Conclusions: These results suggest that the integrity of
the neuromuscular system is adjusted according to
hydration status and ambient temperatures during intense
self-paced cycling.

Previous studies have shown that differences in
environmental temperature result in differences in
fixed intensity exercise duration consistent with the
development of hyperthermia and fatigue, with
alterations to the physiological and subjective
responses.1 2 Fluid ingestion is a practical interven-
tion strategy used to improve exercise in the heat by
reducing thermoregulatory strain3 by offsetting the
effects of dehydration, which at levels of less than
2% reduction in body mass has been shown to
compromise exercise performance.4 In addition, time
to exhaustion has increased when fluid was ingested
to offset sweating-related reductions in body mass.5

Exercise termination in the heat is thought to be
associated with a critical limiting core temperature
of approximately 39.5uC.6 The mechanism/s for
this remain unclear; however, there is general

consensus that exercise-induced hyperthermia is
associated with a reduction in central motor
drive.7 8 Moreover, even when a maximal conscious
effort was observed, individuals experienced a
reduction in efferent drive to the active muscles
during high-intensity cycling in the heat.3 These
findings suggest that high internal temperatures
are associated with the de-recruitment of muscle
fibres mediated by the central nervous system
(CNS). However, it remains to be determined how
the application of intervention strategies, such as
fluid ingestion might influence this relationship
given that exercise performance in the heat is
improved when appropriate fluid is ingested.9

Typically, the benefits of fluid ingestion have
been shown during fixed intensity protocols,10 11 in
which the rise in rectal temperature is attenuated
and exercise time is improved. Conversely, fatigue
during self-paced exercise between 60 and 150 min-
utes’ duration is regulated by some other mechan-
ism so that the demands of exercise are adjusted
enabling individuals to finish the exercise bout and
avoid cellular catastrophe.12–16 This phenomenon is
not easily identified during fixed intensity exercise
as the physiological responses are driven by an
externally imposed load.17

In our previous companion paper we showed
that maintenance of body mass by adequate
hydration during self-paced exercise did not
enhance exercise performance in the heat com-
pared with restricted fluid ingestion.12 We specu-
lated that this was due to the subjects’ ability to
adjust their pacing in such a way as to complete
the exercise bout with similar terminal physiologi-
cal responses. The mechanism for such a response
is unknown but could reside in the muscle
recruitment strategy applied throughout the exer-
cise bout. In the present paper we report the
neuromuscular responses and the hydration para-
meters that are thought to influence exercise
performance.

METHODS

Subjects and experimental design
The methods and experimental design including
cycling performance criteria and fluid ingestion
methods have been reported previously in detail.12

Seven healthy, moderately trained individuals (five
men, two women) volunteered to participate in
the study (mean age 20.6 years (SEM 1.1), height
1.75 m (SEM 0.04), mass 76.9 kg (SEM 3.8), peak
oxygen consumption (VO2peak) 3.8 l/minute (SEM
0.2), peak power 288 W (SEM 11.3)). The experi-
ment was approved by the Ethics in Human
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Research Committee of the university and all participants
signed a letter of informed consent. Before the experimental
trials participants attended the laboratory where they were
familiarised with procedures and equipment. During this session
descriptive measurements were taken after which participants
performed an incremental cycle test for the determination of
VO2peak and peak power output.12 Participants who were not
familiar with the exercise protocol then completed a familiar-
isation ride following their VO2peak test. Some subjects had
previously participated in experiments utilising this exercise
protocol and were thus familiar with the protocol, procedures
and expectations.
During the initial visit to the laboratory, participants were

provided with a nutritional information sheet, which recorded
their dietary (food and fluid) intake and physical activity
pattern for 48 h before the first experimental trial. Upon arrival
for the first trial this record was copied and returned to the
participant who was instructed to repeat this regime before all
remaining trials. Subjects were asked to refrain from under-
taking any exhaustive exercise and to abstain from the ingestion
of alcohol, caffeine and tobacco for the 48 h period preceding
each trial. The order of the trials was randomised and all
sessions were performed at the same time of day to control for
circadian variation, with trials conducted at least one week
apart to allow sufficient recovery between trials and minimise
acclimation to ambient conditions.

Experimental procedure
On arrival at the laboratory participants voided, nude body
mass was recorded and a rectal thermistor inserted.
Electromyography (EMG) electrodes and a heart rate transmit-
ter strap were secured and participants performed a maximal
isometric contraction on an isokinetic dynamometer. Skin
thermistors were attached and participants then entered the
temperature controlled chamber and mounted their bicycle in
preparation to cycle. On completion of the trial, participants
were weighed nude for the determination of total body
sweating. Throughout all trials participants were dressed in
shorts and shoes, whereas women added a lycra top.

Performance trial and hydration
Our previous studies have shown the test–retest coefficient of
variation for this cycling time trial following the completion of
at least one familiarisation trial to be 1.34%.18 The performance
trial required participants to undertake a 60-minute cycling time
trial, with the aim of completing the greatest distance possible
within the allotted time. Each participant completed four self-
paced cycling time trials differentiated by environmental
conditions (moderate 19.8uC (SEM 0.3), 65.0% relative humid-
ity (SEM 0.3), or warm 33.2uC (SEM 0.1), 63.3% relative
humidity (SEM 0.4)) and fluid ingestion regimen. During the
experimental trials, participants received either no fluid or
complete fluid replacement, intended to replace all body fluid
losses and negate any change in body mass during exercise.
When the no fluid trial was conducted first the rate of fluid
ingestion for the subsequent trials was determined from the
change in body mass during this trial. In the situation in which
the complete fluid replacement trial was performed first, fluid
ingestion rates were estimated to be 16 ml/kg per hour based on
previous data19 for the moderate condition, and 18 ml/kg per
hour for the warm condition from previous work conducted in
warm humid conditions in our laboratory. This volume was
divided into 12 equal portions in which cold (4.5uC) distilled

deionised water was provided at 5-minute intervals, with
participants given 1 minute to consume the fluid.
Participants performed the trial using their own bicycle

mounted on the electromagnetic cycle trainer altering gear
selection and cadence as required. The stochastic nature of cycle
racing and performance was simulated with 66 1-minute
sprints at the 10th, 20th, 30th, 40th, 50th and 60th minute.
Participants were encouraged to perform a maximal effort for
each 1-minute sprint while in a seated position. Power output
(W), distance cycled (km) and heart rate (Vantage NV; Polar
Electro Oy, Kempele, Finland) were constantly monitored and
recorded at 5-minute intervals, immediately before and at the
midpoint of all sprint intervals. Thermoregulatory variables
(rectal temperature; mean skin temperature; total body sweat-
ing) were monitored and recorded as previously described.12 20

Raw EMG data were sampled from the rectus femoris and
vastus lateralis muscles for a duration of 5 s at the midpoint of
each sprint interval.

Determination of fluid balance
As the experiment required either complete fluid replacement or
no fluid ingestion, blood samples were drawn before and after
the trials for the determination of fluid balance parameters.
Blood was collected from a 21-gauge catheter inserted into a
superficial forearm vein. Patency was maintained with saline
(0.9%) solution; the catheter was flushed with 2 ml blood
before each sample was drawn. Aliquots were collected in
vacutainers (Starsdet, Germany) containing either SST gel for
serum separation or EDTA. After collection the tubes were
gently inverted and placed in ice. At the completion of each
experimental session samples were centrifuged at 1233g for
15 minutes and the supernatant transferred to storage contain-
ers and frozen at 225uC until analysis. Blood samples from
EDTA tubes were assayed for haemoglobin within 2–3 h of
collection using the cyanmethaemoglobin method. Percentage
changes in blood and plasma volume were calculated from
haemoglobin concentrations and red cell volume, respectively,
as described previously.21 Serum osmolality was measured by
freezing-point depression (Model 3MO Advanced Micro-
Osmometer; Advanced Instruments, Norwood, Massachusetts,
USA). The instrument was calibrated before and after analysis
using standards of known osmolality and all samples were
analysed in duplicate with the mean values reported. The
distribution of body fluid between extracellular and intracellular
compartments from before to the end of exercise were
determined using equations 1 and 2:22

ECF2 = ECF1 + [ECF1 6 (DBV% ? 10021)] Eq 1
ICF2 = ICF1 + [ICF1 6 (DOsm% ? 10021)] Eq 2
Where ECF1 is initial extracellular fluid in litres and calculated

as 0.375 (0.57 6 body mass (kg)) and ICF1 is initial intracellular
fluid in litres as 1.666 6ECF1, DBV% is percentage change in
blood volume and DOsm% is percentage change in plasma
osmolality.

Assessment of muscle function
Muscle function was assessed before the first cycling time trial
using a Kin-Com isokinetic dynamometer (Chattanooga Group
Inc, Hixson, Tennessee, USA). The participant was secured to the
dynamometer with a shoulder and waist strapping. To avoid
interference with the EMG electrode placement, the active leg was
not stabilised. The axis of rotation of the dynamometer was
visually aligned with the lateral femoral epicondyle with the lower
leg attached to the lever arm at the level of the lateral malleolus.
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A maximal voluntary contraction (MVC) determining iso-
metric function of the knee extensor muscle group was
performed by each subject before the cycling protocol.
Participants performed a series of 4 6 5 s MVC throughout
which EMG and torque data were recorded. The knee was
positioned at 60u, with 0u being full knee extension. The trial
with the highest value was then retained for analysis.

Electromyography
Before exercise, EMG electrodes with bandwidth of 20–450 Hz
were attached to the belly of the rectus femoris and vastus
lateralis muscles of the right limb. The skin overlying these
muscles was carefully prepared. Hair was shaved off, the outer
layer of epidermal cells abraded and thoroughly cleaned with
alcohol. Differential surface electrodes (Delsys, Boston,
Massachusetts, USA) were then placed on the muscle site as
described above and linked via insulated cable to the signal
acquisition apparatus (Bagnoli-4; Delsys) and host computer
equipped with data acquisition software (Delsys). EMG data
were sampled at 1024 Hz for the duration of all tests, thus
yielding raw signals. No notch filter was applied. Electrodes
were of a parallel bar configuration with an inter-electrode
distance of 10 mm. The site for the reference electrode,
consisting of a gel adhesive electrode, was prepared as described
above and positioned over an electrically neutral and mechani-
cally stable site.
EMG data during the isometric MVC were obtained over a 5 s

period. EMG data during cycling were obtained during the
middle 5 s of each 1-minute sprint. For quantitative data, raw
EMG signals were full-wave rectified and movement artifact
removed using a high-pass second order Butterworth filter with
a cut-off frequency of 15 Hz. Data were then smoothed with a
low-pass second order Butterworth filter with a cut-off
frequency of 5 Hz. This was performed using MATLAB gait
analysis software (The Mathworks Inc, Natick, Massachusetts,
USA). Finally, mean integrated EMG was subsequently deter-
mined by calculating the area under the EMG–time curve and
dividing by the number of data points. The integrated EMG
data for the isometric MVC were then used to normalise the
subsequent cycling EMG data using the following equation:
sprint interval (x) value = absolute value/isometric MVC
value 6 100. As such, cycling integrated EMG data are
presented as a percentage of the isometric MVC value. This
method of EMG normalisation has been used previously by
others16 and shown to be reliable and valid23 in addition to
integrated EMG responses during high-intensity cycling in the
heat being reproducible.24

The frequency spectra of each interval of the raw EMG data
were analysed using a fast Fourier transformation algorithm.
The frequency spectrum analysis was restricted to frequencies
in the range 5–500 Hz, as the EMG signal content outside of
this range consists mostly of noise. The frequency spectrum
from each interval of data was compared with that from the
first interval and the amount of spectral compression was
estimated. This was performed using the technique previously
described.25–27 The spectrum of the raw signal of each interval
was obtained and the normalised cumulative power at each
frequency was calculated. The shift in each percentile frequency
(ie, at 0%… 50%… 100% of the total cumulative) was
examined. The frequency shift was then estimated by calculat-
ing the mean percentile frequency shift (MPFS) throughout the
midfrequency range, ie, 5–500 Hz. This method has been
suggested as a more accurate estimate of spectral compression

than median frequency analysis, which only uses the value of a
single (50th) percentile frequency.25 26

Statistics
Power calculations were determined a-priori using G*Power
software (version 3.0.10). Power (1 2 b) was set at 0.95
revealing a total sample size of n = 4 with actual power of
0.98. Therefore, we recruited seven subjects who met the
criteria for performance as previously determined. Descriptive
data were generated for all variables and presented as the mean
(SEM). A repeated measures analysis of variance (hydratio-
n 6 ambient temperature 6 time) was used to analyse data.
Once main effects were identified, individual differences
between means were located using Tukey’s HSD post-hoc
procedure. When a significant interaction between trial 6 time
was identified, a one-way analysis of variance for repeated
measures was applied to determine the source of differences.
Statistical significance was accepted when p was less than 0.05.

RESULTS
Cycling performance
The total distance completed after 60 minutes self-paced cycling
was not altered by either hydration or environmental conditions
(p.0.05; table 1). The distance cycled during the maximal effort
sprint intervals was not different among treatments (p.0.05;
table 1). However, there was a within-trial difference for the last
two sprint intervals for the moderate complete fluid replacement
trial when compared with the initial sprint (p,0.05; table 1).

Hydration
The effect of hydration on body mass is given in table 2. Fluid
ingestion during the complete fluid replacement trials success-
fully maintained body mass during exercise. The volume of
ingested fluid during the moderate and warm conditions was
1.31 l (SEM 0.13) and 1.52 l (SEM 0.15), respectively, a
difference of 0.21 l. The no fluid trials resulted in a negative
change in body mass of 1.27 kg (SEM 0.13) for the moderate
condition and 1.61 kg (SEM 0.18) for the warm condition. The
changes in body mass are equivalent to reductions of 1.7% for
the moderate condition and 2.1% for the warm condition. The
pre-exercise serum osmolality was similar for each condition
(range 270.4–276.7 mOsm/kg H2O), which increased at the end
of each trial (range 283.3–295.5 mOsm/kg H2O; p,0.05) but
was not different among conditions (table 2). There were no
significant differences between conditions for the percentage
change in plasma volume, extracellular or intracellular fluid
compartments (table 2).

Heart rate and thermoregulatory responses
Mean heart rate over the entire trial for the moderate no fluid,
moderate complete fluid replacement, warm no fluid and warm
complete fluid replacement trials were 161 (SEM 1), 155 (SEM 1),
160 (SEM 1), and 160 beats/minute (SEM 1), respectively,
indicating a similar effort among trials. The only significant
difference among trials was the reduced heart rate for moderate
complete fluid replacement (p,0.05). No difference in heart rate
was observed among conditions during the sprint intervals (p.
0.05). Thermoregulatory responses are presented in table 2. As
expected, ambient temperature had a significant effect on skin
temperature (p,0.05); however, the combination of fluid
ingestion and ambient temperature did not influence temperature
responses during exercise (p.0.05). Total body sweating was
greater for the warmer compared with the moderate condition.

10_bjsports54973_CW.indd   96310_bjsports54973_CW.indd   963 9/1/2010   7:18:58 PM9/1/2010   7:18:58 PM

 group.bmj.com on October 5, 2010 - Published by bjsm.bmj.comDownloaded from Paper 26 Paper 26

266

http://bjsm.bmj.com/
http://group.bmj.com/


Original article

Br J Sports Med 2010;44:961–967. doi:10.1136/bjsm.2009.054973964

Neuromuscular responses
In the moderate ambient condition normalised integrated EMG
for the rectus femoris muscle was similar for both no fluid and
complete fluid replacement. However, integrated EMG
decreased for both fluid conditions at sprint intervals 3–5 to
be between approximately 0.10% and 0.15% of MVC after
which the integrated EMG was restored to initial values for the
last sprint (fig 1). In contrast, integrated EMG in the warm
condition displayed a different pattern so that integrated EMG
for complete fluid replacement was somewhat depressed
compared with no fluid, although this was not statistically
significant. The MPFS for the rectus femoris muscle in the
moderate ambient condition was identical for both ingestion
treatments. However, in the warmer condition MPFS increased
from approximately sprint 3 at 1.05% of MVC until the end of

exercise reaching approximately 1.15% of MVC (p,0.05) for
both complete fluid replacement and no fluid. Interestingly, the
MPFS for the vastus lateralis muscle displayed similar char-
acteristics to the rectus femoris muscle in the warmer ambient
conditions but not in the moderate ambient condition. For all
trials integrated EMG for the rectus femoris and vastus lateralis
muscles appeared to track power output, displaying a similar
pattern across the six sprint intervals (fig 1).

DISCUSSION
The novel finding of the present study is that fluid ingestion per
se, in either moderate or warm ambient conditions did not
improve performance of high-intensity cycling compared with
complete fluid restriction in the same ambient conditions. Using
the same exercise protocol we have previously shown that

Table 1 Distance for cycling performance during moderate and warm ambient conditions with complete fluid
replacement and without hydration

Trial

Moderate NF
(SEM)

Moderate CF
(SEM)

Warm NF
(SEM)

Warm CF
(SEM)

Total distance, km 32.6 (2.3) 30.8 (2.0) 30.5 (1.7) 30.1 (1.8)

Sprint, km, in minutes

9–10 0.81 (0.07) 0.83 (0.06) 0.81 (0.07) 0.80 (0.07)

19–20 0.76 (0.05) 0.76 (0.04) 0.80 (0.06) 0.76 (0.05)

29–30 0.80 (0.06) 0.77 (0.06) 0.74 (0.03) 0.76 (0.06)

39–40 0.79 (0.06) 0.79 (0.07) 0.70 (0.04) 0.80 (0.06)

49–50 0.76 (0.06) 0.71 (0.07)* 0.73 (0.06) 0.76 (0.05)

59–60 0.81 (0.06) 0.66 (0.09)* 0.81 (0.07) 0.77 (0.06)

Self-paced, km, in minutes

0–9 4.61 (0.41) 4.47 (0.37) 4.43 (0.31) 4.43 (0.30)

10–19 4.64 (0.36) 4.51 (0.34) 4.54 (0.28) 4.40 (0.26)

20–29 4.70 (0.33) 4.44 (0.31) 4.47 (0.28) 4.27 (0.32)

30–39 4.69 (0.32) 4.27 (0.30) 4.20 (0.25) 4.09 (0.29)

40–49 4.63 (0.32) 4.23 (0.33) 4.07 (0.22) 4.10 (0.30)

50–59 4.61 (0.33) 4.36 (0.34) 4.14 (0.25) 4.13 (0.33)

*p,0.05 compared with sprint distance at 9–10 minutes. CF, complete fluid replacement; NF, no fluid (without hydration).

Table 2 Thermoregulatory responses and body mass changes in moderate and warm ambient conditions
with complete fluid replacement and without hydration

Trial

Moderate
NF
(SEM)

Moderate CF
(SEM)

Warm NF
(SEM)

Warm CF
(SEM)

Pre-exercise rectal temperature (uC) 37.47 (0.04) 37.50 (0.09) 37.46 (0.06) 37.49 (0.04)

Final rectal temperature (uC) 38.90 (0.30) 38.60 (0.40) 38.90 (0.50) 38.70 (0.40)

D Rectal temperature (uC) 1.43 (0.1) 1.10 (0.1) 1.54 (0.2) 1.21 (0.2)

Final mean skin temperature (uC) 28.90 (0.34) 28.82 (0.53) 34.10 (0.35)* 34.34 (0.21)*

Body mass (kg)

Pre-exercise 77.31 (3.67) 77.46 (3.68) 76.64 (3.68) 77.46 (3.43)

Post-exercise 76.04 (3.57) 77.52 (3.72) 75.03 (3.61) 77.49 (3.40)

Fluid ingestion (water), l 0 1.31 (0.13) 0 1.52 (0.15)

D Body mass (kg) 21.27 (0.13) +0.07 (0.10) 21.61 (0.18) 20.03 (0.09)

Total body sweating (ml/kg/h) 16.5 (1.3) 16.1 (1.2) 21.3 (2.1)* 19.1 (2.1)*

Pre-exercise 270.4 (2.5) 271.5 (3.6) 275.9 (2.7) 276.7(2.6)

Osmolality, mOsm/kg/H2O

End-exercise 284.0 (4.6)* 283.3 (2.7){ 296.5 (2.6)* 283.8 (2.6){
D Plasma volume % 28.4 (1.6) 28.2 (2.7) 211.8 (2.2) 26.9 (2.0)

ECF, l 27.2 (1.3) 27.0 (1.6) 25.8 (1.3) 27.8 (2.7)

ICF, l 50.4 (2.8) 50.1 (2.2) 50.7 (2.3) 49.8 (2.7)

D is the change in body mass from pre-exercise to end-exercise. *p,0.05 compared with moderate ambient condition, {p,0.05
compared with pre-exercise value. Values are means (SEM). CF, complete fluid replacement; ECF, extracellular fluid; ICF,
intracellular fluid; NF, no fluid (without hydration).
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glycerol hyperhydration does not improve performance in the
heat.13 At present, there is no clear explanation regarding the
mechanisms responsible for such a result when many previous
studies have shown fluid ingestion to improve exercise
performance albeit during fixed intensity exercise.9 10 28 The
present study extends our previous findings12 13 29 as it examines
the neuromuscular responses to hydration in moderate and
warm ambient conditions. This is a salient point as there is
evidence that premature fatigue during exercise heat stress may
be related to alterations in CNS drive and evident in
neuromuscular profiles with similar changes suggested to occur
with dehydration.30

In elevated ambient temperatures the response of the
neuromuscular system as determined from surface integrated
EMG during high-intensity cycling is thought to be repeatable,

and that alpha motor neuron firing and neuromuscular
propagation remain intact for the duration of the exercise.24 St
Clair Gibson et al,14 utilising a protocol that employed a series of
1 km and 4 km sprints as part of a 100 km time trial, showed
that only 20% of available muscle was recruited during maximal
effort cycling when normalised against a pre-exercise MVC.
These authors also observed considerable depletion of muscle
glycogen following exercise. Although in the present study we
did not measure muscle glycogen, the integrated EMG data are
consistent with those reported by St Clair Gibson et al14 as only
approximately 20–40% of available muscle was recruited
throughout exercise (see fig 1). The progressively decreasing
integrated EMG signal combined with the apparent reduction in
neuromuscular drive is evidence for CNS alterations in the
recruitment patterns of muscles during the time trial.

Figure 1 Values for integrated electromygraphy (iEMG) and mean percentile frequency shift (MPFS) of the rectus femoris and vastus lateralis
muscles, power output (W) and sprint distance (km) during 60 minutes of high-intensity cycling. Ambient conditions are either moderate or warm with
complete fluid replacement during cycling and without hydration (no fluid). Values were obtained at the midpoint of each sprint interval with EMG data
normalised as a percentage of the pre-exercise isometric maximal voluntary contraction (MVC). *Different from first sprint, p,0.05; values are means
(SEM). CH, complete hydration; NF, without hydration.
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However, a limitation of previous work14 24 was that the EMG
signal was sampled from the rectus femoris muscle only, and
although synergistic muscles have been shown to demonstrate
similar neuromuscular fatigue profiles during sustained iso-
metric contractions,31 it remains unclear if a similar response
occurs during normal dynamic activities. The present investiga-
tion captured EMG data from both the bi-articular rectus
femoris and mono-articular vastus lateralis muscles. The
findings indicate that during variable intensity cycling these
muscles display similar recruitment patterns, which may be
influenced by hydration and/or environmental temperature or
changes in body temperature. In a previous study, it was shown
that the normalised integrated EMG of the rectus femoris
muscle declined from the initial sprint during self-paced cycling
but returned to initial values at the end of the trial. Figure 1
shows a similar pattern for the rectus femoris muscle in which
the normalised integrated EMG is reduced during sprints 3, 4
and 5 and returns to initial values in the final sprint. This ‘‘re-
recruitment’’ of muscle when the conscious effort is the same
throughout the test, as evidenced by heart rate, represents an
anticipatory regulation of exercise intensity. In the present
study each sprint interval produced identical peak heart rates,
and thus it is difficult to argue that subjects did not produce a
maximal conscious effort. This is evidence that subjects paced
themselves accordingly as terminal rectal temperatures were
similar irrespective of heart rate during the sprint intervals. This
finding could possibly explain the results of Tatterson et al,15

who showed that elite cyclists pace themselves to prevent an
excessive rise in body temperature and self-select a power
output that allows the maintenance of core temperature below
a critical limit.
The MPFS increased with respect to time in the warm

condition for both muscles. This alteration in spectral compres-
sion may have resulted from several factors. For instance, an
increasing core temperature, which causes the spectral compo-
nent of the EMG signal to shift towards a higher frequency is a
possibility.32 Peripheral factors, such as increasing skin tempera-
ture, have also been demonstrated to influence the frequency of
the EMG signal.33 34 However, whereas the magnitude of the
change in rectal temperature was higher in the no fluid
treatments, the final rectal temperatures were the same among
all trials, suggesting that the rising core temperature did not
influence the MPFS in this instance, as MPFS was only higher
for the warmer ambient condition. If rising core temperature
was a determinant of MPFS shifts in this instance, we should
have observed the shift to higher frequencies across all trials. In
the present study skin temperature was higher during the
warmer than the moderate condition. Given that skin tempera-
ture was different, then this might have contributed to the
peripheral contribution to the changes in MPFS; although
Hunter et al23 found that during fixed intensity exercise
performed at 15uC and 35uC the integrated EMG signal was
not altered throughout exercise at different intensities. The
authors suggested that the control of thermoregulatory
responses, which maintain a stable core temperature, allowed
for the integrity of the neuromuscular system to be stable.
Similarly, others have found that despite considerable increases
in core temperature, heart rate and percentage dehydration
during treadmill running, the surface EMG determinants of
neuromuscular function remained relatively unchanged.2

In addition to the possible influence of temperature changes
on the EMG signal, changes in the muscle fibre recruitment
strategy may have also contributed to this effect, with the
selective recruitment of larger type II fibres later in the trial.35

Although the evidence for a change in muscle recruitment
pattern is scant, Ray and Gracey36 have shown that exercise
with heating promotes a higher muscle sympathetic nerve
activity, which is thought to convey nociceptor information and
in turn induce force inhibition. If this were possible, then as
force-generating capacity begins to attenuate, the sequential
recruitment of type II fibres might increase to compensate for
the reduction in force.
A surprising but not uncommon result from the present

study was the similar rectal temperature response among
hydration treatments and ambient conditions. This supports
previous findings13 but is in contrast to studies in which high-
intensity exercise without fluid ingestion in warm conditions
resulted in premature fatigue.4 28 One explanation may be that
during self-paced exercise subjects are able to control intensity
and regulate pacing irrespective of the environmental condi-
tions. Other investigations utilising a cycling time trial have also
demonstrated no difference in core temperature response
despite the use of intervention strategies designed to influence
thermoregulatory responses.37 The mechanism for this is unclear
but may include the intervention of a centrally mediated
command,14 24 which is thought to allow the downregulation of
efferent output to account for the changes in physiological
demands required by different conditions at various stages
throughout exercise.
In contrast to findings under moderate conditions, only two

previous investigations4 28 have found fluid ingestion to enhance
high-intensity exercise in the heat (approximately 32uC). That
is, a reduction in body mass of 1.8% decreased time to
exhaustion at 90% VO2peak following 60 minutes of cycling at
60% VO2peak.

4 While similar changes in body mass (approxi-
mately 22%) were observed in the present study during self-
paced exercise in the heat, the prevention of a reduction in body
mass failed to improve the total distance cycled or influence
power output during the maximal effort sprint intervals.
Notably, the serum osmolality increased for each condition
and as expected the osmolality was highest in the warm
environment with restricted fluids although this was not
statistically different. In addition, the fluid compartments
(extracellular and intracellular fluid) were maintained for each
condition. From these data we can only conclude that the fluid
ingestion protocol in the present study did not influence the
thermoregulatory responses compared with the trials in which
fluid was restricted. The reason for this is most likely related to

What is already known on this topic

The assumption that fluid ingestion per se improves exercise
performance in the heat is based largely on experiments in which
the exercise was at a fixed intensity. The effect of fluid ingestion
on neuromuscular recruitment is not fully known.

What this study adds

This study shows that fluid ingestion in either warm or moderate
ambient conditions does not improve high-intensity self-paced
exercise performance over 60 minutes. The findings suggest that
the neuromuscular system adapts in order to allow the
completion of the trial by altering the muscle recruitment
strategy.
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the fact that both osmolality and fluid compartments were kept
within the physiological range.38 However, others28 have
attributed the improved exercise performance with fluid
ingestion to the attenuated rectal temperature and heart rate
response during exercise, which was thought to be due to the
fluid ingested before rather than during exercise. Perhaps under
the present conditions the inability of fluid ingestion to exert an
influence on these variables (rectal temperature and heart rate)
contributed to the similar outcomes in each of the trials. It is
important to note, however, that regardless of the intervention
strategy, peak and terminal heart rate were similar among
conditions. It remains unclear why these subjects would finish
exercise under very different conditions with similar terminal
heart rates. Perhaps these terminal heart rates are indicative of a
physiological limit during prolonged exercise. The possibility
that fluid ingestion would contribute to a ‘‘heat sink’’ has been
suggested previously,3 9 but others suggest that fluid ingestion
has a minimal effect on heat storage and cardiovascular strain at
least within the timeframe for the present experimental
protocol.
In conclusion, the present findings acknowledge the impor-

tance of the cortical level, or forced conscious, de-recruitment of
muscle following the integration of feedback from all physio-
logical systems involved with the exercise. Such a mechanism
would balance the desired outcome and requirements of the
exercise bout within the constraints of the environment,
regulating metabolic activity in order that premature fatigue is
abated and optimal physiological function is preserved.
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                                      Exercise-induced Dehydration Does not Alter Time 
Trial or Neuromuscular Performance

mild to moderate levels of dehydration can still 
negatively impact these types of e  ̥orts   [ 32 ]  .
  Dehydration may potentially infl uence perform-
ance through a reduction in neural drive, similar to 
that observed in hyperthermia   [ 27 ]  . For example, 
hypohydration of  ï 2.1 % body mass was shown to 
reduce volitional peak force of the knee extensors 
by 7.8 %   [ 21 ]  . In contrast others have reported that 
dehydration ranging from 3–4 % reduction in body 
mass altered neither knee extensors   [ 3   ,  22 ]   nor 
elbow fl exor   [ 8 ]   strength. Elevations in  T  c  during 
endurance exercise result in changes in pace in 
both running and cycling   [ 20   ,  33 ]  , as well as mus-
cle recruitment strategy   [ 19 ]  . Fluid homeostasis 
and thermoregulation are intimately linked within 
the central nervous system (CNS) with elevations 
in plasma osmolarity and circulating levels of 
angiotensin II and vasopressin, which act to alter 
sympathetic outfl ow and behavioral responses to 
thermal challenge   [ 35 ]  . Given this close relation-
ship it has been suggested that hypohydration 
may infl uence central drive, although this has yet 
to be conclusively demonstrated   [ 13 ]  .
  Therefore, the aim of this study was to examine 
the e  ̥ect of dehydration, independent of hyper-
thermia, on both 5-km cycling time trial (TT) 
performance and neuromuscular drive. It was 

        Introduction
 ̖
   The decrease in endurance performance in the 
presence of dehydration of at least 2 % body mass 
is thought to be a consequence of the reduction 
in plasma volume and increase in plasma osmo-
larity   [ 1   ,  6 ]  . Hypertonicity delays the onset of 
sweating, thereby increasing core temperature 
( T  c )   [ 31 ]  , which in turn increases cardiovascular 
strain by increasing the competition for blood 
fl ow between the skin and working skeletal mus-
cle. Studies examining the e  ̥ect of hydration on 
thermoregulation and exercise typically report 
either attenuated rises in  T  c  or enhanced exercise 
capacity when hydration is maintained   [ 2 ]  .
  The majority of studies examining the relation-
ship between dehydration and endurance per-
formance have used protocols lasting > 30 min. 
Much less is known about how dehydration 
a  ̥ects performance in shorter-duration, high-
intensity events lasting between 3 and 15 min, 
such as middle-distance running, track cycling 
and rowing. This is of particular importance as 
dehydration is used to qualify for weight classes 
and athletes may also be required to compete in 
multiple events without adequate time to replen-
ish lost fl uid. However, there is evidence that 
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                                      Abstract
 ̖
   This study examined the e  ̥ect of exercise-
induced dehydration by ~4 % body mass loss on 
5-km cycling time trial (TT) performance and 
neuromuscular drive, independent of hyperther-
mia. 7 active males were dehydrated on 2 occa-
sions, separated by 7 d. Participants remained 
dehydrated (DEH, ï3.8 ± 0.5 %) or were rehy-
drated (REH, 0.2 ± 0.6 %) over 2 h before complet-
ing the TT at 18–25  °C, 20–30 % relative humidity. 
Neuromuscular function was determined before 
dehydration and immediately prior the TT. The 
TT started at the same core temperature (DEH, 

37.3 ± 0.3 °C; REH, 37.0 ± 0.2  °C (P > 0.05). Nei-
ther TT performance (DEH, 7.31 ± 1.5 min; REH, 
7.10 ± 1.3 min (P > 0.05)) or  % voluntary activation 
were a  ̥ected by dehydration (DEH, 88.7 ± 6.4 %; 
REH, 90.6 ± 6.1 % (P > 0.05)). Quadriceps peak 
torque was signifi cantly elevated in both trials 
prior to the TT (P < 0.05), while a 19 % increase in 
the rate of potentiated peak twitch torque devel-
opment (P < 0.05) was observed in the DEH trial 
only. All other neuromuscular measures were 
similar between trials. Short duration TT per-
formance and neuromuscular function are not 
reduced by dehydration, independent of hyper-
thermia.
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hypothesized that despite starting at a similar  T  c , dehydration 
would reduce voluntary activation of the working skeletal mus-
cle and thereby reduce cycling TT performance.

    Materials and Methods
 ̖
    Participants
  7 male volunteers (mean ± SD, age, 23 ± 4 years; height, 178.8 ± 
6.1 cm; body weight, 80.6 ± 10.2 kg; body composition, 19 ± 6.8 %; 
peak oxygen consumption (  ̇VO 2peak ), 52.7 ± 7.9 ml.min  ï 1 .kg  ï 1 ; 
and peak power output (PPO, 371 ± 57 W)) participated in this 
study after providing written informed consent. All participants 
were recreationally active, non-smokers and familiar with 
cycling. Participants were requested to abstain from the con-
sumption of ca  ̥eine for 12 h and alcohol for 24 h and refrain 
from strenuous physical activity in the 24 h prior to testing. The 
experiment was approved by the University Ethics in Human 
Research Committee and conformed to the ethical standards 
prescribed by the journal   [ 12 ]  .

    Procedures and experimental design
  Each participant completed 3 sessions; a familiarization session 
followed, in a randomized, counterbalanced order by dehydra-
tion (DEH) and rehydration (REH) trials. Experimental sessions 
were separated by a week and performed at the same time of 
day. During familiarisation, participants’ height and body mass 
were obtained using standard procedures and whole-body com-
position was determined by dual X-ray absorptiometry (XR800, 
Cooper Surgical Company, USA). Participants then performed an 
incremental cycle test to determine   ̇VO 2peak  and were then 
familiarized with the neuromuscular testing procedure.
  For experimental trials, participants arrived at the laboratory in 
a euhydrated state and voided. Nude body mass was measured 
and used as the basis for determining  % body mass loss. After 
sitting quietly for 10 min, a baseline blood sample was obtained. 
Subjects then performed a baseline neuromuscular assessment 
before actively dehydrating by~4 % body mass. Once the required 
loss in body mass was achieved, subjects rested for 2 h, during 
which time they either remained dehydrated or rehydrated by 
consuming a volume of water equivalent to 115 % loss of the 
body mass. Rehydration proceeded according to a schedule with 
the fi rst third of the required volume being consumed within 
15 min. After a 5-min break the remaining 2/3 were consumed 
in 7 equal volumes separated by 10-min intervals. Participants 
rested a further 30-min to allow gastric emptying and water 
absorption while being cooled with fans to ensure  T  c  returned to 
baseline values prior to commencing the 5-km cycling TT per-
formance test. Immediately prior to the TT a second blood sam-
ple was obtained, and subjects performed a post-intervention 
neuromuscular assessment.
  Individual   ̇VO 2peak  was determined using an incremental cycling 
test. Initial workload was set at 150 W and increased by 50 W 
every 3 min until volitional termination. Heart rate (HR) was 
recorded every minute (Polar Electro, Finland) and  V O 2peak  
determined when subjects attained an RER > 1.00 and an HR 
within 10 beats of their age-predicted maximum. The peak 
power output (PPO) obtained during the test was used to set the 
workload for the exercise-induced dehydration protocol.
  Subjects were dehydrated using an active protocol to simulate 
ecologically valid conditions. Participants rode a bicycle (Avanti 
Corsa, New Zealand) attached to an indoor trainer (Tacx, Nether-

lands) for 2 h at 50–65 % of their PPO (60 min at 50 % PPO, 30 min 
at 65 % PPO, 30 min at 50 % PPO) in a climate chamber set at 37  °C 
and 65 % relative humidity ( rh ) with no access to fl uids. Changes 
in nude body mass were calculated every 30 min corrected for 
urine loss. The  T  c  was monitored by telemetry pill (VitalSense, 
Minimitter, USA) ingested ~2 h prior to arriving at the laboratory.
  Blood samples were taken from the median cubital vein prior to 
the dehydration protocol and immediately preceding the TT. 
Blood was collected in iced lithium heparin tubes (Vacutainer, 
Becton Dickinson, USA) and immediately centrifuged for 10 min 
at 4  °C. Plasma was analysed for P Osm  (Advanced Micro Osmom-
eter 3300, Advanced Instruments Inc, USA), Na  +   and K  +   (ABL825 
Radiometer, Denmark), with the euhydration cut-o  ̥ set at  < 290 
mOsm.l  ï 1 . Hematocrit (Hct) was determined in triplicate (Jouran 
Hematocrit Centrifuge, Centri A13).

    Time trial protocol
  The 5-km cycling TT was performed as fast as possible. The labo-
ratory conditions were maintained via a closed circuit climate 
control unit at 18–25  °C and 20–30 % relative humidity ( rh ). No 
feedback was o  ̥ered apart from the elapsed distance at the end 
of each km. Speed, power, cadence, HR,  T  c , and electromyo-
graphic (EMG) data were recorded at the start and then at the 
completion of each km. The rating of perceived exertion (RPE) 
  [ 4 ]  , perceived thirst   [ 26 ]   and thermal comfort (0 unbearably 
cold to 8 unbearably hot) were assessed at the same time points. 
There was no access to fl uids throughout the performance test. 
To minimize the potential learning e  ̥ect, each subject com-
pleted a 5-km cycling TT in the familiarization session under 
similar conditions to the experimental trials.

    Neuromuscular tests
  Neuromuscular testing of the right knee extensors was per-
formed using a modifi ed leg extension bench (York Barbell Co., 
Canada) with a static load cell (model UU-200 kg, Dacell, Applied 
Measurement Australia) attached to the bench lever. Partici-
pants were seated upright with hip and knee fl exed at 75 ° and 
90 ° (0 ° being full extension), respectively, secured via a harness. 
Prior to testing, a warm-up consisting of submaximal and maxi-
mal isometric contractions was performed   [ 7 ]  .
  Neuromuscular testing consisted of a series of 5 × 5 s maximal 
voluntary isometric contractions with superimposed stimula-
tion and 5 s rest with evoked twitch between each e  ̥ort. The 
anode (Verity Medical Ltd, UK) was positioned medially on the 
anterior aspect of the upper thigh, 10 mm below the inguinal 
fold with the cathode ~10 mm distal. The current was delivered 
by a constant current stimulator (Digitimer, UK) using a single 
square-wave pulse (200 Ǿs, 400 V, 600–900 mA). Maximum cur-
rent was determined at the start of each session by increasing 
the current until twitch amplitude plateaued. The current was 
increased a further 20 % to ensure supra-maximal stimulation. 
Stimulus delivery was automatically triggered during each max-
imal voluntary contraction when the fi rst derivative of the 
torque data was � 0. A second stimulus was manually delivered 
within each rest period. Torque data were initially corrected for 
gravity by o  ̥setting the data by the average torque during the 
second immediately prior to the fi rst maximal voluntary con-
traction.
  Maximal voluntary torque (MVT) during each superimposed 
contraction was determined as the average torque produced 
during the 50 ms immediately prior to stimulus. The contraction 
yielding the highest MVT was used for calculating the rate of 
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maximal voluntary torque development (RTD MVT ), surface EMG 
amplitude and superimposed maximal torque. The RTD MVT  was 
calculated as the fi rst derivative of the torque-time curve 
between torque onset and 2/3 of the MVT value. The mean 
torque-time curve determined from the fi nal 4 evoked twitch 
contractions was used to calculate potentiated peak twitch 
torque (Pt), the rate of Pt development and the rate of Pt relaxa-
tion   [ 7 ]  .
  During the TT and neuromuscular testing, surface EMG signals 
from the right  vastus lateralis ,  medialis  and  rectus femoris  were 
sampled using pre-amplifi ed single di  ̥erential surface elec-
trodes (model DE-2.1, Delsys, USA). Data were band-pass fi ltered 
between 20–450 Hz using a zero-phase 2 nd  order Butterworth 
fi lter and full-wave rectifi ed. EMG activity during the TT was 
quantifi ed by calculating the average EMG (avEMG) from 20 s 
duration bins obtained at the start of the TT and immediately 
prior to each km, normalized relative to the start of the TT. EMG 
activity during the MVT was determined as the avEMG during 
the 50 ms period immediately prior to stimulation. The avEMG 
amplitude during the TT and MVT was summed between mus-
cles to provide a global indication of total knee extensor activity.
  The level of voluntary activation during the MVT contraction 
was calculated using the twitch interpolation using the follow-
ing equation:
  VA % = [1– (Interpolated Twitch Torque/Peak Potentiated Evoked 
Twitch Torque)]  ×  100
  where interpolated twitch torque was calculated as the maximal 
superimposed torque produced during the 50–150 ms period 
following the delivery of the stimulus minus MVT.

    Statistical analyses
  All data processing and analyses were performed using Matlab 
software (Version R2010b, The MathWorks Australia Pty Ltd, Aus-
tralia). Data are presented as means ± SD. Statistical procedures 
were performed using SPSS (v17, USA) with signifi cance set at 
P < 0.05. A 2-way repeated measures ANOVA was applied to iden-
tify intra-participant e  ̥ects and a Greenhouse-Geisser or Huhyn-
Fundt correction applied when Mauchly’s W was  < 0.75 and  > 0.75, 
respectively. Bonferroni corrections were used for pairwise com-
parisons and a univariate repeated measures ANOVA used to 
determine the source of signifi cance. E  ̥ect sizes (ES,  Cohen’s d ) 
were calculated to analyze the magnitude of changes in neu-
romuscular responses for respective conditions. An ES of  < 0.2 is 
classifi ed as ‘trivial’, 0.2–0.5 as ‘small’, 0.5–0.8 as ‘moderate’ 
and > 0.8 as ‘large’ e  ̥ect.

     Results
 ̖
    Temperature and hydration
  Body mass,  T  c  and blood variables are presented in      ̎  ̂      Table 1  . The 
values for all these measures before exercise-induced dehydra-
tion were not di  ̥erent between trials (P > 0.05). As expected,  T  c  
was increased signifi cantly by 1.9  °C (P < 0.01) for DEH and REH 
trials following exercise-induced dehydration, but returned to 
baseline prior to the start of the 5-km cycling TT. Body mass 
after exercise-induced dehydration was lower than baseline in 
both trials (P < 0.01) and remained lower following the 2-h 
recovery period in the DEH trial (P < 0.01). P Osm  and P Na  +  were 
signifi cantly (P < 0.05) higher following the recovery period for 
DEH, whereas P Osm  was signifi cantly (P < 0.05) reduced for the 
REH trial during the same period.

       Neuromuscular responses
  Voluntary and evoked neuromuscular performance data are pre-
sented in      ̎  ̂      Table 2  . There were no di  ̥erences (P > 0.05) in MVT, 
EMG, RTD MVT , VA % or RR Pt  between the 2 trials either before 
exercise-induced dehydration or following the recovery period. 
Pt was signifi cantly elevated in both DEH and REH trials prior to 
the start of the TT (P < 0.05). The ES was moderate when compar-
ing Pt for pre-dehydration and pre-5 km in the DEH ( d  = 0.60) 
and REH ( d  = 0.65) trials. The change in RTD Pt  increased by 19 % 
only in the DEH group (P < 0.05) with a large ES of  d  = 0.80 com-
pared with REH where the ES was trivial at  d  = 0.14. The ES for all 
other neuromuscular measures ranged from 0 to 0.3 (trivial to 
small;      ̎  ̂      Table 2  ).

       Responses during time trial performance
  The time to complete the 5-km cycling TT was 7.31 ± 1.5 min for 
DEH and 7.10 ± 1.3 min for REH (P > 0.05). By the completion of 
the second km,  T  c  had increased signifi cantly from pre-exercise 
values (37.4 ± 0.2 vs. 37.0 ± 0.6  °C for DEH and REH, respectively; 
P < 0.05). However, this was not signifi cantly di  ̥erent between 
DEH and REH trials at any point during the 5 km with terminal  T  c  
of 37.9 ± 0.2  °C for DEH and 37.4 ± 0.7  °C for REH (     ̎  ̂      Fig. 1a  ). The 
change in  T  c  over the entire TT was 0.5 ± 0.2 and 0.4 ± 0.6  °C for 
DEH and REH, respectively. HR increased signifi cantly from pre-
exercise values at 1–5 km in both trials (P < 0.05;      ̎  ̂      Fig. 1b  ) but 
was comparable between trials (P > 0.05). The PO was lower at 2, 
3 and 4 km compared with km 1 and 5 in both trials (P < 0.05), 
but was not di  ̥erent between trials (P > 0.05;      ̎  ̂      Fig. 1c  ). The 
EMG (     ̎  ̂      Fig. 1d  ) tracked the PO over the 5-km cycling TT, but 

  Table 1    Temperature, body mass and blood parameters before and after dehydration, and following the recovery period (prior to 5-km time trial) for the 
dehydration (DEH) and re-hydration (REH) trials. 

    DEH Trial          REH Trial        

    Before 

 dehydration  

  After 

 dehydration  

  Following 

recovery  

  ǘ ( %)    Before 

 dehydration  

  After 

 dehydration  

  Following 

recovery  

  ǘ ( %)  

   T  c  ( °C)    37.0 ± 0.4    38.9 ± 0.8  a     37.3 ± 0.3    0.7 ± 1.1 %    36.5 ± 0.8    38.4 ± 1.1  a     37.0 ± 0.2    1.4 ± 1.7  
  body mass (kg)    81.8 ± 10.3    79.0 ± 10.0  a     78.7 ± 10.0  a,b     ï3.8 ± 0.5 %    82.4 ± 10.8    79.8 ± 10.6  a     82.2 ± 10.7    0.2 ± 0.6 %  
  P Osm  (mOsm/l)    287.7 ± 5.3      297.7 ± 4.9  a,b     3.4 ± 0.9    286.5 ± 2.4      282.1 ± 3.4  a     ï1.5 ± 0.8  
  P Na  (mmol/l)    140.4 ± 1.8      143.8 ± 1.8  a     2.5 ± 1.0    139.1 ± 3.2      136.6 ± 1.0  a     ï1.8 ± 2.6  
  P K +   (mmol/l) 
 hematocrit ( %)  

  4.0 ± 0.4 
 48.7 ± 2.6  

    4.3 ± 0.2  a  
 51.6 ± 3.0  

  9.5 ± 12.2 
 6.1 ± 7.2  

  4.0 ± 0.2 
 48.3 ± 1.9  

    4.1 ± 0.2  a  
 49.8 ± 2.5  

  4.2 ± 5.9 
 3.2 ± 5.4  

 Tc, core temperature; P OSM , plasma osmolarity; P Na , sodium; P k +  , potassium; Ǘ( %), percent change from before the dehydration protocol to immediately prior to the 5-km TT. 
 a Indicates a signifi cant di  ̥erence from before the dehydration protocol within the respective trial (p < 0.05).  b Indicates signifi cance compared with the REH trial (p < 0.05). Data 
presented as mean ± SD 
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was not di  ̥erent across intervals or between trials (P > 0.05). No 
di  ̥erences in speed or cadence were observed within or 
between trials (P > 0.05). RPE (     ̎  ̂      Fig. 1e  ), thermal comfort and 
thirst sensation (     ̎  ̂      Fig. 1f  ) were signifi cantly higher at 3, 4 and 
5 km compared to the initial rating in both trials (P < 0.05), with 
the thirst sensation rating higher in DEH compared to REH from 
the start of the TT (P < 0.05). No di  ̥erences in RPE or thermal 
comfort were observed between trials (P > 0.05).

      Discussion
 ̖
   This study investigated the e  ̥ect of exercise-induced dehydra-
tion on neuromuscular and 5-km cycling TT performance, inde-
pendent of exercise-induced hyperthermia. Our data show that 
TT performance remained unchanged by~4 % loss of body mass 
in the absence of thermal strain. Voluntary activation was also 
una  ̥ected by either dehydration or rehydration, disproving our 

    Fig. 1    Core temperature  a , heart rate  b , power 
 c , EMG ratio ( d ; normalized to initial sprint), rating 
of perceived exertion (RPE,  e ) and thirst sensation 
 f  at 1-km intervals over the 5-km time trial for the 
dehydration (DEH; closed squares) and rehydra-
tion (REH; open squares). *P < 0.05 compared with 
start (0 km);  #  P < 0.05 compared with end of trial 
at 5 km. Values are means ± SD. 
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  Table 2    Voluntary and evoked neuromuscular performance pre dehydration and pre 5-km TT for dehydration (DEH) and re-hydration (REH) trials. 

    DEH Trial        REH Trial      

    Pre-dehydration    Pre 5 km TT    ES ( d )    Pre-dehydration    Pre 5-km TT    ES ( d )  

  MVT (Nm)    325 ± 60    312 ± 65    0.20    317 ± 68    305 ± 52    0.19  
  EMG (mV)    5.19 ± 1.44    4.88 ± 0.69    0.27    4.80 ± 1.47    4.98 ± 1.72    0.11  
  RTD MVT  (Nm.s ï1 )    1 449 ± 455    1 325 ± 595    0.23    1 185 ± 585    1 309 ± 326    0.26  
  VA( %)    90.7 ± 6.9    88.7 ± 6.4    0.30    90.6 ± 5.1    90.6 ± 6.1    0.00  
  Pt (Nm)    85.6 ± 23.6    97.7 ± 16.5*    0.60    91.7 ± 17.2    102 ± 13.9*    0.65  
  RTDpt (Nm.s -1 )    782 ± 215    933 ± 161*    0.80    888 ± 114    910 ± 174    0.14  
  RRpt (Nm.s -1 )     ï 513 ± 160     ï 534 ± 191    0.12     ï 531 ± 178     ï 544 ± 151    0.07  
 MVT, maximal voluntary torque; EMG, average electromyographic amplitude of 50 ms immediately prior to stimulation; RTD MVT , relative voluntary torque development; VA, 
voluntary activation; P t , peak potentiated twitch torque; RTD Pt , rate of peak potentiated twitch torque development; RR Pt , rate of peak potentiated twitch torque relaxation. 
*P < 0.05 compared with pre-dehydration values. Data presented as mean ± SD. ES is e  ̥ect size (Cohen’s  d ) 
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hypothesis, at least for the dehydration attained in the present 
study.
  Maintenance of body water is thought to provide protection from 
thermal injury, reduce physiological strain and either maintain or 
improve exercise performance   [ 29 ]  . However, the importance of 
hydration for exercise performance is not always reconciled with 
observations from the fi eld where the fastest fi nishers in com-
petitive events are often those who experience the highest degree 
of dehydration   [ 30   ,  36 ]  . In addition, during a laboratory TT, fl uid 
replacement did not improve performance in moderate or warm 
environments   [ 14 ]  . In a recent meta-analysis, levels of exercise-
induced dehydration, similar to those in the present study, did 
not reduce cycling TT performance, although a decline in per-
formance for time-to-exhaustion protocols was reported   [ 9 ]  . 
These data suggest the infl uence of dehydration may, in part, be 
protocol-specifi c. Our results complement these fi ndings, as 
dehydration failed to alter power output or pacing strategy. 
Although our ambient temperature during the cycling TT was 
maintained at 18–25  °C and 20–30 % relative humidity, it might 
be possible that varying ambient temperatures could confound 
our interpretation as warmer ambient temperatures could raise 
skin temperature and reduce TT performance as previously pos-
ited   [ 34 ]  . However, in a recent study, subjects completed a 7.5-km 
self-paced cycling TT with at least 4.5 km under high radiant heat 
  [ 18 ]  . The cycling TT was completed with precooling, under heat 
stress or a in a control condition. The authors found that even 
though skin temperature was lower in precooling and control 
compared to heat stress, the time to complete the 7.5 km was not 
di  ̥erent. It was concluded that skin temperature during a 7.5-km 
cycling TT does not infl uence performance or pacing strategy. 
Therefore, it is unlikely that the ambient temperature range in the 
present study infl uenced the TT outcome through its e  ̥ects on 
skin temperature given the short exercise time of~7.2 min.
  Findings from previous studies have been confounded by the 
development of hyperthermia and fatigue as a result of the 
dehydration protocol itself. In the present study, active dehydra-
tion was accomplished for both trials to control for fatigue as a 
potential confounding factor. We also provided a 2 h rest 
between the exercise-induced dehydration and 5-km cycling TT 
to ensure  T  c  returned to baseline so that performance in the 
5-km cycling TT was not a  ̥ected by the  T  c  response   [ 18 ]  . How-
ever, despite being relatively short and performed in a mild envi-
ronment,  T  c  increased throughout DEH, although there was no 
signifi cant di  ̥erence between trials with  T  c  remaining below 
that normally associated with central fatigue (39.5ºC).
  Previous studies have reported dehydration as having a negative 
e  ̥ect on performances lasting 3–15 min. Armstrong et al.   [ 1 ]   
found 1 500 and 5 000-m times increased in response to diu-
retic-induced dehydration, although maximal aerobic capacity 
was una  ̥ected. Moquin and Mazzeo   [ 23 ]   also reported no 
change in aerobic capacity, but observed a reduction in lactate 
threshold and time to exhaustion after exercise-induced dehy-
dration. Similarly, reduced performance has been observed in 
rowers following dehydration-rehydration, although perform-
ance decrement was marginal   [ 32 ]   and attributed to lower 
plasma volume and decreased muscle glycogen utilization   [ 6 ]  . 
Notably, in this latter study rehydration was not complete as 
body mass remained signifi cantly less than baseline and plasma 
volume was not restored. In contrast, dehydration by 4 % body 
mass did not impact 15-min cycling TT when ambient tempera-
ture was < 20 °C   [ 15 ]  . Therefore, the lack of a performance defi cit 
in the 5-km cycling TT in the current study may be attributable 

to the relatively cool environment (18–25 °C). However, a possi-
ble limitation in the present study is the participant sample, 
which may compromise detectable di  ̥erences in 5-km cycling 
TT. Nonetheless, other studies evaluating exercise performance 
and dehydration/rehydration have used samples ranging from 
 n  = 6 to 11   [ 5   ,  6   ,  10   ,  11   ,  17   ,  21 ]  . The fi ndings from these previous 
studies are generally inconclusive with respect to either muscu-
lar strength or exercise performance, thus the present results 
are not dissimilar with what is reported in the literature.
  Despite the subjects being dehydrated by ~4 %, the HR response 
during the cycling TT was no di  ̥erent between the 2 groups. 
This fi nding is in agreement with previous work   [ 29 ]   and sug-
gests that dehydration has little impact on VO 2  and HR during 
maximal exercise when both  T   c   and skin temperature are low. In 
contrast, increases in  T   c   and skin temperature with or without 
dehydration increase HR and decrease oxygen uptake, indicating 
that hyperthermia, not hypohydration, is likely the predominant 
infl uence on performance   [ 25 ]  . Nybo et al.   [ 25 ]   also observed no 
change in HR in hypohydrated subjects when skin temperature 
was low, although maximum HR occurred sooner during a max-
imal exercise test and performance was reduced. A similar 
decrease in performance was also observed in the study by Sal-
tin   [ 28 ]   and is in striking contrast to the lack of performance 
decrement observed in the current study. Interestingly, both of 
these studies used time to exhaustion protocols compared to the 
cycling TT used in our study, again suggesting dehydration may 
infl uence performance in a protocol-specifi c manner.
  While increases in  T  c  have been shown to decrease voluntary 
activation   [ 24 ]  , we did not observe a similar decline in response 
to dehydration. The increase in P OSM  achieved in the current 
study was similar to that shown to delay the onset of sweating 
and cutaneous dilation   [ 31 ]  , suggesting the level of dehydration 
achieved should have been of su  ̦ cient magnitude to evoke 
responses from the CNS. While we cannot rule out the possibil-
ity that a greater degree of dehydration may be inhibitory, the 
present fi ndings indicate that dehydration does not independ-
ently a  ̥ect neuromuscular drive. These data support those of 
recent studies in which there was no change in the central acti-
vation ratio after dehydration of 2.5–5.0 %   [ 13 ]  . In fact, at dehy-
dration levels of 2–4 % body mass defi cit, EMG amplitude either 
during isometric or isokinetic muscle contraction remained 
unchanged compared with control   [ 8 ]  . These authors concluded 
that the electrolyte and fl uid shifts that accompany dehydration 
of similar magnitude are unlikely to negatively a  ̥ect neuromus-
cular activation. Our electrolyte and fl uid changes support this 
conclusion. Interestingly, unlike the present fi ndings these pre-
vious studies reported a decrease in performance during endur-
ance exercise.
  However, a novel fi nding from the present study is the dehydra-
tion-related increase in RTD pt  as confi rmed by the large e  ̥ect 
size between the pre-dehydration and pre-5-km cycling TT 
measures in DEH. The RTD pt  is dependent on intracellular cal-
cium concentration as the quantity and speed of calcium release 
is critical in the production of torque. While we do not currently 
have an explanation for this particular phenomenon it may be a 
mechanism through which muscle contraction is maintained 
during dehydration and is worthy of further investigation.
  Finally, the present data do not support the notion that thirst 
sensation negatively a  ̥ects performance, at least with 
e  ̥orts < 10 min, as thirst sensation increased markedly in the 
dehydration trial between 3 and 5 km, yet there was no di  ̥er-
ence in power output. Previous studies have reported increased 
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RPE in response to dehydration and increased thirst, in contrast 
to what was observed with our participants   [ 26 ]  . Critically, in 
both of these studies individuals exercised in the heat and for 
prolonged periods at a low intensity resulting in high core and 
skin temperatures. Given that cooling the skin has been shown 
to reduce thirst sensation   [ 16 ]  , it may be that thirst amplifi es the 
impact skin and core temperature have on RPE rather than being 
a primary driver.

    Conclusions
 ̖
   Irrespective of the thermoregulatory implications, the present 
fi ndings do not support the popular view that dehydration by as 
little as 2 % of body mass degrades performance, at least for a self-
paced 5-km cycling TT. Dehydration does not appear to reduce 
neural drive to the muscle independently, but may still act syner-
gistically with skin temperature, core temperature or both.
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Summary The positive effects of carbohydrate (CHO) supplementation on
endurance exercise are well documented but the placebo (PLAc) effect can make the
ergogenic qualities of substances more difficult to determine. Therefore, this study
tested the effect of double blind ingestion of PLAc and CHOc in capsules versus known
capsule (CHOk) ingestion on prolonged exercise heat stress. Nine well trained male
volunteers (mean ± S.D.: 23 ± 3 years; 62.4 ± 6.5 kg and 65.8 ± 5.2 mL kg!1 min!1

peak oxygen consumption) exercised at 60% of maximum power output until voli-
tional exhaustion (TTE) in the three different conditions. Capsules were ingested
with 252 ± 39 mL of water. Blood glucose in CHOc and CHOk was similar but higher
(p < 0.05) than PLAc from 45 min to end of exercise. There were no differences in
TTE between PLAc (125.2 ± 37.1 min) or CHOc (138.8 ± 47.0 min) or between CHOc

and CHOk (155.8 ± 54.2 min). Time to volitional exhaustion was different between
PLAc and CHOk (p < 0.05). Increased TTE resulted when participants and researchers
knew the capsule content, but not in the double blind condition. The difference
could be related to a combined effect of CHO ingestion and knowledge of what was
ingested possibly acting as a potent psychological motivator.
© 2007 Sports Medicine Australia. Published by Elsevier Ltd. All rights reserved.

Introduction

The positive effects of carbohydrate (CHO) sup-
plementation on exercise duration are well docu-

" Corresponding author.
E-mail address: fmarino@csu.edu.au (F.E. Marino).

mented. Most of these studies have predominantly
used beverages ranging from 2 to 7% CHO.1—4

Conversely, other studies suggest that CHO supple-
mentation is not as effective as previously thought
and exercise performance is not enhanced.5—7 The
mechanism/mechanisms by which carbohydrate
ingestion might improve exercise performance

1440-2440/$ — see front matter © 2007 Sports Medicine Australia. Published by Elsevier Ltd. All rights reserved.
doi:10.1016/j.jsams.2007.08.015
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remains debatable partly because of the various
environmental conditions, as well as a variety of
experimental designs and placebo (PLA) controls.
For instance, some studies have focused on warm
environments although controversy regarding the
benefits of ingestion of CHO in these conditions still
exists.8

Although some researchers have questioned the
methods used in CHO studies with respect to
the control of the placebo group,9,10 others have
recently confirmed the placebo effect as a potent
factor that can have a significant effect on per-
formance or on the sense of effort.11 Therefore,
it would be prudent to account for this possibility
when studying the ingestion of carbohydrates as the
expectations of participants could determine the
intrinsic feedback as shown in the classic study of
Arile and Saville.12 As researchers are interested
in distinguishing between the effect and the real
responses of substances being tested, the placebo
effect can make the ergogenic qualities of differ-
ent substances more difficult to determine. For
example, Clark et al.10 showed an improved per-
formance when participants believed they were
ingesting CHO but were actually consuming a PLA.
In this particular study, 43 participants completed
2 # 40 km time trials; one trial to establish baseline
performance and a second trial where the partic-
ipants ingested a CHO or a PLA fluid. These two
groups were further subdivided into three groups
where participants either knew they were ingest-
ing CHO or they knew they were ingesting a PLA
or to a group not knowing either. Interestingly, the
group that ingested PLA but was told to be having
CHO had a better performance than the group that
was told and actually had ingested CHO.

In a further attempt to examine the effect of
CHO versus a PLA beverage, Timmons et al.13 using
gelatin capsules for the ingestion of CHO, exer-
cised athletes at 100% VO2peak. These authors did
not observe an enhancement in anaerobic perfor-
mance, although exercise duration was $105.4 s
in the CHO trial compared to $103.2 s in the PLA
trial. Furthermore, in a study where glucose (CHO)
and saline (PLA) infusions were used to asses 1 h

cycle time-trial performance in a thermoneutral
environment, no improvement in performance was
reported.14 This group15 also investigated the pos-
sible effect of CHO receptors in the mouth on
performance, and concluded that an enhancement
in performance is more related to an increase in
central drive or motivation than a metabolic effect.
This study shows the importance in developing
methods that do not allow participants to recog-
nize what is being administered since four of the
nine participants in this study detected they were
ingesting CHO, and of these four, three performed
better when ingesting CHO. Therefore, infusion and
capsules might be a better method to verify the real
effects of a substance and discriminate between
the effect of CHO and PLA on exercise performance.

The purpose of this study was to examine the
effect of ingesting capsules as either 6% CHO or
PLA with the added effect of participants knowing
in advance what they were ingesting. A further aim
was to evaluate the CHO—PLA effect on exercise
duration in heat stress conditions given that con-
troversy still exists as to the role of CHO ingestion
in these conditions.

Methods

The mean ± S.D. characteristics of the participants
are given in Table 1. Nine well trained male par-
ticipants (5 cyclists, 3 mountain bikers and 1
triathlete) took part in the study after completing a
health screening questionnaire and being released
by a physician. Each participant signed a letter of
informed consent approved by the Ethics in Human
Research Committee of the University.

The preliminary tests included skinfold mea-
surements where standard regression equations
were used for the estimation of body density and
percent body fat.16,17 Peak oxygen consumption
(VO2peak) was determined from peak power output
(PPO) according to the American College of Sports
Medicine18 protocol in a thermoneutral environ-
ment of 21 ± 1 %C and 67 ± 6% relative humidity.
The participants performed the PPO test and all

Table 1 The mean ± S.D. physical and physiological characteristics of participants (n = 9)

Age (years) Body mass
(kg)

Height (cm)
�

SF (mm) %BF PPO (W) VO2peak

(mL kg!1 min!1)

Mean ± S.D.
23 62.4 171 59.4 5.9 325 65.8
3 6.5 8 2.3 2.1 33 5.2

�
SF is the sum of nine skinfolds (bicep, tricep, subscapular, pectoral, mid-axilla, abdominal, supraspinale, thigh, calf), %BF the

percent body fat derived from Katch and McArdle,17 PPO the peak power output and VO2peak is the estimated peak oxygen uptake.
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experimental trials using a friction-braked cycle
ergometer (Monark® 824 E Ergomedic, Varberg,
Sweden) with their own bicycle shoes using a
Shimano Pedaling System (SPD). The PPO test com-
menced at a workload of 50 W which participants
were required to maintain at 50 rpm whilst the load
was increased by 25 W every 2 min until voluntary
exhaustion. Throughout the test, participants were
required to remain in a seated position.

To allow for recovery of muscle glycogen, for
2 days preceding each trial participants were
required to follow a diet with 60—70% CHO,
1.2—1.7 g of protein kg!1 of body mass and 20—25%
fats, prescribed individually by a dietitian.

The hydration status was assessed by urine spe-
cific gravity (Uridens® Inlab, Sao Paulo, Brazil)
measured before and after the trials. In addition,
participants were required to maintain their usual
training routine but abstain totally from training or
any kind of exercise, caffeine and alcohol consump-
tion for at least 24 h prior to all trials.

The participants completed a random crossover
design of three trials: in a double blind fashion
participants ingested either placebo capsules with
distillated water (PLAc) or they ingested carbo-
hydrate capsules with distilled water (CHOc). In
the third trial, they ingested carbohydrate capsules
with distilled water whilst both researchers and
participants knew that carbohydrates were being
ingested (CHOk). For the double blind trials, an indi-
vidual that was not involved with the collection of
data was the only individual that knew the codes
for the capsules.

Fig. 1 depicts a timeline of the experiment tri-
als and procedures. Each participant performed the
trials at the same time of day and the experiments
were separated by a period of at least 3 days.
There was no overnight fast; participants consumed
a normal breakfast as prescribed by the dietitian

on the day of the trials. They then reported to the
laboratory approximately 2 h prior to the experi-
mental trial at which time they voided. Following
this procedure, a blood sample was taken from the
middle finger for the determination of blood lac-
tate and glucose concentrations. The participants
then mounted the cycle ergometer and remained in
a seated position for 5 min until exercise started.
Participants exercised until voluntary exhaustion
at 60% PPO in an environmental chamber in a
warm environment (28 %C and 79% relative humid-
ity). Only naturally circulating air was provided in
the chamber during exercise. They were instructed
to achieve a workload of 60% PPO (approximately
70% VO2peak) at 90 rpm and maintain this throughout
the trial. When this cadence could not be main-
tained exercise was terminated. The decision to
terminate the endurance protocol was established
by the following steps: First, when participants
could not maintain the cadence, they received a
warning; they were then advised to maintain the
cadence with a tolerance of up to 2 min given. If the
cadence could not be maintained after this period,
exercise was terminated. The test was terminated
when one or a combination of the following criteria
was achieved: rectal temperature reached 39.5 %C,
an RPE of 20, the participant voluntarily terminat-
ing the exercise or any sign of illness or discomfort
by the participant. Exercise duration was measured
using a Timex® Triathlon chronometer. Participants
were not given any feedback about how long they
had been exercising and at no time were blood
results and heart rate measurements available to
the participants.

Each participant received 252 ± 4 mL of distilled
water (4 mL kg!1 of body mass) every 15 min in addi-
tion to 127—149 g of CHO depending on the trial
(described subsequently) in the three trials with all
hydration procedures undertaken according to the

Figure 1 Timeline of experimental trials of PLAc (double blind placebo with capsules) vs. CHOc (double blind carbo-
hydrate ingestion with capsules) and CHOk (unblinded carbohydrate with capsules).

Paper 28 Paper 28

279



Author's personal copy

Carbohydrate ingestion and exercise duration 75

ACSM19 recommendations. The amount of powder
was calculated to match the volume of water so
that the mixture of the water and capsules would
correspond to a 6% CHO solution. For each trial
the mean number of capsules ingested was 252 for
PLA, 281 for CHOc and 330 for CHOk. Each capsule
contained 452 mg of carbohydrates whereas each
capsule of PLA contained 500 mg of placebo powder
(gelatin).

The placebo capsule containing gelatin was used
under advice of a qualified physician/pharmacist,
so that the amount of powder that was ingested
during the experiments had no laxative effect. The
gelatin is composed mainly of amino acids such
as glycine, proline, hydroxyproline, glutamic acid,
arginine and alanine. The carbohydrate capsules
contained a commercial isotonic drinking powder
in a proportion of 6% carbohydrates with glucose,
fructose and malt dextrin and the following miner-
als per 100 g: sodium (625 mg), potassium (300 mg),
chlorine (285 mg), calcium (584 mg), phosphate
(296 mg), magnesium (30 m) and chrome (60 mg).
Vitamins and minerals were administrated as they
formed part of the composition of the commercial
powder; therefore, it was not considered worth-
while to evaluate the effects of these components
as they comprised a negligible amount. No dis-
tinguishable taste of the drinks could be readily
recognized by participants since powder was in cap-
sules. In the CHOk trials, the powder was also given
in capsules to remove any possible difference in
absorption between trials.

Heart rate was continuously monitored (Polar®

Vantage, Kempele, Finland) and recorded at 5 min
intervals. Ratings of perceived exertion (RPE) were
evaluated every 5 min of exercise using the Borg
scale.20

Blood samples were collected on a reagent
strip for lactate at 30 min and for glucose every
15 min and at the termination of exercise. Blood
was collected in a 20 !L tube for the determi-
nation of lactate using an Accusport BM—–Lactate
device (Roche Diagnostics, Boehringer-Manheim®,
Germany) and blood glucose levels were measured
by a Accu-check Advantage® (Roche Diagnostics
Corporation, USA).

Rectal temperature was measured using rec-
tal probes (Yellow Springs Incorporated® 4400
series—–4491-E type) inserted 12 cm beyond the
anal sphincter whilst skin temperature was moni-
tored with skin thermistors attached at four sites
(chest, arm, thigh, leg). All thermistors were
connected to a telethermometer (Yellow Springs
Incorporated® 4400-A) and recorded every 5 min.
Mean skin temperature was calculated as described
by Ramanathan.21

All data are reported as mean ± S.D. Target
responses were normally distributed according
to Shapiro—Wilk’s test. The Latin Square design
was used to control all sources of variation
that could have influenced the target responses
other than treatments, such as individual training
effects.22 Treatment sequences (PLAc—CHOc—CHOk
or CHOk—PLAc—CHOc or CHOc—CHOk—PLAc) were
randomized using nine individuals in a 3 # 3 Latin
Square. All target variables were measured at pre-
determined times during exercise, thus, the final
design was a Split Plot testing the factorial (three
treatments in the plots and times in the subplots)
with nine replications, built upon a basic 3 # 3 Latin
Square design repeated three times. Time effect
was studied up to 75 min since that was the max-
imal value achieved by all the participants. Post
hoc comparisons were made by least significant dif-
ference test. The level of significance was set at
p < 0.05.

Results

Fig. 2 shows the completion times for each
trial for individual participants. The dura-
tion of exercise was 125.25 ± 37.13 min for
PLAc, 138.85 ± 47.04 min for CHOc and 155.
08 ± 54.02 min for CHOk which was significantly
different to PLAc (p < 0.05). When comparing the
groups the exercise duration was similar between
PLAc and CHOc and between CHOc and CHOk. How-
ever, exercise time for CHOk was approximately
24% longer compared to PLAc.

Fig. 3 shows the heart rate response during exer-
cise. At the commencement of exercise heart rate

Figure 2 Individual participant times for completion of
exercise in warm humid conditions. PLAc (double blind
placebo with capsules) vs. CHOc (double blind carbo-
hydrate ingestion with capsules) and CHOk (unblinded
carbohydrate with capsules).
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Figure 3 Heart rate responses during prolonged exercise
in the three conditions: PLAc (double blind placebo with
capsules) vs. CHOc (double blind carbohydrate ingestion
with capsules) and CHOk (unblinded carbohydrate with
capsules). *PLAc significantly different to CHOk and CHOc

(p < 0.05).

was 64 ± 12, 62 ± 5 and 64 ± 10 beats min!1 whilst
at the end of exercise heart rate was 158 ± 9,
163 ± 6 and 165 ± 8 beats min!1 for PLAc, CHOc and
CHOk, respectively. These values were higher for
both CHOc and CHOk compared to PLAc. The mean
heart rate during exercise in each trial taking into
consideration the total time of each participant was
152 ± 5, 156 ± 4 and 156 ± 7 beats min!1 for PLAc,
CHOc and CHOk, respectively. Heart rate during
exercise was similar amongst trials except at the
end of exercise, when it was higher for CHOc and
CHOk compared with PLAc. The median RPE at the
end of exercise was 19 (exhaustive) in all trials,
indicating a similar conscious exercise effort by all
participants across all trials.

The urine specific gravity before exercise was
1.011 ± 0.008, 1.012 ± 0.008 and 1.014 ± 0.009
whilst after exercise it was 1.012 ± 0.008,
1.013 ± 0.006 and 1.012 ± 0.006 for PLAc, CHOc
and CHOk, respectively. As these values were
similar between trials indicates that participants
commenced and terminated exercise in a hydrated
state.

Fig. 4 shows the blood glucose response during
exercise up to 75 min in all trials and at the end of
exercise. Initial blood glucose was similar amongst
trials at 5.6 ± 0.4, 5.8 ± 0.9 and 5.9 ± 0.4 mmol L!1

for PLAc, CHOc and CHOk, respectively. Blood glu-
cose was higher for CHOc and CHOk compared to
PLAc after 45 min of exercise and at the end of
exercise these values were also higher for CHOc
(5.8 ± 0.5 mmol L!1) and CHOk (5.9 ± 0.6 mmol L!1)
compared with PLAc (4.9 ± 0.3 mmol L!1; p < 0.05).
The CV of the blood glucose measurements ranged
from 1.5 to 0.7%.

Figure 4 Blood glucose concentration during prolonged
exercise for the three conditions: PLAc (double blind
placebo with capsules) vs. CHOc (double blind carbo-
hydrate ingestion with capsules) and CHOk (unblinded
carbohydrate with capsules). PLAc significantly different
to CHOk and CHOc (p < 0.05).

At the commencement of exercise blood lac-
tate was 2.6 ± 0.7, 2.4 ± 0.3 and 2.6 ± 0.4 mmol L!1

for PLAc, CHOc and CHOk, respectively. Blood lac-
tate levels at the end of exercise were 2.7 ± 0.3;
2.6 ± 0.5 and 3.2 ± 1.1 mmol L!1 for PLAc, CHOc and
CHOk, respectively. At no time were blood lactate
values different amongst conditions.

Fig. 5 shows the rectal temperature response to
the end of exercise. Rectal temperatures at the
start of exercise were 36.9 ± 0.2, 37.1 ± 0.1 and
37.0 ± 0.3 %C for PLAc, CHOc and CHOk, respectively
and were not different. At the end of exercise rec-
tal temperatures were 38.4 ± 0.5, 38.6 ± 0.4 and

Figure 5 Rectal temperature response for three condi-
tions: PLAc (double blind placebo with capsules) vs. CHOc

(double blind carbohydrate ingestion with capsules) and
CHOk (unblinded carbohydrate with capsules). PLAc is sig-
nificantly different to CHOk (p < 0.05).
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38.6 ± 0.5 %C for PLAc, CHOc and CHOk, respectively
but were only different between CHOk and PLAc
(p < 0.05). The mean skin temperature response was
similar between trials throughout and up to the end
of exercise. The end of exercise mean skin temper-
ature was $34.7 %C amongst trials.

Discussion

The findings of the present study show that exercise
duration is significantly increased ($24%) when the
ingestion of CHO is combined with the knowledge of
ingesting the CHO, compared with PLA and double
blind CHO ingestion in a warm, humid environment.
However, the experimental design used in this study
does not allow us to fully explain the differences in
exercise duration solely on the basis of either a psy-
chological or additive effect. Based on some recent
studies; however, exercise duration was expected
to be improved in CHOc compared with PLAc, but
we expected CHOk would be even better because
of the combined effect of the ingestion of carbohy-
drates and the knowledge of this ingestion by both
participants and researchers.

Although the results of the present study partly
contradict the expected improvement in exer-
cise duration with CHO compared with PLA, it
is likely that a possible psychological effect was
a determining factor in the outcome of exercise
duration. Clark et al.10 suggested that a psycho-
logical effect on performance is possible when
carbohydrates were thought to be ingested. In the
present study, CHO was ingested in capsules which
guaranteed a robust evaluation of the physiolog-
ical effects of this substance. Although others3

used fluid with artificial sweetener as a placebo,
the use of this traditional method may limit the
masking of the placebo and not guarantee that
individuals will not be able to discriminate the
taste difference between the placebo fluid and
the fluid with carbohydrates. It is important to
note that the use of venous infusion of CHO did
not enhance performance14 and it is possible that
oral and pharyngeal receptors could be activated
when glucose is ingested leading to a psychologi-
cal effect that can influence fatigue mechanisms.15

The present findings lend indirect support to this as
oral and/or pharangeal receptors could not have
been activated by taste due to the ingestion of
capsules.

In the present study blood glucose was higher in
both CHO trials compared to the PLAc trial, which
is in agreement with previous work where carbohy-
drates were administered as a bolus solution.1,3,4

In the present study, the elevated blood glucose

was not followed by any enhancement in exer-
cise performance using the double blind method.
Given that blood glucose levels were within nor-
mal range during all three trials, it is unlikely
that hypoglycemia was related to the cessation of
exercise. According to previous work23 endurance
in a hot environment is unlikely to be related
to carbohydrate availability.8 However, reduction
in muscle glycogen stores could induce fatigue
as glycogen can be depleted in exercise lasting
60—120 min.24 But, more recently it has been shown
that the association between low intramuscular
glycogen stores with fatigue is still unclear, and
data do not support the theory that this is the cause
of fatigue.25 Since glycogen usage was not mea-
sured in the present study, this hypothesis could
not be verified. Nevertheless, even if glycogen
stores were completely depleted, this cannot fully
explain the reduced exercise time as other gly-
colytic energy sources would still be available.26

In addition, when muscle glycogen was measured
following exercise in the heat no differences were
found between glycogen at rest and at the point of
fatigue.23

The initial heart rate was similar between all
three trials and no difference could be observed
up to 75 min of exercise, which is similar to previ-
ous studies that also had participants exercise in
a warm environment.3 In the present study, the
heart rate at the end of exercise was higher in the
CHOc and CHOk trials when compared to PLAc. A
higher heart rate in CHOk compared to PLAc can
be explained by the longer exercise duration in
the CHOk trial. However, exercise duration cannot
explain the difference found in heart rate between
PLAc and CHOc.

The rating of perceived exertion (RPE) was not
different amongst trials and lends support to the
notion that the decrease in muscle glycogen stores
at the completion of exercise may not be the pri-
mary cause of fatigue.24 Noakes et al.26 proposed
the possibility and the importance of RPE in the
understanding of the mechanisms of fatigue, since
others25 found the same RPE at the end of exercise
in participants with both high and low intramuscu-
lar glycogen content. In the present study a similar
RPE at the end of exercise was also observed even
though exercise duration was different between
PLAc and CHOk. Participants followed a diet so
that a similar intramuscular glycogen content could
be expected at the start of exercise in all trials.
Although speculative, the present data lend sup-
port to the hypothesis that there might be a central
anticipatory mechanism working toward the max-
imal RPE that the body can tolerate; presumably
the highest RPE will be reached before complete
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depletion of the energy substrate.26 The blood
lactate concentrations observed in the present
study indicate that exercise in all trials was pre-
dominantly non-glycolytic. These findings suggest
that the blood lactate values were not related to
fatigue.

The participants started exercise with simi-
lar rectal temperatures but no differences were
observed during exercise amongst trials. The rectal
temperatures at the end of exercise were higher
in the CHOk trial compared with the PLAc trial
most likely due to the longer exercise duration
in the CHOk. However, since rectal temperature
at the end of exercise was below 39 %C across
all trials, it is unlikely that rectal temperature
per se was the factor responsible for terminating
exercise. These data suggest that the ingestion of
carbohydrates does not reduce thermal strain in
a warm environment and augment metabolic heat
production.

In conclusion, the ingestion of carbohydrate cap-
sules in a double blind fashion did not change
exercise duration of athletes cycling at 60% of
PPO in a warm, humid environment. As there
was no difference in exercise duration between
the double blind placebo and the CHO trial and
no apparent physiological effect of CHO, the dif-
ferences between the known CHO ingestion and
placebo could have been solely the result of
suggestion.

Practical implications

• Coaches and trainers of endurance athletes
should be aware that knowledge of the per-
formance enhancement supplement may have
a significant psychological effect on endurance
performance.

• Coaches and trainers should consider that
knowledge of the ingested ergogenic aid could
act as an additive effect to the ergogenic aid
itself and thereby improve endurance perfor-
mance.
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Abstract

This study evaluated double blind ingestions of placebo (PLA) versus 6% carbohydrate (CHO) either as capsules (c) or
beverage (b) during 60 km self-paced cycling in the heat (32uC and 50% relative humidity). Ten well-trained males (mean 6
SD: 2663 years; 64.567.7 kg and 70.768.8 ml.kg21.min21 maximal oxygen consumption) completed four separate 60 km
time trials (TT) punctuated by 1 km sprints (14, 29, 44, 59 km) whilst ingesting either PLAb or PLAc or CHOb or CHOc. The TT
was not different among treatments (PLAb 130.2611.2 min, CHOb 140.5618.1 min, PLAc 143.1629.2 min, CHOc

137.3620.1 min; P.0.05). Effect size (Cohen’s d) for time was only moderate when comparing CHOb – PLAb (d = 0.68)
and PLAb – PLAc (d = 0.57) whereas all other ES were ‘trivial’ to ‘small’. Mean speed throughout the trial was significantly
higher for PLAb only (P,0.05). Power output was only different (P,0.05) between the sprints and low intensity efforts
within and across conditions. Core and mean skin temperatures were similar among trials. We conclude that CHO ingestion
is of little or no benefit as a beverage compared with placebo during 60 km TT in the heat.
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Editor: Jean-Pierre Després, Québec Heart and Lung Institute, Canada

Received February 22, 2014; Accepted July 11, 2014; Published August 11, 2014

Copyright: ! 2014 Nassif et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: Funding from Charles Sturt University & Federal University of Minas Gerais. The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* Email: fmarino@csu.edu.au

Introduction

Time to exhaustion (TTE) is extended with exogenous
carbohydrate (CHO) ingestion [1]. Fluid ingestion combined with
CHO has also been shown to have independent and additive
benefits for exercise lasting up to 1 h [2]. More recently, a
significant improvement in TTE was shown when ingesting 4–6%
CHO drinks in cool (10uC) conditions, whereas, only 6% CHO
was beneficial in warm (30uC) conditions [3]. Ingestion of CHO
during a 40 km self-paced outdoor run increased blood glucose in
comparison to a placebo (PLA) leading to improved performance
[4]. As such, it is hypothesized that CHO requirement is increased
during exercise heat-stress due to a shift in substrate utilization
towards CHO oxidation [5].

There is also evidence suggesting PLA to be potentially
confounding when testing for the effect of CHO on effort
perception [6]. Thus, it is essential to account for this possibility
when evaluating the effect of CHO or any other active substance,
as expectations could determine the intrinsic feedback as classically
shown [7]. Notably, improved exercise performance was reported
when subjects believed they were ingesting CHO but were actually
consuming PLA [6]. Supplementation with CHO has mainly been
studied during fixed intensity protocols to volitional exhaustion.
However, there is a prevailing view that these tests lack ecological
validity and reliability [8], whereas, self-paced exercise has been
shown to be relatively less variable and more reliable [9].

It has been shown that 100 km time trial performance was not
improved with ingestion of CHO when subjects were fed, leading
the authors to conclude that delaying hypoglycaemia by increasing
pre-exercise liver glycogen stores could offset any potential benefits
of CHO ingestion during exercise [10]. Alternatively, these
authors also raised the possibility that the ergogenic benefit of
carbohydrate loading could be related to the placebo effect. Many
studies have shown carbohydrate supplementation to improve
exercise performance. However, this view is highly dependent on
the performance parameters. For example, when comparing a
carbohydrate – electrolyte drink with a placebo, cycling perfor-
mance in warm (26.6–27.7uC, 67 to 68% relative humidity, rh)
conditions was indeed improved, but the performance criteria
were predetermined so that subjects were required to perform a
pre-calculated amount of work. Similarly, in a 40 km run,
carbohydrate – electrolyte replacement did not improve perfor-
mance until after 35 km was achieved with only six of the eight
subjects completing the test with heart rate, core temperature and
ratings of perceived exertion (RPE) all being similar between
carbohydrate-electrolyte and placebo conditions [4]. As far as we
are aware there are no studies reporting the effect of CHO
ingestion during long duration self-paced cycling in the heat.

Therefore, the purpose of this study was to test the effect of a
6% CHO beverage or an equivalent 6% CHO capsule versus
corresponding PLA trials during a 60 km self-paced time trial in
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the heat. A further aim was to examine if any changes in
performance between trials were associated with a pacing strategy.

Materials and Methods

Participants
Ten well trained competitive males volunteered to participate in

the study (age 2663 years, body mass 64.567.7 kg, stature
17069 cm, peak power output (PPO) 323641 W, maximal O2

consumption ( _VVO2max) 70.768.8 ml.kg21.min21) having com-
pleted a health screening questionnaire and released by a
physician. Approval for the study was obtained from the Ethics
in Human Research Committee of Charles Sturt University and
each subject signed a letter of informed consent.

Preliminary measurements included skinfolds (biceps, triceps,
chest, sub axillary, subscapular, suprailiac, abdominal, thigh and

calf), _VVO2max and PPO. A BIOPAC Systems (Goleta, CA, U.S.A.)
spirometer was used to determine expired gas concentration

during a progressive _VVO2max testing protocol as previously
described (Kay et al., 2001). The progressive test commenced at
100 W with 10 W increments every 30 s until voluntary termina-

tion. The _VVO2max test was performed in ambient conditions of
2261uC and 6866% relative humidity (Rh). Participants cycled
with their own bicycle attached to a Flow Trainer (TACX, T1684,
Netherlands). Throughout the test, participants cycled in a seated
position but were permitted to change gears and/or cadence
throughout the test, provided that the required power increments
were maintained at all times.

Experimental Design
Each subject completed four randomized double-blind exper-

imental trials. Subjects ingested either a PLA or 6% CHO across
four trials using the following modes of ingestion; either as a
beverage (PLAb and CHOb) or in capsules (PLAc and CHOc) with
distilled water. Subjects were informed that CHO was to be
ingested for all treatments. Trials were coded and prepared by an
individual not directly involved with the study so that conditions
were only revealed to the investigators at the completion of the
study. Trials were performed at the same time and day of each
week but separated by 1267 days to minimize motivational
differences, diurnal variation and training effects. Participants
were required to maintain usual training routine but abstain from
training, strenuous activity, caffeine and alcohol consumption for
at least 24 h prior to all trials.

Pre-testing procedures and requirements
Two days prior to each trial, subjects were required to follow a

diet with 60 to 70% CHO, 1.2 to 1.7 g of protein/kg of body
mass, and 20 to 25% fats, as individually prescribed by a dietician.
This procedure maximised recovery of muscle glycogen stores
following the last day of training prior to each trial. Subjects were
not required to fast overnight prior to each trial but were required
to consume breakfast on the morning of each trial as prescribed by
the dietician.

Time trial protocol
Subjects mounted the cycle and commenced a warm-up at 50%

of PPO. Following the warm-up, EMG electrodes were attached to
the quadriceps muscle of their dominant leg (described subse-
quently). Each participant completed four trials in each of the
different conditions (PLAb, CHOb, PLAc, CHOc), consisting of a
60 km self-paced time trial (slope+2, TACXHprogram) punctuated
with 461 km sprints (high intensity, HI) at 14, 29, 44 and 59 km.

When not sprinting, subjects were required to complete the time
between sprints as quickly as possible (low intensity efforts, LI).
Subjects were encouraged to complete each trial as quickly as
possible, were permitted to alter gear ratio and cadence and pedal
while standing when they desired, other than during the sprints
and when EMG data were collected which required a seated
position to prevent changes in muscle fibre recruitment patterns
that can occur with postural changes. All trials took place in an
environmental chamber (Russels Technical Products, model
WMD-1150-5, Holland, MI, U.S.A.) in a warm environment
(32uC, 50% Rh). A fan was placed in front of the subject,
positioned towards the head and torso when in a normal cycling
position with a wind speed of 3 m/s, with the naturally circulating
air provided by the chamber during exercise. The test was
terminated if one or a combination of the following criteria were
achieved; 1) core temperature reached 39.5uC, 2) RPE of 20, 3)
the subject terminated exercise due to volitional fatigue, and/or 4)
any sign of illness or discomfort by the subject. Participants
received feedback on distance completed at 3 km intervals
throughout each trial and at the start and finish of each sprint,
but no other performance or physiological feedback was made
available to subjects until the study was completed.

Fluids were ingested at 5 km, after each sprint (15, 30, 45 km)
and at 55 km. The fluid temperature was 461uC. Each subject
received 284630 ml of distilled water and capsules (4 ml.kg21 of
body mass) or beverage depending on the trial (described
subsequently) with all hydration procedures conducted as previ-
ously described [11–14]. The amount of CHO and PLA powder
in capsules was calculated to match the volume of water so that the
mixture of water/powder or water/capsules corresponded to a 6%
CHO solution. Whey protein was chosen as a bulking powder and
as PLA given that administration of amino acids during exercise
and in combination with CHO have been shown not to provide
any metabolic contribution to endurance exercise for at least 2 h
either post ingestion or when ingesting during exercise [1,15,16].
The powder was prepared by a commercial chemist (Stenlake,
Sydney, NSW, Australia) who guaranteed matching taste, colour,
flavour and purity.

Physiological measures
Hydration status was assessed by urine specific gravity (USG)

(503 Nippon Optical Works, Japan) before and at the completion
of exercise. Blood samples were taken from the middle digit of the
hand at rest, 5 km intervals throughout each time trial and
immediately post exercise for the determination of blood lactate
concentration [La2] (Lactate Pro, ARKRAY, Kyoto, Japan) and
glucose concentrations [Glu] (Accu-check Advantage, Roche
Diagnostics Corporation, Indianapolis, USA). Heart rate was
continuously monitored (Polar Electro OY M61, Kempele,
Finland) and recorded at 2 km intervals. The RPE [2,17] was
recorded every 5 km, before and after each sprint and when EMG
was recorded.

Core temperature (Tc) was measured using the CoreTemp
Telemetry System (HQInc. Wireless Sensing System and Design,
Palmetto, Florida, USA). Participants ingested the telemetry pill
the night before the trial and were advised by the researcher at
what time it should be ingested according to the participants bowel
motion. Skin temperature was monitored with skin thermistors
attached at four sites (chest, arm, thigh, leg) and connected to a
digital telethermometer (Zencor/Zentemp 5000, Victoria, Aus-
tralia) and recorded every 2 km. Mean skin temperature (Tsk) was
calculated as previously described [3,18].

Carbohydrate and Prolonged Self-Paced Exercise in the Heat
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Surface electromyography (EMG)
Surface EMG was sampled during cycling using single-

differential pre-amplified EMG electrodes with bar configuration
of 1 mm610 mm, an inter-electrode distance of 10 mm and
bandwidth of 20–450 Hz (DE-2.1, Delsys, Boston, MA, USA)
linked to an amplifier where signals where acquired at a gain of
1000 V/V during cycling with common mode rejection ratio.
90 dB (Bagnoli-4, Delsys, Boston, MA, USA). EMG electrodes
were attached half way between the superior anterior iliac spine
and the superior part of the patella for rectus femoris (RF) and at
the distal 4/5 point between the superior anterior iliac spine and
the joint space in front of the anterior border of the medial
ligament at the knee for vastus medialis (VM). Skin was prepared
by shaving, abrading of the outer layer of epidermal cells, and
removing of oil and dirt using an alcohol swab. A disposable gel
adhesive electrode was used as a reference (#2330, 3 M, Red Dot,
St. Paul, MN, USA) positioned on the acromion process of the
right shoulder.

Cycling EMG
EMG signals from RF and VM were recorded for the first 30 s

of each LI effort at 7.5, 21.5, 36.5 and 51.5 km and throughout
each sprint at 14, 29, 44 and 59 km. EMG signals from the
amplifier were fed to a host computer for A/D conversion at 16-bit
resolution (DAQCard-6036E, National Instruments, Austin TX,
USA) and sampled using EMGWorks Signal Acquisition software
(version 3.0, Delsys, Boston, MA, USA) at a rate of 2000 Hz. For
analysis of the LI effort, the entire 30 s of EMG data were used
while during the sprints the middle 30 s of the data set were used.
EMG signals were high-pass filtered using a second order
Butterworth filter at 20 Hz to remove movement artefact and
the linear envelope computed as the root-mean-square (RMS)
using a sliding window of 125 ms with a step of 62.5 ms. EMG
signals were then quantified by summating the RMS EMG signals
from both muscles then calculating the area under the curve
(iEMG). The iEMG for each LI effort and sprint were then
normalised against the data obtained during the first LI effort.

Statistical analysis
Data analyses were performed by repeated measures ANOVA

using GraphPad Prism 6.0. The source of significance was located
using Tukey’s HSD post-hoc tests. All data are presented as means
6 SD with significance set at P,0.05. Effect sizes (ES, Cohen’s d)
were calculated to analyse the potential trends in time and speed
for respective conditions. An ES of,0.2 is classified ‘trivial’, 0.2–
0.5 as ‘small’, 0.5–0.8 as ‘moderate’ and.0.8 as ‘large’ effect.

Results

Time trial, power output and EMG
The times to complete the 60 km TT were not different among

conditions (P = 0.32; see Figure 1). The ES for each of the
combination of PLA and CHO trials are shown in Table 1. The
ES for time taken to complete 60 km ranged from 0.1–0.7
indicating ‘trivial’ to ‘moderate’ effect amongst conditions.

Power outputs at 0.5 km intervals over the 60 km are shown in
Figure 2 for each condition. Power outputs were consistently
higher (P,0.05) during the sprint sections compared with LI
efforts across all trials. On average across the four trials, power
output during the LI efforts was 207.066.4 W compared with
334.967.2 W (P,0.001) during the 1 km sprints. The power
outputs for each sprint with the relative RMS at each of the 461
km sprints are shown in Figure 3. There were no differences in
power either between sprints or conditions. Although there was a

tendency for RMS to decrease from the initial sprint to the last
sprint for each trial, the RMS was not statistically different either
between sprints or conditions. Table 2 shows the mean speed over
the trial for each of the trial sections (1 km sprints and LI). The
mean speed during PLAb was higher (P,0.05) compared with the
other conditions. However, this difference during PLAb did not
translate to differences over the 1 km sprints or the LI efforts
among conditions. The ES for mean speed ranged from 0.06–0.20
indicating a ‘trivial’ effects. In each condition the speed during the
1 km sprints was significantly (P,0.0001) higher than the LI
efforts.

Hydration and metabolic responses
Although differences in USG were observed between pre (range

1.010–1.012) and post exercise (range 1.016–1.019), these data
indicate that subjects commenced and terminated each trial in a
hydrated state as USG was,1.029 in all cases. The [Glu] was
higher in both CHOb and CHOc trials compared with PLA
during and at the end of the time trial. The mean [Glu] was
significantly (P,0.0001) higher for the CHOb and CHOc trials at
5.5 and 5.6 mmol.l21 respectively, compared with PLAb and
PLAc of 5.3 and 5.0 mmol.l21, respectively. No differences in
[La2] were observed among trials (P.0.05). Mean pre-exercise
[La2] was 1.760.6 mmol.l21 which increased to
2.561.3 mmol.l21 during the LI efforts and then to
6.962.2 mmol.l21 during the sprints. Subjects finished trials with
[La2] values of ,5.961.9 mmol.l21.

Heart rate and RPE
The HR response was not different among trials (P.0.05). HR

increased significantly during the sprints compared with the LI
efforts (P,0.05). Subjects started exercise with an average HR of
71 beats.min21 increasing to ,157 beats.min21 during the LI
efforts and to ,181 beats.min21 during the sprints, finishing
60 km with a HR of ,179 beats.min21. The average HR during
the 60 km time trial was ,160 beats.min21. RPE was not different
between trials, however, as expected RPE increased during the
sprints compared with the LI efforts. The average RPE for each
time point was 1363 during LI and 1663 during sprints, reaching
1763 at the end of the trials with a mean RPE of 1463 during the
60 km.

Thermoregulatory responses
Trials commenced with similar Tc (36.9–37.1uC; P.0.05),

terminating exercise with a Tc of 38.160.5uC (P,0.05). The Tc

was maintained at 38.060.5uC throughout exercise. The corre-
sponding Ts was not different between trials commencing exercise
at ,32.0uC, increasing to 34.060.6uC (P,0.05) over the 60 km.

Discussion

We have previously shown that ingestion of CHO either as
capsule or beverage did not improve TTE in the heat unless both
the subject and the researchers had knowledge of the capsule
contents [4,19]. In that study we concluded this was likely due to
the influence and combined effect of CHO ingestion and
knowledge of what was actually ingested. We extend these
previous findings with the novel result showing that independent
of CHO ingestion method; capsule or beverage, 60 km self-paced
cycling time trial in the heat did not improve with the ingestion of
carbohydrate. These findings suggest that CHO in the form of a
beverage does not provide any performance benefit over a PLA
beverage or capsule. Rather, the PLAb was moderately effective
over the PLAc. In addition, the data in Table 2 show that a higher
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mean speed was achieved over the 60 km with PLAb, indicating a
performance benefit over the CHO beverage and capsule. These
combined findings suggest that the masking achieved by the
capsule raises the uncertainty of the contents and performance is
not significantly altered when ingesting capsules. We can only
conclude this to be the case since the other ES for the combination
of trials ranged from ‘small’ to ‘trivial’ (Table 1). The overall
findings for time to complete the 60 km in the heat suggests that
CHO as a beverage has no significant effect over a capsule or
PLA.

Our findings are in contrast with previous research reporting
enhanced performance with the ingestion of a CHO beverage
[4,20–22]. Although our negative finding is somewhat difficult to
reconcile, we can suggest the following possibilities. First, our
method of serial ingestion of fluids and capsules is relatively unique
with only few others undertaking a similar protocol [19,23]

making direct comparisons with other studies difficult. Second, our
subjects commenced their respective trials in a fed state which
might have diminished the potential effect of exogenous CHO
intake during exercise as previously shown [23]. In fact, these
authors showed that ingestion of CHO in capsule form elevated
blood [Glu] compared with PLA, but this did not translate to
increased time to fatigue whilst cycling at 66% VO2peak in 22uC
and 88% rh. A third possibility which has recently been proposed
is the lack of sustainable effect of serial CHO mouth rinsing in
cycle sprinting performance [24]. These authors found that CHO
mouth rise only improved power output over the initial 5 s of a
30 s sprint, concluding that the improvement may come at a
greater relative cost for the remainder of the sprint. Thus, as the
sprints in the present study were 1 km distances, it is also likely
that any immediate oral effect of the CHO beverage was
compromised due to the longer sprinting period. This might also

Table 1. Effects sizes (Cohen’s d) for each of the combinations of conditions.

Condition Effect Size (Cohen’s d ) Classification P value

PLAb – CHOb 0.68 Moderate .08

PLAb – PLAc 0.57 Moderate .20

PLAb – CHOc 0.43 Small .24

PLAc – CHOcCHOb – CHOcCHOb – PLAc 0.220.17 Small .30

0.10 Trivial .60

Trivial .81

Effect sizes ,0.2 ‘trivial’; 0.2–0.5 ‘small’; 0.5–0.8 ‘moderate’ and .0.8 ‘large’.
PLA is placebo and CHO is carbohydrate; b and c denote beverage and capsule conditions, respectively.
doi:10.1371/journal.pone.0104710.t001

Figure 1. Time to complete the 60 km time trial for each condition. PLA is placebo and CHO is carbohydrate; b and c denote beverage and
capsule conditions, respectively.
doi:10.1371/journal.pone.0104710.g001
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partly explain why the CHOb and CHOc had similar trivial
effects (see Table 1 & 2).

It has also been shown that a CHO mouth rinse can influence
performance or muscle activation [6,14] suggesting that oral and
pharyngeal receptors could be activated when glucose is available
in the mouth. The present study shows that independent of
subjects being able to taste the beverages, endurance performance
was moderately improved in the heat only when compared with
the placebo beverage.

In agreement with previous findings [3,25] the [Glu] in the
present study increased during CHO compared with PLA.
Therefore, we can only conclude that the magnitude of the
changes in [Glu] in the present study did not influence exercise
performance, suggesting that this parameter may not be critical
during long duration self-paced exercise in the heat. In a previous
study where a total of ,75 g of branched chain amino acids
(BCAA; 50% valine, 35% leucine, 15% isoleucine) were admin-
istered before and during a 100 km time trial (,2.7 h), no effects
on either metabolism or performance were observed when BCAA
were combined with a 5% CHO solution compared with CHO
alone [9,16]. Therefore, it is unlikely that the constituent whey
powder in the present study had additive metabolic value given the
performance time ranging from 2.4–2.2 h. Similarly, when
administering 6% CHO as capsules at 15 min intervals during
TTE, there were no performance differences were between CHO
(,92 min) and PLA (,93 min) despite a higher [Glu] with CHO
[23]. As expected, [La2] corresponded to the intensity of exercise
with the highest concentrations occurring during 1 km sprints,
whilst these concentrations decreased during the LI stages. Since

[La2] and HR were not different between trials and values were
always similar at each time point, indicates that subjects at least
gave an equivalent effort at each stage of the trial. Since subjects in
our study were well-trained competitive athletes, our findings and
those of others suggest that individuals competing in events lasting
up to 2 h are not likely to gain an advantage by supplementing
with CHO during exercise.

In the present study there was a similar RPE at the end of
exercise independent of what was ingested. The prescribed diet
was designed to minimise variability in pre-exercise intramuscular
glycogen, and although not confirmed by muscle biopsy, it is
reasonable to expect that glycogen stores were similar with dietary
(high CHO) and exercise control [6]. However, if glycogen stores
were different in any of the trials a difference in exercise
performance should have been apparent, but this was not the
case. As it is thought that the highest RPE will likely be achieved
before complete depletion of the energy substrate, there could be a
central anticipatory mechanism influencing the maximal RPE
terminating exercise before this maximal value is ever attained
[26,27].

Participants commenced and finished 60 km in a hydrated state
(as assessed by USG), so that hydration could be one reason for the
moderate to trivial differences observed in performance. Never-
theless, we have previously observed that enough fluid ingestion
preventing changes in body mass does not improve performance
compared with restricted fluids over 60 min of self-paced exercise
in the heat [28]. As Tc responses were similar across trials, it is
unlikely that CHO had an effect on this variable. Although a more
pronounced rise in Tc would be expected over ,2.3 h trial, this

Figure 2. Power at each 0.5 km interval over the 60 km time trial for each condition. PLA is placebo and CHO is carbohydrate; b and c
denote beverage and capsule conditions, respectively.
doi:10.1371/journal.pone.0104710.g002

Carbohydrate and Prolonged Self-Paced Exercise in the Heat

PLOS ONE | www.plosone.org 5 August 2014 | Volume 9 | Issue 8 | e104710

Paper 29 Paper 29

289



Figure 3. Power (top) and RMS (bottom) for each of the 1 km sprints for each condition. PLA is placebo and CHO is carbohydrate; b and c
denote beverage and capsule conditions, respectively.
doi:10.1371/journal.pone.0104710.g003
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might have been the case if the exercise was set at a fixed intensity.
A recent study evaluating the effect of CHO (0–6%) on TTE in
both cool (10uC) and warm (30uC) conditions report Tc at
exhaustion to be no higher than ,38.5uC in the heat even when
TTE was significantly reduced [3]. Perhaps in a self-paced trial the
ability to alter moment-by-moment muscle force and power
outputs, and presumably the metabolic heat production so that a
maximal level of heat accumulation is never attained [29–31],
produced similar Tc responses across conditions.

As impaired exercise performance in the heat is thought to be
related to a reduction in muscle recruitment [32], EMG was
measured at different trial stages. The RMS (Fig. 3) generally
tracked the power output during the LI and 1 km sprints. This
result suggests that neuromuscular activity was not influenced by
what was or even thought to be ingested. The most salient result is
that muscle recruitment was almost identical at the end of the
60 km for all trials [33]. The fact that pacing, as measured by

speed and power output were similar at these distances along with
peaks in heart rate, indicates that either these measures are less
sensitive than the measure of muscle recruitment or that muscle
recruitment is a tightly controlled response occurring well ahead of
the required exercise end-point.

In conclusion, as difference in time to complete the 60 km time
trial in the heat was not improved with ingestion of CHO as either
beverage or capsule compared with PLA, it appears that given the
opportunity to self-pace over a long duration, exogenous
carbohydrate availability might play little or no role in improving
performance in fed subjects.
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A B S T R A C T

Hypohydration is generally considered to have a negative e!ect on cognitive function, despite several studies
reporting comparable "ndings between hydration states. Recommendations to avoid moderate dehydration (!
2% loss in body mass) are commonly made to athletes, on the provision that this de"cit may impair optimal
cognitive performance. To determine whether cognitive function is impaired by hypohydration, and investigate
the existence of the proposed critical water de"cit of !2% loss in body mass purported to diminish cognitive
performance, we conducted a systematic search of the literature and examined appropriate studies by meta-
analysis. Overall, cognitive performance was not found to be impaired by hypohydration (g="0.177; 95%
CI="0.532-0.179; P= .331). Nor were the underlying cognitive domains (complex attention, executive
function, learning and memory) impaired (all P > .236), independent of the incurred #uid loss (less than
or>2% loss in body mass), although results were not always homogenous (I2 ranging between 0% and 93%).
Collectively, these results suggest that hypohydration may not compromise cognitive function, nor any of the
investigated subdomains to a greater extent than if euhydration had been maintained. Furthermore, re-
commendations to avoid moderate hypohydration on the basis of maintaining optimal cognitive function are not
substantiated by this meta-analysis.

1. Introduction

Maintaining optimal cognitive function is desirable in most exercise
contexts since tactical decision making can o!er a competitive ad-
vantage over opponents. As such, less than optimal cognitive function
may be detrimental to performance. Thus, research investigating phy-
siological responses during performance and how these interact with
cognitive function would be valuable in a number of human perfor-
mance contexts. Perhaps one of the most contentious phenomena
within the literature is the e!ect that hypohydration has on cognitive
performance. The relationship between exercise-induced hypohydra-
tion and various domains of cognitive function, such as executive
function, memory, and aspects of attention, have been reported
[11,12,23]. Collectively, these studies feature prominently in several
narrative reviews on the topic [3,7,32,33], and ultimately contend that
there is a negative relationship between this physiological state and
these cognitive domains. Generally, information pertaining to this topic
is communicated to athletes and coaches through institutional position
stands on exercise and #uid replacement [28,46], with current re-
commendations describing the existence of a critical water de"cit,

whereby losses in body mass exceeding 2% might degrade cognitive
performance [46]. Despite the view that this position is conclusive, a
more critical analysis reveals a number of studies that report no change
in cognitive function [1,4,14], despite losses in body mass up to 4%
[18]. Therefore, consensus would seem more equivocal than the pop-
ular view that the physiological state of hypohydration is detrimental to
cognitive performance.

A recent meta-analysis investigating dehydration and cognitive
function [58] determined that body mass de"cits exceeding 2% com-
promises attention, executive function, and motor coordination, while
reaction time may be una!ected. Although seemingly comprehensive,
previous narative reviews have highlighted several considerations that
may contribute to the ambiguity among the literature [32,33]. Central
to this is the di!erences in how hypohydration is elicited, the existence
of confounding variables, poor contrasts to suitable control conditions,
and inadequate test sensitivity among assessments. Foremost, dehy-
dration can be induced passively via #uid restriction or deprivation,
and through active means. The former will likely result in depletion of
the intracellular compartment, as losses will largely be attributed to
respiration, hence, compensatory osmosis is required from the

https://doi.org/10.1016/j.physbeh.2019.03.008
Received 22 October 2018; Received in revised form 12 February 2019; Accepted 11 March 2019

! Corresponding author.
E-mail addresses: sgoodman@csu.edu.au (S.P.J. Goodman), ash.moreland@rmit.edu.au (A.T. Moreland), fmaino@csu.edu.au (F.E. Marino).

3K\VLRORJ\�	�%HKDYLRU���������������²���

$YDLODEOH�RQOLQH����0DUFK�����
������������������(OVHYLHU�,QF��$OO�ULJKWV�UHVHUYHG�

7

Paper 30 Paper 30

293

http://www.sciencedirect.com/science/journal/00319384
https://www.elsevier.com/locate/physbeh
https://doi.org/10.1016/j.physbeh.2019.03.008
https://doi.org/10.1016/j.physbeh.2019.03.008
mailto:sgoodman@csu.edu.au
mailto:ash.moreland@rmit.edu.au
mailto:fmaino@csu.edu.au
https://doi.org/10.1016/j.physbeh.2019.03.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physbeh.2019.03.008&domain=pdf


intracellular to the extracellular compartment to maintain tonicity
[9,47]. Alternatively, active dehydration requires exercise, and/or
thermal exposure, and may incorporate passive practices to facilitate
rapid #uid loss. Consequently, both water and solutes will be excreted
as sweat, yet remain hypo-tonic with respect to plasma, thus, #uid loss
will likely be shared among both intracellular and extracellular com-
partments [9]. Given these conditions are likely to be encountered
within most exercise contexts, active dehydration will therefore be the
focus of this review. Furthermore, without appropriate methodological
consideration, subsequent cognitive performance may be the net in-
teraction of exercise, increased core-temperature, fatigue, and hydra-
tion status, as previously suggested [29,53].

The e!ect of exercise on cognitive function has previously been
subjected to meta-analysis [8,31], and irrespective of the mode or in-
tensity, a positive e!ect is generally produced during and up to 20 mins
after the cessation of exercise [8]. Furthermore, a recent narrative re-
view exploring the e!ect of hyperthermia on cognition highlights an
inverted U response [48], whereby improvement in cognitive ability
occurs from resting temperature to ~38.5 °C, and impairment among
complex tasks develops as core temperature exceeds ~39 °C. The pro-
duct of prolonged exercise will likely induce elevations to core tem-
perature, however, exercise-induced fatigue may also manifest and
modulate cognitive performance [24]. Previously, the e!ects of ex-
ercise-induced fatigue on a simple and complex perceptual-dis-
crimination task have been investigated [41]. Due to ceiling e!ects in
the simple task, the authors were unable to ascertain whether fatigue
compromised this assessment, while in the complex variant perfor-
mance was signi"cantly impaired. Collectively, quantifying the net ef-
fect of these confounding variables may be important, as cognitive
challenges will likely be completed by athletes when these e!ects are
cumulative. Hence, some studies examining cognitive function and
hypohydration opt to conduct cognitive testing during [25,50], or
shortly following the cessation of exercise [19,59]. Unfortunately, this
model provides limited insight to distinguish the contribution of a
particular stressor, such as hypohydration. However, through im-
plementing a rest period following an intervention, where #uid re-
striction is maintained, the confounding e!ects of additional stressors
may be minimised, while participants will remain hypohydrated. This
strategy is inherently unique to this physiological stressor, however, as
recovery will likely mask the contributions to cognition from fatigue,
core temperature or completed exercise, due to recovery.

The importance of employing cross-over designs, in which hydra-
tion status is manipulated through withholding or making #uid avail-
able, has previously been emphasised [3]. Seemingly, study design has
likely been an integral component that has contributed to the current
ambiguity among the literature. For instance, post-intervention data
have been compared to pre-intervention baselines [19,42,53], among
conditions that did not complete identical exercise and/or thermal ex-
posure [12], or between independent groups that may have been un-
derpowered to detect between group di!erences [13]. Collectively,
such contrasts may not provide meaningful insight into whether
maintaining euhydration should be prioritised over hypohydration, as
oftentimes the euhydration control condition may not have sustained
equivalent thermal or exercise exposure. Thus, studies adopting cross-
over designs, with control conditions completing identical dehydrating
exercise protocols and remaining hydrated via #uid consumption, will
likely provide superior insight into whether hydration status is an im-
portant factor in modulating cognitive performance.

The "nal element that is evidently lacking in this topic is standar-
disation among the literature. Although numerous tests are available to
assess a given cognitive domain, the sensitivity of each assessment to an
intervention may not be equivalent [33]. Thus, it has previously been
recommended that researchers include assessments previously demon-
strating sensitivity to hypohydration [33]. Despite this, researchers
rarely administer similar testing batteries and often do not provide a
rationale for the selection of cognitive assessments included when

investigating the e!ects of hypohydration and cognitive function [36].
Rather, ‘shotgun’ style approaches to investigation may be employed,
where selected tests will align to an array of cognitive domains, and not
necessarily be informed by rationale, nor selected due to previous de-
monstrations of sensitivity [36,49]. Although this approach has been
endorsed by a previous review [27], Falcone et al. [19] argue that such
approaches may produce data that does not necessarily translate well to
athletic populations. Consequently, such "ndings may produce irrele-
vant data or increase the likelihood of type II error, and may conse-
quently hinder the formulation of meaningful practical conclusions
[22,36]. Lastly, it has also been suggested that because many com-
mercial testing batteries are designed for clinical populations, use
among healthy populations may produce more normative data, and
prospectively mask true e!ects [3,33]. Discrepancies within the lit-
erature may also be attributed to the varied models commercial testing
batteries use to align cognitive assessments. For instance, choice reac-
tion time may be classi"ed as an assessment of information processing
e$ciency [22], or simply denote reaction time [18,58]. In the absence
of an established framework to align assessments to, review articles
commonly group "ndings by the domains described by the authors.
With this in mind, researchers could instead quantify data from cog-
nitive assessments into representative cognitive domains and adapt
these to a standardised published model such as the Diagnostic and
Statistical Manual of Mental Disorders (DSM-5) approach [44]. Despite
this framework being utilised in a clinical context, the DSM-5 approach
is attractive for research applications due to being highly organised and
explicitly transparent, thus removing any ambiguity in classifying areas
of cognitive function. Speci"cally, it details six primary domains, in-
cluding executive function, complex attention, learning and memory,
perceptual-motor function, social cognition, and language, and each
domain is further split into explicit subdomains. This a!ords greater
insight into both the speci"c and more general e!ects of manipulating
hydration status on cognitive performance in non-clinical contexts.

Given the complexities involved in determining the implications of
hypohydration and cognitive function, the recent meta-analysis con-
ducted by Wittbrodt and Millard-Sta!ord [58] may not necessarily
provide contextualised insight into whether maintaining euhydration is
desirable among athletic populations. Therefore, the present meta-
analysis will employ the DSM-5 classi"cation model as a framework to
evaluate whether hypohydration will impair cognitive function, or any
particular domains underlying this to a greater extent than if eu-
hydration were maintained. The secondary purpose of this meta-ana-
lysis was to investigate the existence of the proposed critical water
de"cit (! 2% loss in body mass), and whether exceeding this threshold
is likely to diminish performance for a given cognitive domain.

2. Methods

2.1. Protocol and registration

The research protocol was designed a priori, and in accordance with
the speci"cations outlined in the Preferred Reporting Items for Systematic
Reviews and Meta-Analysis Protocols, and the recommended elaboration
and explanation document [40,51]. However, the present review was
not registered at the International Prospective Register for Systematic
Reviews, as data extraction had commenced at time of the initial sub-
mission to this register.

2.2. Data acquisition and study selection

Studies investigating hypohydration and its relationship to various
cognitive functions were analysed in this meta-analysis. Studies for
potential inclusion were retrieved via a systematic search of PubMed,
Scopus and SPORTDiscus, using the search terms (dehydration OR
hypohydration OR #uid loss) AND (cognitive function OR cognitive
performance OR cognition OR neuropsychology). Citations were
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limited to primary research studies, written in English, and using
human participants. The "nal literature search was completed on
December 10, 2018.

A total of 937 prospective studies were identi"ed from the initial
database search of the literature. An extensive manual search of the
literature was then undertaken. All identi"ed citations were uploaded
to EndNote v7.1, and duplicates were removed, before all authors
proceeded to examine titles for literature pertaining to cognitive func-
tion and hypohydration. The reference lists of all primary and sec-
ondary sources comprised within the eligibility phase of the literature
search were also examined for any additional citations that may have
been pertinent to the present review. Fig. 1 depicts the full detailed
search protocol used in the review. To be considered for the meta-
analytical procedures, studies were required to meet the following in-
clusion criteria: (1) hypohydration elicited during the intervention
encompassed electrolyte and water loss, with or without elevated
thermal exposure; (2) that a rest period !15min was completed prior
to post-intervention cognitive testing to enable insight into the e!ects
of hydration status, when attempts to control for confounding stressors
such as exercise, exercise-induced fatigue, or core temperature were
made; (3) a crossover design was employed, where the control

condition completed identical exercise and thermal conditions as the
dehydration trial, but replaced #uid; (4) that no additional confounding
variables were evident during the study, such as ca!eine ingestion,
cognitive tests being administered in a non-thermoneutral environ-
ment, or glucose being added to the euhydrated control condition; and
(5) all data could be obtained to perform meta-analytic procedures.
Citations were also excluded if they investigated adolescent or elderly
populations.

2.3. Data synthesis and analysis

Prior to the extraction of data, the administered neuropsychological
tests of each included study were organised into various cognitive do-
mains, consistent with the DSM-5 approach [44]. Included domains
were complex attention, executive function, learning and memory, and
perceptual-motor function. The alignment of each test is shown in
Table 1 and was achieved through consensus among the authors, who
independently categorised these into subdomains, with only minimal
discrepancies. The means and corresponding standard deviations (SD)
or standard error (SE) were then extracted. SE was converted into SD by
using SD= SE! the square root of the number of participants. If data

Fig. 1. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) #ow diagram outlining the identi"cation and inclusion process for the
quantitative review [38]. DEH is dehydration.
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could not be extracted from the included studies, the corresponding
author was contacted. If data were still not able to be produced, ex-
trapolation via digitisation of "gures was completed to calculate the
mean and SD (WebPlotDigitizer v3.8). In the case that a corresponding
author was contacted to con"rm study methodology or data, they were
also asked if they were aware of any grey literature that may be eligible
for inclusion in the present meta-analysis. If more than one outcome
measure was provided for a given neuropsychological test, or if several
assessments were considered to denote a particular cognitive domain in
a given study, a single representative domain e!ect size was calculated
by combining the e!ect size of each reported outcome measure. All
outcome measure data was catalogued into a Microsoft Excel spread-
sheet by one author (SG) and then checked by the remaining authors
(AM, FM), before data were analysed.

Outcome data were transferred into Comprehensive Meta-analysis
v3 (BioStat, New Jersey) and analysed using a generic inverse variance,
random-e!ects model with 95% con"dence intervals (CI). A random
e!ects model was used due to the potential di!erences between the
included studies, namely the percentage of hypohydration, mode of
intervention, or possible sex di!erences. E!ect sizes were calculated as
Hedges g to minimise the bias Cohen's d can produce with smaller
sample sizes [6]. The magnitude of the e!ect was determined using
standardised conventions, where small, moderate, and large are re-
presented by values of 0.2, 0.5, and 0.8 respectively [17]. Signi"cance
was investigated through examination of P values, where P# .05 was
deemed to be statistically signi"cant. Between studies, heterogeneity
was measured through evaluation of Cochrane's Q, where P# .10 was
deemed to indicate signi"cant heterogeneity, and the I2 statistic used to
stratify the magnitude, with 25% being considered low, 50% moderate
and 75% signifying high heterogeneity [26]. Where high heterogeneity
was observed, subgroup and sensitivity analyses were conducted, which
included a leave one out analysis, subgroup analyses of cognitive do-
main (complex attention, executive function, learning and memory, and
perceptual-motor function), and respective subdomains (included in
supplementary "le 1). Furthermore, given that current exercise and
#uid replacement guidelines report that a critical water de"cit of 2%
loss in body mass might compromise cognitive performance [46],

subgroup analysis was completed, where cognitive domains were se-
parated into losses< 2%, and! 2%. Publication bias was also in-
vestigated statistically through the Begg and Mazumdar's rank corre-
lation test and Eggers linear regression method [6], which were applied
to both the overall data set (all study outcomes combined into a single
score), and each cognitive domain (complex attention, executive func-
tion, learning and memory, perceptual-motor function). If publication
bias was detected, Duval and Tweedie's trim and "ll correction was
applied, and the resultant e!ects on Hedges g and the 95% con"dence
interval was explored.

2.4. Methodological quality and risk of bias assessment

Assessments of study methodology quality and bias were assessed
using the Rosendal scale [56], a #exible scoring system collating
questions from several validated tools [30,35,39,57] to determine the
quality of randomised controlled trials, and is particularly thought to be
suitable for use among exercise contexts [56]. Due to the nature of this
topic, blinding participants to the #uid condition is not possible – i.e.
#uid is received or withheld during exercise. Therefore, questions re-
lating to the blinding were answered as N/A for the Rosendal scale, as
was performed previously by McCartney et al. [36]. Consistent with the
scoring method described by van Rosendal et al. [56] the number of
‘yes’ responses were then divided by the total number of applicable
items (16 minus the total number of N/A items). Each author in-
dependently reviewed all citations that were included for consideration
in the quantitative synthesis of the systematic search, and any dis-
crepancies were settled by consensus. Only studies scoring !50% on
the scale were considered for the subsequent analysis, while excellent
methodological quality was indicated by a Rosendal score of !60%
[56].

3. Results

3.1. Study characteristics and assessment of quality

A total of 10 peer-reviewed studies ([4,11,14,18,20,22,23,37]; van
den [54,60]) were identi"ed as meeting all inclusion criteria. Data sets
reported in van den Heuvel et al. [54] and van den Heuvel, Haberley,
Hoyle, Taylor, and Croft [55] were identical, thus, both were used to
inform data extraction and study quality, and will be henceforth re-
ferred to as van den Heuvel et al. [54]. Independent interventions or
groups were identi"ed in two studies [11,14] and were therefore
treated as individual trials. Comparatively, both Gopinathan et al. [23]
and van den Heuvel et al. [54] contrasted cognitive performance be-
tween a range of #uid de"cits and a corresponding control condition,
thus, data were pooled into a single comparisons. A detailed overview
of study descriptive data and quality are reported in Table 2. All Ro-
sendal scores were! 50% and the average of all 14 trials was
62 ± 8%. Collectively, 14 trials were identi"ed and utilised in the
present analysis.

3.2. Meta-analyses

Fig. 2 shows a forest plot examining the overall e!ect of hypohy-
dration on cognitive function. When all outcomes were collated for
each trial, data were not found to be di!erent among hydration status
and cognitive function (g="0.177; 95% CI="0.532-0.179;
P= .331), although moderate to high heterogeneity was identi"ed
(I2= 68%). To investigate the source of heterogeneity, data were
moderated by the proposed critical water de"cit (!2% loss in body
mass). When the de"cit was less than this theoretical value, cognitive
performance did not di!er based on hydration status (g=0.013; 95%
CI="0.627-0.654; P= .986; I2= 0%). Similarly, the e!ect remained
small when data were grouped by exceeding this threshold
(g="0.261; 95% CI="0.689-0.167; P= .231), despite high

Table 1
Neuropsychological tests of the included studies and their corresponding cog-
nitive domain of the DSM-5 classi"cation model [44].

Cognitive domain Administered test

Complex attention Choice reaction time
Psychomotor vigilance task
Scanning vigilance task
Continuous performance task
Visuomotor pacing task

Executive function Grammatical reasoning test
Verbal interference task
Go/ no-go test
Switching attention
Trail-making test
N-back test
Random movement generation

Learning and memory Match to sample
Repeated acquisition test
Picture recall
Digit span length
Map memory test
Repeated acquisition test
Immediate and delayed recall
Verbal recall
Word recognition test

Perceptual-motor function Visual perception task
Motor tapping test
Unstable tracking test
Perceptive discrimination task
Mental rotation task
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heterogeneity (I2= 76%). Subsequent application of a leave one out
sensitivity analysis revealed that e!ect sizes remained small (g ranging
from "0.392 to "0.045) and insigni"cant (all P > .05), while re-
moval of Gopinathan et al. [23], resulted in heterogeneity being in-
signi"cant and low (Q(8)= 11.146; P= .194; I2= 28%).

Subgroup analysis of each primary domain (complex attention, ex-
ecutive function, learning and memory, and perceptual-motor function)
and the proposed critical water de"cit (2% loss in body mass) were also
completed. Within the complex attention domain, the overall e!ect was
small, insigni"cant, and homogenous (g="0.160; 95% CI="0.345-
0.085; P= .236; I2= 0%; Fig. 3). Furthermore, when data were

grouped by the proposed critical water de"cit (2% loss in body mass),
e!ect sizes were small and insigni"cant regardless of whether the
de"cit was less than or exceeded this theoretical criterion (g="0.160;
95% CI="0.481-0.160, and g="0.105; "0.394-0.185 respectively;
both P > .05), and groups were both deemed homogenous (both
I2= 0).

The overall e!ect for the executive function, and learning and
memory domains are shown in Figs. 4 and 5, and were both small and
insigni"cant (g="0.119; 95% CI="0.464-0.224, and g= 0.044;
95% CI="0.233-0.321 respectively; both P > .05). Heterogeneity
however was signi"cant and moderate to high for each of these

Fig. 2. Forest plot of the combined e!ect of hypohydration on cognitive function, and subdivision of the proposed critical water de"cit. Size of squares is proportional
to the weight of the study.

Fig. 3. The overall e!ect for the complex attention domain, and sub group analysis of the proposed critical water de"cit. Size of squares is proportional to the weight
of the study.
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outcomes (both Q < 0.001; both I2 > 73%). Subgroup analyses of the
executive function and learning and memory domains were completed
using the proposed critical water de"cit (2% loss in body mass). When
de"cits were< 2%, data were comparable between hypohydration and
euhydration for both executive function and learning and memory
domains (g="0.101; 0= 95% CI="0.465-0.263, and g=0.119;
95% CI="0.188-0.427 respectively; both P > .05; both I2= 0%).
Although in the executive function domain, only a small e!ect fa-
vouring euhydration was observed when de"cits exceeded 2%
(g="0.265; 95% CI="1.295-0.765), this was not signi"cant
(P= .614), and signi"cantly high heterogeneity was found (Q
(4)= 80.081; P < .001; I2= 94%). A subsequent leave one out sen-
sitivity analysis resulted in the e!ect size ranging from small to medium
in favour of euhydration to small in favour of hypohydration (g ranging
from "0.494 to 0.085), however these results remained insigni"cant

(all P > .350). Furthermore, when Gopinathan et al. [23] was removed
from the analysis, resultant heterogeneity was insigni"cant in both the
overall e!ect and the> 2% subgroup (both Q < 7.575; both
P > .134). For the learning and memory domain, a small e!ect size
favouring euhydration was found when #uid de"cit exceeded the the-
oretical water de"cit (g="0.280; 95% CI="0.919-0.359), although
this was not signi"cant (P= .391), and signi"cantly high heterogeneity
was found (Q(7)= 35.911; P < .001; I2= 81%). Upon completion of
the leave one out sensitivity analysis, small to medium e!ect sizes fa-
vouring euhydration were still reported for both the overall and > 2%
subgroup (g ranging from "0.475 to 0.002). Although these remained
insigni"cant (P > .123), despite signi"cant moderate to high hetero-
geneity remaining (Q > 12.920; P < .044; I2 > 54). All studies that
reported an assessment within the perceptual-motor function domain
reported losses in body mass that exceeded 2% (except for D'Anci,

Fig. 4. The overall e!ect for the executive function domain, and sub group analysis of the proposed critical water de"cit. Size of squares is proportional to the weight
of the study.

Fig. 5. The overall e!ect for the learning and memory domain, and sub group analysis of the proposed critical water de"cit. Size of squares is proportional to the
weight of the study.
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2009b). Analysis was not conducted on this subdomain as data were
only able to be extrapolated for two of the six studies. Data from these
studies did however contribute to the overall e!ect of hypohydration of
cognitive performance (Fig. 2).

3.3. Publication bias

Possible publication bias was investigated on the overall e!ect of
hypohydration on cognitive performance, and the overall e!ect on each
domain. No bias was detected for the overall combined e!ect, and both
the complex attention, and learning and memory domains (Kendall's !
ranging between "0.333 and" 0.091; all P > .05, one tailed).
Moreover, application of eggers regression test to these domains de-
monstrated no publication bias (intercept ranging between "2.225
and" 0736; all P > .05, two tailed). Although no bias was reported in
the executive function domain using Begg and Mazumdar's rank cor-
relation test (Kendall's !=0.142; P= .326, one tail), Eggers linear
regression method revealed signi"cant publication bias (inter-
cept= 9.532; 95% CI= 5.229–13.834; P= .002, two tailed).
Subsequent application of Duval and Tweedie's trim and "ll method to
this domain revealed that two studies with large e!ects (g of ~" 1.0
and" 1.8) favouring euhydration would be needed to minimise pub-
lication bias, resulting in a small to medium e!ect size (g="0.468;
95% CI="1.125-0.190). Given that the present consensus of this
topic is that hypohydration is detrimental to cognitive performance
[46,58], it is unlikely studies with such overly conforming "ndings
would not have been published.

4. Discussion

Despite a number of narrative reviews concluding that hypohydra-
tion is detrimental to cognitive function [3,24,32], many studies exist
contradicting this position [4,14,18,22,29,34]. Given that this physio-
logical state may be encountered during many sporting and exercise
contexts, a more decisive answer on whether hypohydration is detri-
mental to cognitive performance is warranted. The present meta-ana-
lysis aimed to determine whether exercise-induced hypohydration
would compromise cognitive function to a greater extent than if eu-
hydration were maintained via #uid consumption. To achieve this, only
contrasts between hypohydrated and a control condition that had been
exposed to the dehydration procedure, but was provided #uid to
maintain euhydration, were included in the present analysis. Ad-
ditionally, to ensure "ndings were more contextualised to athletic and
exercising contexts, only studies employing dehydration methodologies
that resulted in electrolyte and water loss were considered, as the re-
sultant #uid compartmental losses from #uid restriction alone may not
be accurately re#ected. Also, in an attempt to limit the possible con-
founding e!ects on cognitive performance that may arise from active
dehydration, only citations employing a rest period of at least 15min
were included in the analysis. Consequently, it was found that hypo-
hydration did not impair cognitive function to a greater extent than
when euhydration is maintained. Similarly, cognitive domains under-
lying cognitive function (complex attention, executive function, and
learning and memory) were not impaired by this physiological state.
Although heterogeneity was observed at times, this meta-analysis sug-
gests that preserving euhydration through #uid consumption may not
be crucial to maintaining optimal cognitive performance after exercise,
irrespective of the cognitive domain being utilised.

The second aim of this meta-analysis was to a$rm whether a critical
water de"cit of> 2% would be the threshold for the impairment of
cognitive function. The present analysis found that when #uid de"cit
was 2% or less of body mass, performance in all prospective cognitive
domains is comparable, independent of hydration status. Similarly,
when losses exceed this, performance of complex attention, executive
function, and learning and memory domains are also preserved.
Collectively, these "ndings do not support the statement that #uid loss

exceeding 2% of body mass will compromise cognitive or mental per-
formance as proposed by position stands on exercise and #uid re-
placement [28,46], and articulated in a recent meta-analysis [58].
Rather, it would appear the rationale to avoid moderate or “excessive”
dehydration may not be founded on maintaining cognitive perfor-
mance. The "ndings of this meta-analysis, however, should not suggest
that a critical water de"cit does not exist, simply that this threshold
may be higher than that currently reported among the literature. Sports
adopting weight cutting practices may greatly exceed this value
[10,13,15], and therefore provide an excellent population to further
investigate prospective thresholds, in which cognitive performance may
be impaired.

The "ndings of the present review contradict those of a previous
meta-analysis that investigated the e!ects of dehydration and cognitive
performance [58]. Although in essence the question being examined is
similar, the present review aimed to distinguish whether hypohydration
would compromise cognitive performance to a greater extent than if
euhydration were maintained through #uid consumption, which o!ers
superior practical insight than simply if dehydration occurs. Conse-
quently, the selection criteria used in the present study is considerably
more stringent than that of the previous publication [58]. Speci"cally,
the present analysis focused on studies that employed crossover de-
signs, and ensured that identical experimental procedures were com-
pleted between the conditions, with #uid being consumed by the con-
trol group. Comparatively, Wittbrodt and Millard-Sta!ord [58] did not
delineate between studies that employed crossover designs, or those
evaluating cognition prior to and following an intervention. Indeed,
21% of the citations included in the analysis examined studies that did
not employ a crossover design. Therefore, the control condition in these
instances represented a resting state, rather than being matched to the
hypohydration condition. Furthermore, the present analysis explicitly
excluded studies that employed #uid restriction alone, as resultant
compensatory shifts among #uid compartments are likely to be dif-
ferent depending on whether electrolytes are lost with body water [9].
Although Wittbrodt and Millard-Sta!ord [58] did complete subgroup
analyses on the collated cognitive function using the method of dehy-
dration, this could also have been extended further to the cognitive
domain level. Furthermore, previous literature has iterated that re-
sultant cognitive performance may be the net product of several factors,
including exercise, exercise-induced fatigue, hydration status, and core
temperature [8,25,41,48,53]. Thus, only literature that attempted to
control for these variables via a rest period was included in the present
analysis. Comparatively, Wittbrodt and Millard-Sta!ord [58] did not
make this distinction, instead combining studies that evaluated cogni-
tive performance immediately post-intervention and those following
the completion of a rest period. Lastly, during the systematic literature
search scores of study quality were not calculated by Wittbrodt and
Millard-Sta!ord [58], due to constraints of the scale used (PEDro scale).
Comparatively, the present analysis utilised a more #exible scale (Ro-
sendal scale) to investigate methodological quality and bias. Interest-
ingly, a previous systematic review and meta-analysis [36] omitted one
of the studies [25] that was included by Wittbrodt and Millard-Sta!ord
[58] due to insu$cient methodological rigor. Seemingly, future re-
searchers should attempt to adopt more #exible measures of study
quality and bias, rather than exclude this important component. Col-
lectively, the abovementioned components resulted in an increased
number of studies included in the analysis by Wittbrodt and Millard-
Sta!ord [58], which likely increased the power of many of the analyses,
thus, increasing the likelihood of "nding signi"cant di!erences.

In addition to those di!erences listed above, the present analysis
also employed a more explicit categorical model for which cognitive
assessments were aligned to (DSM-5 approach). Comparatively,
Wittbrodt and Millard-Sta!ord [58] divided assessments into attention,
executive function, memory, information processing, motor coordina-
tion, and reaction time task domains, reporting that information pro-
cessing and reaction time tasks were not signi"cant in the subgroup
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analysis, while dehydration signi"cantly impaired attention [58]. In-
terestingly, under the DSM-5 approach, these domains would have been
collated into the attention domain, which was found in the present
analysis to be similarly a!ected, independent of hydration status and
without heterogeneity. Clearly, such discrepancies highlight the im-
portance of adopting a common classi"cation model among future re-
searchers in order to facilitate consistency and bolster understanding
about cognition and hydration.

Despite the conclusions of the present meta-analysis, several factors
must be considered when interpreting these "ndings. Foremost,
medium to high heterogeneity was evident when examining the overall
e!ect of hypohydration and cognitive function, and in the overall e!ect
for the executive function and learning and memory subdomains (both
I2 > 68%). Although, the completed sensitivity analysis revealed most
of the variance was attributed to a single study [23], which when re-
moved, did not produce signi"cance favouring euhydration, but also
resulted in heterogeneity being not signi"cant (all P > .119). Further
exploration into Gopinathan et al. [23] was conducted, and it is ap-
parent that several variables may have contributed to the over-
whelmingly conclusive "ndings in favour of euhydration that were
reported by the authors. Foremost, to elicit the desired level of hypo-
hydration required in the dehydration conditions, the duration that
participants engaged in active dehydration was likely not equivalent.
Compounding this, detail concerning the euhydrated control group (0%
loss in body mass) is evidently lacking. Thus, one must assume that this
group completed identical exercise and thermal exposure as one of the
dehydration conditions, however determining which is not possible.
Therefore, whether the conclusions made against this control group are
an appropriate contrast among hydration status is left to interpretation.
Additionally, no data or statistics are available concerning the stability
of pre-intervention cognitive performance for any of the completed
conditions. Although such data of this variable was seldom reported
among any of the studies included in this meta-analysis, ensuring sta-
bility is key to evaluating true change [16]. For instance, if large test-
retest variability resulted in poorer pre-intervention performance in the
cognitive testing battery, it is likely that at least some of the perfor-
mance post-intervention may be attributed to this variability, and not
the intervention per se. With this in mind, researchers should be en-
couraged to report correlational data of pre-intervention cognition to
better establish stability at this time point, or alternatively include re-
lative change scores of hydration conditions to ensure e!ects are not
impeded by variability at baseline. This will likely assist readers in
evaluating the true e!ects of manipulating hydration status, other nu-
tritional interventions, or prospective ergogenic aids. Despite the in-
herent limitations of Gopinathan et al. [23], this and a similar study by
Sharma, Sridharan, Pichan, and Panwar [52] are often touted as some
of the most comprehensive and robust studies to evaluate cognitive
function and hypohydration [28,32,33]. For this reason, we assumed
that the data reported in the control condition was adequate to enable
appropriate contrasts among hypohydration and euhdyration, and the
study was therefore included in the analysis.

The sensitivity of a cognitive assessment must also be considered
when reviewing the "ndings of this manuscript, as it is believed to have
contributed to the current ambiguity among the literature [3,32,33]. It
is understood that if sensitivity is inherently low for an assessment, it
may consequently underestimate the e!ects of an intervention [32]. Of
the studies included in this meta-analysis, only 18% of the outcome
measures reported, which corresponded to components of 13 tests
(picture recall, perceptual discrimination, digit span length, choice re-
action time, continuous performance task, switching attention task, N-
back test, visual perception task, visuomotor pacing task, and the three
pen and paper tasks conducted by Gopinathan et al. [23]) were deemed
sensitive to the intervention (see supplementary "le 1), according to the
method previously described by Balkin et al. [5]. Although studies did
not uniformly report impairment due to hypohydration ([22]; van den
[54]). Nor was sensitivity consistently displayed among studies utilising

the same test. For instance, choice reaction time was deemed sensitive
by D'Anci et al. [14], but other studies did not report this [4,20,22].
Although such inconsistency is likely to be present in most of the lit-
erature concerning hypohydration and cognitive performance, it re-
mains possible that a number of studies reporting non-signi"cant
"ndings, may actually be underestimating the true e!ects of hypohy-
dration, which may explain why researchers generally believe this
physiological state impairs cognitive performance [3,32,33]. Re#ecting
on the method outlined to derive sensitivity, Balkin et al. [5] contrasted
the e!ect size to the range of the 95% CI, which may inherently con-
stitute a bias in favour of studies reporting signi"cant "ndings. For
instance, the "ndings of this meta-analysis indicate that cognitive
function is predominantly preserved irrespective of hydration status,
thus, performance would be similar between conditions, producing
small e!ects. Therefore, for sensitivity to be deemed evident, the cor-
responding 95% CI range would be required to demonstrate ex-
ceptionally low variability, while studies reporting larger e!ect sizes
would be considerably more robust to greater variability with wider
intervals. Furthermore, as sample size increases, the con"dence interval
may become narrower. Although researchers could theoretically ma-
nipulate this to induce sensitivity, if reviewed meta-analytically, the
calculation of weighted means would undoubtedly favour the data from
the larger study, and consequently may be consistent with the "ndings
of the present meta-analysis regardless. Collectively, when rationalising
why studies may not have detected signi"cant "ndings, one must
question the validity of discussions concerning sensitivity, and instead
evaluate study methodologies more stringently.

Finally, a number of limitations may exist in the present meta-
analysis. Primarily, only citations accessible in English were considered
in this review, thus, additional data may exist on this topic that may
have been overlooked. Secondly, it is known that #uid consumption
results in elevated activity in brain regions, such as the anterior cin-
gulate cortex [45]. However, what is not well understood, is the
duration of this e!ect, or whether this translates to enhanced cognitive
performance. Considering the present analysis contrasted groups that
received #uid, and those that did not, greater activation in some regions
of the brain may have resulted in the #uid consumption group. How-
ever, as an added bene"t of the rest period required to be completed by
studies for inclusion in this meta-analysis, it is possible this duration
may have been su$cient for these e!ects to be nulli"ed. A possible
alternative for future research may be to maintain euhydration in-
travenously, as comparable brain activity may result among prospective
conditions, and possibly a!ord the ability to blind participants to an
extent. Although, this is likely to be complicated through a lack of
drinking associated oropharyngeal receptor activation [21], and may
not necessarily provide overly insightful practical applications. Alter-
natively, nasal gastric tubes have been utilised by Adams et al. [2] to
blind participants to the e!ects of dehydration in cycling performance,
and may provide a novel opportunity for future investigations into the
e!ects of dehydration and cognitive function, whilst also reducing
subject bias. Lastly, iron de"ciency has previously been shown to im-
pair cognitive function in young females [43]. However, only one of the
studies included in the anaysis screened participants for iron status
[22]. Therefore, it is possible an additional small amount of error may
be owing to this variable. Future researchers should therefore consider
screening participants to ensure they are not iron de"cient.

5. Conclusion

Hypohydration, when contrasted to an appropriate euhydrated
control condition, does not seem to signi"cantly impair cognitive
function, nor any particular underlying domains. Furthermore, the ex-
istence of a critical water de"cit for which cognitive performance is
impaired is not substantiated by the present meta-analysis and review,
and recommendations to avoid a water de"cit of 2% or greater may not
be founded on maintaining optimal cognitive function. However, this
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should not rule out the existence of such a threshold, only that im-
pairment may occur at larger de"cits than 2% body mass.
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Abstract
Maintaining optimal physical and cognitive performance are keys to success for most exercise contexts. However, consensus on
the effects of dehydration for cognitive function is equivocal, particularly given the addition of confounding variables when
hypohydration (HYPO) results. Therefore, this study aimed to examine whether maintaining euhydration (EUH) would preserve
cognitive function, and whether this physiological state would be superior than if HYPO were evoked in an identical exercise
task. In a crossover design, 15 participants (12 males, age 27.93 ± 6.81 years, height 177.20 ± 6.95 cm, mass 84.40 ± 12.35 kg)
completed a 90 min self-paced simulated military march in the heat, whilst either maintaining EUH by consuming fluid ad
libitum or becoming hypohydrated via fluid restriction. A cognitive testing battery was administered pre-exercise and following a
rest period (55 ± 8 min), and evaluated information processing, memory, impulsivity, attention and concentration, and response
time domains, whilst subjective estimates of performance were also quantified. Aspects of memory and impulsivity were not
comparable to pre-exercise data (both P ≤ 0.05), whilst a shift in the speed-accuracy trade-off was apparent in the switching
attention task, with accuracy decreasing (P = 0.003), and reaction time being supplemented (P = 0.028). Despite body mass
losses of 2.28%, hydration status did not influence performance for any of the measured cognitive domains (all P > 0.05). When
hypohydrated, subjective estimates of thirst were significantly greater post-exercise (P = 0.004), whilst medium effect sizes were
found for lethargy (d = 0.532) and task difficulty (d = 0.553) post-exercise. Although maintaining EUH by en-large preserves
cognitive function, this does not produce superior cognitive performance compared with fluid restriction following an identical
exercise task. Therefore, despite losses in body mass exceeding 2%, cognitive performance remains largely stable.

Keywords Cognition . Hydration . Dehydration . Fluid consumption .Military . Performance

Abbreviations
°C Degrees Celsius
ADF Australian Defence Force
cm Centimetre
EUH Euhdyration

fMRI Functional magnetic resonance imaging
HYPO Hypohydration
kg Kilogramme
km Kilometre
min Minute
mL Millilitre
mm Millimetre
mmol/L Millimoles per litre
ms Millisecond
RPM Revolutions per minute
Tc Core temperature
USG Urine specific gravity
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Maintaining both optimal physical and cognitive performance
are important keys for success within many exercise contexts.
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Despite recommendations advocating that water be consumed
to avoid moderate hypohydration (HYPO), losses in total
body water are often sustained amongst many settings that
involve exercise (Rehrer and Burke 1996; Sawka et al.
2007). Despite compelling literature substantiating the likely
detrimental effects of HYPO for exercise capability
(Cheuvront and Kenefick 2014), whether or not this physio-
logical stressor also modulates cognitive performance is not
well understood. Indeed, several studies report that cognition
becomes impaired when deficits exceed losses in body mass
of 2% (Gopinathan et al. 1988; Sharma et al. 1986), a critical
threshold recently substantiated meta-analytically (Wittbrodt
and Millard-Stafford 2018). Although seemingly conclusive,
recent studies continue to highlight stability in performance
amongst several cognitive domains, despite this theoretical
fluid threshold being exceeded (Falcone et al. 2017; Irwin
et al. 2018; MacLeod et al. 2018; van den Heuvel et al. 2017).

Methodological differences are usually reported to account
for the contrasting findings in this area of research (Lieberman
2010, 2012), and should be an important facet to consider
when examining the relationship between HYPO and cogni-
tive function. For instance, passive dehydration practices such
as prolonged fluid restriction are often utilised to evoke fluid
deficits (Lindseth et al. 2013; Szinnai et al. 2005;Watson et al.
2015), however, in the absence of sweat loss, may not be
indicative of exercise contexts, as electrolyte loss may affect
compartmental fluid shifts differently (Cheuvront and
Kenefick 2014). Additionally, inquiry into the ecological va-
lidity of previously administered assessments and whether
these are entirely representative of sporting or exercise con-
texts has also been postulated (Falcone et al. 2017). Further
complexity and confounding arises when HYPO is induced
through exercise and/or hyperthermia. Namely, such methods
may give rise to exercise-induced fatigue and elevate core
temperature (Tc), which are both known to independently
modulate cognitive function (Moore et al. 2012; Schmit
et al. 2017), whilst exercise that exceeds 20 min in duration
is understood to positively benefit cognitive performance for
up to 15 min following cessation (Chang et al. 2012). Clearly,
whether dehydration is the principal moderator of cognitive
performance or whether the interaction of cumulative stressors
may produce a net effect that results in impairment is difficult
to quantify.

HYPO may be induced within exercise contexts, owing to
environmental factors, exercise durations, or opportunities to
drink (Marino and King 2010). This physiological state, how-
ever, is unlikely to be encountered by military personnel, as
optimal cognitive and physical performance are often per-
ceived to be a necessity in both field and training contexts.
Indeed, fluid replacement strategies developed and employed
by Defence systematically emphasise avoiding dehydration
(Kolka et al. 2003; Montain et al. 1999). Recently, Luippold
et al. (2018) has demonstrated the effectiveness of these

recommendations within military training contexts, reporting
that only 1.2% of observations resulted in body mass losses of
≥ 2%; the threshold currently believed to result in diminished
cognitive performance (Wittbrodt and Millard-Stafford 2018).
Although HYPOmay be avoided during these contexts, when
deployed abroad, environmental, and tactical conditions may
differ considerably from that of training, and fluid availability
may not always be guaranteed, thereby potentially introducing
a novel stressor to be accommodated.

Despite the popular consensus shared by Defence and most
exercise contexts that euhydration (EUH) is critical for
optimising cognitive performance, whether dehydration that
exceeds 2% of body mass will compromise this performance
remains uncertain. Given cognitive function is an integral
component underpinning most exercise settings, further in-
sight into the implications dehydration may have for cognitive
performance is required. Thus, the present study aimed to
examine whether maintaining EUH would preserve cognitive
performance, and determine whether cognitive performance
would be superior whilst in this physiological state compared
to if HYPO were evoked during an identical exercise task.
Since the literature predominantly highlights the negative con-
sequences of dehydration on cognitive performance, and that
military personnel rarely encounter HYPO, it was
hypothesised that maintaining EUH would preserve cognitive
performance, and that this would be superior to the
hypohydrated condition.

Methods

Participants

Fifteen participants (12 males) volunteered for the study (age
27.93 ± 6.81 years, height 177.20 ± 6.95 cm, mass 84.40 ±
12.35 kg, percent body fat 22.77 ± 5.64%). All participants
were currently serving or had recently (served within the last
6 months prior to data collection) in the Australian Defence
Force (ADF). To ensure physical fitness standards, the ADF
basic fitness assessment was employed, and all participants
met satisfactory standards according to their age and sex
(The Australian Defence Force 2012). Participants were
screened for any contraindications that may have had impli-
cations for the collection of data, such as iron deficiency
(Murray-Kolb and Beard 2007), or cognitive or physiological
impairment, and were not consuming any medications likely
to influence the results of the present study. All experimental
procedures were conducted at the same time of day to limit
circadian effects (Adan 2012), and in the 24 h preceding all
testing sessions, participants were instructed to avoid consum-
ing caffeine or alcohol, not engage in strenuous physical ac-
tivity, and to consume two glasses of water an hour before
entering the testing facilities. All procedures were approved
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by the institutional ethics committees and adhered with the
declaration of Helsinki and its later amendments.
Participants were informed of all experimental procedures
and provided informed written consent prior to commencing
the familiarisation trial. Participants were also financially
compensated for their involvement at the completion of test-
ing, each receiving a stipend of $100.

Testing Protocol

Participants reported to the testing facilities on three occa-
sions. First, a familiarisation session was completed, where
anthropometric measures including height (S + M Height
Measure, Aaxis Pacific, Australia), mass (HW-150 K, A&D
Weighing, Australia), and body composition (dual X-ray ab-
sorptiometry GE Lunar Prodigy, GE Healthcare, USA) were
obtained. Participants were then familiarised with the cogni-
tive testing battery that was subsequently used in the study
(WebNeuro, Brain Resource Company Ltd., Australia), and
introduced to the experimental procedures and equipment re-
quired in the remaining testing sessions. Participants were
then informed of the order of the remaining testing conditions
that had been randomised a priori.

In a crossover design, testing sessions two and three re-
quired participants to first enter the testing facilities in a
euhydrated state, as confirmed by urine specific gravity
(USG), analysed via a digital refractometer (PAL-10S,
ATAGO ®, Japan). Participants were considered euhydrated
if USGwas less than 1.020mmol/L (Sawka et al. 2007). If this
concentration was exceeded, the session was rescheduled for a
later date. Once EUH was confirmed, nude body mass was
obtained prior to the participant completing the cognitive test-
ing battery, and subjective assessment as detailed in the sub-
sequent sections. The participant then proceeded to complete a
brief warm up in normothermic conditions and was fitted with
a sensor belt (Equivital™ EQ02 LifeMonitor Sensor Belt,
Hidalgo, UK) designed to monitor Tc via an ingestible tele-
metric sensor (VitalSense® Core Body Temperature Capsule,
Respironics Inc., PA), ingested 5 h prior to arriving at the
testing facilities. Participants were then fitted in standard-
issued military attire and a 20-kg weighted backpack (24.21
± 3.48-kg relative pack mass), before entering the climate
chamber (40.65 ± 1.16 °C and 35 ± 7% relative humidity), to
complete a 90-min self-paced march. Although speed could
be freely manipulated by the participant, they were instructed
to cover as much distance as possible over the allotted time.
HYPO was produced by withholding fluid throughout the
testing session, or participants were provided with unlimited
access to water to consume ad libitum during the exercise
period. Ad libitum fluid consumption was used in the present
study, as this strategy is known to preserve EUH throughout
prolonged bipedal aerobic exercise (Hoffman et al. 2018). At
the conclusion of exercise, participants exited the climate

chamber, removed any affixed instruments, towelled off any
visible sweat on the body, and provided a nude body mass.
The percentage loss in body mass was then calculated using
the pre- and post-exercise mass via the following formula:
((MASSPOST − MASSPRE) / MASSPRE) × 100, and a urine
sample was provided to quantify hydration status using USG.
In order to mitigate the confounding effects from elevated Tc,
exercise, or exercise-induced fatigue, which are known to
have independent effects on cognitive performance (Chang
et al. 2012; Moore et al. 2012; Schmit et al. 2017), participants
proceeded to complete a rest period (55 ± 8 min), without
access to fluid. The participant then completed the post-
exercise cognitive testing battery and subjective assessment,
before exiting the facilities. Male participants returned to the
testing facilities after a minimum of 7 days to complete the
remaining fluid condition (13.42 ± 8.51 days), whilst females
completed all testing during the follicular phase of their men-
strual cycle based on self-reported history (27.67 ± 1.70 days).

Cognitive and Subjective Assessments

The tests comprising the cognitive testing battery were select-
ed for their relevance to military and exercising contexts,
which has previously been found to be valid (Silverstein
et al. 2007), and have acceptable test-retest reliability
(Williams et al. 2005). Computerised tasks lasting approxi-
mately 30 min were administered in a quiet, well lit, air-
conditioned room.1 Administered cognitive assessments and
their corresponding cognitive domain according to the test
manufacturer are presented in Table 1. The assessments
utilised in this testing battery are described in comprehensive-
ly detailed by Silverstein et al. (2007); however, an overview
is provided below.

In the switching attention task, participants were pre-
sented with a pattern of numbers (1–13) and letters (A–L)
and were required to touch numbers and letters in an alter-
nating, ascending sequence until a single continuous line
was created. The average connection time (ms) and accu-
racy (%) were obtained from this assessment. The verbal
interference task lasted 1 min, and required participants to
respond to a word (red, yellow, blue, or green) that had
been inked in either blue, red, yellow, or green. Correct
responses were indicated by selecting the colour of the
word, rather than the meaning of the word. Both the total
score and average reaction time (ms) were calculated for

1 Ambient temperature and humidity of the air-conditioned room where cog-
nitive testing was completed were not obtained during the experimental testing
sessions. However, recordings of ambient conditions were recorded retrospec-
tively on five separate occasions resulting in a mean ± SD of 21.4 ± 1.7 °C,
46.2 ± 3.7% relative humidity. Although these may not reflect the exact data at
the time of data collection, because temperature in the room is externally
controlled via thermostat, it is likely participants completed all cognitive test-
ing during normothermic conditions similar to these.
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this task. To determine choice reaction time, participants
responded to one of four targets that were illuminated in a
pseudorandomised sequence. The average reaction time
(ms) was calculated over 20 trials. To determine both im-
mediate and delayed memory recognition, participants
memorised a list of 12 words that were presented four
times in English. Opportunities for recognition were ad-
ministered four times (three immediate and one delayed),
and participants were required to recognise as many words
from the list as possible, when presented. The total number
recognised for both immediate and delayed recall was the
outcome measure for these tasks. During the Go/No-Go
test, the word PRESS was frequently presented on the
screen. Participants were required to press the spacebar of
the computer when the word was inked in green, and not
press the key if the key was red. Accuracy (%) and average
reaction time (ms) for the trials were calculated for this
assessment. When completing the continuous performance
task, participants were presented with a series of letters (B,
C, D, or G) that were separated by 2500 ms, and required
to press the spacebar if the same letter appeared twice in a
row. A total of 125 stimuli were presented to the partici-
pant, and accuracy (%) and reaction time (ms) were the
primary outcomes for this assessment. The motor tapping
task required the participant to press the spacebar of the
keyboard as rapidly as possible for 30 s, and the total num-
ber of taps was recorded.

Following completion of the cognitive testing battery, sub-
jective performance was investigated using a five-item visual
analogue scale (VAS) that quantified thirst, concentration, alert-
ness, lethargy, and task difficulty. The design of the VAS was
similar to that utilised by Armstrong et al. (2012), where the
participant was asked to mark a 100-mm line with extreme
answers at opposite sides. The questions were BHow thirsty
are you right now?,^ BIs it difficult to concentrate right now?,^
BHow alert are you right now?,^ BHow tired are you right
now?,^ and BHow difficult are you finding tasks at this present
moment?^ Furthermore, perceived thirst was quantified imme-
diately after terminating the exercise protocol through a 10-
point Likert scale, similar to that used by Saker et al. (2014).

Blood Analysis

All participants provided a single venous blood sample during
familiarisation, which was used to screen iron status. A 10 mL
sample was obtained from a medial antecubital vein, which
was then expressed into a chilled lithium heparin tube and
centrifuged at 3000 RPM for 10 min. Samples were then
analysed using an electrochemical method, to determine iron
level, transferrin, transferrin saturation, and a chemilumines-
cent method to derive ferritin (Dimension Vista 1500,
Siemens, Germany). All participants were deemed iron suffi-
cient, with all blood parameters remaining within respective
normative ranges for sex.

Statistical Analysis

Prior to statistical analysis, data were transformed using loga-
rithmic expression, analysed for normality using Shapiro-
Wilk tests, and examined for homogeneity using Levene’s
test. Cognitive performance data and subjective estimates ob-
tained from the VAS were analysed using a two-way (time ×
condition) repeated measures ANOVAwith a Bonferroni cor-
rection.2 Statistical significance for relative change in cogni-
tive performance and exercise and physiological data were
analysed using paired Student’s t tests, provided the required
assumptions were met. When one of these assumptions were
not met, a Wilcoxon rank sum test was conducted. All statis-
tical analyses were conducted using the Statistical Package for
the Social Sciences (SPSS; Chicago, IL, v24.0). Statistical
significance was set at P ≤ 0.05. Effect sizes were represented
using Cohen’s d, where 0.2, 0.5, and 0.8 were considered
small, medium, and large, respectively (Cohen 1988). All
values are expressed as means ± standard deviation.

2 As thirst is thought to be a confounding variable for cognitive performance
(Edmonds and Burford 2009), thirst scores derived from the post-intervention
VAS assessment were also included as a covariate for eachANOVA completed
for cognitive performance. However, the results were not statistically different
from the original analysis; thus, ANCOVA data were omitted, and only the
repeated measures ANOVA data were reported.

Table 1 Tasks comprising the
cognitive testing battery and the
corresponding cognitive domain
outlined by the manufacturer

Domain Task/outcome measure

Information processing efficiency: Switching attention task (average connection time)

Verbal interference task (score and reaction time)

Choice reaction time (reaction time)

Information processing speed: Switching attention task (accuracy)

Memory: Memory recognition tasks (immediate and delayed recall score)

Impulsivity: Go/No-Go test (accuracy and reaction time)

Attention and concentration: Continuous performance task (accuracy and reaction time)

Response speed: Motor tapping task (number of taps)
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Results

Exercise and Physiological Outcomes

The exercise performance and physiological outcomes for
each fluid condition are reported in Table 2. No signifi-
cant differences amongst the conditions were reported for
pre-exercise Tc, or the distance travelled during the march
(both P > 0.05). Immediately following the cessation of
exercise, Tc and perceived thirst were 0.86 °C and 5.00
points higher in the HYPO condition respectively (both
P < 0.05), whilst Tc was similar between the conditions
when completing the post-exercise cognitive testing bat-
tery (P = 0.062, d = 0.578). Pre-exercise USG was similar
in both conditions, and lower than the 1.020-mmol/L
threshold used to define EUH status (P = 0.256, d =
0.263), whilst following exercise, there was a significant
difference in USG between conditions (P = 0.001, d =
2.220), with the EUH condition remaining less than the
1.020 mmol/L, and the HYPO condition exceeding this
value.

Cognitive Testing

Data reflecting performance on each of the cognitive tests is
presented in Table 3.

Information Processing Efficiency

There were no main effects for condition identified for choice
reaction time or for either the total score or reaction time for
the verbal interference task and the average connection time of
the switching attention task (F < 0.860, all P > 0.05).
However, main effects of time were apparent for the score
and reaction time in the verbal interference task (F > 9.651,
both P ≤ 0.05), and the average connection time in the
switching attention task (F(1,28) = 5.344, P = 0.028, d =
1.216), with performance being superior in each assessment
post-exercise. Additionally, no interactions between time and

condition were apparent for any of the outcomes that reflect
information processing efficiency (F < 1.688, all P > 0.05).

Information Processing Speed

A significant effect between conditions was not found for
switching attention task accuracy (F(1,28) = 1.348, P =
0.256, d = 0.439). There was a main effect of time
(F(1,28) = 10.33, P = 0.003, d = 1.216), and an interaction be-
tween time and condition (F(1,28) = 4.89, P = 0.035, d =
0.837) was evident.

Impulsivity

No effect of condition was evident for either accuracy or re-
action time in the Go/No-Go test (F < 0.543, both P > 0.05). A
main effect of time was found for accuracy (F(1,28) = 5.053,
P = 0.033, d = 0.837), with participants performing better at
pre-exercise. No interaction between time and condition was
evident for either accuracy or reaction time (F < 1.590, both
P > 0.05).

Memory

There were no significant effects between the conditions for
immediate or delayed memory (F < 0.024, both P > 0.05).
More correct responses were identified pre-exercise than
post-exercise in delayed recall (F(1,28) = 4.625, P = 0.04,
d = 0.814), whilst immediate recall was found to be similar
(F(1,28) = 1.536, P = 0.225, d = 0.468). No interactions be-
tween time and condition were identified in either immediate
or delayed recall (F < 0.048, both P > 0.05).

Attention and Concentration

No differences between conditions, time, or interaction be-
tween time and condition were found for continuous perfor-
mance accuracy or reaction time (F < 1.397, all P > 0.05).

Table 2 Physiological and
exercise performance outcomes
amongst fluid conditions

Outcome EUH HYPO P value

Mass loss (%) 0.53 ± 0.58 2.28 ± 0.64 0.001

Pre-exercise Tc (°C) 36.93 ± 0.24 37.08 ± 0.22 0.059

Post-exercise Tc (°C) 38.31 ± 0.72 39.17 ± 0.49 0.002

Tc during post-exercise cognitive test (°C) 37.01 ± 0.28 37.14 ± 0.15 0.062

Thirst at termination of exercise (units) 3.73 ± 1.33 8.73 ± 1.57 0.001

Pre-exercise USG (mmol/L) 1.011 ± 0.006 1.012 ± 0.005 0.256

USG post-rest period (mmol/L) 1.013 ± 0.005 1.023 ± 0.003 0.001

Distance covered in the march (km) 7.09 ± 1.37 6.82 ± 1.22 0.113

Data are presented as means ± standard deviation. Tc is the core temperature and USG is the urine specific gravity
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Response Speed

There were no differences in condition, time, or an interaction
between time and condition for the motor tapping task (F <
0.652, all P > 0.05).

Relative Change Scores

The relative change in cognitive performance is depicted in
Fig. 1. No significant differences in relative change scores
were identified for any of the outcome measures (all
P > 0.05). However, trends favouring the HYPO condition
were found for response time in the continuous performance
task (P = 0.104, d = 0.804), and accuracy in the switching at-
tention task (P = 0.054, d = 0.837).

Subjective Performance

VAS data for each assessment is presented in Fig. 2. Between
conditions, the HYPO condition was found to be significantly
thirstier than the EUH condition (F(1,28) = 10.104, P = 0.004,
d = 1.201), and medium effect sizes were identified for tired-
ness (F(1,28) = 1.973, P = 0.171, d = 0.532), and task difficul-
ty (F(1,28) = 2.148, P = 0.154, d = 0.553). Subjective perfor-
mance was similar between the conditions for the remaining
estimates (F < 0.095, all P > 0.05). All estimates of subjective
performance were reportedly poorer following the respective
intervention (F > 37.594, all P < 0.001). Interactions between
time and condition were found for thirst (F(1,28) = 36.324,
P = 0.001, d = 2.279), and a medium effect was noted for task
difficulty (d = 0.617). No further significant interactions

amongst the remaining estimates were identified (F < 1.582,
all P > 0.05).

Discussion

The present study examined whether maintaining EUHwould
preserve cognitive function, and lead to distinctly greater cog-
nitive performance, than if HYPO was incurred through an
identical exercise task. Our findings suggest that ad libitum
guided EUHwas by en-large sufficient to maintain or improve
cognitive performance, although components of information
processing speed, impulsivity, and memory were superior pre-
exercise. In contrast to our hypothesis, we found no significant
differences, or interactions between time and condition that
would suggest that cognitive performance was impaired by
HYPO. Rather, information processing efficiency (choice re-
action time, verbal interference task, and the average time to
complete the switching attention task), memory (immediate
and delayed recall), impulsivity (Go/No-Go), attention and
concentration (continuous performance task), and response
speed (motor tapping task) were similar between conditions.
Furthermore, it appears that HYPO better maintained infor-
mation processing speed (switching attention task accuracy)
compared with EUH. These findings suggest that when at-
tempts are made to control for possible confounding variables,
cognitive function is preserved when losses in body mass of
up to 2.3% are expected. Additionally, subjective estimates of
performance were also considerably poorer after completing
each respective condition, although thirst, lethargy and task
difficulty were worse in hypohydrated participants in contrast
to EUH. Poorer mood state is also believed to be a factor

Table 3 Mean ± SD for administered cognitive assessments

Pre-exercise Post-exercise

Test Outcome measure EUH HYPO EUH HYPO

Switching attention Average connection time (ms) 1677.33 ± 511.58 1652.80 ± 489.64 1579.80 ± 411.82* 1509.00 ± 379.58*

Accuracy (%) 96.89 ± 4.03 96.66 ± 3.60 92.86 ± 3.76*† 95.91 ± 3.65*

Verbal interference Reaction time (ms) 1242.73 ± 244.86 1219.20 ± 307.92 1103.27 ± 220.42* 1142.00 ± 246.57*

Total score (number) 15.13 ± 4.05 16.60 ± 4.26 17.73 ± 4.30* 17.67 ± 3.84*

Choice reaction time Reaction time (ms) 352.24 ± 70.82 365.64 ± 52.84 361.98 ± 66.37 357.71 ± 77.38

Memory Immediate (number) 54.53 ± 6.05 55.00 ± 5.14 53.60 ± 4.60 53.67 ± 4.81

Delayed (number) 17.93 ± 2.49 17.87 ± 2.03 17.07 ± 2.79* 17.07 ± 2.46*

Go/No-Go Reaction time (ms) 301.05 ± 45.88 317.21 ± 54.36 297.44 ± 47.76 302.21 ± 58.50

Accuracy (%) 96.43 ± 2.12 96.15 ± 3.24 96.05 ± 1.98* 94.79 ± 3.92*

Continuous performance Reaction time 532.63 ± 122.76 543.96 ± 135.56 572.57 ± 103.79 546.05 ± 88.09

Accuracy (%) 97.73 ± 1.81 97.56 ± 3.15 97.74 ± 1.68 97.43 ± 4.66

Motor tapping Number of taps (number) 211.40 ± 19.32 206.87 ± 20.41 210.67 ± 20.39 204.20 ± 17.43

EUH euhydration, HYPO hypohydration

*Significant main effect for time (P ≤ 0.05), † interaction between time and condition (P ≤ 0.05)
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contributing to impaired cognitive ability (Ganio et al. 2011;
Lieberman et al. 2005), but these perceptions did not appear
adequate to compromise cognition as evaluated in the present
study.

At present, exercise and fluid replacement guidelines en-
courage individuals to avoid excessive dehydration of no
more than a 2% loss in body mass since further deficit is
believed to be detrimental for physical and cognitive perfor-
mance (Sawka et al. 2007; Wittbrodt and Millard-Stafford
2018). Despite the fluid deficit in the present study exceeding

this threshold, no differences between conditions were found.
Although this finding has been previously reported (D'Anci
et al. 2009; Ely et al. 2013; MacLeod et al. 2018), explana-
tions as to why stability may be exhibited are lacking since
studies are based largely on rationalising observed decrement
(Choma et al. 1998; Ganio et al. 2011). Principally, impair-
ment is thought to be attributed to neuronal shrinkage (Benton
and Young 2015), whereby, to maintain fluid homeostasis and
brain volume, fluid is required to shift from intracellular to
extracellular compartments (Cheuvront and Kenefick 2014;

Fig. 1 a The relative change (pre-
to post-exercise) in response time
for each of the completed
cognitive assessments. b The
relative change (pre- to post-
exercise) to accuracy or the
number of correct responses. Data
presented in grey represent the
hypohydration condition, whilst
black indicates the euhydration
condition. More negative changes
in response speed represent
improved performance, whilst for
accuracy or score based
outcomes, these indicate
impairment. Neither the relative
change in response time nor
accuracy and score were different
amongst the conditions (all
P > 0.05)

Fig. 2 Subjective performance
estimated by participants for each
outcome included in the visual
analogue scale. The legend
displays each condition and
respective time point. Higher
values indicate poorer perceived
estimates of subjective
performance. Significant
differences (P ≤ 0.05) for time
and between conditions are
represented using the asterisk and
dagger symbols, respectively.
EUH is euhydration and HYPO is
hypohydration
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Toney 2010). Despite altered neurophysiology, resource avail-
ability to drive cognitive performance also appears to be a
decisive factor in affording optimal cognition (Hancock and
Warm 1989; Hocking et al. 2001). Previous postulations
hypothesise that sensations and functions such as thirst, mood,
or osmoreceptor activity may create increased demand on this
finite resource pool, creating competition, and subsequently
compromising cognitive function (Benton and Young 2015;
Hancock 1986; Schmitt et al. 2005). Therefore, maintained
cognitive performance may indicate that resource availability
is adequate (Wittbrodt et al. 2015). The authors based this
reasoning on the observed improvements in response time
amongst perceptual speed and information processing do-
mains, although they acknowledge this may be the product
of the cumulative effects of exercise, heat stress, and fluid loss.
Moreover, recent evidence suggests that factors independent
of fluid loss appear to play a larger role in modulating cogni-
tive performance (Irwin et al. 2018; van den Heuvel et al.
2017).

It is possible to map activation of brain regions via moni-
toring the blood-oxygen level-dependent signal derived from
functional magnetic resonance imaging (fMRI), which has the
potential to provide insight into resource utilisation during
cognitive challenge (Logothetis 2008; Schmit et al. 2017).
At present, several neuroimaging studies have adopted fMRI
within the context of HYPO (Dickson et al. 2005; Kempton
et al. 2011; Kempton et al. 2009; Liu et al. 2013; Streitbuerger
et al. 2012), with Kempton et al. (2011) and Liu et al. (2013)
having integrated both fMRI and an assessment of cognition.
Interestingly, these studies report that following dehydration,
participants were able to maintain cognitive performance by
acutely exerting greater neuronal activity in corresponding
regional brain areas in an overreaching manner (Kempton
et al. 2011; Liu et al. 2013). Although this may denote reduced
efficiency as fuel supply is likely to be finite, it does highlight
that altered neuronal function can be overcome via redistribu-
tion strategies. However, there are several differences between
the aforementioned studies and the present research. Namely,
Kempton et al. (2011) and Liu et al. (2013) reported losses in
body mass of 1.64%, and 1.37%, respectively, which are con-
siderably less than the 2.28% deficit attained in the present
study. Additionally, Liu et al. (2013) induced HYPO by pas-
sive heat exposure, whilst Kempton et al. (2011) and the pres-
ent study achieved losses in body mass using active dehydra-
tion practices. Furthermore, the measured domains were lim-
ited to executive function (Kempton et al. 2011) and attention
(Liu et al. 2013). Despite these differences, the present study
supports an increasing number of others (Ely et al. 2013; Irwin
et al. 2018; MacLeod et al. 2018), suggesting the stability of
cognitive performance despite a water deficit within the con-
straints described here. Therefore, it is possible that this com-
pensatory effect is employed at higher magnitudes of fluid
loss and may extend to other cognitive domains. Further

research to confirm this phenomenon at greater magnitudes
of fluid loss, and evaluating if this acute overdrive of redistri-
bution is sustained in chronic states of HYPO, will enable a
greater foundation for future hydration recommendations with
respect to decision making and cognition. It is possible, how-
ever, that this compensatory phenomenon could be attributed
to the selectivity of the cognitive test being administered, as
the demands being placed are limited to a single aspect of
cognition, affording the ability to redistribute resources.
Upon consideration of the ecological validity of this finding
in a more dynamic context than that of the laboratory, simul-
taneous peak operation of multiple functions may not be need-
ed, thus affording redistribution.

Despite reporting stability between the conditions for all
the cognitive domains examined, significant effects for time
were identified for both accuracy and the average connection
time in the switching attention task. Interestingly, these out-
comes were not affected in the same manner. Rather, reaction
time improved post-exercise, whilst accuracy was poorer at
this time point. Indeed, this may suggest that irrespective of
hydration status, participants employed a riskier search strat-
egy following the respective intervention, and consequently
sacrificed accuracy to facilitate completion time. Previously,
similar shifts have been observed amongst attentional
switching tasks (Falcone et al. 2017; Tomporowski et al.
2007). In both instances, accuracy was traded for improve-
ment to the speed related outcome, irrespective of body mass
losses of up to 3.7% (Tomporowski et al. 2007). Adding fur-
ther complexity, an interaction between time and condition
was found for switching attention accuracy. Interestingly, per-
formance was poorer post-exercise whilst participants were
euhydrated, suggesting that HYPO may better preserve infor-
mation processing speed. Undoubtedly, this finding is difficult
to reconcile; however, Schmit et al. (2017) have recently re-
ported that within extreme environments, athletes may pur-
posefully enact greater effort to overcome an increased per-
ception of difficulty, perhaps via shifts to arousal. It is possible
that whilst participants in the present study were
hypohydrated, a similar compensatory shift in arousal was
enacted to accommodate additional physiologic and perceptu-
al stresses. In the absence of these stresses however, resultant
arousal may have less optimally affected task performance,
subsequently requiring greater attenuation of accuracy to bol-
ster response time. Consequently, this may be an important
factor for future investigators to explore, and may provide a
rationale for why systematic fluid replacement may not al-
ways be advantageous.

Dehydration is known to have the capability to impair
mood states and intensify estimates of subjective performance
(Cian et al. 2001; Szinnai et al. 2005), even when losses in
body mass are as little as 1.36% (Armstrong et al. 2012). In
accordance with these findings, the present study identified
worsened subjective estimates of lethargy and task difficulty.
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Amongst exercise contexts that employ rigorous fluid con-
sumption regimes, it is unlikely dehydration will be encoun-
tered. Given that military personnel were also recruited for the
present study, and the relevance of hydration management has
for this population, it is likely that participants would rarely
have encountered HYPO within the context of military exer-
cise, and may have contributed to the observed impairment
amongst perceptual responses. Though postulated that poorer
perceptual responses may contribute in part to compromising
cognitive ability (Ganio et al. 2011; Lieberman et al. 2005),
the present study generally demonstrated stability of cogni-
tion. This suggests that lethargy and perceived task difficulty
elicited from completing a military march in the heat were not
adequate to disrupt optimal cognitive performance. Despite
this, the present data provide an opportunity to consider
implementing targeted strategies to improve mood and
subjective perceptions to possible conditions that may be
encountered. Specifically, employing dehydration specific
tasks within the conventional military training battery, or
other exercise contexts, may improve responses to this
physiological stressor. Previously, Fleming and James
(2013) have demonstrated that habituation to HYPO attenu-
ates perceptual responses associated with effort, which ulti-
mately equalised time trial performance between euhydrated
and hypohydrated participants. Additionally, Akerman et al.
(2016) have recently provided an insightful review onwhether
HYPO could be a viable stimulus to induce physiological
adaptation, and complement acclimatisation. Collectively,
the implementation of dehydration as an additional training
stimulus requires further investigation, but may be of consid-
erable interest and value for most exercising populations.

Several factors should be considered when interpreting
the findings of the present research. Although the present
study recruited military personnel to complete a military
specific task, the underlying neurophysiological mecha-
nisms involved in HYPO and cognition are likely univer-
sal, provided that fluid deficit is accompanied by metab-
olite loss through sweating. Therefore, the findings of
this study may be more widely applied than just for a
military context. Additionally, the present study
endeavoured to isolate the effects of HYPO on cognitive
performance, independent of possible confounding fac-
tors such as exercise, exercise-induced fatigue, or Tc, as
these are known to independently modulate cognitive
ability (Chang et al. 2012; Moore et al. 2012; Schmit
et al. 2017). Therefore, a rest period of approximately
an hour was implemented fo l lowing exerc i se .
Principally, the duration of the rest period was sufficient
to allow Tc to return to baseline levels for each respec-
tive condition, and was consequentially not found to be
different between the conditions during post-exercise
cognitive testing. Furthermore, Chang et al. (2012)
meta-analytically investigated the effects of exercise on

subsequent cognitive performance, concluding that exer-
cise exceeding 20 min in duration, is likely to exhibit
positive benefits on cognition for up to 15 min. Given
the rest period far exceeded this duration, it is unlikely
that exercise may have masked possible negative effects
attributed to HYPO, as previous studies have postulated
(Grego et al. 2005; Tomporowski et al. 2007; Wittbrodt
et al. 2015). Furthermore, amongst previous literature
that employs a rest period following the cessation of
dehydrating exercise, both signif icant and non-
significant findings for cognitive performance have been
reported (Cian et al. 2001; Ely et al. 2013; Gopinathan
et al. 1988). Thus, we believe our findings to be valid
and provide further insight into the effects of HYPO and
cognitive function. Lastly, we acknowledge that the locus
of control differed between the experimental conditions
of the present study. That is, participants in the EUH
condition had control over the rate of fluid consumption,
but this control was revoked during HYPO. However,
given we identified that no conditional differences
existed for cognitive performance, it appears that fluid
consumption may not necessarily be an important factor
that mediates cognitive performance. Whilst this may op-
pose previous literature (Edmonds et al. 2013; Neave
et al. 2001; Rogers et al. 2001), it is worth considering
that these studies elicited dehydration through fluid re-
striction alone, and that the underlying mechanisms may
differ amongst these contexts. Regardless, future research
could better control for conditional differences in locus
of control through the use of nasal gastric tubes, as re-
cently utilised by Adams et al. (2018).

In conclusion, this study demonstrates that maintaining
EUH via ad libitum fluid consumption does not prove more
beneficial for cognitive performance than if fluid was restrict-
ed. It is likely the brain consolidates and redistributes re-
sources to maintain optimal cognitive performance despite
losses in body mass of 2.28%; a value exceeding the 2%
threshold recognised to possibly compromise cognitive per-
formance by current exercise and fluid consumption guide-
lines. Implementing dehydration specific tasks into current
training regimes have the potential to improve or at least main-
tain cognition or subjective estimates of performance, and
should be a future area of investigation.
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GC,5 +?5=4A-.<?5 N !!!1P F5/ +FB:?5 /<?H</, -B?/4+.<?5 N !!)!1P
TF;4,= J?B ,F+> :B,F.>L 9,FV !!!1 TF;4,= N !!!1-,FVP M,B, .>, ><C>,=.
!!!1 TF;4,= F..F<5,/ ?T,B F 7DA<5 -,B<?/L

Y?;;?M<5C .>, A,F=4B,A,5.= ?J 9("@ F5/ !!!1-,FVK .>, =4:U,+.=
B,=.,/ J?B 4- .? 7O A<5 F5/ .>,5 -,BJ?BA,/ F JFA<;<FB<=F.<?5 B45 ?5
.>, .B,F/A<;;L &;.>?4C> .>, =4:U,+.= M,B, F+l4F<5.,/ M<.> .>,
;F:?BF.?BG F5/ >F/ -FB.<+<-F.,/ <5 =<A<;FB ,H-,B<A,5.=K .>, JFA<;D
<FB<=F.<?5 +?5=<=.,/ ?J .M? =,-BF., B45=L &. ]B=. .>,G BF5 F. 26S ?J
.>,<B 9("@ J?B 4- .? O A<5L (>,5 .>,G BF5 ppF= JFB F= -?==<:;,gg J?B

;#0./ D 9>G=<+F; +>FBF+.,B<=D
.<+= ?J .>, =4:U,+.=L N#$ X?/G
=4BJF+, FB,FK $%& =4A ?J 5<5,
=V<5J?;/=K !! "1#$%& -,FV ?HGC,5
4-.FV,K 9("@ -,FV .B,F/A<;;
B455<5C =-,,/P

@4:U,+. &C, NG,FB=P ^,<C>. N+AP X?/G AF==
NVCP

#\ NA1P $@Y
NAAP

!!!1-,FV

NA;!VC_7!A<5_7P
9("@ NVA!>_7P

a,F5 1O 72O RO 7L2W O1 ROLO 17L6
@*a 7 ` ` 6L62 Q 7L` 6LQ
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F. ;,F=. 76 A<5 :G F/U4=.<5C .>,<B ?M5 B455<5C =-,,/ M<.> F .?4+>
-F/ ?5 .>, =</,DFBA ?J .>, .B,F/A<;;L

*H-,B<A,5.F; .B<F;=

&J.,B .>, ]B=. T<=<. .? .>, ;F:?BF.?BGK .>, -FB.<+<-F5.= +?5.<54,/ .?
+?5=4A, .>,<B B,C4;FB /<,.= F5/ .BF<5 F= 4=4F;K :4. B,=.,/ ?5 .>, /FG
:,J?B, ,F+> ,H-,B<A,5.F; .B<F;L !5 .>F. /FGK .>, =4:U,+.= M,B, F;=?
F=V,/ .? B,JBF<5 JB?A .>, +?5=4A-.<?5 ?J F;+?>?; F5/ +FI,<5,L #5
.>, ,H-,B<A,5.F; .B<F;=K .>, =4:U,+.= BF5 ?5 .>, .B,F/A<;; F. 26S ?J
.>,<B 9("@ J?B Q6 A<5 F5/ .>,5 F= JF=. F= -?==<:;, J?B W VA
NO A<;,=P F. F "F ?J ,<.>,B 7O N6L`P") N"7OP ?B QO N6LOP") N"QOPK
B,;F.<T, >4A</<.G ?J R6 N6LWPSK F5/ F M<5/ T,;?+<.G ?J 7O
N6L`P VA!>_7L \4B<5C .>, WDVA B45K .>, B455<5C =-,,/ MF= 5?.,/ F.
.>, ,5/ ?J ,F+> A<54., F5/ M>,5 .>, =4:U,+. +>F5C,/ .>, =-,,/L
YB?A .><=K F A,F5 B455<5C =-,,/ MF= +F;+4;F.,/L (>, ]B=. -FB.<+D
<-F5. MF= BF5/?A;G F==<C5,/ ,<.>,B .? .>, "7O ?B "QO .B<F;L *F+>
=4:=,l4,5. -FB.<+<-F5. F5/ .B<F; M,B, F==<C5,/ <5 F B,T,B=, AF55,B
=? F= .? A<5<A<=, F5G ?B/,B<5C ,I,+.L #5 F//<.<?5K J?B .B<F;= +?5D
/4+.,/ F. "7O F B,=. -,B<?/ ?J F. ;,F=. Q /FG=K MF= C<T,5 M><;, F 2D .?
7`D/FG B,=. -,B<?/ MF= C<T,5 <J .>, ]B=. .B<F; MF= F. "QO NXFB5,.. F5/
aF4C>F5 7[[QPL (><= MF= /?5, .? JF+<;<.F., B,+?T,BG JB?A .>, ,HD
,B+<=, :?4. <5 .>, >?. +?5/<.<?5=L

X,J?B, .>, ,H-,B<A,5.F; .B<F;=K .>, =4:U,+.= ,A-.<,/ .>,<B :;F/D
/,B F5/ <5=,B.,/ F B,+.F; .>,BA<=.?B Na?5DFD.>,BAK aF;;<5+VB?/.K
!><?K h@&P 76 +A :,G?5/ .>,<B F5F; =-><5+.,BK F5/ J?4B =V<5
.>,BA<=.?B= Nq@# `66K q,;;?M @-B<5C=K !><?K h@&P M,B, =,+4B,/ F=
/,=+B<:,/ -B,T<?4=;G N"FAF5F.>F5 7[R`PL (>, =4:U,+. MF= ]..,/
M<.> F >,FB. BF., A?5<.?B N@-?B.= (,=.,BK 9?;FB *;,+.B?K !GK Y<5D
;F5/P F5/ F 16DCF4C, (,m?5 +F554;F MF= <5=,B.,/ <5.? F =4-,B]+<F;
J?B,FBA T,<5 F5/ +?55,+.,/ .? F .>B,,DMFG =.?-+?+VL (><= +F554;F
MF= 4=,/ J?B .>, +?;;,+.<?5 ?J T,5?4= :;??/ =FA-;,= NO A;P F5/ MF=
V,-. -F.,5. :G -,B<?/<+F;;G m4=><5C M<.> 1_Q A; ?J 6L[S =.,B<;,
=F;<5, +?5.F<5<5C >,-FB<5 NO #h!A;_7PL &;; :;??/ =FA-;,= M,B,
.FV,5 M<.> .>, =4:U,+. =.F5/<5C ,B,+. <5 ?B/,B .? A<5<A<=, .>, ,JD
J,+.= ?J -?=.4B, ?5 :;??/ T?;4A, A,F=4B,A,5.=L &J.,B +?;;,+.<?5 ?J
F -B,D,H,B+<=, :;??/ =FA-;,K .>, =4:U,+.= M,B, M,<C>,/ <5 U4=. .>,<B
B455<5C =>?B.= M<.> F;; <5=.B4A,5.F.<?5 J?B ;F.,B +F;+4;F.<?5= ?J
.?.F; :?/G =M,F. BF.,=L

(>, =4:U,+.= .>,5 ,5.,B,/ .>, ,5T<B?5A,5.F; +>FA:,BK BF5 ?5
.>, .B,F/A<;; F. 26S ?J .>,<B 9("@ J?B Q6 A<5 F5/ .>,5 F= JF=. F=
-?==<:;, J?B W VA NO A<;,=PL X,.M,,5 .>, Q6DA<5 =4:AFH<AF; B45
N=4:AFHP F5/ .>, WDVA -,BJ?BAF5+, B45 N9"PK .>,B, MF= F ODA<5
<5.,BTF; M>,5 .>, =4:U,+. MF= .?M,;;,/ /BGK B,DM,<C>,/ NM<.>?4.
=>?,= F5/ =?+V=P F5/ F;;?M,/ .? /B<5V 4- .? Q66 A; ?J /<=.<;;,/
MF.,BL )>F5C,= <5 :?/G AF== F. .>, ,5/ ?J .>, =4:AFH B45 F5/ F.
.>, ,5/ ?J .>, 9" M,B, F/U4=.,/ J?B .>, T?;4A, ?J MF.,B <5C,=.,/
F5/ 4=,/ .? +F;+4;F., .?.F; :?/G =M,F. BF.,=L (>B?4C>?4. .>, ,HD
,B+<=, .,=.=K B,+.F; .,A-,BF.4B, N"B,P F5/ =V<5 .,A-,BF.4B,= N"=VP
M,B, A?5<.?B,/ +?5.<54?4=;G M<.> F .,;,.>,BA?A,.,B Nq@# A?/,;
`661K q,;;?M @-B<5C=P F5/ B,+?B/,/ F. ODA<5 <5.,BTF;=L a,F5 =V<5
.,A-,BF.4B, N"'=VP MF= +F;+4;F.,/ M<.> .>, ,l4F.<?5 ?J "FAF5F5D
.>F5 N7[R`PL a?A,5.FBG >,FB. BF.,= M,B, F;=? B,+?B/,/ F. ODA<5
<5.,BTF;= :G .>, >,FB. BF., A?5<.?B F5/ .>, =4:U,+.= M,B, F=V,/ .?
<5/<+F., .>,<B BF.<5C= ?J -,B+,<T,/ ,H,B.<?5 N"9*P 4=<5C .>, 16D
-?<5. X?BC =+F;, NX?BC 7[W1PL

$F= ,H+>F5C, F5/ :;??/ F5F;G=,=

$F= ,H+>F5C, MF= ?5;G A,F=4B,/ ?T,B [6D= -,B<?/= F. 76DA<5 <5D
.,BTF;= /4B<5C .>, =4:AFH B45L (>,=, /F.F M,B, 4=,/ .? ,=.<AF., .>,
,I,+.= ?J >,F. ?5 .>, B,;F.<T, BF.,= ?J +FB:?>G/BF., F5/ JF. ?H<D
/F.<?5 F. F +?5=.F5. B455<5C =-,,/ 4=<5C .>, ,l4F.<?5= ?J YBFG5
N7[WQPL %? A,F=4B,A,5.= ?J CF= ,H+>F5C, M,B, AF/, /4B<5C .>,
9" <5 +F=, <. <5.,BJ,B,/ M<.> .>, B455,B=g -,BJ?BAF5+,=L Y?B .>,
=FA, B,F=?5K T,5?4= :;??/ =FA-;,= NO_R A;P M,B, /BFM5 ?5;G F.
.>, :,C<55<5C F5/ ,5/ ?J .>, =4:AFH B45= F5/ #Q6 = FJ.,B .>, 9"L
X;??/ =FA-;,= M,B, /<T</,/ <5.? .>B,, F;<l4?.=L !5, F;<l4?.
N#6LO A;P MF= +?;;,+.,/ <5.? .4:,= +?5.F<5<5C ;<.><4A >,-FB<5
F5/ .>B,, =FA-;,= N766 !;P M,B, -B?A-.;G >F,A?;G=,/ M<.>
16 T?;4A,= ?J /<=.<;;,/ MF.,B F5/ =.?B,/ F. _W6") J?B ;F.,B .B<-;<+F.,

A,F=4B,A,5.= ?J >F,A?C;?:<5 +?5+,5.BF.<?5L (>, ?.>,B F;<l4?.=
N?J #1 F5/ Q A;P M,B, -;F+,/ <5.? .M? =4++,==<T, <+,D+?;/ .4:,=
+?5.F<5<5C ,<.>,B0 N7P =?/<4A m4?B</, F5/ -?.F==<4A ?HF;F.,K ?B N1P
,.>G;,5, /<FA<5, .,.BFDF+,.F.,L X?.> .4:,= M,B, .>,5 +,5.B<J4C,/ F.
Q666 ' J?B 76 A<5 F. `") F5/ .>, =4-,B5F.F5.= B,A?T,/L @4-,BD
5F.F5. JB?A .>, ]B=. .4:, MF= =.?B,/ F. _W6") J?B ;F.,B A,F=4B,D
A,5.= ?J -;F=AF b'F_cL (>, =,+?5/ =4-,B5F.F5. MF= <5<.<F;;G 4=,/
J?B F5 <AA,/<F., F===FG ?J -;F=AF b%^!

` c F5/ .>,5 JB?n,5 J?B ;F.,B
/,.,BA<5F.<?5= ?J -;F=AF 4BF., +?5+,5.BF.<?5=L

^F,A?C;?:<5 +?5+,5.BF.<?5= M,B, A,F=4B,/ <5 F X,+VAF5 \h
R1 =-,+.B?->?.?A,.,B NX,+VAF5K Y4;;,B.?5K )F;<JLK h@&PK F= /,D
=+B<:,/ :G^F<5;<5, N7[OWPK F5/4=,/ .? ,=.<AF., .>, -,B+,5. /,+B,F=,=
<5 :;??/ T?;4A, N\<;; F5/ )?=.<;; 7[2`PL 9;F=AF b'F_c F5/ b%^!

` c
M,B, A,F=4B,/ :G =-,+.B?->?.?A,.B<+ ,5nGAF.<+ F==FG= 4=<5C +?AD
A,B+<F;;G FTF<;F:;, V<.= b%^!

` cK NX?,>B<5C,B aF55>,<AK aF55>,<AK
$,BAF5Ge 'F+.F., 9&9K X<?a,o B<,4HK 'G?5=K YBF5+,PL )<B+4;F.<5C
4BF., +?5+,5.BF.<?5= M,B, /,.,BA<5,/ <5 5,4.BF;<=,/ -,B+>;?B<+ F+</
,H.BF+.= ?J -;F=AF A<H,/ M<.> O T?;4A,= ?J O6 AA?;!;_7 ->?=->F.,K
-^ `L2K ,;4,5. :4I,BL & 16D!; F;<l?4. ?J .>, /,D-B?.,<5<=,/ A<H.4B,
N+?5.F<5<5C Q !; ?J ?B<C<5F; -;F=AFP MF= <5U,+.,/ ?5.? F
1O +A%`LR AA &;->F=<; O!\@ +?;4A5 N^9') (,+>5?;?CGK
)>,=><B,K hkP F5/ ,;4.,/ F. F m?M BF., ?J 7 A;!A<5_7 M<.> F ><C>
-B,==4B, ;<l4</ +>B?A?.?CBF->G =G=.,A N$<;=?5a,/<+F;*;,+.B?5<+=K
E<;;<,B= ;, X,;K YBF5+,P ]..,/M<.> FhE/,.,+.?B =,. F. FMFT,;,5C.> ?J
1`[ 5ALhBF., -,FV= F--,FB,/ FJ.,B F:?4. 1 A<5 F5/ O A<5 F5/M,B,
l4F5.<],/ M<.> JB,=>;G -B,-FB,/ =.F5/FB/ =?;4.<?5=L

@.F.<=.<+F; F5F;G=,=

X,.M,,5D.B<F; /<I,B,5+,= ?T,B .<A, M,B, F==,==,/ :G .M?DMFG F5D
F;G=,= ?J TFB<F5+, N&%!E&P J?B B,-,F.,/ A,F=4B,= J?;;?M,/ :G
,<.>,B F (4V,Gg= ^@\ -?=. >?+ .,=. J?B -F<BM<=, +?A-FB<=?5= ?B F
?5,DMFG &%!E& J?B =<C5<]+F5. <5.,BF+.<?5=L 9?=. >?+ +?A-FB<D
=?5= M,B, AF/, 4=<5C >FBA?5<+ A,F5= M>,5 .>, =4:U,+. =FA-;, =<n,
MF= 5?. ,l4F;L 9F<B,/ (D.,=.= M,B, 4=,/ M>,B, F--B?-B<F.,L #5 F;;
+F=,= )r[K ,H+,-. M>,B, <5/<+F.,/ ?.>,BM<=,L &;; B,=4;.= FB, ,HD
-B,==,/ F= .>, A,F5 N@*aPL #5 F;; +F=,=K !Z6L6O MF= B,CFB/,/ F=
=<C5<]+F5.L

8%1$0-1

"455<5C -,BJ?BAF5+,

&;; =4:U,+.= M,B, F:;, .? +?A-;,., .>, =4:AFH B45 F. "7O

F5/ "QOL (<A, .? +?A-;,., .>, 9" <5 "7O MF= 12LQ
N6LRP A<5 N)r[PL ^?M,T,BK J?4B ?J .>, 5<5, =4:U,+.= M,B,
45F:;, .? ]5<=> .>, 9" F. "QOK T?;4.FB<;G .,BA<5F.<5C .>,
B45 F. 16_1O A<5L (>, B,AF<5<5C ]T, =4:U,+.= ]5<=>,/
.>, WDVA 9" <5 Q7LQ N7L1P A<5 N!Z6L61PL (>,=, ]T,
=4:U,+.= ]5<=>,/ .>, 9" F. "7O <5 12L7 N7L1P A<5L \4B<5C
.>, 9" F. "7OK .>, =4:U,+.= M,B, F:;, .? <5+B,F=, .>,<B
FT,BFC, B455<5C =-,,/ JB?A 7`L[ N6L1P VA!>_7 .? 72L2
N6LWP VA!>_7 :4. F. "QOK .>, ]T, =4:U,+.= .>F. M,B, F:;, .?
+?A-;,., .>, B45 +?4;/ ?5;G F++,;,BF., .? 7OLQ
N6LRP VA!>_7K M><+> MF= =<A<;FB J?B .>, J?4B =4:U,+.= M>?
M,B, 45F:;, .? +?A-;,., .>, B45L

(>,BA?B,C4;F.?BG B,=-?5=,=

f>,.>,B ?B 5?. =4:U,+.= M,B, F:;, .? ]5<=> .>, WDVA B45
F. "QO MF= 5?. F==?+<F.,/ M<.> F5G =<C5<]+F5. /<I,B,5+,=
<5 .>, B<=,= <5 "B,L EF;4,= ?J "B, <5 .>, J?4B =4:U,+.= M>?
=.?--,/ F. 16_1O A<5 <5.? .>, WDVA 9" M,B, =<A<;FB .?
.>, 16_1O A<5 "B, TF;4,= J?B .>, ?.>,B ]T, =4:U,+.= M>?

2Q
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+?A-;,.,/ .>, B45 F. "QO bQ[L6 N6L7P T= QWL[ N6L7P")cL #5
:?.> .>, ]5<=>,B= F5/ .>, 5?5D]5<=>,B=K "B, TF;4,= M,B,
><C>,B F. .>, ,5/ ?J .>, Q6DA<5 =4:AFH B45 F5/
.>B?4C>?4. .>, 9" F. "QO .>F5 F. "7O NY<CL 7PL \4B<5C .>,
]5F; 16 A<5 ?J .>, 9" F. "7O F5/ "QOK "B, TF;4,= <5D
+B,F=,/ JB?A Q2L[ N6L7P") .? QWLR N6L7P") F5/K JB?A QWLO
N6L7P") .? Q[L1 N6L7P") N!Z6L6OPK B,=-,+.<T,;GL EF;4,= ?J
"'=V M,B, F;=? ><C>,B F. "QO .>F5 F. "7O NY<CL 7PL f>,B,F=
.>, "'=V ?J .>, =4:U,+.= F. "7O <5<.<F;;G J,;; JB?A Q6LO N6L7P")
.? 1OLW N6L7P")K .>, "'=V ?J .>, =4:U,+.= F. "QO B,AF<5,/
:,.M,,5 QQLO N6L7P") F5/ Q`L7 N6L1P") N!Z6L66OPL (?.F;
:?/G =M,F. BF.,= F. "7O =4:AFH M,B, 6LW N6L7P ;!>_7

+?A-FB,/ M<.> 7L7 N6L7P ;!>_7 N!Z6L6OP F. "QOL #5 .>, 9"K
.>, =M,F. BF.,= M,B, <5+B,F=,/ .? 7L2 N6L1P ;!>_7 F. "7O

+?A-FB,/ M<.> 1L7 N6L1P ;!>_7 N!Z6L6OP F. "QOL

^,FB. BF.,=K :;??/ T?;4A, +>F5C,=K "9*
F5/ J4,; 4.<;<=F.<?5

^,FB. BF.,= M,B, ><C>,B F. "QO .>F5 F. "7O NY<CL 1PL &
CB,F.,B +FB/<?TF=+4;FB /B<J. <5 .>, >,F. MF= ,=-,+<F;;G
,T</,5. <5 .>, ]5F; 1O A<5 ?J .>, =4:AFH B45L !T,B .><=
-,B<?/K >,FB. BF.,= <5+B,F=,/ JB?A 7O1 NQP :,F.=!A<5_7 .?
7O` NQP :,F.=!A<5_7 F. "7O F5/ JB?A 7R6 NQP :,F.=!A<5_7

.? 721 N`P :,F.=!A<5_7 F. "QO N!Z6L66OPL (>,B,FJ.,BK .>,
/<I,B,5+,= <5 >,FB. BF.,= M,B, B,/4+,/L &. .>, +?A-;,D
.<?5 ?J .>, 9" >,FB. BF.,= M,B, 7W6 NQP :,F.=!A<5_7 F. "7O

F5/ 7W1 NQP :,F.=!A<5_7 F. "QOL (>, +>F5C,= <5 :;??/
T?;4A, M,B, =<A<;FB J?B :?.> +?5/<.<?5=K :,<5C _QL2
N7L`PS F. "7O F5/ _`L7 N1LOPS F. "QOL ^,F. =.B,== F;=?
<5+B,F=,/ .>, =4:U,+.=g "9* JB?A 76 A<5 <5.? .>, =4:D
AFH B45 .? .>, ,5/ ?J .>, 9" NY<CL 1PL &. "7OK "9*
<5+B,F=,/ JB?A [L2 N6LRP 45<.= .? 7`LW N7L1P 45<.=K
M>,B,F= F. "QOK "9* <5+B,F=,/ JB?A 77L7 N6LOP 45<.= .?
7OL[ N6L2P 45<.= N!Z6L66OPL

",=-<BF.?BG ,H+>F5C, BF.<?= N*P M,B, F;=? ><C>,B F.
"QO .>F5 F. "7O N(F:;, 1PL &. "7O =4:AFHK * TF;4,=
/,+;<5,/ JB?A 6L[R N6L67P .? 6L[Q N6L61P F5/K F. "QO

=4:AFH * TF;4,= B,AF<5,/ +;?=, .? 7L6 N!Z6L6OPL "F.,=
?J +FB:?>G/BF., ?H</F.<?5K F= ,=.<AF.,/ JB?A CF=
,H+>F5C,K /,+B,F=,/ JB?A QLW C!A<5_7 .? QLQ C!A<5_7 F.
"7O =4:AFH F5/ B,AF<5,/ ><C>,B N!Z6L6OP F. `L1 C!A<5_7

.? `LQ C!A<5_7 F. "QO =4:AFHL

9;F=AF b'F_c F5/ b%^!
` c +?5+,5.BF.<?5=

&;.>?4C> .>, CB,F.,B * TF;4,= F. "QO =4:AFH .>F5 F.
"7O .,5/,/ .? :, F==?+<F.,/ M<.> ><C>,B -;F=AF b'F_c

!)E' D ",+.F; .,A-,BF.4B, NAP F5/ A,F5 =V<5 .,A-,BF.4B, NFP J?B
-B,D,H,B+<=,K 76DA<5 <5.,BTF;= F5/ ,5/D-,BJ?BAF5+, TF;4,= J?B
=4:AFH<AF; N6_Q6 A<5P F5/ -,BJ?BAF5+, B45= N-?=. Q6 A<5_,5/P
+FBB<,/ ?4. F. F5 FA:<,5. .,A-,BF.4B, ?J ,<.>,B 7O") N+,-) ./012-.P
?B QO") N344-5 ./012-.PL s!Z6L6O +?A-FB,/ M<.> 7O")

!)E' G ^,FB. BF., NAP F5/ BF.<5C ?J -,B+,<T,/ ,H,B.<?5 N*!6K FP F.
-B,D,H,B+<=,K 76DA<5 <5.,BTF;= F5/ ,5/D-,BJ?BAF5+, J?B =4:AFH<D
AF; N6_Q6 A<5P F5/ .>, WDVA -,BJ?BAF5+, B45= N-?=. Q6 A<5_,5/P
+FBB<,/ ?4. F. F5 FA:<,5. .,A-,BF.4B, ?J ,<.>,B 7O") N+,-) ./012-.P
?B QO") N344-5 ./012-.PL s!Z6L66O +?A-FB,/ M<.> 7O")
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b1LO N6LOP AA?;!;_7 T= 7LR N6L1P AA?;!;_7cK .>, /<I,B,5+,=
M,B, 5?. =<C5<]+F5. NY<CL QPL @<C5<]+F5. /<I,B,5+,= <5
-;F=AF b'F_c M,B, =,,5 ?5;G F. .>, ,5/ ?J .>, 9"L YF=.,B
B455<5C =-,,/= b72L2 N6LWP VA!>_7 T= 7OLQ N6LRP VA!>_7c F.
"7O 9" .>F5 F. "QO <5+B,F=,/ ]5F; -;F=AF b'FDc JB?A QL7
N6LOP AA?;!;_7 .? RL6 N6L[P AA?;!;_7 N!Z6L61e Y<CL Q&PL

\,=-<., =<A<;FB <5+B,F=,= <5 -;F=AF b%^!
` c <5 .>,

=4:AFH B45=K J4B.>,B B<=,= <5 -;F=AF b%^!
` c M,B, ;,==

-B?5?45+,/ <5 .>, =4:=,l4,5. "7O 9" .>F5 F. "QO

NY<CL QXPL \4B<5C .>, 9" F. "7OK .>,B, MF= F 5?5D=<CD
5<]+F5. <5+B,F=, <5 -;F=AF b%^!

` c JB?A OWL[ N[L6P A?;!;_7

.? RWLW N77L6P A?;!;_7 M>,B,F=K F. "QO -;F=AF b%^!
` c <5D

+B,F=,/ AFBV,/;G JB?A O[LW N77LRP A?;!;_7 .? 76WL`
N76L2P A?;!;_7 N!Z6L61e Y<CL QXPL

"<=,= <5 -;F=AF 4BF., +?5+,5.BF.<?5= M,B, =<C5<]+F5.
F. .>, ,5/ ?J .>, =4:AFH F. "QO bQ77L1 N1OL[P A?;!;_7c
+?A-FB,/ M<.> "7O b1[6L7 N16LRP A?;!;_7 !Z6L6OcK M<.>
J4B.>,B B<=,= F. .>, ,5/ ?J .>, 9" .? Q16L` N1WL`P A?;!;_7

NY<CL Q)PL (>, B<=, <5 -;F=AF 4BF., MF= AFBV,/;G ><C>,B
F. .>, ,5/ ?J "7O 9" bQ1QLQ N17L[P A?;!;_7c +?A-FB,/
M<.> .>, ]5F; =4:AFH TF;4,L

9,1&$11,'"

#5 .>, -B,=,5. =.4/G .>, +?A:<5,/ ,I,+.= ?J ,H,B+<=, F5/
>,F. =.B,== =<C5<]+F5.;G B,/4+,/ B455<5C -,BJ?BAF5+,L
f><;=. J?4B ?J .>, 5<5, =4:U,+.= JF<;,/ .? +?A-;,., .>,
9" B45 F. "QOK .>, B,AF<5<5C =4:U,+.= F;; BF5 A?B,
=;?M;GL f>,.>,B ?B 5?. .>, -FB.<+<-F5.= ]5<=>,/ .>, 9"
F. "QO MF= 5?. F==?+<F.,/ M<.> F5G =<C5<]+F5. /<I,B,5+,=
<5 .>, B<=,= <5 "B, NY<CL 7PL #5 :?.> .>, ]5<=>,B= F5/ .>,
5?5D]5<=>,B=K "B, B,F+>,/ .>, +B<.<+F;;G ><C> TF;4, ?J
#Q[L6")K M><+> <= >G-?.>,=<=,/ .? B,/4+, .>, /B<T, J?B
,H,B+<=, <5 .>, >,F. N)>,45C F5/ a+',;;F5 7[[We
$?5nF;,nD&;?5=? ,. F;L 7[[[:e %<,;=,5 ,. F;L 7[[QPL

\,=-<., =<A<;FB /,+;<5,= <5 :;??/ T?;4A, :,.M,,5
.B<F;=K >,FB. BF.,= F5/ "9* M,B, ><C>,B F. "QO =4:AFH
.>F5 F. "7OL ^<C>,B :?/G .,A-,BF.4B,= <5 .>, >,F.
-B?:F:;G <5+B,F=,/ >,FB. BF.,= :G /<=-;F+<5C :;??/ m?M
JB?A .>, +,5.BF; +<B+4;F.<?5 .? .>, =V<5L ^<C>,B >,FB.
BF.,= FB, ,H-,+.,/ /4B<5C ,H,B+<=, >,F. =.B,== /4, .? .>,
><C>,B +?5+,5.BF.<?5= ?J -;F=AF F/B,5F;<5, F5/ .>, F=D
=?+<F.,/ -?=<.<T, +>B?5?.B?-<+ ,I,+.= ?5 .>, >,FB.
N\?;5G F5/ ',A?5 7[WWe %<,;=,5 ,. F;L 7[[6PL &;.>?4C>
>,FB. BF., MF= 5?. /<I,B,5. J?B .>, AFU?B<.G ?J .>, WDVA
9"K .><= <= -FB.;G ,H-;F<5,/ :G .>, ><C>,B B455<5C =-,,/=
F+><,T,/ F. "7OL ^?M,T,BK <. B,AF<5= 45+;,FB M>G .>,=,
F.>;,.,= M?4;/ ,5/ ,H,B+<=, F. =<A<;FB >,FB. BF.,= B,D
CFB/;,== ?J .>, ,5T<B?5A,5.F; .,A-,BF.4B,K =4CC,=.<5C
.>F. >,FB. BF., <= F ;<A<.<5C JF+.?B /4B<5C -B?;?5C,/ ,HD
,B+<=,L Y4B.>,BA?B,K .>, "9* MF= =<C5<]+F5.;G ><C>,B
.>B?4C>?4. .>, =4:AFH B45 F5/ WDVA 9" F. "QO .>F5 F.
"7OK <5/<+F.<5C .>F. =4:U,+.= M,B, F:;, .? -,BJ?BA A?B,
M?BV <5 .>, +??;,B +?5/<.<?5 M<.> F B,/4+,/ .>,BD
A?B,C4;F.?BG F5/ +FB/<?TF=+4;FB =.BF<5L a?B,?T,BK .>,
JF+. .>F. "B, B,F+>,/ #Q[L1") F. .>, ,5/ ?J .>, 9" F. "QO

B,CFB/;,== ?J M>,.>,B =4:U,+.= +?A-;,.,/ .>, W VAK <5D
/<+F.,= .>F. JF.<C4, MF= A?B, ;<V;,G B,;F.,/ .? .>, ><C>
<5.,B5F; .,A-,BF.4B, .>F5 .? .>, >,FB. BF., -,B =,L

* TF;4,= M,B, F;=? ><C>,B F. "QO =4:AFH .>F5 F. "7O

N(F:;, 1PL ^<C>,B * TF;4,= F. .>, ,5/ ?J =4:AFH <5 .>,
>,F. +?4;/ >FT, :,,5 /4, .? ,<.>,B >G-,BT,5.<;F.<?5 ?B F

;#0./ G !HGC,5 +?5=4A-.<?5
N !! "1K A;!VC_7!A<5_7P F5/ B,=-<D
BF.?BG ,H+>F5C, BF.<?= N*P
/4B<5C .>, =4:AFH<AF; B45= <5
.>, 7O") N"7OP F5/ QO") N"QOP
.B<F;=

EFB<F:;, (B<F; 76 A<5 16 A<5 Q6 A<5

!!!1 NA;!VC_7!A<5_7P "7O O6LR N7L6P O6LR N7L7P `[LQ N7LOP
"QO `[L7 N7L7P `[L6 N7LQP `[LQ N7L7P

* "7O 6L[R N6L67P 6L[O N6L61P 6L[Q N6L61P
"QO 7L6 N6L67Ps 6L[[ N6L67Ps 6L[[ N6L67Ps

s@<C5<]+F5. +?A-FB,/ M<.> "7O N!Z6L6OP

!)E' H 9;F=AF ;F+.F., NAPK FAA?5<F NFP F5/ 4BF., N@P J?B -B,D
,H,B+<=,K ,5/D=4:AFH<AF; F5/ .>, ,5/ ?J .>, WDVA -,BJ?BAF5+,
B45= +FBB<,/ ?4. F. QO") N344-5 ./012-.P F5/ 7O") N+,-) ./012-.PL
s!Z6L61 +?A-FB,/ M<.> +?BB,=-?5/<5C .<A, -?<5. F. 7O")L
F!Z6L61 +?A-FB,/ M<.> -B,D,H,B+<=, TF;4,e :!Z6L61 +?A-FB,/
M<.> ,5/D=4:AFH<AF; TF;4,
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CB,F.,B BF., ?J +FB:?>G/BF., ?H</F.<?5 N`L1 C!A<5_7 T=
QLQ C!A<5_7P C<T,5 .>F. >,F. =.B,== >F= :,,5 =>?M5 .?
F++,;,BF., +FB:?>G/BF., A,.F:?;<=A /4B<5C ,H,B+<=,
N\<AB< ,. F;L 7[W6e Y,::BF<? ,. F;L 7[[`e Y<5V ,. F;L 7[2Oe
^FBCB,FT,= ,. F;L 7[[Re q?45C ,. F;L 7[WOPL

9;F=AF b'F_c .,5/,/ .? :, ><C>,B F. "QO =4:AFH .>F5
F. "7OK :4. .>, /<I,B,5+,= M,B, 5?. =<C5<]+F5. NY<CL Q&PL
@<C5<]+F5. /<I,B,5+,= <5 -;F=AF b'F_c M,B, ?:=,BT,/
?5;G <5 .>, 9"L YF=.,B B455<5C =-,,/= <5 .>, 9" F. "7O

.>F5 F. "QO <5+B,F=,/ ]5F; b'F_c TF;4,= JB?A F:?4.
Q AA?;!;_7 .? R AA?;!;_7L #5 +?5.BF=.K ]5F; -;F=AF
b%^!

` c M,B, ;?M,B <5 .>, 9" F. "7O .>F5 F. "QO NY<CL QXPL
\4B<5C .>, 9" F. "7O b%^!

` c <5+B,F=,/ =;<C>.;G JB?A
F:?4. R6 !A?;!;_7 .? 26 !A?;!;_7 F5/K /4B<5C .>, 9" F.
"QOK b%^`

dc <5+B,F=,/ JB?A F:?4. R6 !A?;!;_7 .?
76W !A?;!;_7K M<.> A<5<AF; +>F5C,= <5 4BF., +?5+,5.BFD
.<?5 NY<CL Q)PL

&;.>?4C> A4=+;, :;??/ m?M =,,A= .? :, F/,l4F.,;G
AF<5.F<5,/ /4B<5C A?/,BF., ,H,B+<=, F5/ >,F. =.B,==K
B,+,5. ,T</,5+, =4CC,=.= .>F. .><= <= 5?. .>, +F=, M>,5
,H,B+<=, >G-,B.>,BA<F <= +?4-;,/ M<.> /,>G/BF.<?5L
$?5nFo ;,nD&;?5=? ,. F;L N7[[WP >FT, =>?M5 .>F. M>,5
/,>G/BF.<?5 ;,T,;= B,F+> F:?4. `S ?J :?/G M,<C>.K
:;??/ m?M .? M?BV<5C A4=+;, <= B,/4+,/L #5 .>, -B,=,5.
=.4/G R6 A<5 ?J B455<5C F. "78 B,=4;.,/ <5 F QS B,/4+D
.<?5 <5 :?/G M,<C>. F5/K .>,B,J?B,K <. <= 5?. -?==<:;, .?
B4;, ?4. F B,/4+,/ A4=+;, :;??/ m?ML ^,5+,K <J .><=
-?==<:<;<.G ,H<=.=K F B,/4+.<?5 <5 A4=+;, :;??/ m?M A<C>.
-FB.;G ,H-;F<5 .>, <5+B,F=,/ -;F=AF b%^!

` cL & B,/4+,/
?HGC,5 /,;<T,BG .? ,H,B+<=<5C A4=+;, +?4;/ <5+B,F=, .>,
/,AF5/ J?B 5?5DF,B?:<+ ,5,BCG =?4B+,=L (><= M?4;/ F.D
.,54F., &\9 ->?=->?BG;F.<?5 F5/ =.<A4;F., .>, F/,5GD
;F., V<5F=, B,F+.<?5K .>,B,:G J?BA<5C &(9 F5/ &a9L
(><= M?4;/ B,=4;. <5 <5+B,F=,/ &a9 /,FA<5F=, F+.<T<.G
-B?/4+<5C #a9 F5/ b%^!

` c NXB?:,BC F5/ @F>;<5 7[W[PL
^?M,T,BK <5 F =4:=,l4,5. =.4/G :G $?5nFo ;,nD&;?5=?
,. F;L N7[[[FP <. MF= =>?M5 .>F. .>, F:<;<.G ?J A4=+;, .?
,H.BF+. ?HGC,5 MF= 5?. +?A-B?A<=,/ ,T,5 M>,5 A4=+;,
:;??/ m?M MF= B,/4+,/ /4B<5C ,H,B+<=, >G-,B.>,BA<F
F5/ /,>G/BF.<?5L a?B,?T,BK @tB;<, ,. F;L N7[W1P >FT,
=>?M5 ;,T,;= ?J ?HG-4B<5, A,.F:?;<.,= .? :, F..,54F.,/
/4B<5C CBF/,/ ,H,B+<=, <5 =4:U,+.= M<.> FB.,B<F; :;??/
m?M <5=4u+<,5+G +?A-FB,/ M<.> +?5.B?;=L (>,=, ]5/<5C=
=4CC,=. .>F. ,T,5 <J :;??/ m?M <= ;<A<.,/ /4B<5C ,H,B+<=,
<. AFG 5?. :, .>, ?5;G TFB<F:;, .? -B?A?., ,5>F5+,/
-4B<5, A,.F:?;<=A /4B<5C -B?;?5C,/ ,H,B+<=, <5 .>, >,F.L

",+,5. ,T</,5+, =4CC,=.= .>F. <5+B,F=,/ +FB:?>G/BF.,
FTF<;F:<;<.G ;,F/= .? F B,/4+,/ b%^!

` c -B?/4+.<?5 F5/
F++4A4;F.<?5 /4B<5C -B?;?5C,/ =.,F/GD=.F., ,H,B+<=,
N@5?M ,. F;L 1666PL ^?M,T,BK )nFB5?M=V< ,. F;L N7[[OP
>FT, =>?M5 .>F. BF-</ BF.,= ?J b%^!

` c F++4A4;F.<?5 FB,
45;<V,;G .? :, /4, .? ;?M C;G+?C,5 =.?B,=L #5 ,H,B+<=<5C
A4=+;,= ?J -F.<,5.= M<.> C;G+?C,5 =.?BFC, /<=,F=, .>,B,
MF= F5 ,5>F5+,/ -4B<5, A,.F:?;<=A <5 .>, F:=,5+, ?J
F5G +>F5C, <5 b'F_c F++4A4;F.<?5 Na<5,? ,. F;L 7[WOPL
(>4=K <5 .>, -B,=,5. =.4/G .>, <5+B,F=,/ b%^!

` c F++4D
A4;F.<?5 /4B<5C ,H,B+<=, >,F. =.B,== M<.> 5? F--B,+<F:;,
+>F5C, <5 -;F=AF 4BF., +?A-FB,/ M<.> .>, +??;,B +?5D
/<.<?5K .?C,.>,B M<.> F ;,== .>F5 B,AFBVF:;, +>F5C, <5

b'F_c F++4A4;F.<?5K =4CC,=.= .>F. .>, <5+B,F=,/ b%^!
` c

MF= 45;<V,;G .? :, F B,=4;. ?J B,/4+,/ C;G+?;G=<=L Y4B.>,B
.? .><= -?<5.K 9FBV<5 ,. F;L N7[[[P =>?M,/ .>F. A4=+;,
C;G+?C,5 +?5.,5. MF= JFB JB?A /,-;,.,/ F. ,H>F4=.<?5
FJ.,B +G+;, B</,= F. 26S ?J !!!1-,FV <5 F `6") ,5T<B?5D
A,5.K F5/ G,. A4=+;, #a9 +?5.,5. MF= 5?. =<C5<]+F5.;G
/<I,B,5. FA?5C .,A-,BF.4B, +?5/<.<?5= NQ")K 16") F5/
`6")P F. ,H>F4=.<?5 ,T,5 .>?4C> =<C5<]+F5.;G ;?5C,B
,H,B+<=, .<A,= M,B, F+><,T,/ <5 .>, +??; F5/ A?/,BF.,
FA:<,5. +?5/<.<?5=L

#. >F= :,,5 =>?M5 -B,T<?4=;G N@5?M ,. F;L 7[[QP
.>F. F B<=, <5 FA:<,5. .,A-,BF.4B, JB?A 16") .? `6")
F++,;,BF.,/ BF.,= ?J -;F=AF b%^!

` c F++4A4;F.<?5 JB?A
F:?4. 16 !A?;!;_7 .? [6 !A?;!;_7 /4B<5C `6DA<5 +G+;,
B</,= F. 26S ?J !!!1-,FVL #5 +?5.BF=.K M, J?45/ 5?
,I,+. ?J ,H,B+<=, >,F. =.B,== ?5 .>, B<=,= <5 b%^!

` c
/4B<5C .>, Q6DA<5 =4:AFH B45 F. 26S ?J 9("@L
\<I,B,5+,= <5 b%^!

` c F++4A4;F.<?5 M,B, ?5;G =,,5 <5
.>, =4:=,l4,5. 9"L \4B<5C .>, "7O 9"K BF.,= ?J
b%^!

` c F++4A4;F.<?5 /,+;<5,/ JB?A F:?4. R6
!A?;!;_7!>_7 .? 16 !A?;!;_7!>_7K F5/ /4B<5C .>, 9" F.
"QO BF.,= ?J b%^!

` c F++4A4;F.<?5 <5+B,F=,/ JB?A F:?4.
R6 !A?;!;_7!>_7 .? 766 !A?;!;_7!>_7L (>, /<I,B,5+,= <5
b%^!

` c :,.M,,5 -B,T<?4= N@5?M ,. F;L 7[[QP F5/ -B,D
=,5. M?BV +?4;/ :, B,;F.,/ .? .>, ,H,B+<=, -B?.?+?;L
(>F. <=K /4B<5C =4:AFH<AF; +G+;<5C ,H,B+<=, b%^!

` c
F++4A4;F.<?5 =,,A= .? :, ><C>,B +?A-FB,/ M<.> B45D
5<5CL (><= +?4;/ -FB.;G ,H-;F<5 M>G .>, <5+B,F=, <5
b%^!

` c /4B<5C =4:AFH<AF; B455<5C MF= A<5<AF;
NX?4+VF,B. F5/ 9F55<,B 7[[Oe f<;V,B=?5 ,. F;L 7[2OPL

#. >F= :,,5 -B?-?=,/ .>F. B<=,= <5 -;F=AF b%^!
` c

/4B<5C ,H,B+<=, AFG :, -FB.;G /4, .? /,+B,F=,= <5 .>,
+;,FBF5+, ?J b%^!

` c :G .>, =-;F5+>5<+ B,C<?5 N*B<V==?5
,. F;L 7[WOP F5/ :G <5F+.<T, A4=+;,= NXF5C=:? ,. F;L
7[[RPL ^?M,T,BK M>,.>,B =4+> /,+B,F=,= <5 .>, +;,FBF5+,
?J b%^!

` c ,H-;F<5 .>, ]T,DJ?;/ CB,F.,B BF.,= ?J b%^!
` c

F++4A4;F.<?5 <5 .>, 9" F. "QO +?A-FB,/ M<.> "7O B,D
AF<5= .? :, /,.,BA<5,/L "455<5C =-,,/= <5 .>, 9" F.
"QO M,B, ?5;G F:?4. 6L` VA!>_7 JF=.,B .>F5 <5 .>, =4:D
AFH B45K F5/ .>,B, MF= 5? ,I,+. ?J >,F. =.B,== ?5 b%^!

` c
F++4A4;F.<?5 <5 .>, =4:AFH B45=L f<.> .>, =;?M,B
B455<5C =-,,/= F5/ ;,== -;F=AF b'F_c F++4A4;F.<?5 <5
.>, 9" F. "QO .>F5 <5 "7OK <. <= F;=? 45;<V,;G .>F. .>,
A?B, BF-</ B<=, <5 b%^!

` c <5 .>, >,F. MF= /4, .? F5
F+.<TF.<?5 ?J &a9 /,FA<5F=,L '?M,B BF.,= ?J &(9
.4B5?T,B <5 .>, 9" <5 .>, >,F. M?4;/ >FT, ;<A<.,/ .>,
F++,;,BF.<?5 ?J C;G+?C,5?;G=<= F5/ .>, F+.<TF.<?5 ?J
&a9 /,FA<5F.<?5 :G /<=-;F+,A,5.= ?J .>, +B,F.<5,
->?=->?V<5F=, F5/ F/,5G;F., V<5F=, ,l4<;<:B<F .?MFB/=
&\9K <5?BCF5<+ ->?=->F.,K &a9 F5/ >G/B?C,5 <?5
J?BAF.<?5L #5=.,F/K <. <= A?B, ;<V,;G .>F. >,F. =.B,== <5D
+B,F=,/ .>, /,FA<5F.<?5 ?J FA<5? F+</= :G .>, -4B<5,
54+;,?.</, +G+;, .>B?4C> F A,+>F5<=A ?.>,B .>F5 F5
F+.<TF.<?5 ?J &a9 /,FA<5F=,L ^?M,T,BK .>, 5F.4B, ?J
.>F. =.<A4;4= B,AF<5= .? :, /,.,BA<5,/L &;; M, +F5
+?5+;4/, <= .>F. .>, =.<A4;4= J?B .>, <5+B,F=, <5 b%^!

` c
F++4A4;F.<?5 /4B<5C ,H,B+<=, <5 .>, >,F. <= -B?:F:;G 5?.
.>, =FA, F= .>, =.<A4;4= J?B .>, <5+B,F=, <5 +FB:?>G/BF.,
?H</F.<?5L
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AB%$*C./2E/1/$35 f, CBF.,J4;;G F+V5?M;,/C, .>, M>?;,D>,FB.,/
+?D?-,BF.<?5 ?J .>, =4:U,+.= /4B<5C .>, =.4/G F5/ .>, =4--?B. ?J .>,
a,/<+F; ",=,FB+> )?45+<; ?J @?4.> &JB<+FL YBF5V aFB<5? MF=
=4--?B.,/ :G .>, @-,+<F; @.4/<,= 9B?CBFA ?J )>FB;,= @.4B.
h5<T,B=<.GL

8%(%/%"&%1

XF:<U 9K aF..>,M= @aK ",55<, a3 N7[WQP )>F5C,= <5 :;??/ FAD
A?5<FK ;F+.F.,K F5/ FA<5? F+</= <5 B,;F.<?5 .? M?BV;?F/ /4B<5C
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It is well accepted that exercise-induced hyperthermia
leads to a reduction in physical performance (Brück &
Olschewski, 1987; Nielsen et al. 1993; González-Alonso et
al. 1999; Parkin et al. 1999). Indirect evidence for this
hypothesis comes from pre-cooling studies whereby a
reduction in pre-exercise core temperature (Tc) enhances
endurance performance in both moderate and hot
conditions (for review see Marino, 2002). Although observed
in a variety of mammalian species (Taylor & Rowntree,
1973; Caputa et al. 1986; Fuller et al 1998; Walters et al.
2000) the mechanism for the reduction in physical
performance secondary to exercise-induced hyperthermia
remains essentially undetermined. Early investigations
suggested that high internal temperatures reduced the
motivation or drive for further physical effort (Brück &
Olschewski, 1987). More recent studies have shown that
there may be a direct effect of high internal temperatures
on the central nervous system (CNS) (Nybo & Nielsen,
2001). The evidence for this hypothesis comes from studies
showing that exercise terminates at a Tc of ~39–40 °C
(Nielsen et al. 1993; González-Alonso et al. 1999) and that

muscle recruitment is systematically reduced during
exercise in the heat (Kay et al. 2001; Hunter et al. 2002).

Recent work has shown that maximal voluntary force
development is significantly reduced after exercise in both
cool and hot conditions but the reduction in force
development was much more pronounced in the hyper-
thermic condition (Nybo & Nielsen, 2001). However,
when superimposed electrical stimulation was applied to
the femoral nerve of the muscles used in the preceding
exercise (exercised muscles), the resulting superimposed
force was similar in normothermic and hyperthermic
conditions. In addition, for the non-exercised wrist flexor
muscles, both exercise-induced hyperthermia and passive
heating to a Tc of ~39 °C led to similar reductions in force
development. These findings demonstrate that high internal
temperatures are associated with significant reductions in
the ability of the CNS to recruit the required number of
motor units for the maintenance of pre-exercise levels of
voluntary muscle force. Although a mechanism for this
reduction in maximal voluntary force is unknown, there
does seem to be a consensus that a reduction in CNS drive

Exercise heat stress does not reduce central activation to
non-exercised human skeletal muscle

Julian Saboisky, Frank E. Marino *, Derek Kay and Jack Cannon

School of Human Movement Studies, Charles Sturt University, Bathurst, NSW 2795, Australia

(Manuscript received 13 June 2003; accepted 19 August 2003)

In this study we measured the central activation ratio (CAR) of the leg extensors and the elbow flexor muscles
before and after exhaustive exercise in the heat to determine whether exercise-induced hyperthermia affects the
CNS drive to exercised (leg extensors) and/or non-exercised (forearm flexors) muscle groups. Thirteen subjects
exercised at fixed intensities representative of a percentage of peak power output (PPO) for 10 min periods
(50 %, 40 %, 60 %, 50 %) and then at 75 % PPO until exhaustion in ambient conditions of 39.3 ± 0.8 °C and
60.0 ± 0.8 % relative humidity. Before and immediately following exercise subjects performed a series of
maximal voluntary contractions (MVCs) with the leg extensors (exercised muscles) and forearm flexors
(non-exercised muscles). The degree of voluntary activation during the sustained MVCs was assessed by
superimposing electrical stimulation to the femoral nerve and the biceps brachii. Exercise to exhaustion
increased the rectal temperature from 37.2 ± 0.2 to 38.8 ± 0.2 °C (P < 0.0001). The mean heart rate at the end of
exercise to exhaustion was 192 ± 3 beats min_1. Leg extensor voluntary force was significantly reduced from
595 ± 143 to 509 ± 105 N following exercise-induced hyperthermia but forearm flexor force was similar before
and after exercise. The CAR of the leg extensors decreased from 94.2 ± 1.3 % before exercise to 91.7 ± 1.5 %
(P < 0.02) following exercise-induced hyperthermia. However, the CAR for the forearm flexors remained at
similar levels before and after exercise. The data suggest that the central nervous system selectively reduces
central activation to specific skeletal muscles as a consequence of exercise-induced hyperthermia.  Experimental
Physiology (2003) 88.6, 783–790.
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is possibly a safety mechanism enabling the body to avoid
reaching lethal core and brain temperatures (Nielsen &
Nybo, 2003).

The central activation ratio (CAR) is regarded as a primary
variable in quantifying the central drive for muscle
recruitment (Enoka, 2002). This measurement is derived
from the difference observed between the force during
MVC and the force produced during an MVC with a
superimposed electrical stimulus. Nybo & Nielsen (2001)
showed that CAR was reduced from 99 to 92 % after 40
brief isometric MVCs in the exercised quadriceps muscles
when Tc was 40.0 °C in the hyperthermic trial and 38.0 °C
in normothermic conditions. CAR was reduced by ~34 %
during a sustained maximal voluntary isometric contraction
following exercise-induced hyperthermia compared to
MVCs in normothermic conditions. This was also
supported by the changes in integrated electromyography
(iEMG) which, as a percentage of maximum value, were
significantly reduced in the hyperthermic compared to the
normothermic trial. However, the CAR was not measured
in the non-exercised muscle group during sustained
isometric handgrip exercise, nor was iEMG. First, a
comparison of CAR between exercised and non-exercised
muscle groups would provide evidence for a change in
CNS drive to specific muscle groups should it exist. That is,
a similar reduction in CAR between exercised and non-
exercised muscle groups would be indicative of central
fatigue. Second, the contribution of any one muscle during
handgrip exercise to the total force production and iEMG
would be relative to the number of muscles in the forearm.
In fact, it is well accepted that voluntary activation varies
considerably between muscles (Gandevia, 2001) and
specifically, maximal voluntary activation of hand muscles
is substantially lower than that for the elbow flexors in the
same subjects (Herbert et al. 1997).

Accordingly, in the present study we measured the CAR of
the leg extensors and the elbow flexor muscles before and
after exhaustive exercise in the heat to determine whether
increased body temperature during exercise affects the
CNS drive to both exercised (leg extensors) and/or non-
exercised (forearm flexors) muscle groups.

METHODS 
Subject characteristics
Thirteen subjects (4 females; 9 males) volunteered to participate
in the study. Following explanation of the risks and discomforts
of participation and completion of a health screening questionnaire
subjects signed a letter of consent. The study was conducted with
the approval of the University Ethics in Human Research
Committee. Subject characteristics are presented in Table 1.

Experimental procedures
Subjects were required to attend the laboratory on two occasions.
The initial visit involved familiarisation with experimental
procedures and equipment and the obtaining of descriptive
measurements (see Table 1). Subjects also undertook a progressive
incremental test to exhaustion for the determination of peak
power output (PPO) and peak aerobic capacity (◊J,peak). A week
later participants returned to the laboratory for the experimental

session. For the 24 h period leading up to experimental sessions,
subjects were requested to refrain from exercise and the
consumption of alcohol and tobacco.

The experimental session required subjects to perform a series of
voluntary and evoked contractions of the leg extensors and
forearm flexors (described below) prior to and immediately
following exercise to exhaustion in a hot humid environment
(39.3 ± 0.8 °C; 60.0 ± 0.8 % relative humidity). The exercise
protocol involved cycling at predetermined percentages of PPO
on an ergometer (Monark, Exercise AB, Varberg, Sweden). On
arrival at the laboratory subjects voided, nude body mass was
recorded and rectal thermistor inserted. Electromyographic
electrodes and heart rate transmitter strap were secured and
subjects performed a series of evoked and maximal isometric
contractions on an isokinetic dynamometer. Skin thermistors
were attached and subjects then entered the temperature-
controlled chamber and mounted the cycle ergometer in
preparation to cycle. Throughout all trials subjects were
permitted to consume water ad libitum and were dressed in
shorts and shoes, while females added a lycra top. Exercise
intensities and durations are described in Fig. 1. Immediately
following exercise subjects were returned to the isokinetic
dynamometer and the muscle assessment procedure was
repeated.

Assessment of muscle function
Muscle function was assessed using a Kin-Com isokinetic
dynamometer (Chattanooga Group Inc., Hixon, TN, USA).
Subjects were secured to the dynamometer with standard
shoulder and waist strapping. For the leg extensors to avoid
interference with the EMG electrode placement the active leg was
not stabilised. The axis of rotation of the dynamometer was
visually aligned with the lateral femoral epicondyle with the
lower leg attached to the lever arm at the level of the lateral
malleolus. The knee was positioned at 60 deg, with 0 deg being
full knee extension. For the forearm flexors the axis of rotation of
the dynamometer was visually aligned with the lateral humeral
epicondyle with the forearm attached to the lever arm at the level
of the styloid process (wrist). The elbow was positioned at 90 deg,
with 0 deg being full forearm extension. All contractions were
performed on the right side of the body.

Electromyographic and contractile properties
Electromyographic data were obtained using paired (8 mm
diameter for lower limb and 4 mm diameter for the arm)
Ag–AgCl bipolar electrodes (BioPac Systems Inc., Santa Barbara,
CA, USA) connected to a terminal box linked to a data
acquisition and analysis system (AMLAB Technologies Pty Ltd,
Sydney, Australia) and host computer. Electrodes were attached
to the belly of the vastus lateralis and biceps brachii muscles with
an inter-electrode spacing of 20 mm for the lower limb and
10 mm for the arm. EMG signals were sampled during the
voluntary and evoked conditions with a gain of 200 V V_1 and
1000 V V_1, respectively, at a rate of 2500 Hz. Raw voluntary
EMG data were full-wave rectified, normalised against the
rectified maximal M-wave amplitude, bandpass filtered with cut-
off frequencies of 62 Hz and 432 Hz, and smoothed using a low
pass filter at 3.02 Hz using AMLAB software.

For the assessment of muscle contractile properties, activation of
the leg extensors was achieved by stimulating the femoral nerve
using a felt pad bar electrode with a tip spacing of 30 mm
(Nicolet Biomedical, Madison, WI, USA), positioned about the
medio-anterior aspect of the upper thigh, directly below the
inguinal fold and secured using a Velcro strap. For the forearm
flexors, adhesive electrodes were positioned over the motor point
of the muscle (Allen et al. 1997). The current was delivered via a
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stimulator (Digitimer DS7, Digitimer Ltd, Welwyn Garden City,
Hertfordshire, UK) linked via a host computer to the data
acquisition and analysis system using a single square-wave pulse
with a width of 200 ms (400 V; 1500–8000 mA). Initially the current
was manually applied in incremental steps until a plateau in the
twitch force and the compound action potential (M-wave) was
achieved. The current was then increased by a further 20 % to
ensure supra-maximal stimulation. Twitch data were sampled
from six pulses delivered at a rate of 0.25 Hz using the stimulator
and a custom-designed instrument (AMLAB Technologies). Raw
EMG activity, dynamometer force output and the delivery of the
stimulus were sampled synchronously and exported into
spreadsheet software. All recorded force data were corrected for
the effect of gravity of the lower leg on the force transducer.
Maximal twitch tension (peak tension development), time to
peak tension (the period of time from the delivery of the stimulus
to peak tension development), and half-relaxation time (half the
time period from peak tension development to complete
relaxation) were determined from each twitch response with the
mean value used for statistical analysis. Corresponding EMG
data were used for the analysis of M-wave latency (defined as the
time from the stimulus to the first peak of the M-wave), peak-to-
peak amplitude, and duration between the negative and positive
peaks.

The level of voluntary activation of the leg extensor and forearm
flexor muscles was determined using the twitch interpolation
technique (Babault et al. 2001). Two square-wave pulses were
delivered at a rate of 50 Hz utilising the same parameters as
described for the assessment of muscle contractile (twitch)
properties. Subjects were instructed to produce peak force as
rapidly as possible and maintain this force. The delivery of the
stimulus was automatically triggered when a plateau in force
production was observed. Central activation ratio (CAR) was
measured as the percentage of MVC force obtained during the
superimposed contraction as a result of voluntary muscle
recruitment (SIMVC) using the following equation:

CAR = (MVC/SIMVC) w 100.

Peak power output
Peak power output was determined using a Monark cycle
ergometer. Following a brief warm-up at a self-selected intensity,
the test commenced at a workload of 100 W. The workload was
increased by 25 W every minute until the required intensity or
cadence of 60 r.p.m. could no longer be maintained. During the
test subjects breathed through a two-way non-breathing valve
(series 2700, Hans Rudolph, St Louis, MO, USA). Expired air
passed through the respiratory tubing to an automated gas
analyser (Quinton Instrument Company, Bothell, WA, USA).
Prior to analysis, the pneumotach (Hans Rudolph) and gas
analysers were calibrated using a 3 l syringe and gases of known

concentration. Expired air passed through a mixing chamber of
5.5 l volume and was sampled at 15 s intervals.

Heart rate and subjective responses
Heart rate (HR) was recorded using a chest transmitter strap and
wristwatch receiver (Polar Electro Oy, Kempele Finland).
Maximal heart rate (HRmax) was determined as the maximum HR
recorded during the peak power test. For all experimental trials
HR was recorded at rest, at 15 s intervals during exercise and
after the completion of exercise, and transferred to computer for
subsequent analysis. Subjective ratings of perceived exertion and
thermal comfort were obtained at 3 min intervals during exercise
using the scales of Borg (1982) and Bedford (1964), respectively.

Thermoregulatory measurements
Rectal temperature (Tre) was measured as an index of core
temperature (Tc) using a 12 gauge disposable thermistor (Mona-
Therm, Mallinckrodt Medical Inc., St Louis, MO, USA) inserted
10 cm beyond the anal sphincter. Surface temperature of the skin
was assessed at four sites using thermistors (427 series, YSI,
Yellow Springs, OH, USA) placed on the left side of the body.
Skin and rectal thermistors were connected to an 8-channel
telethermometer (Zentemp 5000, Zencor Pty Ltd, Australia).
Temperatures were constantly monitored and recorded at rest
and at 3 min intervals during exercise. Mean skin temperature
was calculated using the equation of Ramanathan (1964). Total
body sweating was determined using pre- and post-exercise nude
body mass and corrected for fluid intake.

Anthropometric measurements
Skinfold measurements were taken at nine sites (biceps, triceps,
subscapular, mid axilla, iliac crest, supraspinale, abdominal,
front thigh and medial calf) in duplicate using skinfold calipers

Exercise heat stress and central activationExp Physiol 88.6 785

Figure 1

Depiction of the experimental design. Peak power output (PPO) is determined from incremental test to
exhaustion. The assessment of muscle function on the isokinetic dynamometer which included twitch,
interpolated twitch, isometric MVC for biceps brachii followed by twitch, interpolated twitch, isometric
MVC for quadriceps femoris was conducted before exercise and immediately following exercise.

Table 1. Subject characteristics 

Mean ± S.E.M. Range

Age (years) 21.9 ± 1.2 18–31
Height (cm) 177.2 ± 1.9 162–186.2
Pre-exercise mass (kg) 72.9 ± 2.2 53.65–81.29SSF (mm) 88.9 ± 7.1 59.2–128.2
HRmax (beats min_1) 191.5 ± 2.6 173–204◊J,peak (ml kg_1 min_1) 53.0 ± 2.8 36.6–67.2

Data are presented as mean ± S.E.M.SSF is the sum of 9 skinfolds
from the biceps, triceps, subscapular, mid-axilla, iliac crest,
supraspinale, abdominal, front thigh and medial calf regions.
HRmax is the maximum heart rate achieved during the peak
power test. n = 13.
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(British indicators Ltd, UK) with the mean value used to
calculate total skinfolds. Height was measured to the nearest
0.1 cm using a stadiometer (Len Blaydon, Lugarno, Australia)
while body mass was measured to the nearest 10 g using an
electronic precision balance (HW-100KAI, GEC, Avery Ltd,
Australia).

Statistics
Descriptive data were generated for all variables and presented as
the mean ± S.E.M. Statistical analysis was undertaken using a
paired samples t test for pre- and post-exercise variables and one-
way analysis of variance (ANOVA) for repeated variables recorded
during exercise. Significance was accepted when P < 0.05.

RESULTS
Responses to exercise
The mean time to exhaustion was 62.8 ± 7.4 min. Rectal
temperature increased from 37.2 ± 0.2 °C at the
commencement of exercise to 38.8 ± 0.12 °C at exhaustion
(P < 0.01), resulting in an increase of ~1.7 °C. Similarly,
mean skin temperature increased from 33.8 ± 0.3 to
36.7 ± 0.2 °C (P < 0.0001) during exercise. Changes in
heart rate during exercise mirrored the workload protocol,
increasing from 99 ± 9 beats min_1 at rest to 192 ± 3 beats
min_1 at exhaustion. Values for perceived exertion
(P < 0.002) and subjective ratings of thermal comfort
(P < 0.0001) increased throughout exercise.

Maximal voluntary contractions – force and EMG
Figure 2 shows the maximal voluntary isometric force and
iEMG response for the leg extensors and forearm flexors
before and after exercise. There was a significant decrease
in maximal voluntary isometric force production of the leg
extensor muscle group from pre- (595 ± 143 N) to post-
exercise (509 ± 105 N; P < 0.01). No change in maximal
voluntary force of the forearm flexors from pre- to post-
exercise was observed (P < 0.87). Corresponding values for
voluntary iEMG displayed no change from pre- to post-
exercise for either the biceps brachii (P < 0.13) or vastus
lateralis (P < 0.61) muscles (Fig. 2).

Contractile twitch and neural propagation properties
No differences pre- and post-exercise were observed for
the exercised or non-exercised muscle groups for peak
twitch force, time to peak force and half-relaxation time
(Fig. 3). Similarly there were no changes in the mean
M-wave of the biceps brachii or vastus lateralis from pre-
exercise to post-exercise for duration, peak-to-peak
amplitude or latency (Fig. 4).

Central activation ratio
Values for central activation ratio (CAR) are presented
in Fig. 5. CAR for the leg extensors decreased from
94.2 ± 1.3 % before exercise to 91.7 ± 1.5 % following
exercise (P < 0.02). No change in central activation was
observed for the forearm flexors (P < 0.97).

J. Saboisky and others786 Exp Physiol 88.6

Figure 2
Values for isometric maximal voluntary
contraction (MVC) and EMG of the leg extensor
(vastus lateralis) and forearm flexor (biceps
brachii) muscle groups pre- and post-exercise-
induced hyperthermia. Values are means ± S.E.M.
* P < 0.05 compared to pre-exercise value in
same limb.
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DISCUSSION
The novel finding of the present study was that the ability
to generate force during a 5 s isometric MVC following
exercise-induced hyperthermia is attenuated in exercised
muscles (quadriceps) but not in the non-exercised muscles
(forearm flexors). In addition, the CAR for the exercised
muscles is significantly attenuated compared with that of
the non-exercised muscles. This reduction in CAR and
voluntary contraction of the leg extensors in conjunction
with the lack of change in CAR and voluntary contraction
of the forearm flexors indicates that the CNS is able to
discriminate between muscle groups in the face of exercise-
induced hyperthermia. These findings do not support the
hypothesis that hyperthermia per se leads to a general
reduction in central drive as previously proposed (Nielsen
et al. 1993; González-Alonso et al. 1999).

However, it should be noted that the reduction in force
output of the exercised knee extensor muscles was not
accompanied by a significant change in iEMG. This finding

would normally be interpreted as indicative of peripheral
fatigue as a similar number of motor units would have
been recruited for less force production. This result is not
entirely novel as Nybo & Nielsen (2001) found that
following exercise-induced hyperthermia differences in
iEMG did not become apparent until at least 60 s of a
sustained maximal isometric contraction had been
completed. Taken together, these findings suggest that a
peripheral component to muscular fatigue during exercise-
induced hyperthermia may still be present during the
initial stages of sustained muscular contractions.

It is accepted and well established that high internal body
temperatures reduce endurance performance. Initially, it
was thought that the reduced drive for exercise during
hyperthermia was related to thermoregulatory, circulatory
and muscular alterations such that these systems
simultaneously reach a premature limit and reduce the

Exercise heat stress and central activationExp Physiol 88.6 787

Figure 3

Representative twitch force from a single subject for
forearm flexors (A) and leg extensors (B) before
exercise (continuous line) and following exercise-
induced hyperthermia (dotted line). Mean twitch
values were not significantly different amongst
subjects.

Figure 4

Representative M-waves from a single subject for
forearm flexors (A) and leg extensors (B) before
exercise (continuous line) and following exercise-
induced hyperthermia (dotted line). Mean M-wave
characteristics were not significantly different
amongst subjects.

Paper 33 Paper 33

328



Ex
pe

ri
m

en
ta

l P
hy

si
ol

og
y

:
T

ra
ns

la
ti

on
 a

nd
 I

nt
eg

ra
ti

on

motivation to continue exercising at a given intensity.
Currently it is believed that the major benefit of precooling
is related to increasing the time needed to reach such
physiological limits (Brück & Olschewski, 1987; Lee &
Haymes, 1995; Booth et al. 1997; Kay et al. 1999). Nielsen
et al. (1993) showed that acclimation to dry heat increased
time to exhaustion; however, this event always occurred at
the same Tc of ~39.5 °C. The authors suggested that there
exists a Tc where subjects terminated exercise due to a
reduced motivation as there were no reductions in cardiac
output, muscle blood flow, substrate utilisation and
availability at the point of fatigue with and without
acclimation. It is interesting that in their study, the MVC
of the leg extensors and forearm flexors was not different
following exercise-induced hyperthermia compared to
either pre-exercise values or the cool condition. Hence, the
suggestion that the reduced motivation for exercise was
possibly due to alterations in CNS drive to skeletal muscle
was not supported.

The hypothesis that hyperthermia reduces CNS drive to
working muscle comes from the studies of Dubois et al.
(1980, 1981) who found that hyperthermia is associated
with altered brain activity as evidenced by changes in the
electroencephalogram (EEG). It has been shown that the
duration of a cheetah’s sprint is determined by the amount
of heat it is able to store before reaching a limiting body
temperature (Taylor & Rowntree, 1973). Subsequently,
Caputa et al. (1986) showed that hyperthermic goats
decreased their running speed when hypothalamic
temperature reached ~43 °C. These studies indicate that
efferent command to working muscles is attenuated when
a critical temperature is reached. This model predicts that
as body temperature in humans reaches a critical limit of
39.5 °C, it would be dangerous for there to be an increased
or even maintained motor unit recruitment as this will
ultimately lead to lethal levels of body and brain
temperatures (Nielsen & Nybo, 2003).

An unexpected finding of the present study was that
voluntary termination of exercise occurred at Tre of 38.8 °C,
slightly below temperatures thought necessary for central
fatigue to occur (Nielsen et al. 1993). The possibility that
this result was related to the training status or fitness level
of the subjects cannot be discounted. Whilst some
researchers have concluded that aerobic fitness does not
influence the magnitude of heat strain tolerated by subjects
(Sawka et al. 1992), others have shown that untrained
subjects are unable to attain a Tc similar in magnitude to
that reached by trained subjects (Cheung & McLellan,
1998; Selkirk & McLellan, 2001). However, the possibility
that not all subjects in the present study were able to reach
critical levels of Tre (~39.5 °C) cannot account for the
reduced force production and CAR of the leg extensors.
Hence our data show that the attainment of a critical level
of hyperthermia (39.5–40.0 °C) is not necessary for a
reduced CNS drive to skeletal muscle in humans.

Recently, Nybo & Nielsen (2001) reported that a sustained
MVC of the leg extensors was significantly reduced in both
hyperthermic and normothermic subjects, but the reduction
in force was more pronounced in the hyperthermic
individuals. In addition, the sustained MVC of the wrist
flexors (non-exercised muscles) was also reduced in
subjects that were hyperthermic following exercise and in
subjects (n = 2) that were passively heated. The percutaneous
stimulation of the femoral nerve during the sustained
isometric contraction evoked additional force indicating a
reduced central drive to the muscle. Moreover, at the end
of 2 min sustained isometric contraction, CAR to the leg
extensors was reduced to 54 % in hyperthermia compared
with 78 % in normothermia. The authors concluded that
general hyperthermia induces a reduced central drive to
skeletal muscle as CAR was reduced in the quadriceps and
force production was reduced in the non-exercised wrist
flexors in both exercise-induced hyperthermia and passive
heating. However, CAR was not measured in the non-
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Figure 5
Central activation ratio (CAR) determined
from twitch interpolation for the forearm
flexor (biceps brachii) and leg extensor
(quadriceps femoris) muscle groups pre- and
post-exercise-induced hyperthermia. Values are
means ± S.E.M. * P < 0.05 compared to pre-
exercise values in same limb.
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exercised wrist-flexors and, therefore, the conclusion that
hyperthermia per se leads to a general CNS-controlled
down-regulation of skeletal muscle motor command could
not be fully evaluated.

In the present study, exercise increased the rectal
temperature to 38.8 °C which was sufficient to reduce the
maximal voluntary force of the exercised leg extensors but
not the non-exercised forearm flexors. It could be argued
that this result might be due to the local milieu following
exhaustive exercise (for review see McKenna, 2003).
However, the electrical stimulation of both the leg
extensors and the forearm flexors resulted in a significant
(~2 %) reduction in CAR for the leg extensors only. It has
been previously suggested that at forces greater than ~90 %
of maximal voluntary force, small changes in interpolated
twitch are indicative of large changes in motoneuronal
excitation (Herbert & Gandevia, 1999). The present findings
indicate that CNS drive to the skeletal muscle is reduced
secondarily to hyperthermia but that the CNS reduces
efferent command to specific skeletal muscle groups. In
support of this, Gandevia (2001) proposed that, during
fatiguing exercise, feedback from the periphery and the
muscle environment is available through a full array of
intramuscular receptors. At the spinal level, this produces
competing excitatory and restraining influences on the
motoneurone pool, which may contribute to a decline in
motor unit firing rate observed during maximal isometric
contractions (Arnaud et al. 1997). This suggests that the
CNS is able to distinguish which muscle groups are likely
to be affected by the rise in temperature or previous muscle
activation and subsequently reduce the neural drive to
these muscle groups.

This line of reasoning is supported by data from Ray &
Gracey (1997) showing clearly that muscle sympathetic
nerve activity (MSNA) during exercise is augmented as
muscle temperature rises. This would have the effect of
stimulating mechanically sensitive muscle afferents which
may regulate MSNA during exercise by increasing
temperature-sensitive input to the CNS. Indirect evidence
for this also comes from studies showing a reduced muscle
recruitment during cycling exercise in the heat (Kay et al.
2001; Hunter et al. 2002).

Maximal voluntary isometric contraction and maximal
voluntary activation ratios before and after cycling
revealed significant force changes in the leg extensors;
however, no such decline was found in the forearm flexors.
The reductions in central activation observed for leg
extension in isometric tests are consistent with earlier
studies showing that dehydration and/or a rise in muscle
and core temperature may impair the maximal capacity of
force production under isometric conditions (Edwards,
1983; Ftaiti et al. 2001). No significant alterations were
observed in any EMG activity for either biceps brachii or
vastus lateralis. The M-wave is normally used to indicate
the compound action potential or the propagation of the
electrical signal from the axon to the motor fibres. Thus a
decline in the amplitude or an increase in duration of the

M-wave may indicate a peripheral mechanism of fatigue.
However, the lack of change in the M-wave characteristics
observed from pre- to post-exercise in the biceps brachii
and vastus lateralis support the findings of Merton (1954)
and Bigland-Ritchie et al. (1979, 1982) showing that force
loss may be due not to an inhibition in the peripheral
neuromuscular system, but rather to a central discriminatory
impairment. The lack of change in the M-wave observed in
the present study supports the view that metabolic and
probably substrate availability are not primary factors in
this type of fatigue.

In the present study we showed that there was no
significant change in iEMG activity despite a reduction in
force in the leg extensors. Hence, changes in recruitment
strategy with the selective recruitment of the larger type II
fibres later in the exercise could have contributed to this
effect (Basmajian & DeLuca, 1985). Therefore, the present
data suggest that hyperthermia selectively alters brain
activity with no related alteration in surface EMG signal.
Bigland-Ritchie et al. (1992) proposed that in extreme heat,
muscle performance may diminish due to twitch contraction
times shortening, requiring greater motoneuronal discharge
frequencies, which to fulfil the shortcomings in lack of
force production in this instance may have contributed to
the diminished drive.

In conclusion, the results of the present study support the
hypothesis that the CNS reserves the ability to discriminate
between various muscle groups and the appropriate levels
of efferent command for the purpose of physiological
preservation. The results further suggest that a critical
limiting temperature does not in itself reduce CNS drive to
working muscle as the rectal temperatures of our subjects
only reached values of 38.8 °C. This finding indicates that
general hyperthermia alone is able to alter CNS drive to
specific groups of skeletal muscle in humans.
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Reduced voluntary activation of human skeletal muscle
during shortening and lengthening contractions in whole
body hyperthermia

Peter G. Martin, Frank E. Marino, Jodie Rattey, Derek Kay and Jack Cannon

School of Human Movement Studies, Charles Sturt University, Bathurst, NSW 2795, Australia

This study examined the effect of whole body hyperthermia on the voluntary activation of
exercised and non-exercised skeletal muscle performing a series of lengthening and shortening
contractions. Thirteen subjects exercised on a cycle ergometer at 60% of maximal oxygen
consumption until voluntary exhaustion in ambient conditions of !40"C and 60% relative
humidity. Before and immediately following the cycle protocol, subjects performed a series
of 25 continuous isokinetic shortening and lengthening maximal voluntary contractions
(MVCs) of the leg extensors and forearm flexors. Voluntary activation for shortening and
lengthening contractions for the forearm and leg was assessed prior to and following the
25 MVCs by superimposing a paired electrical stimulus to the femoral nerve and the biceps
brachii during additional MVCs. Exercise to exhaustion increased rectal temperature to
39.35 ± 0.50"C. Voluntary activation remained unchanged following the prehyperthermia
endurance set of shortening and lengthening maximal contractions in both the forearm flexors
and leg extensors. Similarly, voluntary activation remained at prehyperthermic levels for the
single MVCs immediately following the cycle trial. However, by the time of completion of the
posthyperthermia endurance contractions, voluntary activation had declined significantly by
5.87 ± 7.56 and 8.46 ± 9.26% in the shortening and lengthening phases, respectively, for the leg
extensors but not for the forearm flexors. These results indicate that the central nervous system
(CNS) reduces voluntary drive to skeletal muscle performing both shortening and lengthening
contractions following exercise-induced hyperthermia. The reductions in voluntary activation
were only observed following a series of dynamic movements, indicating that the CNS allows for
initial and brief ‘re-activation’ of skeletal muscle following exercise-induced hyperthermia.

(Received 9 September 2004; accepted after revision 8 December 2004; first published online 16 December 2004)
Corresponding author F. E. Marino: School of Human Movement Studies, Charles Sturt University, Bathurst,
NSW 2795, Australia. Email: fmarino@csu.edu.au

The mechanisms explaining the impairment in
performance that occurs in the heat are poorly understood.
Evidence from human and animal studies supports the
notion that fatigue in hot environments coincides with
a critically high internal temperature (MacDougal et al.
1974; Caputa et al. 1986; Brück & Olschewski, 1987;
Nielsen et al. 1993; Galloway & Maughan, 1997; Cheung &
McLellan, 1998; Fuller et al. 1998; Gonzalez-Alonso et al.
1999; Walters et al. 2000). Currently it is thought that the
critical core temperature is associated with a reduction
in neuromuscular drive. Studies have investigated the
effects of elevated core temperature on both exercised
and non-exercised muscle groups (Nybo & Nielsen, 2001;

Saboisky et al. 2003). The assumption is that if core
temperature elicited a reduction in neural output then
this downregulation should occur in both exercised and
non-exercised muscle groups. Evidence for such neural
downregulation has been ambiguous. Saboisky et al.
(2003) found that while central activation was reduced
to the previously exercised knee extensors this was not
the case in the non-exercised muscle group (forearm
flexors). These investigators suggested that the CNS was
able to differentiate between exercised and non-exercised
muscles, thereby reducing neural output to exercised
muscles to ensure cellular preservation. In contrast
Nybo & Nielsen (2001) observed a reduction in force
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achieved in the non-exercised limb, suggesting that the
CNS had reduced output to this muscle group. These
authors concluded that core temperature per se caused the
reduction in maximal force observed in the non-exercised
limb and this decrement in force occurred independently
of muscle temperature.

Traditionally experimental work on muscular force,
especially when it necessitates muscle or motor
unit recording, has used constant-load isometric
contractions. Isometric contractions, however, may not be
representative of muscle activity and fatigue development
during human locomotion (Green, 1995). In addition,
it has been suggested that the recruitment order of
motor units changes when subjects perform lengthening
contractions (Nardone et al. 1989). Available data also
suggest that the development of fatigue may be specific
to contraction type (Tesch et al. 1990) and that the CNS
regulates neuromuscular function differently depending
on the type of contraction (Enoka, 1996). As such, it
is unclear how the interaction between contraction type
and whole body hyperthermia influences neural loading
during repeated shortening and lengthening contractions.

Therefore, the purpose of this study was to examine
the effect of whole body hyperthermia on the voluntary
activation of exercised and non-exercised skeletal muscle
performing shortening and lengthening contractions.

Methods

Thirteen regularly active males volunteered to participate
in the study. Following an explanation of the risks
and discomforts and completion of a health screening
questionnaire, subjects signed a letter of informed
consent. The study was conducted with the approval
of the University Ethics in Human Research Committee
and conformed to the declaration of Helsinki. Mean
(± s.d.) age, body mass, height, peak oxygen consumption
(V̇O2peak) and maximum heart rate were 21.9 ± 4.0 years,
75.6 ± 7.5 kg, 180.9 ± 5.6 cm, 58.8 ± 8.2 ml kg"1 min"1

and 187 ± 8 beats min"1, respectively.

Experimental procedures

Subjects were required to attend the laboratory on
two occasions. The initial visit involved familiarization
with experimental procedures and equipment and the
acquisition of descriptive data. Subjects also undertook
a progressive incremental test to exhaustion for the
determination of V̇O2peak. A week later participants
returned to the laboratory for the experimental session.
Subjects were required to abstain from ingestion of alcohol,
caffeine and tobacco for 24 h prior to each session.

Experimental sessions required subjects to perform a
series of voluntary and evoked lengthening and shortening
contractions of the leg extensors and forearm flexors prior

to and immediately following exercise to exhaustion in
a hot environment (39.8 ± 0.7#C; 60.0 ± 0.8% relative
humidity). The exercise protocol involved cycling at
60% of V̇O2peak on an electrically braked ergometer
(Ergo-line 800S, Ergometric, Hamburg, West Germany).
Cycling was terminated when power output could no
longer be maintained for 20 s consecutively or upon
reaching preset ethical limits of a rectal temperature of
40.5#C. On arrival subjects voided, were weighed nude
and a rectal thermistor was inserted. Electromyographic
(EMG) electrodes and a heart rate monitor chest strap
were secured and subjects performed prehyperthermic
muscle assessment. Skin thermistors were then attached
and subjects entered the temperature-controlled room
and mounted the cycle ergometer in preparation to cycle.
Throughout all trials subjects were permitted to consume
water ad libitum and were dressed in shorts and shoes.
Immediately following exercise subjects were returned
to the isokinetic dynamometer and muscle assessment
procedures were repeated.

Muscle function assessment

Muscle function was assessed using an isokinetic
dynamometer (Kin-ComTM, Chattanooga Group Inc.,
Hixon, TN, USA). Two crossover shoulder harnesses
and a belt limited extraneous movement of the upper
body across the abdomen. The axis of rotation for
the dynamometer was visually aligned with the lateral
epicondyle of the femur, with the lower leg attached to the
lever arm at the level of the lateral malleolus. Lengthening
and shortening contractions were performed isokinetically
between 20 and 80 deg for lengthening contractions and
between 80 and 20 deg for shortening contractions, with
full extension acting as the reference point (0 deg). For
the forearm flexors the axis of the dynamometer was
aligned with the epitrochlea–epicondlye axis, with the
forearm attached to the lever at the level of the styloid
process. The range of motion of the elbow joint during
contractions was from 75 to 165 deg for lengthening
and from 165 to 75 deg for shortening contractions (full
extension, 180 deg). During lengthening contractions of
both the leg extensors and forearm flexors each subject
maximally resisted the downward movement of the
lever arm. Conversely, during shortening contractions
each subject extended (leg extensors) or flexed (forearm
flexors) as forcefully as possible. Subjects were instructed
to maintain maximal torque throughout the range of
motion.

Resting twitch properties, maximal torque and
superimposed torque were obtained before and
immediately following a series of 25 maximal endurance
contractions, repeated for the forearm flexors and leg
extensors in a counterbalanced fashion. All actions
were produced in series (i.e. shortening followed
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by lengthening) and were performed isokinetically
at 30 deg s"1, with the exception of the endurance
contractions, which were performed at 60 deg s"1. Pilot
work indicated that 25 continuous lengthening and
shortening contractions performed in series at 30 deg s"1

was extremely difficult for subjects to complete. A
percentage change in torque was calculated for the 25
endurance contractions using the following equation:

Decline in torque (%) =
[(Average torque contraction 1 – 5
"Average torque contraction 20 – 25)/
Average torque contraction 1 – 5] $ 100.

Electrical stimulation

For assessment of muscle contractile properties, activation
of the leg extensors and forearm flexors was achieved
by percutaneous stimulation of the femoral nerve and
biceps brachii motor point, respectively, using self-
adhesive stimulating electrodes. The current was delivered
via a stimulator (Digitimer DS7, Digitimer Ltd, Welwyn
Garden City, Herts, UK) linked via a host computer to
the data acquisition and analysis system using a paired
square-wave stimulus with a width of 200 µs (400 V; 150–
800 mA).

Twitch evoked at rest

To obtain resting twitch properties a custom-designed
AMLAB (AMLAB Technologies Pty Ltd, Sydney,
Australia) instrument triggered the stimulator at a
constant 50 deg knee flexion and 120 deg arm extension
as the muscle was passively shortened and lengthened
(30 deg s"1). All twitches produced on the relaxed muscle
were corrected by the resistive torque related to the
weight of the relevant limb and lever arm and the passive
viscoelastic forces. To find the appropriate corrections,
torque was measured as the relevant limb was moved
passively (30 deg s"1) without stimulation. Muscular
relaxation was checked by the absence of the vastus
lateralis or biceps brachii electromyogram signal. The
stimulus was adjusted in incremental steps until no
observable increase could be noticed in peak tension.
The current was increased by another 20% to ensure
supramaximal stimulation.

Superimposed twitch torque

Electrical stimuli were superimposed on maximal
lengthening and shortening contractions by the
same custom-designed AMLAB program at the same
fixed angles as for passive twitch properties. During
contractions, torque was changing over the entire range of
motion as a consequence of length and lever arm changes

and degree of activation. Torque was increasing at the
point of stimulus during lengthening contractions and
decreasing during shortening contractions. Therefore,
superimposed twitch torque was calculated by deducting
the twitch torque immediately poststimulus from the
torque that would have occurred in the absence of the
stimulus at that angular position. The torque without
stimulation was estimated by linear extrapolation of
the slope of the prestimulus voluntary torque beyond
the point of stimulation (Fig. 1). This extrapolation
has previously been shown to be accurate by Babault
et al. (2001) because the torque–time curve is linear
before stimulation. The period for extrapolation was
calculated over 25, 50 and 200 ms for all subjects. As
with previous investigations (Gandevia et al. 1998),
no significant differences were found for extrapolation
duration and so only results relating to the 200 ms
duration were subsequently reported. This method
based on extrapolation has been used previously for
isometric, shortening and lengthening contractions
(Allen et al. 1995; Gandevia et al. 1998; Babault et al.
2001).

A
10 N m 10 N m 

10 N m 

10 N m 

25 ms

B

25 ms

Trigger

Trigger

Trigger

25 ms

C D

25 ms

Trigger

Figure 1
Estimation of the superimposed twitch response (double-headed
arrow) during a maximal voluntary shortening contraction (A) and
lengthening contraction (C). Superimposed twitch torque was
calculated by subtracting the poststimulus torque from the torque that
would have occurred without any stimulation (linear extrapolation of
the voluntary torque preceding the stimulation) for the same angular
position. Upward arrow indicates the time of delivery of the
stimulation. Superimposed twitch torque after the subtracting
procedure for shortening contraction (B) and lengthening contraction
(D). The twitch size was calculated as the peak torque of the
reconstituted twitch. Upward arrow indicates the delivery of the
stimulation; double-headed arrow indicates the estimation of
superimposed twitch response.
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Voluntary activation

To calculate the level of voluntary activation during a
contraction the torque elicited during the interpolated
twitch, referred to as superimposed torque (corrected
superimposed twitch torque + voluntary torque), was
compared with the voluntary torque achieved during
maximal efforts using the following equation:

Voluntary activation level =
(Voluntary torque/Superimposed torque) $ 100.

Electromyography

Electromyographic data were obtained using paired (8 mm
diameter for lower limb and 4 mm diameter for the
arm) Ag–AgCl bipolar electrodes (Biopac Systems Inc.,
Santa Barbara, CA, USA) connected to a terminal box
linked to a data acquisition and analysis system (AMLAB
Technologies Pty Ltd) and host computer. Electrodes were
attached to the vastus lateralis and biceps brachii muscles
with an electrode spacing of 20 mm. The electrodes were
placed longitudinally on the muscle approximately halfway
from the motor point area to the distal part of the muscle.
EMG signals were sampled during the voluntary and
evoked conditions with a gain of 800 and 1000 V V"1,
for the vastus lateralis and biceps brachii, respectively,
at a rate of 2500 Hz. Raw data were passed through a
bandpass filter with cut-off frequencies of 19.835 and
411.427 Hz. The filtered EMG was subsequently smoothed
using the root mean square (r.m.s.) calculated by linear
averages extending over 125 data points. EMG amplitude
was calculated over a 200 ms period corresponding with a
6 deg range of motion prior to the mid-point of shortening
and lengthening actions.

Peak power output

Peak power output was determined using an electrically
braked ergometer (Ergo-line 800S, Ergometric, Hamburg,
West Germany). Following a brief warm-up at a self-
selected cadence the test commenced at 100 W. The
workload was increased by 50 W every 2 min until the
subject could no longer maintain the required intensity
(at a cadence of 80 r.p.m.). Subjects breathed through a
two-way non-rebreathing valve (series 2700 large, Hans
Rudolph, St Louis, MO, USA). Expired air passed
through respiratory tubing to an automated gas analyser
(Quinton Instrument Company, Bothell, WA, USA). The
pneumotach (Hans Rudolph) and gas analysers were
calibrated prior to analysis using a 3 l syringe and gases
of known concentration. Expired air passed through a
mixing chamber of 5.5 l volume and was sampled at 15 s
intervals.

Thermoregulatory measurements

Rectal temperature (T re) was monitored as an index of
core temperature using a 12 gauge disposable thermistor
(Mona-Therm, Millinkrodt Medical Inc., St Louis, MO,
USA) inserted 10 cm beyond the anal sphincter. Skin
temperature was assessed at four sites using thermistors
(427 series, YSI, Yellow Springs, OH, USA) placed on
the left side of the body. Skin and rectal thermistors
were connected to an eight-channel telethermometer
(Zentemp 5000, Zencor Pty, Victoria, Australia) and
were monitored continuously and recorded at rest, at
5 min intervals during the hyperthermic protocol and at
exhaustion. Mean skin temperature (T sk) was calculated
using the equation derived by Ramanathan (1964).

Heart rate and subjective responses

Heart rate (HR) was recorded using a chest transmitter
strap and wristwatch receiver (Polar Electro Oy, Kempele,
Finland). Heart rate was recorded at rest, at 15 s intervals
during exercise and after the completion of exercise and
transferred to a computer for analysis. Subjective ratings
of perceived exertion (RPE) and thermal comfort were
obtained at 5 min intervals during exercise using the scales
of Borg (1982) and Bedford (1964), respectively.

Statistical analyses

Descriptive data were generated for all variables
and are presented as means ± s.d. Statistical analyses
were performed with a factorial analysis of variance
(ANOVA) for repeated measures on time (pre and post
exercise-induced hyperthermia) $ mode (shortening and
lengthening contractions). Tukey’s HSD post hoc test was
performed to locate the source of significance. Student’s
paired t tests were conducted where appropriate. Pearson’s
correlation coefficients were undertaken to examine the
relationship between terminal rectal temperatures, V̇O2peak

and subsequent neuromuscular performance. Significance
was accepted when P < 0.05.

Results

The mean time to exhaustion was 48.77 ± 9.18 min.
Time between the cessation of exercise and the
commencement of posthyperthermia maximal voluntary
contractions (MVCs) was 2.10 ± 0.45 min. Total time for
posthyperthermia MVCs was 10.34 ± 2.30 min.

During the hyperthermic trial T re increased
continuously from 37.22 ± 0.23#C at the commencement
of exercise to 39.35 ± 0.5#C at exhaustion (P < 0.001),
resulting in an increase of 2.13#C. Similarly, T sk increased
from 31.68 ± 0.65#C at rest to 37.33 ± 1.07#C (P < 0.001)
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at exhaustion. In parallel with the increase in T re,
heart rate increased from 71 ± 7 beats min"1 at rest to
187 ± 10 beats min"1 at exhaustion (P < 0.001). Values
for RPE from 10 ± 1 to 19 ± 1, P < 0.001 and thermal
pleasantness (from 4.8 ± 0.7 to 7.0 ± 0, P < 0.001)
increased throughout exercise.

Maximal voluntary contractions

Figure 2 shows the maximal torque during shortening
and lengthening contractions for the leg extensors and
forearm flexors before and after the initial endurance
set of 25 contractions and before and after the second
set of endurance contractions performed following
exercised-induced hyperthermia. Pre-exercise maximal
voluntary torque during shortening contractions of the
leg extensors measured at a 50 deg constant angular
position (131.75 ± 28.61 N m), was significantly less
(P < 0.001) than maximal torque during lengthening
contractions (200.81 ± 45.80 N m). Subjects were
able to maintain similar torque levels for both
shortening (120.26 ± 30.14 N m) and lengthening
contractions (188.24 ± 41.95 N m) following the initial
set of 25 contractions. However, the second set of
25 endurance contractions performed after exercise-
induced hyperthermia resulted in significant changes in
torque levels. Torque during shortening was reduced from
109.21 ± 30.20 to 89.77 ± 27.64 N m (P < 0.01) following
the second set (Fig. 2A), while torque during lengthening
declined from 159.97 ± 28.87 to 134 ± 48.02 N m
(P < 0.001) (Fig. 2B). Maximal torque during shortening
and lengthening contractions was also significantly
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Figure 2. Voluntary torque values
Values for shortening (A and C) and
lengthening maximal voluntary contractions
(MVCs; B and D) of the leg extensors
(A and B) and forearm flexors (C and D)
before (!) and after (") the completion of
endurance sets performed pre- and post
-hyperthermia. Values are means ± S.D.,
n = 13. %P < 0.05, %%P < 0.01,
%%%P < 0.001.

reduced as a result of the cycle exercise, with initial
posthyperthermic values being significantly lower than
the initial prehyperthermic values (P < 0.001).

Similarly, torque during lengthening contractions of
the forearm flexors measured at a constant 120 deg
angle was significantly greater than the shortening torque
(P < 0.001). The endurance sets resulted in a significant
reduction in torque during both maximal shortening
and lengthening contractions with the reductions similar
for each contraction type for pre- and posthyperthermia
(Fig. 2C and D). Initial torque during shortening
contractions was 41.73 ± 7.58 N m, which was reduced
to 32.72 ± 6.21 N m following the initial endurance set
(P < 0.001). Similar reductions in torque were observed
as a result of the second set of endurance contractions,
with values starting at 38.12 ± 8.93 N m and ending at
28.71 ± 6.24 N m (P < 0.001; Fig. 2C). Torque during
lengthening contractions was reduced from 56.75 ± 13.67
to 48.75 ± 13.67 N m following the initial set (P < 0.01)
and from 54.94 ± 10.98 to 44.66 ± 11.18 N m (P < 0.001)
following the second set (Fig. 2D). In contrast to the
leg extensors, the cycle exercise had no initial effect
on maximal torque values for the forearm flexors,
with postcycle exercise torques commencing at similar
levels to those observed before the initial endurance
set.

EMG

Corresponding values for r.m.s. voluntary EMG
are presented in Fig. 3. Vastus lateralis r.m.s. EMG
during maximal shortening movements commenced
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at 0.25 ± 0.17 V and was significantly reduced by the
completion of the second set of endurance contractions
(P < 0.05; (Fig. 3A). Vastus lateralis r.m.s. EMG during
lengthening movements was initially 0.35 ± 0.23 V,
declining to lower levels at both the commencement
(P < 0.05) and conclusion (P < 0.01) of the second set
of endurance contractions compared to initial levels
(Fig. 3B). Biceps brachii r.m.s. EMG displayed no change
from initial values as a result of the endurance sets or
the cycle protocol for either shortening or lengthening
contractions (Fig. 3C and D).

Endurance contractions

Subjects experienced greater reductions in torque during
the endurance set performed in the leg extensors than
in the arm flexors after exercise-induced hyperthermia
for both contraction types. Both the pre- (P < 0.05)
and posthyperthermic sets (P < 0.001) resulted in
a significant decline in torque during shortening.
However, the 13.66 ± 23.37% reduction during the
initial set was significantly smaller (P < 0.05) than
the 35.15 ± 17.11% decline experienced during the
hyperthermic endurance set. Similarly, each set resulted in
a significant (P < 0.01) decline in average torque during
lengthening. Again, however, the 23.55 ± 26.48% decline
experienced during the initial set was smaller (P < 0.05)
than the 47.45 ± 15.02% reduction following exercise-
induced hyperthermia. The percentage decrease in torque
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Figure 3. R.M.S. EMG amplitudes during
maximal voluntary contractions
Average of the leg extensor (A and B) and
biceps brachii (C and D) r.m.s. EMG
amplitudes measured during maximal
voluntary shortening (A and C) and
lengthening contractions (B and D) before
(!) and after (") the completion of
endurance sets performed pre- or
posthyperthermia. Values are means ± S.D.,
n = 13. %P < 0.05, %%P < 0.01 compared
with initial prehyperthermia values.

experienced pre- and posthyperthermia was comparable
for shortening and lengthening phases. Finally, the
averaged torque during shortening and lengthening
contractions was significantly lower at the commencement
of the second set of contractions when compared to the
initial set (P < 0.05).

Subjects experienced significant reductions in average
torque during both the pre- and posthyperthermic
endurance sets for the shortening and lengthening modes
performed for the forearm flexors (P < 0.001). However,
the 41.89 ± 11.85% decline during the initial set of
shortening contractions was not significantly different to
the 36.40 ± 17.81% experienced during the hyperthermic
set. Likewise, the 30.29 ± 20.32 and 32.66 ± 13.18%
torque decrements for lengthening sets performed
pre- and posthyperthermia, respectively, were not
different. The decrease in average torque during endurance
sets was similar for both shortening and lengthening
phases. Finally, average torque at the commencement of
the pre- and posthyperthermic sets was not significantly
different.

Contractile twitch and neural propagation

Typical contractile twitch responses for the leg extensors
and forearm flexors are illustrated in Figs 4 and
5, respectively. The peak tension evoked by relaxed
muscles for lengthening movements of the leg extensors
was 52.15 ± 10.45 N m, which was significantly greater
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Figure 4. Representative twitch torque
from a single subject for leg extensors
during shortening (A and B) and
lengthening movements (C and D)
before (A and C) and after exercise-
induced hyperthermia (B and D)
Continuous and dotted lines represent
twitches elicited prior to and following
endurance sets, respectively.

than the 35.21 ± 7.62 N m elicited during shortening
movements (P < 0.001). Peak tension during shortening
was significantly lower than initial values following
the cycle protocol (P < 0.05) and following the second
endurance set (P < 0.01). There were no differences in
peak tension during shortening contractions from the
commencement to the conclusion of either the pre- or
posthyperthermic endurance sets. Similarly, peak tension
during passive lengthening was significantly reduced
following the cycle protocol (P < 0.01) and following the
second endurance set (P < 0.01) when compared with
initial values. Again there were no changes in peak tension
from the commencement to the conclusion of each set.
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Figure 5. Representative twitch torque
from a single subject for forearm
flexors during shortening (A and B) and
lengthening movements (C and D)
before (A and C) and after exercise-
induced hyperthermia (B and D)
Continuous and dotted lines represent
twitches elicited prior to and following
endurance sets, respectively.

The initial peak tension evoked by relaxed muscles
for lengthening movements of the forearm flexors was
9.37 ± 1.61 N m, which was significantly greater than the
5.39 ± 1.97 N m (P < 0.001) elicited during shortening
movements. Twitch tension was significantly reduced at
the completion of each endurance set for shortening
(P < 0.05) and lengthening movements (P < 0.001).
There was no significant difference between the initial
peak tensions observed at the commencement of each
endurance set.

Average rate of twitch torque development was
significantly slower from initial to final values (P < 0.05)
for the leg extensors and from initial to all other measures
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(P < 0.001) in the forearm flexors when performing
lengthening contractions. No other differences were
observed for either forearm flexors or leg extensors for
average rate of twitch torque development, half-relaxation
times or twitch contraction time. Peak-to-peak amplitude,
duration and latency of the M-wave for biceps brachii
and vastus lateralis showed no changes during any of the
repeated measures.

Voluntary activation levels

Voluntary activation levels obtained in the forearm
flexors and leg extensors for the two contraction modes
are presented in Fig. 6. The initial mean voluntary
activation during maximal shortening contractions of
the leg extensors (89.69 ± 5.31%, range 80.99–98.53%;
Fig. 6A) was comparable with levels achieved during
maximal lengthening contractions (92.76 ± 3.63%, range
85.25–98.43%; Fig. 6B). Voluntary activation remained
unchanged following the initial endurance set of
contractions for each contraction mode. Similarly,
voluntary activation immediately following the cycle
protocol was not significantly altered when compared
to the levels achieved prior to the inducement of
hyperthermia. However, the endurance set performed
following the inducement of hyperthermia resulted in
a significant decline in voluntary activation in both
contraction types. Initial postcycle exercise activation
while shortening was 88.51 ± 5.23% (range 78.43–
95.20%), which declined to 83.82 ± 5.23% (range 60.76–
93.97%) following the second endurance set (P < 0.05;
Fig. 6A). Initial postcycle exercise activation during
lengthening was 90.74 ± 3.87% (range 82.87–96.63%),
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Figure 6. Voluntary activation for leg
extensors and forearm flexors
Voluntary activation level determined from
twitch interpolation for the leg extensor
(vastus lateralis; A and B) and forearm
flexor muscle groups (biceps brachii; C and
D) before (!) and after (") the completion
of endurance sets performed pre- and
posthyperthermia. Values are means ± S.D.,
n = 13. %P < 0.05 compared to values
indicated by short vertical parenthesis;
%%P < 0.01 compared to initial voluntary
activation level.

which declined to 84.30 ± 9.88% (range 61.21–93.21%)
by the completion of the second set (P < 0.05; Fig. 6B).
While the overall decline in activation during shortening
(5.87 ± 7.56%) was less than that experienced in the
lengthening mode (8.46 ± 9.26%), this difference was not
significant.

Initial voluntary activation during maximal shortening
contractions of the forearm flexors (97.48 ± 3.55%, range
89.84–101.91%) was similar to that achieved while
lengthening (97.42 ± 4.07%, range 89.27–102.71%). No
change in voluntary activation was observed for the
forearm flexors for either the first or second set of
endurance contractions, nor was there an effect over
the course of the entire trial for either shortening or
lengthening phases.

Correlation between terminal rectal temperature,
V̇O2peak and voluntary activation

Rectal temperatures at exhaustion were poorly correlated
with voluntary activation at the completion of the
trial for both shortening and lengthening contr-
actions of the leg extensors (r = "0.21 and r = "0.23,
respectively, P > 0.05) and the forearm flexors
(r = "0.38 and r = "0.23, respectively, P > 0.05).
In addition, V̇O2peak was poorly correlated with
voluntary activation for both shortening and
lengthening contractions of the leg extensors (r =
"0.18 and r = "0.43, respectively, P > 0.05) and the
forearm flexors (r = "0.54 and r = "0.16, respectively,
P > 0.05). To confirm this observation further, subjects
were grouped for comparisons according to those who
terminated exercise at rectal temperatures above (higher
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temperature) or below (lower temperature) 39.5#C. The
terminal rectal temperature of the higher temperature
group (39.8 ± 0.4#C; n = 4) was significantly greater than
that of the lower temperature group (39.0 ± 0.1#C; n = 9,
P < 0.05). However, there were no significant (P > 0.05)
differences in the voluntary activation achieved between
the two temperature groups from the commencement to
the completion of the trial for either the shortening or
lengthening contractions for either the leg extensors or
the forearm flexors.

Discussion

The findings of the present study indicate that whole
body hyperthermia is associated with a reduced neural
output to skeletal muscle performing shortening and
lengthening contractions, and that there is a reduced
neural output to exercised (leg extensors) but not to
non-exercised (forearm flexors) muscle groups during
fatiguing contractions, suggesting that previous activation
played an important role. In addition, the CNS seems
to retain the ability to activate skeletal muscle to briefly
prehyperthermic levels, although when required to repeat
a series of dynamic movements, a substantial reduction
in voluntary activation was observed. To our knowledge
this is the first study to assess the effect of exercise-
induced hyperthermia on neural drive during shortening
and lengthening contractions and so it provides crucial
evidence of the neural mechanisms involved in normal
human locomotion.

Changes in maximal torque observed in the forearm
flexors during the trial occurred following each of the
endurance sets. Those changes in maximal torque were
probably the result of peripheral fatigue; that is, a failure
within the contractile apparatus of the muscle. This was
evidenced by the changes in peak tension developed during
the passive twitch before and immediately following the
completion of each endurance set. The reductions were
unlikely to be caused by failure in neural drive because no
significant alterations in voluntary activation as assessed by
twitch interpolation were observed. To further corroborate
this possibility, there was also no significant alteration in
voluntary EMG. Torque levels achieved in the forearm
flexors prior to each endurance set were not different,
indicating that by the commencement of the second
endurance set this muscle group had recovered from the
initial endurance set and, as expected, experienced no
further effects as a result of the cycling protocol. These
findings are supported by a restoration of the passive
twitch and maintenance of voluntary activation similar
to initial values for the commencement of the second set
of endurance contractions.

The leg extensors experienced significant reductions
in maximal torque following the second endurance set
performed after exercise-induced hyperthermia. The small

but non-significant reduction in torque by the completion
of the initial set could be attributed to peripheral factors
relating to failure within the contractile apparatus of
the muscle and not a reduction in neural drive. This
is confirmed by both a reduction in the size of the
passive twitch and a lack of change in either voluntary
activation levels assessed using twitch interpolation or
voluntary EMG prior to and immediately following the
initial endurance set. Similarly, the second endurance
set induced peripheral alterations which altered torque
output. In contrast to the initial set, the second set, which
was performed after exercise-induced hyperthermia, led
to significant alterations in neural drive as evidenced by
a reduction in both voluntary activation and voluntary
EMG.

The reduction in peak torque which occurred in the
leg extensors immediately following the endurance trial
appeared to be the result of a further development in
peripheral fatigue, which was confirmed by a further
reduction in tension developed during the passive
twitch immediately following the completion of cycling.
Surprisingly, during lengthening the twitch tension was
reduced following the completion of the cycle trial,
which was unexpected given that cycling involves minimal
eccentric activation. Sahlin & Seger (1995) have previously
observed reductions in lengthening MVCs following
cycling. Therefore, previous and present findings suggest
that muscle function impairment, whether central or
peripheral in nature, may not be specific to the type of
exercise performed.

Voluntary activation levels at the commencement
of the trial for both the leg extensors and forearm
flexors in each phase were similar to those observed in
previous investigations for similar angular velocities and
stimulation angles (Allen et al. 1995; Babault et al. 2001). A
novel finding was that the CNS appears to reduce the neural
output to the exercising muscle group (leg extensors)
performing the shortening and lengthening contractions.
It has been suggested that neural downregulation does
not occur during dynamic contractions (Nielsen & Nybo,
2003). This assumption is based on the lack of change in
amplitude or mean spectral frequency of the EMG signals
from the vastus lateralis during dynamic exercise with
progressively developing dehydration and hyperthermia
(Ftaiti et al. 2001; Nybo & Nielsen, 2001). However,
voluntary EMG is relatively insensitive to small changes
in neural drive and motor unit recruitment cannot be
tethered to a maximal output (Gandevia et al. 1992),
suggesting that conclusions based on EMG data alone are
limited.

The alterations observed in maximal torque, endurance
performance and voluntary activation were consistent
across contraction type (shortening versus lengthening).
But this does not preclude the possibility that
the lengthening phase may experience greater neural
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downregulation during hyperthermia. Indeed, nine of
the 13 subjects showed a greater reduction in neural
drive during lengthening contractions following the
inducement of hyperthermia when measured by the
twitch interpolation method. Similarly, 11 of 13 subjects
experienced a greater reduction in voluntary EMG
during muscle actions which involved lengthening
following exercise-induced hyperthermia. Clearly, further
research needs to be conducted to establish the effect
of exercise-induced hyperthermia on neural drive to
muscles contracting in various ways. This is particularly
important given that small activation differences between
contractions, even in the magnitude of the &2.6%
differences observed here, are indicative of large changes
in motoneuronal excitation (Herbert & Gandevia, 1999).

Interestingly, subjects were able to regain full activation
to the leg extensors immediately posthyperthermia.
Thereafter, there was a significant reduction in voluntary
drive when performing a series of repetitive shortening
and lengthening muscle movements. These findings
support recent observations made by Cheung & Sleivert
(2004), who found no reduction in force for two brief
isokinetic MVCs performed following passively induced
hyperthermia. Thus, it would appear that during brief
contractions, force and activation are well preserved,
whereas the ability to sustain these levels seems to be
impaired during dynamic contractions. This may also
hold true for isometric contractions. Nybo & Nielsen
(2001) also observed no initial reduction in voluntary
activation following exercise-induced hyperthermia but
when the contraction was maintained over the subsequent
120 s period activation was attenuated. In contrast,
Saboisky et al. (2003) observed an immediate reduction
in neural output to the exercised (vastus lateralis) muscle
group during a 5 s isometric contraction. The reason for
this discrepancy remains unclear but may involve the
difference in the type of contraction (isometric versus
anisometric).

The present results are in contrast to those of Nybo &
Nielsen (2001), who ‘inferred’ a reduction in neural drive
to non-exercised muscle groups from force data which
indicated reduced output. However, that investigation did
not use twitch interpolation or EMG on the non-exercised
muscle group and evidence for definitive changes in
voluntary drive was not provided. However, Morrison et al.
(2004) showed reductions in voluntary activation of 11%
when core temperature was increased to 39.4#C by passive
heating. Differences in results for the non-exercised limb
might be attributable to different contraction modes. The
previous investigations which have attained differences in
non-exercised muscle have used long-lasting (at least 10 s)
isometric contractions. Cheung & Sleivert (2004) showed
that during isokinetic knee extensions peak torque was not
altered when rectal temperature was increased to 39.5#C.
It follows that these findings suggest that no change in

voluntary activation occurred. The authors suggested that
the effects of hyperthermia on force production may be
dependent on the mode of exercise or alternatively that
hyperthermia may only attenuate the ability to sustain
maximal force for a short period of time. Hence, it is
likely that for anisometric contractions it is the interaction
between previous activation history and changes induced
by hyperthermia that is responsible for the reductions
observed in torque and voluntary activation.

However, the present study has some limitations. While
the forearm flexor muscle group effectively acts as a
passively heated control and allows us to conclude that
hyperthermia is not the only cause of the reduction
in neural drive to the leg extensors during lengthening
and shortening contractions, it does not preclude the
possibility that this reduction was caused entirely by the
cycling exercise. Millet & Lepers (2004) have recently
suggested that reductions in neural drive after prolonged
running are evident, but similar central changes do not
exist or are of lower amplitude for cycling or skiing.
Cycling exercise involves mainly concentric contractions
and therefore induces lower muscular damage compared
with running. For cycling exercise, central fatigue has not
been detected (Lepers et al. 2000; Millet et al. 2003) or was
lower (Lepers et al. 2002) compared with running. Despite
this limitation the present study provides important
information about the neural control of skeletal muscle
performing lengthening and shortening contractions.

Another limitation may be the nature of the sample.
For example, the present study used a more heterogeneous
group of subjects than was used by Nybo & Nielsen (2001).
Maximal oxygen consumption was &58.8 ml kg"1 min"1,
which is substantially lower and more variable than that
reported by Nybo & Nielsen (2001; &65 ml kg"1 min"1).
Subjects also reached a higher terminal core temperature in
the study by Nybo & Nielsen (2001; &40.0#C) compared
to the present study (39.3#C) despite the fact that every
individual in the present experiment showed an increase
of at least 1.8#C. Several authors have shown that a high
level of cardiorespiratory fitness is associated with an
improved exercise heat tolerance (Henane et al. 1977;
Havenith & van Middendorp, 1990; Cheung & McLellan,
1998). Given this relationship, it is possible that those who
were aerobically fitter and so reached higher terminal rectal
temperatures may have experienced different responses in
voluntary activation to the exercised and non-exercised
limb. For example, those subjects who reached higher
core temperatures may have displayed a decrease in
forearm flexor function that was not evident in those
that achieved smaller increases in rectal temperature.
Hence, we assessed the interaction between terminal
rectal temperature and voluntary activation changes. On
balance, however, the correlation analyses between rectal
temperatures at exhaustion and voluntary activation were
low, so it does not seem likely that terminal rectal
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temperatures per se, either above or below the common
critical limiting temperature of 39.5#C, or peak aerobic
capacity are the primary reasons for a reduced motor
command. Rather, it seems that rising temperature alone
might be responsible for the reduction in efferent drive
during exercise-induced hyperthermia.

It is still unknown what input is responsible for
alerting the CNS to the impending dangerous development
of hyperpyrexia to begin altering efferent command to
skeletal muscle. Since force inhibition occurred only
to previously exercised and not to the non-exercised
muscle, it appears that localized alterations in certain
stimuli played a role in afferent feedback and subsequent
neural downregulation. One likely mechanism is reflex
inhibition of the motoneurone pool caused by alterations
in the firing rates of small-diameter motor afferents.
Several investigations have shown reflex inhibition of
the motoneurone pool related to muscle fatigue (Woods
et al. 1987; Garland, 1991). The mechanism underlying
this reflex is believed to be associated with activity
of small-diameter type III and IV afferents (Bigland-
Ritchie et al. 1986; Garland, 1991). One possible factor
may be the localized alterations in muscle temperature.
Although not measured in this study, muscle temperature
has been shown to exceed core temperature at all
but very low workloads (Saltin & Hermansen, 1966).
Previous investigations have found that group III and
IV muscle afferents increase their firing rate in response
to heat (Hertel et al. 1976; Kumazawa & Mizumura,
1977; Mense & Stahnke, 1983). However, Ray & Gracey
(1997) indicated that exercise in conjunction with rising
localized muscle temperature led to differential activation
of mechanosensitive (group III) and not metabosensitive
(group IV) muscle afferents. The present findings indicate
that the ‘exercising’ leg extensors may provide feedback
via selective sensitization of group III afferents due to: (1) a
higher metabolic heat build-up when compared with non-
exercised forearm flexors; and (2) changes in the chemical
milieu, which interacts with the metabolic heat to produce
discharge of mechanosensitive afferents preferentially.

Increased afferent feedback as a result of the increased
muscle temperature may not protect the muscle itself but
may provide advance warning of impending danger to vital
organs. It has been suggested that physiological changes
leading to reduced CNS drive need to occur in anticipation
of reaching the critical limiting temperature (Marino et al.
2004). Since muscle temperature increases in advance of
core temperature, it would provide an ideal anticipatory
mechanism to alert the CNS of impending thermal load
and to adjust motor efferent command to active skeletal
muscle accordingly.

In conclusion, this study provides evidence that
the ability to activate skeletal muscle is adversely
affected following exercise-induced hyperthermia when
performing a series of shortening and lengthening

contractions. Previous research has only been attempted
using isometric contractions. The reduction in neural
output was only observed in the exercised muscle group,
confirming that core temperature per se is probably not
the only cause of the reduced central drive to muscle.
Furthermore, the differences in activation levels were
only observed in the exercised limb following a series of
dynamic movements, which indicates an ability to ‘re-
recruit’ skeletal muscle for brief periods even after the
attainment of high internal temperatures.
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Abstract The purpose of this investigation was to
examine the effects of voluntary muscular fatigue in one
lower limb and determine whether a ‘cross-over’ of fatigue
is evident in the contralateral limb. Twenty-eight subjects
(13 males and 15 females) performed a series of voluntary
and evoked isometric contractions of both the dominant
(exercised) and non-dominant (non-exercised) leg extensor
muscles, prior to and after a fatigue protocol consisting of a
100-s sustained maximal isometric contraction (MVC)
performed by the dominant limb only. Force values and
surface electromyography (EMG) from the vastus lateralis
muscle were obtained allowing for the determination of
twitch and compound action potential (M-wave) values.
Maximal twitch tension and peak-to-peak amplitude were
significantly decreased after the fatigue test in the dominant
limb, as was maximal voluntary force (!65 N reduction),
EMG activity (!0.1 mV decrease) and voluntary activation
(!17% decline). However, no significant changes were
observed in the non-dominant limb with respect to twitch
and M-wave properties nor in MVC force. The voluntary
activation of the non-dominant limb decreased signifi-
cantly by 8.7% after the fatigue test, which was performed
only on the dominant limb. The results of the present study
suggest that the decrease in force production in the
exercised limb was primarily related to peripheral fatigue
mechanisms, with central fatigue making a lesser contribu-
tion. Centrally mediated mechanisms appear to be the sole
contributor to fatigue in the non-exercised limb suggesting
an anticipatory fatigue response and a ‘cross-over’ of
central fatigue between the exercised and non-exercised
contralateral limb.

Keywords Central activation . Anticipation . Fatigue .
Muscle . Contralateral . CNS . IEMG

Introduction

Fatigue may be defined as any reduction in the ability to
exert muscle force or power, regardless of whether the task
can be sustained [7]. Traditionally, fatigue has been de-
scribed as either central or peripheral: central fatigue is
defined as a progressive exercise-induced reduction in the
level of voluntary activation of a muscle [3], whereas
peripheral fatigue is described as a reduction in force-
generating capacity of the muscle at the level of or distal to
the neuromuscular junction [9]. Multifaceted acts such as
locomotion require the neuromuscular system to not only
control these systems and structures for one limb, but also
for both lower limbs, involving an intricate sequence of
neural command and muscle function.

Studies examining contralateral fatigue have focused on
upper body limbs, such as forearm flexors and intrinsic
hand muscles [24, 27, 31]. However, upper body limbs
tend to perform only single limb movements such as
reaching and grasping where coordination of both limbs is
seldom required. In contrast, lower body limbs are
predominantly involved in acts of locomotion, balance
and stabilisation of the body. These movements demand
synchronised limb activation for general balance, coordi-
nated movement and stability. Research has demonstrated a
contralateral learning effect where the execution of a motor
skill or performance task is enhanced due to the task being
first performed on the opposing or preferred limb [11, 30].
However, there are limited data on whether fatiguing
muscular exercise has a similar effect on the contralateral
lower limb [24, 27, 31].

Todd et al. [27] examined the effect of a contralateral
contraction on maximal voluntary activation and central
fatigue under either alternating or unilateral intermittent
muscle contractions. The results indicated that fatigue
induced by sustained maximal isometric contractions of the
elbow flexors produced a small (2.9%) ‘cross-over’ effect
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of central fatigue between limbs in the alternating exper-
iment. However, the unilateral intermittent experiment
produced no ‘cross-over’ of central fatigue. It was
concluded that impairment of voluntary activation during
a sustained maximal voluntary contraction is not general-
ised to another muscle group during the immediately
following contraction; however, if the exercise continues,
small impairments develop in remote muscles. This finding
is similar to that of Zijdewind et al. [31] who compared the
level of central fatigue during two consecutive fatiguing
submaximal contractions of the hand muscles. These data
demonstrated that the degree of central fatigue in the
second contraction was greater than in the first contraction,
suggesting central fatigue created by the first contraction
appeared to ‘cross-over’ to the inactive hand.

At present, little is known about the mechanisms that
contribute to this contralateral effect of fatigue and it has
yet to be described for the lower limbs. Data describing
such a phenomenon in the lower limb would be useful as
human locomotion involves the coordinated action of the
lower limb musculature. In addition, as the fatigue cross-
over previously described in upper limbs is relatively
small, the functional relevance of such an interaction might
be limited. However, such an effect may be more
pronounced in lower limbs and, hence, be more function-
ally important. Additionally, several papers on exercise-
induced fatigue have suggested that an anticipatory
mechanism may exist which allows the human organism
to avoid catastrophe [13, 14, 26, 29]. Although several ex-
planations have been proposed [19, 23], the mechanism/s
which might allow for an anticipatory response have not
been identified. The “cross-over” effect as previously
described by Todd et al. [27] provides an attractive
possibility which could partly explain the way in which
the central nervous system (CNS) may “prime the system”
for what might eventuate to preserve cellular homeostasis.
Given that exercise of long duration usually involves the
lower limbs, it seems appropriate to examine the existence
of a fatigue “cross-over” in these limbs. Therefore, the
purpose of this investigation was to examine the effects of
voluntary muscular fatigue in one lower limb and determine
whether a ‘cross-over’ of fatigue is evident in the contra-
lateral limb.

Materials and methods

Subjects’ characteristics

Twenty-eight (13 males, 15 females, age 21±0.5 years,
height 172.9±1.8 cm, mass 72.2±2.7 kg, mean±standard
error of the mean, SEM) active but not specifically trained
individuals volunteered to participate in the study. After an
explanation of the risks and discomforts of participation
and completion of a health screening questionnaire, the
subjects signed a letter of informed consent. The study was
conducted with the approval of the University Ethics in
Human Research Committee. Subjects were excluded from
participation if they presented with symptoms or a history
of neurological complications, surgery or injury to knee
structures, or cardiovascular conditions such as elevated
blood pressure. Subjects were instructed not to engage in
strenuous physical activity on the day prior to the
experimental test and were also required to abstain from
an intake of alcohol, caffeine or nicotine for the 24 h prior
to participation.

Experimental design and procedures

Figure 1 depicts the experimental design and procedures
used for data collection. Participants were required to
attend the laboratory for one session only, during which all
descriptive muscle function and fatigue response data were
obtained. On arrival at the laboratory, descriptive informa-
tion including age, height and mass were recorded.
Subjects were rested in a seated position while positioning
of surface electromyography (EMG) electrodes and
stimulating electrodes on both legs was completed.
Subjects were then transferred to the isokinetic dynamom-
eter for the assessment of muscle function.

Experimental sessions consisted of subjects performing a
brief warm-up, followed by a series of voluntary and
evoked isometric contractions (described subsequently).
These contractions were performed on the leg extensor
muscle group of the dominant (exercised limb) and non-
dominant limbs (non-exercised limb). The subjects then
completed a 100-s maximal fatigue protocol performed on

Fig. 1 Experimental protocol. Pre-fatigue measurements were
conducted on the dominant followed immediately by the non-
dominant leg and consisted of six resting twitch stimuli delivered at
4-s intervals followed by four brief (1–2 s) maximal voluntary
contractions separated by 30-s rest periods to avoid fatigue. During
MVCs, stimuli were delivered at peak force. Pre-fatigue measure-
ments were followed by 100-s sustained isometric contraction of the

dominant leg only. Post-fatigue measurements commenced within
10 s of the completion of the fatiguing contractions and were
identical to the pre-fatigue measurements except where testing order
for the dominant and non-dominant legs was randomly selected.
Post-fatigue measurements were completed within !4.5 min. Down
arrows show timing of stimuli
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the dominant limb (exercised limb) only. Immediately after
the fatigue protocol, the subjects repeated the series of
maximal voluntary and electrically stimulated contractions
of the dominant (exercised limb) and non-dominant limbs
(non-exercised limb). Strong verbal encouragement and
visual feedback was given throughout all brief and sus-
tained maximal efforts. All contractions were performed
isometrically at an angle of 90° (0° being full knee
extension).

Pre- and post-fatigue protocols Measurements prior to the
fatigue protocol were obtained in a standardised order in-
volving the stimulated and voluntary contractions on the
dominant limb (exercised limb) followed by the non-dom-
inant limb (non-exercised limb), whereas the order of
dominant or non-dominant assessment was randomly se-
lected for the post-fatigue period. The pre- and post-fatigue
measurements were otherwise identical. These mea-
surements consisted of six twitches evoked at 0.25 Hz in
the resting muscle followed by four brief (1–2 s) maximal
isometric contractions (MVCs) separated by 30 s to avoid
fatigue. The post-fatigue measurements commenced within
10±10 s of the completion of the fatiguing contraction and
each leg was assessed within 131±11 s. Hence, all post-
fatigue measurements were captured within !4.5 min.

Fatigue protocol The fatigue protocol was a 100-s
sustained maximal isometric contraction performed by
the leg extensor muscle group of the dominant leg only,
with the knee at an angle of 90° (0° being full knee
extension). Subjects were asked to exert maximal force
from the commencement and not to ‘save’ themselves for
later in the test. Subjects were instructed to keep the non-
exercised limb relaxed during the fatiguing contraction
and the EMG was monitored at high gain to ensure that the
subjects achieved this.

Measurements

Anthropometric measures Height was measured to the
nearest 0.1 cm using a stadiometer (Len Blayden,
Lugarno, Australia). Body mass was measured to the
nearest 10 g using an electronic precision balance (HW-
100KAI, GEC, Avery, Australia).

Assessment of muscle function Muscle function was
assessed using a Kin-Com isokinetic dynamometer (Chat-
tanooga Group, Hixon, USA.). Subjects were secured to the
dynamometer via shoulder and waist strapping. To avoid
interference with the EMG electrode placement, the active
leg was not stabilised. The axis of rotation of the dyna-
mometer was visually aligned with the lateral femoral
epicondyle with the lower leg attached to the lever arm at
the level of the lateral malleolus. The knee was positioned at
90°, with 0° being full knee extension.

Electromyographic and contractile properties Electromyo-
graphic data were obtained using paired 8-mm-diameter

Ag/AgCl electrodes (BioPac Systems, Santa Barbara, CA,
USA) connected to a terminal box linked to a data
acquisition and analysis system (AMLAB Technologies,
Lewisham, Sydney, Australia) and host computer. Elec-
trodes were attached to the belly of the vastus lateralis
muscle with an interelectrode spacing of 20 mm. The
reference electrode was positioned over the patella of the
opposing limb. Evoked and voluntary EMG signals were
sampled with a gain of 200 V/V and 1,000 V/V,
respectively, at a rate of 2,500 Hz. For the voluntary
contractions, raw EMG data was full-wave rectified,
bandpass filtered with cut-off frequencies of 19 and
411 Hz using AMLAB software to produce an integrated
EMG (IEMG) signal. During brief contractions, EMG was
averaged over a 100-ms period prior to stimulation,
whereas during the sustained MVC, a window of analysis
corresponding with the first and last 5 s of the contraction
were compared.

Electrically evoked activation of the knee extensors was
achieved by stimulating the femoral nerve using adhesive
electrodes with an interelectrode spacing of 30 mm,
positioned about the medio-anterior aspect of the upper
thigh, directly below the inguinal fold. Current was deliv-
ered via a stimulator (Digitimer DS7, Digitimer, Welwyn
Garden City, Hertfordshire, England) linked to a host
computer and data acquisition and analysis system using
paired square-wave pulses with a width of 200 !s (400 V,
150–800 mA). Initially, the current was manually applied in
incremental steps until a plateau in both the twitch force and
the compound action potential (M-wave) was achieved.
The current was then increased by a further 20% to ensure
supra-maximal stimulation. Twitch data was sampled from
six pulses delivered at a rate of 0.25 Hz using the stimulator
and a custom-designed instrument (AMLAB Technologies,
Lewisham, Sydney, Australia). Maximal twitch tension
(peak tension development), time to peak tension (the
period of time from the delivery of the stimulus to peak
tension development) and half-relaxation time (half the
time period from peak tension development to complete
relaxation) were determined from each twitch response
with the mean value used for statistical analysis. Corre-
sponding EMG data were used for the analysis of the
M-wave for latency (defined as the time from the stimulus
to the first peak of the M-wave), peak-to-peak amplitude
and the duration between the negative and positive peaks of
the M-wave.

The level of voluntary activation of the leg extensor
muscles was determined using the twitch interpolation
technique [6, 7, 16]. Paired square-wave pulses were
delivered at a rate of 100 Hz, utilising the same parameters
as described for the assessment of muscle contractile
(twitch) properties. Subjects were instructed to produce
peak force as rapidly as possible and to maintain this force.
The delivery of the stimulus was manually triggered when
a plateau in force production was observed. The size of the
superimposed mechanical response was expressed as a
percentage of the response obtained from resting muscle.
This value was then subtracted from 100% to provide a
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quantitative measure of voluntary activation. Voluntary
activation was calculated for both limbs, pre- and post-
fatigue, using the values generated from the twitch
interpolation method described above. The degree of
muscle activation at any time was calculated by the ratio
[1"Ts/Tr]!100, where Ts is the superimposed twitches and
Tr is the twitch elicited under resting conditions. Dyna-
mometer force output, raw EMG signals and the delivery of
the stimulus were sampled synchronously for all tests at a
rate of 2500 Hz and exported into spreadsheet software.

Statistical analysis

All statistical analysis were completed using GraphPad
InStat Version 3.05 software. Descriptive data were
collected for all variables and presented as the mean±
standard error of the mean (SEM). Twitches evoked at rest,

activation levels and force values gained in the pre- and
post-fatigue stages were averaged and the mean value was
used for statistical analysis. Repeated-measures analysis of
variance (ANOVA) and subsequent Tukey post hoc tests
were used to determine the differences across the exercised
and non-exercised limbs and the changes during the fatigue
protocol. The level of significance was set at P<0.05.

Results

Muscle twitch properties

The twitch properties of the muscle for the exercised and
non-exercised limbs, before and after the fatigue protocol
of a single representative subject, are presented in Fig. 2.
Prior to the fatigue protocol, there were no significant
differences between the exercised and non-exercised limbs
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Fig. 2 Representative muscle
twitch force response from a
single subject for the exercised
(dominant) leg (a) and non-
exercised (non-dominant) leg
(b), before (-) and after (...) the
100-s continuous isometric
maximal contraction
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in the measures of maximal twitch tension, time to peak
tension and half-relaxation time.

Exercised limb (dominant) The maximal twitch tension of
the exercised leg before the fatigue protocol (81±5 N) was
found to be significantly larger than the exercised leg
maximal twitch force after the fatigue protocol (50±5 N,
P<0.001). Half-relaxation time did not differ significantly
pre-fatigue (162±7 ms) to post-fatigue (146±7 ms) in the
exercised leg. A significant decrease in time to peak
tension was found between the exercised leg before fatigue
(116±3 ms) and the exercised leg post-fatigue (102±5 ms)
in the exercised limb (P<0.05).

Non-exercised limb (non-dominant) Maximal twitch ten-
sion did not alter significantly in the non-exercised leg
before and after the fatigue protocol (83±5 and 76±5 N,
respectively). No significant changes were found for half-
relaxation time between the pre-fatigue (160±7 ms) and
post-fatigue (142±8 ms) protocol for the non-exercised
limb. Likewise, there were no differences observed be-
tween the non-exercised leg before (116±3 ms) and after

(110±3 ms) the fatigue protocol with regards to time to peak
tension.

Compound muscle action potential

Figure 3 shows the M-wave characteristics of a represen-
tative subject for the exercised and non-exercised limbs,
before and after the fatigue protocol. No differences were
observed between the exercised and non-exercised limbs
for peak-to-peak amplitude, latency and duration prior to
the fatigue protocol.

Exercised limb The peak-to-peak amplitude of the
exercised leg pre-fatigue was significantly higher compared
with the peak-to-peak amplitude of the exercised leg post-
fatigue. The exercised leg produced a peak-to-peak ampli-
tude of 1.94±0.13 V before the fatigue protocol whereas
after the fatigue protocol it was only able to generate an
amplitude of 1.61±0.15 V (P<0.05). There were no changes
in M-wave latency pre-fatigue (1.30±0.30 ms) to post-
fatigue (1.28±0.31 ms) in the exercised leg. No differences
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from a single subject for the
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were found in exercised leg M-wave duration, with the
duration being 0.75±0.02 ms before fatigue and 0.75±
0.02 ms after the fatigue protocol.

Non-exercised limb The non-exercised leg presented no
significant changes in peak-to-peak amplitude between the
pre- and post-fatigue contractions (2.20±0.12 and 2.04±
0.12 V, respectively). Similarly, no differences were
observed in the non-exercised leg pre- and post-fatigue
for either M-wave latency (1.23±0.21 vs 1.22±0.15 ms) or
duration (0.75±0.02 vs 0.76±0.03 ms).

Voluntary activation

The changes in percent voluntary activation of the exer-
cised and non-exercised leg from pre- to post-fatigue are
presented in Fig. 4. There were no differences found in
voluntary activation between the exercised and non-
exercised (91±2 and 88±2%, respectively, P=0.10) limbs
in the pre-fatigue state. However, a significant reduction of
17% in voluntary activation was observed between the
exercised leg from pre- to post fatigue (91±2 and 74±3%,
respectively, P<0.001).

Voluntary activation of the non-exercised leg before the
fatigue protocol was significantly higher compared to post-
fatigue values. Prior to the fatigue protocol, the non-
exercised leg was able to voluntarily activate 88±2% of
muscle, but after the fatigue protocol, it was only able to
activate 80±3% of muscle (P<0.01). The differences in
voluntary activation of the non-exercised leg correspond to
!9% reduction between pre- and post-fatigue values.

Maximal voluntary force

The results for force generated in the maximal voluntary
contractions are presented in Fig. 5. No significant difference
was recorded between the exercised leg and non-exercised
leg prior to the fatigue contraction. Significant changes

occurred in the exercised leg with the maximal voluntary
force declining by 65 N, from initial values of 386±16 (pre-
fatigue) to 321±14 N (post-fatigue). While the maximal
voluntary force of the non-exercised limb decreased from
365±17 (pre-fatigue) to 350±18N (post-fatigue), this decline
was not considered significant (P=0.06).

Electromyography

Figure 6 shows the corresponding values for IEMG in the
exercised and non-exercised legs both before and after the
fatigue protocol. The results demonstrated a significant
change in IEMG activity in the exercised leg pre-fatigue
compared to post-fatigue (0.47±0.05 and 0.36±0.04 mV,
respectively; P<0.05). In the non-exercised leg, initial
IEMG in the pre-fatigue state was 0.41±0.05 mV which
was significantly greater than the 0.31±0.03 mV attained
after the fatigue protocol (P<0.05).

Fatigue protocol

A significant reduction in maximal voluntary force was
observed from an initial value of 396±17 N at the be-
ginning of the fatigue protocol which declined to 87±6 N at
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the end of the 100-s sustained contraction, demonstrating a
77% reduction in force (P<0.001). IEMG activity also
showed a significant decrease from start (first 5 s) to finish
(last 5 s) of the fatigue protocol (0.34±0.03 and 0.24±
0.02 mV, respectively).

Discussion

In this study, the subjects performed a series of voluntary
and evoked contractions of both the dominant (exercised)
and non-dominant (non-exercised) limb prior to and
immediately after a sustained isometric fatigue protocol.
The major finding of the present investigation is that 100 s
of sustained maximal isometric contraction resulted in a
‘cross-over’ of fatigue between the exercised and the non-
exercised contralateral limbs. This contralateral ‘cross-
over’ of fatigue suggests that the ability of the CNS to
activate a muscle is reduced in previously non-exercised
muscle. This may be associated with a type of anticipatory
mechanism, the function of which is to preserve cellular
homeostasis, and is possibly initiated by metabolic and/or
mechanical changes in the exercising muscle.

As expected, the 100-s sustained maximal isometric
contraction induced functional changes in the exercised
leg. This peripheral modification in function can be
attributed to neuromuscular transmission failure, excita-
tion–contraction (E–C) coupling failure or a decline in
muscle fibre excitability. Neuromuscular transmission fail-
ure is evidenced by a decrease in M-wave peak-to-peak
amplitude from pre- to post-fatigue (Fig. 3). This result,
combined with a lack of change in the duration or latency
of the M-wave, suggests that fatigue in the exercised limb
may be related to a reduction in neuromuscular propagation
and motor unit excitation. Evidence of E–C coupling
failure in the exercised limb is demonstrated by the !31 N
reduction in maximal twitch tension evoked by electrical
stimulation of the femoral nerve from pre- to post-fatigue
(Fig. 2). These properties were unchanged in the vastus
lateralis muscle of the non-exercised leg, which suggests
that peripheral mechanisms were not the principle cause of
fatigue in this limb.

In contrast to the peripheral modifications in neuromus-
cular function observed exclusively in the exercised limb,
the 100-s isometric fatigue protocol resulted in reductions
in neural drive to both the exercised and non-exercised
limb. The voluntary activation levels obtained from twitch
interpolation before the fatigue protocol (Fig. 4) are mar-
ginally lower than the values observed in some previous
studies [27] but are in accordance with other studies
performed on the quadriceps muscle [5]. Such differences
in activation level may be explained not only by inter-
subject variability but also by the fact that, in the present
study, voluntary activation was calculated using unpoten-
tiated resting twitches. It has been shown that unpotentiated
twitches yield lower activation levels compared with po-
tentiated ones; however, this method reveals similar
conclusions and allows for similar interpretation and
application of results [5]. At the conclusion of the fatigue

protocol, a significant reduction in voluntary activation
was observed in both the exercised (!16%) and non-
exercised limbs (!9%). Such high levels of activation
failure have been previously observed by others after a
prolonged exercise [10, 17]. In addition to the decline in
voluntary activation, a significant decrease in voluntary
IEMG was observed in both limbs. This emphasises the
role of central fatigue in force loss after prolonged sus-
tained isometric contractions.

A potential criticism of this study is that the brief pre-
fatigue MVCs performed on the non-dominant leg could
have induced both peripheral and central changes in that
limb. However, there is evidence to argue against this
possibility. First, mean resting twitches and M-waves were
unchanged throughout the protocol, indicating that periph-
eral fatigue did not develop in the non-dominant leg as a
result of the brief contractions performed in that leg, nor
could the peripheral fatigue develop due to, for example,
the influx of metabolites from the remote contralateral
limb. Second, to ensure that serial changes did not occur
throughout the trial in the non-dominant leg as a result of
the brief contractions, more detailed statistical analyses
were conducted. One-way repeated-measures ANOVAs
compared possible serial decrements in force, voluntary
activation, and resting twitches between the first, second,
third and fourth (and in the case of twitches fifth and sixth)
measures pre-fatigue and the first through last measures
post-fatigue. If the brief contractions contributed to the
development of central or peripheral fatigue, then the re-
peated measures should show a progressive decline. None
of these variables showed any changes from the first to last
recordings for both pre- and post-fatigue recordings. Third,
serial measures of voluntary activation and maximal force
are often made in research and clinical settings. Although
longer rest periods between contractions are usually al-
lowed (1–2 min), much fewer contractions were performed
here than in previous investigations [1, 2, 27, 28]. Fourth,
an analysis of the EMG recorded at high gain from vastus
lateralis in that limb indicates that the subjects were able to
relax the non-dominant leg throughout the fatiguing
contraction. Therefore, it is unlikely that the present pro-
tocol induced any significant peripheral changes in the leg
extensor muscles of the non-dominant leg, nor did the brief
contractions themselves induce changes in voluntary
activation.

Maximal voluntary force after the fatigue protocol was
not significantly altered in the non-exercised leg (Fig. 5),
despite a reduction in voluntary activation and IEMG
(Fig. 6). Hence, it may be possible to conclude that the
reduction in maximal voluntary force of the exercised limb
was due to a combination of both central and peripheral
fatigue mechanisms, while in the non-exercised limb, the
decrement in force production would appear to be a result
of central changes only. However, it is important to note
that force changes related to central fatigue in the non-
exercised leg were not statistically significant from before
to after the 100-s fatigue contraction. This apparent con-
tradiction could be explained by the relative contributions
made by central and peripheral factors in the development

205

Paper 35 Paper 35

350



of fatigue to the resultant overall force change. In the
exercised leg, it may be possible to attribute the majority of
the !65 N decrease in MVC to peripheral factors, with
central aspects as secondary factor [7, 8]. This is consistent
with the results of Avela et al. [4] who demonstrated that
the majority of fatigue induced by long-lasting mechani-
cally and electrically elicited contractions of the calf
musculature was the result of peripheral factors. Thus, the
present data suggest that, without the contribution of
peripheral factors, force decrements from central changes
may not be statistically significant but may be functionally
important. This functional component may be the result of
feedback from the periphery being the initial step in the
down-regulation process, allowing the CNS to reduce
activation before damage to the organism occurs.

Evidence for a reduction in central drive to skeletal
muscle already exists and has been considered as a means
of cellular preservation, particularly during exercise hy-
perthermia [15, 20, 25]. It has also been argued that cellular
preservation is only possible if the human organism is able
to anticipate the impending catastrophe [9]. However,
exactly how this anticipation might occur has yet to be fully
described. The present findings may be indicative of at
least one way in which the CNS “primes” the organism by
producing a reduction in descending voluntary drive to
non-exercised muscle. This has been posited recently by
others [21] who suggest that feedback from exercising
muscle can either enhance the excitability of the "-mo-
toneurone pool or that sustained muscle contractions could
promote CNS fatigue via peripheral reflex inhibition of the
"-motoneurone pool. In addition to this possibility, others
[9, 12] have suggested that inhibition of the "-motoneu-
rone pool arises from group III and IV afferents which are
thought to be sensitive to metabolic changes within the
exercising muscle and, therefore, alter central motor drive.

Another possible explanation for the reduction in
voluntary activation and EMG without a proportional
decrease in maximal voluntary force may be related to the
activity of the antagonist muscle (hamstring muscle group)
and agonist–antagonist co-activation. It is possible that the
decrease in motor unit recruitment in the quadriceps muscle
following fatigue was matched by a concomitant decrease
in motor unit recruitment of the hamstrings. Thus, the
inhibitory effect of the hamstrings is diminished and hence,
has contributed to the ability to maintain overall force. In
support of this explanation, Mullany et al. [18] showed
evidence of the existence of a common drive controlling
the entire agonist motoneuron pool and a subpopulation of
the antagonist motoneuron pool. This common drive would
cause similar distributions of motor unit recruitment and
activation inboth the agonist and antagonist muscles, which
in turn would lead to similar fatigue. Others [22] also
support the notion of a common drive to both agonist and
antagonist motoneuron pools after finding similar EMG
changes in both the vastus lateralis and biceps femoris
muscles following submaximal static leg extensions in both
a low-intensity long duration and high-intensity short-
duration fatigue protocol. Therefore, it seems plausible that

disfacilitation of the antagonist muscle (hamstrings) may
occur in response to the fatigue of the extensor muscles
which therefore contributes to the ability to maintain
voluntary force. This cross-over of agonist command into
the antagonist motoneuron pool is possible given the
distributed overlapping locations of the individual moto-
neurons in a motoneuron pool for a given muscle,
combined with the topographical organisation of the CNS
to the structure of limb musculature [18].

In conclusion, this study investigated the differential
CNS responses in relation to exercising and resting lower
limb muscle. The reduced voluntary activation and EMG in
the non-dominant limb suggests that the CNS does not
selectively reduce neural drive to the fatiguing muscle
alone. Rather, the CNS coordinates neural output to remote
limbs of the lower body during fatigue. This may act to
ensure maintained coordination in tasks involving the
lower body limbs, particularly during locomotion. The
current data also suggests that the cross-over effect is
probably greater for the lower body than that previously
described for the upper limbs. However, despite the re-
duced drive to the non-exercised muscle, minimal changes
in force were observed. Taken together, these results lend
support to the theory that anticipatory regulation exists to
avoid cellular damage during fatiguing muscular work.
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ABSTRACT
Background This study used a novel protocol to test 
the hypothesis that a plateau in oxygen consumption 
(VO2max) during incremental exercise testing to 
exhaustion represents the maximal capacity of the 
cardiovascular system to transport oxygen.
Methods Twenty-six subjects were randomly divided 
into two groups matched by their initial VO2max. On 
separate days, the reverse group performed (i) an 
incremental uphill running test on a treadmill (INC1) plus 
verifi cation test (VER) at a constant workload 1 km 
h!1 higher than the last completed stage in INC1; (ii) a 
decremental test (DEC) in which speed started as same 
as the VER but was reduced progressively and (iii) a fi nal 
incremental test (INCF). The control group performed only 
INC on the same days that the reverse group was tested.
Results VO2max remained within 0.6 ml kg!1 min!1 
across the three trials for the control group (p=0.93) 
but was 4.4% higher during DEC compared with INC1 
(63.9±3.8 vs 61.2±4.8 ml kg!1 min!1, respectively, 
p=0.004) in the reverse group, even though speed at 
VO2max was lower (14.3±1.1 vs 16.2±0.7 km h!1 for 
DEC and INC1, respectively, p=0.0001). VO2max remained 
signifi cantly higher during INCF (63.6±3.68 ml kg!1 
min!1, p=0.01), despite an unchanged exercise time 
between INC1 and INCF.
Conclusion These fi ndings go against the concept that 
a plateau in oxygen consumption measured during the 
classically described INC and VER represents a systemic 
limitation to oxygen use. The reasons for a higher VO2 
during INCF following the DEC test are unclear.

INTRODUCTION
In 1923, Nobel laureate Archibald Hill and his 
colleagues1 2 proposed that the body has a lim-
ited capacity to consume oxygen during intense 
exercise. Subsequent studies3–5 refi ned the origi-
nal testing methods and honed the theory that 
the occurrence of a plateau in oxygen intake (VO2) 
despite an increasing workload represents the 
maximal capacity of the cardiovascular system 
to transport oxygen to the exercising muscles.6 
Thus in 1971 Mitchell and Blomqvist proposed 
that ‘there is a linear relationship between work-
load and oxygen uptake until the maximal oxygen 
uptake is reached. Heavier workloads can usually 
be achieved, but oxygen uptake levels off or may 
even decline’5 (p 1018).

Considering that the human body is a closed 
system, there must be a fi nite capacity for extract-
ing oxygen from the atmosphere and using it in 
the exercising muscles. The debate, however, is 
whether the plateau seen during incremental tests 

to exhaustion actually represents that ceiling and, 
if so, what are the biological implications of this 
fi nding. In the past 80 years, no study has yet 
convincingly challenged the original conclusion 
that a plateau in VO2 (VO2max) measured with the 
conventional incremental exercise testing proto-
col (INC) represents the absolute true maximal 
capacity of the cardiovascular system to transport 
oxygen.7–11 This fi nding is therefore interpreted 
in favour of the original (Hill) theory. The most 
recent scholarly review of the topic concludes: 
‘athletes stop exercising at VO2max (...) due to what 
is ultimately a limitation in convective oxygen 
transport’12 (p 31).

However, a few studies have indeed shown 
that higher VO2max values can occasionally be 
achieved either when different incremental exer-
cise protocols are used,13–15 or during testing in the 
heat,16 or when subjects exercise at progressively 
increasing rates of perceived exertion (RPE).17 
Conversely, some argue that a plateau in VO2 is 
an inconstant phenomenon, consistently diffi cult 
to demonstrate and which may also occur during 
submaximal exercise.18 19 Despite these contradic-
tory fi ndings, it is currently accepted that a true 
VO2max is always achieved during uphill treadmill 
running tests as confi rmed by the same or lower 
VO2max during subsequent exercise at workloads 
higher than that achieved at VO2max during the 
traditional INC.7 10

Although it is reasonably clear in the current 
state of scientifi c knowledge that using higher-
than-maximal, constant speed tests do not pro-
duce higher VO2max values,9 20 it is somewhat 
surprising that submaximal decremental exercise 
protocols produce higher-than-expected VO2 
when compared with a similar power output 
during an incremental protocol.21 One possible 
explanation for this fi nding is that the body starts 
paying the so-called ‘oxygen defi cit’ as it moves 
towards more aerobic work rates,22 thus increas-
ing oxygen consumption beyond predicted levels.

In light of the investigations that have attempted 
unsuccessfully to elicit higher-than-maximal 
VO2max values during exercise at (supramaxi-
mal) workloads greater than that at which the 
VO2max was measured,7 10 we decided to evaluate 
the effects of a novel ‘reverse’ testing protocol in 
which the exercise began at a high running speed 
and then slowed progressively. We reasoned that 
if subjects knew beforehand that the test would 
become progressively easier the longer it contin-
ued, the possibility was that any biological con-
trols directing the termination of exercise23 24 
might be relaxed, thus allowing the achievement 
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of a VO2max higher than that achieved with conventional 
INC. Here we report the results of VO2max testing using this 
novel protocol.

METHODS
Subjects
Twenty-six participants involved in regular running or cross-
country skiing training (23 men and 3 women, age 29.0±10.0 
years (range 17–47 years), body mass 73.7±9.8 kg, height 177±6 
cm) were recruited. All participants were injury-free for the 
duration of the trials and gave their written informed con-
sent to take part in this investigation, which was approved 
by the Research and Ethics Committee of the University of 
Cape Town and all other institutions where trials were per-
formed. The trials were conducted in three different labora-
tories: Sogn og Fjordane University College (Norway, n=18), 
University of Bedfordshire (UK, n=6) and Charles Sturt 
University (Australia, n=2). Collecting the data from three dif-
ferent institutions partially prevented our data from possible 
experimenter or equipment bias.

Study design
The participants visited the laboratory on fi ve occasions 
(fi gure 1), each separated by at least 48 h. After performing a 
maximal INC during the fi rst two visits, the participants were 
matched for their VO2max and randomly divided into two groups. 
While visit 1 served for familiarisation purposes only, visit 2 was 
used to establish the VO2max of the participants during an uphill 
running incremental test (INC1). The control group performed 
incremental tests to fatigue on the next three visits, while the 
reverse group performed a familiarisation decremental test on 
visit 3, a tailored decremental test on their fourth visit (DEC) and 
a repeat incremental test on their fi fth visit (INCF) (fi gure 1).

The participants were instructed to avoid hard training ses-
sions for the 24 h preceding each visit and not to ingest caf-
feine for 6 h before the tests. Tests were scheduled at the same 
time of the day and laboratory conditions were stable (tem-
perature 20±0.5°C, humidity 46±3%) for the duration of the 
study. All tests were performed on a motor-driven treadmill, 
with a constant inclination of 5%. All trials were completed 
within 3 weeks by each participant.

Incremental test
All INC were preceded by a 10-min warm-up (5 min at 10 km 
h!1 and 5 min at 12 km h!1, 0% grade). The tests started at 9 km h!1 
for men and 7 km h!1 for women, and the speed was increased 
by 1 km h!1 every minute (therefore 1 min is equivalent to 

one stage) until subjects were unable to continue the test. On 
the fi rst (familiarisation) and second visits, a verifi cation test 
(VER) was performed 15 min after the end of the incremental 
test. In between the two tests the participants were allowed 
to walk, jog or rest as each chose. The VER began at 10 km h!1 
and 5% inclination for 1 min. The speed was then increased 
to 1 km h!1 higher than the last stage completed by the par-
ticipant during INC. Participants were instructed to run at that 
speed for as long as each could.

Decremental test
The protocol for the decremental (DEC) tests was established 
as a function of the result from INC. Following the same warm-
up, the test started with a 1-min run at 10 km h!1 and 5% incli-
nation. Thereafter the treadmill speed was increased to that 
used during VER. Subjects who ran at that speed for 60% of 
the time each had managed during the VER. After the initial 
stage which usually lasted around 1 min, the treadmill speed 
was decreased by 1 km h!1 and maintained for 30 s. This was 
followed by consecutive decrements of 0.5 km h!1 that were 
maintained for 30 s, 45 s, 60 s, 90 s and 120 s, respectively. 
This standard approach was used on visit 3 (familiarisation 
with DEC). Depending on the reaction of the participant to 
the familiarisation DEC protocol, the durations of the stages 
on visit 4 were modifi ed by either shortening or lengthening so 
that each subject would require at least 5 min before becoming 
exhausted (fi gure 3). An extra 30-s warm-up stage (12–13 km 
h!1) was also included on visit 4 before the treadmill speed was 
increased to the starting speed for the test in order to diminish 
the gap in speed between the warm-up and the high-intensity 
start of the test.

Instruments and data handling
All respiratory variables were measured using automated gas 
analyser systems (MOXUS Modular Metabolic System, AEI 
Technologies, IL, USA; n=18; ParvoMedics, True2400, East 
Sandy, Utah, USA; n=2; Cortex Metalyser 11R, Cortex GmbH, 
Leipzig, Germany; n=6). Prior to the trials, the analysers and 
their respective software (only the Moxus requires this step) 
were calibrated strictly according to the manufacturers’ rec-
ommendations. Ventilation measurements were calibrated 
using a 3-litre calibration syringe (Hans-Rudolph,Kansas City, 
MO, USA).

Samples of expired air were continuously drawn into 
the analysers to calculate the fractions of O2 and CO2. The 
data were fed into a PC that calculated the results by pro-
grams developed by the manufacturers. Heart rate data were 

Figure 1 Diagram showing the timing of the different testing sessions. Sessions were separated by at least 48 h.
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monitored continuously using a Polar S410 heart rate monitor 
(Polar Electro OY, Kempele, Finland), synchronised with the 
gas analyser software.

All physiological data were collected breath by breath, 
exported from the analyser software into Excel spreadsheets 
and calculated as consecutive 30-s intervals. During INC, data 
were considered until the end of the fi nal completed stage. 
Data collected during VER and DEC were considered up to the 
time that a fi nal complete 30-s sample had been collected. This 
was done to ensure that the comparison between INC and VER 
was done at two different workloads, as required to defi ne a 
plateau in VO2. Further calculations revealed that this proce-
dure had no impact on the VO2max values for INC. A plateau 
in VO2 during INC was accepted if the change in VO2 during 
the highest 30-s interval of the two fi nal stages of the test was 
less than half of the normal stage-to-stage change in VO2 dur-
ing the initial (linear) parts of the tests for each subject. The 
average stage-to-stage difference in VO2 for all participants 
was calculated as 246±37 ml min!1, so that a plateau phenom-
enon was defi ned as a change in VO2 < 123±18 ml min!1 (or 
an average of 1.7 ml kg!1 min!1, considering the average body 
mass of the participants) between the two fi nal stages of the 
test. The same criterion was used to defi ne a plateau in VO2 
between the peak VO2 values measured during INC and VER, 
since VER was performed at one stage higher than the maxi-
mal stage completed during INC.

Statistics
All data are expressed as mean±SD. The initial VO2 and time 
to fatigue values for control and reverse groups during INC1 
were compared using Student’s t test for independent samples. 
To investigate possible differences in the physiological vari-
ables during the trials, repeated measures ANOVA was per-
formed, and a Tukey post hoc was used when a main effect 
was found. All calculations were performed using Statistica 10 
(StatSoft Inc., Tulsa, OK, USA). The typical error in the day-to-
day changes in VO2 for the control group was calculated using 
an Excel spreadsheet.25

RESULTS
There were no differences in VO2max between the reverse and 
control groups (61.2±4.9 vs 61.3±7.8 ml kg!1 min!1, respec-
tively, p=1.000) during INC1, indicating a similar level of 
aerobic fi tness between the groups. Although there was a 
small difference in time to exhaustion for INC1 (8.71±0.62 vs 
8.58±1.52 min respectively, p=0.004), this represented only 7.8 

s of exercise and is likely of little or no biological signifi cance. 
Four participants in each group did not develop a plateau in 
VO2 during INC1. However, all but one subject in each group, 
both of whom displayed a plateau during INC1, showed the 
plateau phenomenon in VER. VO2max during VER was 0.1±2.3 
ml kg!1 min!1 lower for the control group and 0.3±1.2 ml kg!1 
min!1 higher for the reverse group compared with values mea-
sured in their respective INC1.

All physiological variables are listed in table 1. VO2max 
remained constant for the control group over the different test-
ing days, as did time to fatigue. The typical error for VO2max 
in the control group over the four INC was 1.6 ml kg!1 min!1 
(95% CI 1.3–2.1 ml kg!1 min!1). On the other hand, VO2max 
for the reverse group was 4.4% higher during DEC compared 
with INC1 (63.9±3.8 vs 61.2±4.8 ml kg!1 min!1, respectively, 
p=0.004) (table 1, fi gure 2). The difference in VO2max between 
INC1 and DEC was on average 2.7±3.1 ml kg!1 min!1 (~200 
ml min!1), which is 60% higher than the threshold for a VO2 
plateau during INC1 (1.7 ml kg!1 min!1, 123 ml min!1), even 
though the subjects were running at about 1.9 km h!1 slower 
during DEC compared with INC1 (table 1). VO2max remained 
signifi cantly higher during INCF than during INC1 for the 
reverse group (63.6±3.8 vs 61.2±4.8 ml kg!1 min!1, p=0.015), 
despite similar values for time to fatigue and speed at VO2max 
during both trials. There were no differences for ventilation, 
heart rate, breathing frequency and respiratory exchange ratio 
between the trials for any of the groups, except for ventila-
tion for the control group between INC1 and INCF (157.0±25.6 
vs 146.5±24.0 l min!1, p=0.013). A graphical illustration of the 
relationship between VO2 and speed in the different trials for 
one illustrative subject is presented in fi gure 3.

DISCUSSION
After its original conception in 1923,1 2 the theory that a plateau 
in VO2 at the end of an incremental exercise test to exhaustion 
indicates an ultimate physiological ceiling in cardiovascular 
function was rapidly adopted.3–6 Only more recently this view 
has been challenged23 26–29 and vigorously defended.7 12 30–33 
To counter some of these criticisms, the so-called verifi cation 
test (VER) emerged.7–9 11 20 34–37 This requires the participant 
to exercise for as long as possible at a higher power output than 
that achieved during the conventional INC. If the peak VO2 
measured during VER is no higher than that achieved during 
INC testing despite the increased workload, it is assumed that 
a true plateau in oxygen consumption had developed during 
INC and VER.10 32 The adoption of the VER method substan-
tially increased the frequency with which a plateau in VO2 

Table 1 Physiological variables for control and reverse groups during the different trials

 

Control group Reverse group

Incremental 1 Incremental 3 Incremental fi nal Incremental 1 Decremental Incremental fi nal

VO2max 61.3±7.8 60.7±6.7 61.0±7.1 61.2±4.8 63.9±3.8* 63.6±3.8*
TTF 8.50±1.55 8.53±1.27 8.45±1.27 8.73±0.65† 6.08±0.52* 8.80±0.93
VE 157.0±25.6 149.2±28.0 146.5±24.0* 153.2±26.2 154.5±23.4 153.4±23.7
HR 185.7±11.0 182.1±12.0 182.9±13.2 182.9±14.9 179.2±13.1 183.7±9.7
BR 53.4±5.8 50.0±7.2 51.1±6.4 51.6±6.5 51.3±5.8 50.0±7.8
RER 1.15±0.07 1.12±0.08 1.11±0.07 1.15±0.06 1.07±0.06 1.09±0.08
V.VO2max 15.7±1.6 15.4±1.2 15.6±1.2 16.2±0.9 14.3±1.1* 16.3±0.9

All data presented as mean±SD.
*Different from respective Incremental 1 at p<0.05.
†Different from control group at the same time at p<0.05.
BR, breathing rate (cycles min!1); HR, heart rate (beats min!1); RER, respiratory exchange ratio; TTF, time to fatigue (min); 
VO2max, maximal oxygen consumption (ml kg!1 min!1); VE, ventilation (l min!1); V.VO2max, speed at VO2max (km h!1).
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was detected and further strengthened the original theory on 
which the plateau concept is founded.16 20 36 38

Accordingly, the fi rst important fi nding of this study was 
that the VO2max measured with the conventional INC is not the 
highest value of which each individual is capable, even when 
VER ensured that the original INC did indeed produce a ‘maxi-
mal’ result. Instead a novel ‘reverse’ protocol produced VO2max 
values that were about 4.4% higher than those achieved with 
the conventional INC.

While studies using DEC have demonstrated an excess VO2 
consumption during submaximal exercise compared with val-
ues measured during INC,39–43 our study is the fi rst to show 
this phenomenon during maximal exercise. The increase in 
VO2 measured during DEC (2.7 ml kg!1 min!1 in this study) 
was substantially greater than the value (1.7 ml kg!1 min!1) 
which defi ned the plateau threshold during INC and which 
was present in all but one subject in each group during the 
INC1.

7 9 In fact, the increase in VO2 measured in this study 
is almost of a magnitude that should have allowed the run-
ners to perform an additional stage during INC (assuming that 
the increase in VO2 during that stage was a linear function of 
the increase in work rate during the submaximal portion of 
the test).4 29 In addition, the 2.7 ml kg!1 min!1 increase in VO2 
was greater than the 2.1 ml kg!1 min!1 upper limit of the 95% 
CI of the typical error of measurement calculated for the par-
ticipants in the control group. It was also greater than the 2% 
difference suggested as a minimal signifi cant change for VO2 
between trials.36 44 Similar changes in VO2max are accepted in 
the literature as indicators of improved aerobic capacity in elite 
alpine skiers,45 elite runners after altitude training46 and well-
trained runners after ‘live high-train low’ training.47

This fi nding, therefore, convincingly shows that subjects 
terminated the conventional INC, appropriately conducted 
according to all required protocols (including the use of 
VER), with cardiorespiratory reserve and therefore before an 
absolute limitation in either oxygen delivery to, or its use by 
the exercising muscles had been reached.27 28 48 Also, it goes 
against the conventional belief12 49 50 and confi rms our initial 
hypothesis that a plateau in VO2 during an uphill running INC 
does not provide the fi nal proof that the body has reached an 
absolute limit in its capacity to consume oxygen.

Other studies have shown that the VO2max measured dur-
ing conventional INC may be less than that achieved when 
subjects are either free to choose their power outputs in free-
range exercise51 52 or according to an incremental increase in 
their ratings of perceived exertion.17 Our study, however, dif-
fers from previous attempts in that we used subjects with high 
levels of aerobic capacity,30 employed a VER to confi rm the 
attainment of VO2max during INC1,

9 20 34 and chose a graded 
treadmill running INC test that produces the higher VO2max 
values.7 10 53 More importantly, our subjects did not exercise at 
higher power outputs during the DEC than during INC or VER. 
This satisfi es the issue of different muscle masses required to 
complete the different tests.54–57

Indeed our second unexpected fi nding was that during the 
reverse protocol subjects reached their VO2max when running 
at about 90% of the speed associated with VO2max during INC. 
Several studies58–62 have investigated the physiological effects 
of running to exhaustion at constant speeds corresponding to 
~90–105% of the speed associated with VO2max. None found a 
higher VO2max during these constant load trials compared with 
INC, even when a bout of intense exercise was performed prior 
to the constant load test.63 This establishes that the higher 
VO2max found during the reverse protocol is not an effect of the 
lower speed per se, but rather an effect of the protocol design.

The body’s capacity to deliver oxygen to the muscles is usu-
ally thought to be the factor ‘limiting’ the VO2max,50 64–66 since 
there is metabolic reserve in the mitochondrial capacity to use 
oxygen during maximal exercise67 and the fact that simply 
requiring more work to be done by increasing the workload 
does not increase the VO2max.7 10 11 The fi nding that heart rate, 
breathing rate and ventilation at VO2max were not different 
between protocols (table 1) excludes the possibility that the 
excess VO2 is the result simply of extra mechanical work done 
by the heart or respiratory muscles.

To tests the hypothesis of an O2 delivery limited VO2max, 
several attempts using different techniques to increase the 
VO2max by increasing oxygen delivery to the muscles have 
already been performed, with mixed results. Exposure to 
hyperoxia increases leg muscle oxygen uptake during knee 
extension exercise in patients with chronic heart failure66 and 
in well-trained athletes68 but not in healthy sedentary individ-
uals.66 Infusion of adenosine and ATP to increase vasodilata-
tion during maximal exercise increases blood fl ow and oxygen 
delivery to the lower limbs, however this occurs without con-
comitant changes in VO2max.69 70 On the other hand, treatment 
with recombinant human erythropoietin increases VO2max 
without augmenting skeletal muscle blood fl ow.71

Figure 2 Mean±SD for maximal oxygen consumption (VO2max) 
during the different trials for the Control (White) and Reverse (Grey) 
group. INC 1, incremental test 1; INC 3, incremental test 3; INC Final, 
fi nal incremental test; DEC, decremental test. *Indicates signifi cant 
difference from respective INC 1 (p<0.05).

Figure 3 Oxygen consumption and treadmill speed during different 
trials for the participant with the second highest VO2max difference 
between INC1 and DEC. The four trials presented are: INC1, VER, DEC 
and INCF. For this particular subject, VO2 was 70 ml min!1 (1,5%) 
higher during VER, 683 ml min!1 (15.1%) higher during DEC and 640 
ml min!1 (14.2%) higher during INCF in comparison with INC1. VO2 is 
represented by solid lines, and dotted lines represent speed.
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that might limit maximal exercise performance in diseased, 
in healthy and in athletic populations. In particular it estab-
lishes that subjects terminate the conventional INC with car-
diorespiratory reserve.

We understand that there must be an absolute VO2max for all 
individuals. However, our study shows that this limiting con-
dition is not reached during the conventional INC. We further 
conclude that a plateau in VO2 cannot be used as an indicator 
that a limiting condition has been reached. The reasons why the 
conventional INC terminates at a submaximal ‘VO2max’ and at 
submaximal levels of skeletal muscle recruitment are however 
unclear. But our fi ndings support the interpretation that maxi-
mal exercise during the conventional INC is terminated at the 
VO2max by a complex regulated process24 85 before there is a loss 
of homoeostasis in one of more physiological systems.48
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perception of the future workload might impact the sympa-
thetic or parasympathetic drives and lead to differences in the 
metabolic response during exercise.

A fi nal intriguing fi nding was that higher VO2max values 
achieved with the ‘reverse’ protocol were retained during 
INCF, despite time to exhaustion did not change and subjects 
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What this study adds

 !  This study shows that oxygen consumption is higher dur-
ing a decremental running test in healthy athletes than 
during an incremental running test, previously thought to 
produce the higher levels of oxygen consumption.

!  It also shows that the plateau in oxygen consumption found 
during incremental tests does not represent the ceiling of 
cardiovascular capacity.

!  After performing the decremental protocol, subjects 
apparently retained the gains in oxygen consumption dur-
ing a subsequent incremental test, despite no changes in 
performance.

 group.bmj.com on December 13, 2011 - Published by bjsm.bmj.comDownloaded from Paper 36 Paper 36

357

http://bjsm.bmj.com/
http://group.bmj.com/


Original article

Br J Sports Med 2012;46:23–29. doi:10.1136/bjsports-2011-09030628

46. Stray-Gundersen J, Chapman RF, Levine BD. “Living high-training low” altitude 
training improves sea level performance in male and female elite runners. J Appl 
Physiol 2001;91:1113–20.

47. Levine BD, Stray-Gundersen J. “Living high-training low”: effect of moderate-
altitude acclimatization with low-altitude training on performance. J Appl Physiol 
1997;83:102–12.

48. Noakes TD, St Clair Gibson A. Logical limitations to the “catastrophe” models of 
fatigue during exercise in humans. Br J Sports Med 2004;38:648–9.

49. Calbet JA, Gonzalez-Alonso J, Helge JW, et al. Cardiac output and leg and arm 
blood fl ow during incremental exercise to exhaustion on the cycle ergometer. 
J Appl Physiol 2007;103:969–78.

50. Mortensen SP, Dawson EA, Yoshiga CC, et al. Limitations to systemic and 
locomotor limb muscle oxygen delivery and uptake during maximal exercise in 
humans. J Physiol (Lond) 2005;566:273–85.

51. Foster C, Coye RB, Crowe A, et al. Comparison of free range and graded exercise 
testing. Med Sci Sports Exerc 1997;29:1521–6.

52. Foster C, Green MA, Snyder AC, et al. Physiological responses during simulated 
competition. Med Sci Sports Exerc 1993;25:877–82.

53. Kang J, Chaloupka EC, Mastrangelo MA, et al. Physiological comparisons among 
three maximal treadmill exercise protocols in trained and untrained individuals. 
Eur J Appl Physiol 2001;84:291–5.

54. Marcora SM, Staiano W. The limit to exercise tolerance in humans: mind over 
muscle? Eur J Appl Physiol 2010;109:763–70.

55. Burnley M. The limit to exercise tolerance in humans: validity compromised by failing 
to account for the power-velocity relationship. Eur J Appl Physiol 2010;109:1225–6.

56. Allen D, Westerblad H. What limits exercise during high-intensity aerobic 
exercise? Eur J Appl Physiol 2010;110:661–2; author reply 663–4.

57. MacIntosh BR, Fletcher JR. The parabolic power-velocity relationship does apply 
to fatigued states. Eur J Appl Physiol 2011;111:319–20.

58. Billat V, Binsse V, Petit B, et al. High level runners are able to maintain a VO2 
steady-state below VO2max in an all-out run over their critical velocity. Arch Physiol 
Biochem 1998;106:38–45.

59. Ozyener F, Rossiter HB, Ward SA, et al. Infl uence of exercise intensity on the 
on- and off-transient kinetics of pulmonary oxygen uptake in humans. J Physiol 
(Lond) 2001;533:891–902.

60. Billat VL, Blondel N, Berthoin S. Determination of the velocity associated with 
the longest time to exhaustion at maximal oxygen uptake. Eur J Appl Physiol 
Occup Physiol 1999;80:159–61.

61. Billat VL, Morton RH, Blondel N, et al. Oxygen kinetics and modelling of time to 
exhaustion whilst running at various velocities at maximal oxygen uptake. Eur 
J Appl Physiol 2000;82:178–87.

62. Billat V, Renoux JC, Pinoteau J, et al. Times to exhaustion at 90, 100 and 105% 
of velocity at VO2max (maximal aerobic speed) and critical speed in elite long-
distance runners. Arch Physiol Biochem 1995;103:129–35.

63. Ferguson C, Whipp BJ, Cathcart AJ, et al. Effects of prior very-heavy intensity 
exercise on indices of aerobic function and high-intensity exercise tolerance. 
J Appl Physiol 2007;103:812–22.

64. Stray-Gundersen J, Musch TI, Haidet GC, et al. The effect of pericardiectomy on 
maximal oxygen consumption and maximal cardiac output in untrained dogs. Circ 
Res 1986;58:523–30.

65. Mortensen SP, Damsgaard R, Dawson EA, et al. Restrictions in systemic 
and locomotor skeletal muscle perfusion, oxygen supply and VO2 
during high-intensity whole-body exercise in humans. J Physiol (Lond) 
2008;586:2621–35.

66. Esposito F, Mathieu-Costello O, Shabetai R, et al. Limited maximal exercise 
capacity in patients with chronic heart failure: partitioning the contributors. J Am 
Coll Cardiol 2010;55:1945–54.

67. Boushel R, Gnaiger E, Calbet JA, et al. Muscle mitochondrial capacity exceeds 
maximal oxygen delivery in humans. Mitochondrion 2011;11:303–7.

68. Richardson RS, Grassi B, Gavin TP, et al. Evidence of O2 supply-dependent VO2max 
in the exercise-trained human quadriceps. J Appl Physiol 1999;86:1048–53.

69. Calbet JA, Lundby C, Sander M, et al. Effects of ATP-induced leg vasodilation on 
VO2 peak and leg O2 extraction during maximal exercise in humans. Am J Physiol 
Regul Integr Comp Physiol 2006;291:R447–53.

70. Barden J, Lawrenson L, Poole JG, et al. Limitations to vasodilatory capacity 
and.VO2max in trained human skeletal muscle. Am J Physiol Heart Circ Physiol 
2007;292:H2491–7.

71. Lundby C, Robach P, Boushel R, et al. Does recombinant human Epo increase 
exercise capacity by means other than augmenting oxygen transport? J Appl 
Physiol 2008;105:581–7.

72. de Groot PC, Thijssen DH, Sanchez M, et al. Ischemic preconditioning improves 
maximal performance in humans. Eur J Appl Physiol 2010;108:141–6.

73. Park S, Kim JK, Choi HM, et al. Increase in maximal oxygen uptake following 
2-week walk training with blood fl ow occlusion in athletes. Eur J Appl Physiol 
2010;109:591–600.

74. Wagner PD. The biology of oxygen. Eur Respir J 2008;31:887–90.
75. Berdina NA, Kolenko OL, Kotz IM, et al. Increase in skeletal muscle performance 

during emotional stress in man. Circ Res 1972;30:642–50.

14. Fielding RA, Frontera WR, Hughes VA, et al. The reproducibility of the Bruce 
protocol exercise test for the determination of aerobic capacity in older women. 
Med Sci Sports Exerc 1997;29:1109–13.

15  Kindermann W, Schramm M, Keul J. Aerobic performance diagnostics with 
different experimental Settings. Int J Sports Med 1980;1:110–4.

16. Lafrenz AJ, Wingo JE, Ganio MS, et al. Effect of ambient temperature on cardiovascular 
drift and maximal oxygen uptake. Med Sci Sports Exerc 2008;40:1065–71.

17 Mauger AR, Sculthorpe N. A new VO2max protocol allowing self-pacing in 
maximal incremental exercise. Br J Sports Med 2011;DOI 10.1136/
bjsports-2011-090006 

18. Myers J, Walsh D, Buchanan N, et al. Can maximal cardiopulmonary capacity be 
recognized by a plateau in oxygen uptake? Chest 1989;96:1312–6.

19. Myers J, Walsh D, Sullivan M, et al. Effect of sampling on variability and plateau 
in oxygen uptake. J Appl Physiol 1990;68:404–10.

20. Midgley AW, Carroll S. Emergence of the verifi cation phase procedure for 
confi rming ‘true’ VO(2max). Scand J Med Sci Sports 2009;19:313–22.

21. Yano T, Yunoki T, Ogata H. Approximation equation for oxygen uptake kinetics in 
decrement-load exercise starting from low exercise intensity. J Physiol Anthropol 
Appl Human Sci 2003;22:7–10.

22. Yano T, Yunoki T, Ogata H. Relationship in simulation between oxygen defi cit and 
oxygen uptake in decrement-load exercise starting from low exercise intensity. 
J Physiol Anthropol Appl Human Sci 2003;22:1–5.

23. Noakes TD, Marino FE. Point: maximal oxygen uptake is limited by a central 
nervous system governor. J Appl Physiol 2009;106:338–9; discussion 341.

24. Noakes TD. Time to move beyond a brainless exercise physiology: the evidence 
for complex regulation of human exercise performance. Appl Physiol Nutr Metab 
2011;36:23–35.

25 Hopkins, WG. Reliability from consecutive pairs of trials (Excel spreadsheet). In: A 
New View of Statistics. sportsci.org: Internet Society for Sport Science, 2000. http://
www.sportsci.org/resource/stats/xrely.xls (accessed 3 March 2011).

26. Noakes TD, Marino FE. Last word on point:counterpoint: maximal oxygen 
uptake is/is not limited by a central nervous system governor. J Appl Physiol 
2009;106:347.

27. Noakes TD. How did A V Hill understand the VO2max and the “plateau 
phenomenon”? Still no clarity? Br J Sports Med 2008;42:574–80.

28 Noakes TD. Challenging beliefs. Ex Africa semper aliquid novi 1997;29:571–90.
29. Doherty M, Nobbs L, Noakes TD. Low frequency of the “plateau phenomenon” 

during maximal exercise in elite British athletes. Eur J Appl Physiol 
2003;89:619–23.

30. Shephard RJ. Is the measurement of maximal oxygen intake passé? Br J Sports 
Med 2009;43:83–5.

31. Howley ET.VO2max and the plateau–needed or not? Med Sci Sports Exerc 
2007;39:101–2.

32. Brink-Elfegoun T, Kaijser L, Gustafsson T, et al. Maximal oxygen uptake is not 
limited by a central nervous system governor. J Appl Physiol 2007;102:781–6.

33. Bassett DR Jr, Howley ET. Maximal oxygen uptake: “classical” versus 
“contemporary” viewpoints. Med Sci Sports Exerc 1997;29:591–603.

34. Midgley AW, Carroll S, Marchant D, et al. Evaluation of true maximal oxygen 
uptake based on a novel set of standardized criteria. Appl Physiol Nutr Metab 
2009;34:115–23.

35. Foster C, Kuffel E, Bradley N, et al. VO2max during successive maximal efforts. 
Eur J Appl Physiol 2007;102:67–72.

36. Midgley AW, McNaughton LR, Polman R, et al. Criteria for determination of 
maximal oxygen uptake: a brief critique and recommendations for future research. 
Sports Med 2007;37:1019–28.

37. Rowland TW. Does peak VO2 refl ect VO2max in children?: evidence from 
supramaximal testing. Med Sci Sports Exerc 1993;25:689–93.

38. Scharhag-Rosenberger F, Carlsohn A, Cassel M, et al. How to test maximal 
oxygen uptake: a study on timing and testing procedure of a supramaximal 
verifi cation test. Appl Physiol Nutr Metab 2011;36:153–60.

39. Arimitsu T, Matsuura R, Kimura T, et al. Examination of oxygen uptake kinetics in 
decremental load exercise by a numerical computation model. J Physiol Anthropol 
2008;27:247–54.

40. Yano T, Yunoki T, Matsuura R, et al. Effect of exercise intensity on the slow 
component of oxygen uptake in decremental work load exercise. J Physiol 
Pharmacol 2004;55:315–24.

41. Yano T, Yunoki T, Horiuchi M. Kinetics of oxygen uptake during decremental ramp 
exercise. J Sports Med Phys Fitness 2000;40:11–6.

42. Yano T, Yunoki T, Matsuura R, et al. Effects of rate of decrease in power output in 
decrement-load exercise on oxygen uptake. Physiol Res 2007;56:715–9.

43. Yano T, Ogata H, Matsuura R, et al. Comparison of oxygen uptake at the onset of 
decrement-load and constant-load exercise. Physiol Res 2007;56:169–74.

44. Atkinson G, Davison RC, Nevill AM. Performance characteristics of gas 
analysis systems: what we know and what we need to know. Int J Sports Med 
2005;26:S2–10.

45. Gross MA, Breil FA, Lehmann AD, et al. Seasonal variation of VO2max and 
the VO2-work rate relationship in elite Alpine skiers. Med Sci Sports Exerc 
2009;41:2084–9.

 group.bmj.com on December 13, 2011 - Published by bjsm.bmj.comDownloaded from Paper 36 Paper 36

358

http://bjsm.bmj.com/
http://group.bmj.com/


Original article

Br J Sports Med 2012;46:23–29. doi:10.1136/bjsports-2011-090306 29

76. Pribram KH, McGuinness D. Arousal, activation, and effort in the control of 
attention. Psychol Rev 1975;82:116–49.

77. Williamson JW. The relevance of central command for the neural cardiovascular 
control of exercise. Exp Physiol 2010;95:1043–8.

78. Kindermann W, Schnabel A, Schmitt WM, et al. Catecholamines, growth 
hormone, cortisol, insulin, and sex hormones in anaerobic and aerobic exercise. 
Eur J Appl Physiol Occup Physiol 1982;49:389–99.

79. Cannon DT, White AC, Andriano MF, et al. Skeletal muscle fatigue precedes 
the slow component of oxygen uptake kinetics during exercise in humans. 
J Physiol (Lond) 2011;589:727–39.

80. Vanhatalo A, Poole DC, DiMenna FJ, et al. Muscle fi ber recruitment and the 
slow component of O2 uptake: constant work rate vs. all-out sprint exercise. 
Am J Physiol Regul Integr Comp Physiol 2011;300:R700–7.

81. Froelicher VF Jr, Brammell H, Davis G, et al. A comparison of the reproducibility 
and physiologic response to three maximal treadmill exercise protocols. Chest 
1974;65:512–7.

82. ASTRAND PO, SALTIN B. Maximal oxygen uptake and heart rate in various 
types of muscular activity. J Appl Physiol 1961;16:977–81.

83 Christie CJ, Lock BI. Impact of training status on maximal oxygen uptake 
criteria attainment during running. South African Journal of Sports Medicine 
2009;21:19–22.

84. di Prampero PE, Ferretti G. Factors limiting maximal oxygen consumption in 
humans. Respir Physiol 1990;80:113–27.

85. Noakes TD. Is it time to retire the A.V. Hill Model?: A rebuttal to the article by 
Professor Roy Shephard. Sports Med 2011;41:263–77.

 group.bmj.com on December 13, 2011 - Published by bjsm.bmj.comDownloaded from Paper 36 Paper 36

359

http://bjsm.bmj.com/
http://group.bmj.com/


1 3

Eur J Appl Physiol (2015) 115:1939–1948
DOI 10.1007/s00421-015-3177-x

ORIGINAL ARTICLE

Prefrontal and motor cortex EEG responses and their 
relationship to ventilatory thresholds during exhaustive 
incremental exercise

C. V. Robertson1 · F. E. Marino1

Received: 22 September 2014 / Accepted: 19 April 2015 / Published online: 28 April 2015 
© Springer-Verlag Berlin Heidelberg 2015

26.1 ± 12.7, to 17.7 ± 8.8, respectively) (P < 0.01) and
concomitantly only decreased significantly in MC in !F 
from VT to END (P < 0.05).
Conclusion There is a decline in the EEG response 
to exercise in the PFC following the RCP, whilst alpha 
activity in the MC is preferentially maintained; therefore, 
changes within the PFC appear to play a role in exercise 
termination.

Keywords Electroencephalography · Prefrontal cortex · 
Exercise · Exhaustion

Abbreviations
PaCO2  Arterial carbon dioxide tension
V̇O2peak  Peak oxygen consumption
V̇E/V̇O2  Ventilatory equivalent for oxygen
V̇E/V̇CO2  Ventilatory equivalent for carbon dioxide
ACC  Anterior cingulate cortex
ANOVA  Analysis of variance
AntPFC  Anterior prefrontal cortex
COxy  Cerebral oxygenation
DLPFC  Dorsolateral prefrontal cortex
EEG  Electroencephalography
IET  Incremental exercise test
MC  Motor cortex
MCAv  Middle cerebral artery velocity
MRCP  Movement-related cortical potentials
NIRS  Near infra-red spectroscopy
PFC  Prefrontal cortex
RCP  Respiratory compensation point
ROI  Region of interest
sLORETA  Standardised low-resolution brain electromag-

netic tomography
VLPFC  Ventrolateral prefrontal cortex
VT  Ventilatory threshold

Abstract 
Purpose The purpose of this study was to measure the 
EEG response in the prefrontal cortex (PFC) and motor 
cortex (MC) during incremental exercise and align these 
responses with ventilatory parameters.
Methods The EEG activity at the motor (MC) and fron-
tal cortices was measured during an incremental exercise 
test (IET) in 11 cyclists (peak oxygen uptake 

!

V̇O2peak

"

 
4.1 ± 0.74 (SD) L min!1). EEG power spectral densities
were calculated for alpha slow (!S) (8–10 Hz), alpha fast, 
(!F) (10–13 Hz), Beta (") (13–30 Hz), and Gamma (#)
(30–40 Hz). EEG data were calculated as % change from
eyes open (EO) baseline and a repeated measures analysis
of variance (ANOVA) was performed on regions of interest
(ROI), time and bandwidth.
Results All EEG activity increased from 50 % V̇O2peak

to ventilatory threshold (VT) (P = 0.045) and respiratory
compensation point (RCP) (P = 0.019) and decreased
from RCP to end of exercise (END) (P = 0.04). Sig-
nificant differences between regions were found at the 
VLPFC and MC for both !S and !F. !S and !F increased 
from 50 % V̇O2peak to RCP (14.9 ± 10.2 to 23.8 ± 15.5
and 18.9 ± 10.6 to 26.12 ± 12.7, respectively) and then
decreased to END (23.8 ± 15.5 to 14.4 ± 10.3 and

Communicated by Toshio Moritani.

 * C. V. Robertson
carobertson@csu.edu.au

F. E. Marino
fmarino@csu.edu.au

1 School of Human Movement Studies, Charles Sturt 
University, Panorama Avenue, Bathurst, NSW 2795, 
Australia

Paper 37 Paper 37

360



1940 Eur J Appl Physiol (2015) 115:1939–1948

1 3

Introduction

It has been proposed that the motor cortex (MC) is only 
activated to a suboptimal level at exhaustion, so that failure 
of the MC is perhaps not the cause of exercise termination 
(Gandevia et al. 1996). This has led others to hypothesise 
that perturbations upstream of the MC are responsible for 
the termination of exercise (Gandevia et al. 1996; Rupp and 
Perrey 2008). During exhaustive exercise, responses occur 
within the cerebral tissue which may be responsible for the 
altered neural output upstream of the MC (Bhambhani et al. 
2007; Rasmussen et al. 2010). As a result of the hyperven-
tilatory response to altered arterial carbon dioxide tension 
(PaCO2), vasoconstriction occurs, there is attenuation of 
middle cerebral artery velocity (MCAv) (Jorgensen et al. 
1992) and cerebral blood flow (Linkis et al. 1995), ulti-
mately decreasing cerebral oxygenation (COxy) and lim-
iting cerebral metabolism (Rasmussen et al. 2010). These 
changes in COxy have been proposed to sufficiently alter 
cerebral tissue homeostasis which could terminate exercise, 
suggesting COxy at the prefrontal cortex (PFC) plays a role 
in determining the end point of exercise (Rasmussen et al. 
2010).

It has been well documented that COxy at the PFC, 
as measured by near infra-red spectroscopy (NIRS), is 
altered during exercise and appears to contribute to exer-
cise cessation in hypoxia (Goodall et al. 2012; Subudhi 
et al. 2008). Further to this, increases in cerebral oxygen 
availability via delivery of hyperoxic gas in hypoxia has 
been shown to allow the continuation of exercise after ini-
tial exercise cessation (Kayser et al. 1994) and the abil-
ity to maintain increasing exercise load (Subudhi et al. 
2008). This evidence suggests that the motor output is 
influenced by COxy rather than peripheral mechanisms in 
hypoxia. Evidence that increasing cerebral oxygen avail-
ability in normoxic conditions to influence motor output 
and improve exercise performance is conflicting. Nielsen 
et al. (1999) have shown improved time trial performance 
in rowers via increased COxy, (with no alterations in the 
peripheral response), with hyperoxic gas provided from 
the outset of exercise, suggesting that COxy was key in 
allowing for improved performance. However, the provi-
sion of hyperoxic gas near the point of exhaustion during 
incremental exercise tests (IET) did not increase time to 
exhaustion when cycling at sea level (Subhudi et al. 2008). 
These findings suggest that the timing of the availability of 
extra oxygen could be critical in improving performance in 
normoxia.

During IET in normoxia, the occurrence of the respira-
tory compensation point (RCP) coincides with a decline 
in COxy to the end point of exercise, which posits that 
this decline in oxygen availability following the RCP is a 
precursor to exhaustion (Bhambhani et al. 2007; Racinais 

et al. 2014; Rupp and Perrey 2008). This has been shown 
in inactive and physically active participants (Bhambhani 
et al. 2007), as well as well-trained, elite runners (Santos-
Concejero et al. 2015). Decreases in COxy at the pre-motor 
and motor areas have also been documented during IET, 
but have been shown to be less than those occurring at the 
PFC (Subudhi et al. 2009) suggesting the MC maintains a 
level of oxygenation to a greater degree than the PFC. This 
also suggests that cerebral responses to exercise are not 
homogeneous and may be regionally dependent. This was 
well demonstrated by Gonzalez-Alonso et al. (2004) who 
showed an increase in oxygen, glucose and lactate extrac-
tion in the brain during constant load maximal exercise as 
measured at the MCA, but also concomitantly showed a 
decline in frontal cortex tissue oxygenation as measured by 
NIRS at the PFC. They proposed that this elevation in sub-
strate extraction is localised to regions of the brain related 
to locomotion, maintenance of equilibrium, cardiorespi-
ratory control and vision (Gonzalez-Alonso et al. 2004). 
Thus, changes in oxygen availability around the frontal cor-
tex may result in the inability to activate areas of the PFC 
and following this, the generation of movement-related 
cortical potentials (MRCP) within the MC may then be ter-
minated. This may be due to a requirement of the PFC to 
be active to allow for planning, motivation and coordina-
tion of other brain regions (Miller and Cohen 2001) or due 
to a protective mechanism for the organism to avoid cata-
strophic failure at the onset of sufficiently severely reduced 
COxy (Noakes et al. 2001).

NIRS provides a useful tool to describe cortical tissue 
metabolic status and cortical activity; however, it is lim-
ited in its application to lateral regions (Yanagisawa et al. 
2010) as well as its temporal accuracy. In contrast, elec-
troencephalography (EEG) provides us with more robust 
indicators of changes in cortical potentials, specifically 
rhythmic activity and frequency of synaptic processes 
(Thompson et al. 2008). Previously reported changes in 
the EEG response to IET have shown the EEG activity 
to increase during the incremental exercise up to 150 and 
200 W across four bandwidths; theta, alpha slow, alpha 
fast and beta, and across 4 sites [3 brain regions; lateral 
frontal (F7, F8) and mid-frontal (F3, F4), central (C3, C4) 
and parietal (P3, P4) lobes] (Bailey et al. 2008). Follow-
ing which there is either a decrease or maintenance of EEG 
activity in these channels immediately post-exhaustion. 
Brummer et al. (2011) have also demonstrated an increase 
in the localised density of motor cortex electrical activity 
(µV2/mm4) with increasing exercise intensity by measuring 
EEG and standardised low-resolution brain electromagnetic 
tomography (sLORETA). They reported no changes within 
the PFC, unlike Bailey et al. (2008) who showed either 
a maintenance in EEG activity from 200 W to post-exer-
cise or a decline in activity from 200 W to post-exercise, 
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although statistical significance was not reported on these 
time points. As the EEG response to the relative ventila-
tory parameters has not yet been reported, capturing such 
data would provide a further basis to understand the rela-
tionship between cortical activity, respiratory responses and 
exercise tolerance. Therefore, the purpose of this study was 
to examine the EEG changes in response to incremental 
exercise to exhaustion in relation to ventilatory parameters. 
We hypothesised that following the RCP there would be a 
decline in EEG activity and that this would be more sub-
stantial in the PFC than in the MC.

Experimental procedures

Subjects and ethical approval

Eleven, well-trained, male cyclists were recruited for 
this study which was approved by the Research and Eth-
ics Committee of the University. After being informed of 
the risks associated with the experiment each participant 
signed a letter of consent. All participants maintained a reg-
ular diet during the study period and were asked to refrain 
from alcohol and caffeine ingestion for at least 24 h prior to 
testing as well as to refrain from any training the day prior 
to the test day. Subjects were not on any medications and 
had no history or symptoms of cardiovascular, neurologi-
cal, or respiratory diseases. Subjects were familiarised with 
the experimental protocol and the laboratory setup such as 
exercising with a face mask and the intensity required for 
attainment of peak oxygen consumption 

!

V̇O2peak

"

. This 
also served in reducing anxiety on the test day.

Procedure

On arrival at the laboratory participants had their descrip-
tive measures taken and the setup of the cycle ergometer 
(Lode Excalibur Sport, Groningen, The Netherlands) was 
checked so as to be as close to their own bike setup as pos-
sible. Participants were then instrumented with the EEG 
(described subsequently) and a heart rate monitor. Fol-
lowing this, subjects sat on the cycle ergometer and rest-
ing EEG measures were taken. This included 2 min of eyes 
open (EO) EEG followed by 2 min of eyes closed (EC). 
During this time subjects remained as still as possible, to 
look straight ahead and think of nothing. Following rest-
ing measures, subjects undertook a standardised warm-
up of 100 W for 5 min. After completion of the warm-up, 
subjects were fitted with a facemask (Hans Rudolph Kan-
sas City, MO) connected to a rapid-response gas analyser 
(AEI Technologies, Pittsburgh, PA, USA) for the measure-
ment of pulmonary gas exchange. A 1-min resting sam-
ple was collected before the initiation of the test. Cyclists 

performed a cycle ramp test to exhaustion on a Lode cycle 
ergometer consisting of a ramp increase in power output of 
30 W min!1 until volitional exhaustion. Participants were 
asked to maintain their preferred cadence (all participants 
selected between 80 and 100 rpm) for as long as possible. 
The test was terminated voluntarily by each subject when 
they could no longer sustain the required power output 
whilst staying seated in the saddle. The test was performed 
in a quiet room with no internal or external interruptions 
and no verbal encouragement was provided during the test.

Pulmonary gas exchange was measured breath-by-breath 
throughout the exercise test using a custom-designed expired 
gas analysis metabolic system. Expired gas analysis was 
undertaken using a 2-L mixing bag placed on the expired port 
of the mouthpiece, and mixed expired air was sampled con-
tinuously and pumped to rapid-response gas analysers (AEI 
Technologies, Pittsburgh, PA, USA). Ventilation was meas-
ured by a flow turbine (UVM; VacuMed, Ventura, CA, USA) 
connected to the inspired side of the mouthpiece. This method 
has been previously described and validated (Robergs 2014; 
Robergs et al. 2010). All data were acquired using custom-
developed software (LabVIEW; National Instruments, Aus-
tin, TX, USA) and commercial electronic acquisition devices 
(National Instruments). The volume transducer was calibrated 
before each test with a 3-l calibration syringe (Hans Rudolph 
Kansas City, MO), and the analysers were calibrated with 
gases of known concentration; 100 % N2, room air and medi-
cally certified calibration gas of 16 % O2, 5 % CO2.

Measurements

Ventilatory parameters

Breath-by-breath gas exchange data from all tests were 
transferred to a spreadsheet program (Microsoft Excel) for 
further analysis. All VO2 data were time averaged over 8 
breaths. V̇O2peak was determined by the highest serial aver-
age of 8 breaths. Ventilatory thresholds were determined 
using previously defined methods utilising increases in the 
ventilatory equivalents (Amann et al. 2006; Caiozzo et al. 
1982). Ventilatory threshold (VT) was determined by an 
increase in V̇E/V̇O2 (Amann et al. 2006; Caiozzo et al. 
1982) and the respiratory compensation point (RCP) by the 
second increase in V̇E/V̇O2 with a concomitant increase 
in V̇E/V̇CO2 (Bhambhani et al. 2007; Caiozzo et al. 1982; 
Davis 1985). The point of 50 % V̇O2peak was computed 
using linear regression.

EEG recordings

Subjects were fitted with a 20 channel, 256 Hz, wireless 
EEG headset (B-Alert, ABM, Ca). Measurements for EEG 
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strap size were taken; Sagittal, coronal plane and circum-
ferential measures were taken for correct strap size and 
EEG placement using the 10–20 international system. Syn-
apse Conductive Electrode Cream (ABM, Ca) was used 
for electrode conductance. The scalp–electrode impedence 
(k$) of each channel was checked prior to data collection. 
The impedance of all electrodes was maintained below 
40 k$ as suggested by the manufacturer due to the hybrid 
active electrodes. Paired mastoid references were used and 
electrode and reference sites were cleaned and abraded 
prior to fitting. A plastic head strap was used over the EEG 
strap to reduce movement of the strap during exercise and 
reduce artefact. Data were sampled with a bandpass from 
0.5 and 65 Hz (at 3 dB attenuation) obtained digitally with 
Sigma-Delta A/D converters. Data were acquired wire-
lessly across an RF link via an RS232 interface. The EEG 
signals were inspected continuously via online assessment 
at rest and during exercise. While EEG was recorded at all 
20 electrode sites, data produced at the following sites were 
used for analysis; F3, F4, Fz, F7, F8, FP1, FP2, C3, C4, Cz.

Data analysis

EEG and ventilatory parameter alignment

The following time points were selected for alignment of 
ventilatory parameters to the EEG response during the test; 
50 % V̇O2peak, VT, RCP and end of test (END; final 30 s 
of the test). Once ventilatory data points were established, 
the subsequent 30 s of EEG data were used for the analysis 
of the EEG response to the ventilatory parameters with the 
exception of “END” where the 30 s of EEG data prior to 
this point were used.

EEG analysis

EEG were processed and analysed using B-Alert lab 
(Version 2.0, ABM, Ca). Each 30-s sample was visually 
inspected for artefact (Polyman, version 1.153.1065) and 
eyeblink and muscle artefact was removed by the B-Alert 
decontamination algorithms. Decontaminated data were 
then fast Fourier transformed into power spectra and power 
spectral densities were calculated for the following fre-
quency bands; Alpha slow (!S) (8–10 Hz), alpha fast, (!F) 
(10–13 Hz), Beta (") (13–30 Hz), and Gamma (30–40 Hz). 
Prior to statistical analysis EEG channels were divided into 
specific regions based on Brodmann’s areas (Brodmann 
2006) aligning with the 10–20 international EEG system 
as follows; Ventrolateral prefrontal cortex (VLPFC) F7 
and F8, Dorsolateral prefrontal cortex (DLPFC) F3 and 
F4, Anterior prefrontal cortex (AntPFC) FP1 and FP2 and 
motor cortex (MC) C3, CZ and C4. Exercise data were 

then calculated as percent changes from EO power spec-
tral density baseline measures to correct for day-to-day and 
between-subject variability as previously reported (Bailey 
et al. 2008; Nielsen et al. 2001).

Statistical analysis

EEG data were analysed using a two-way General Linear 
Model Repeated Measures ANOVA for the factors ROI 
(MC, VLPFC, DLPFC, AntPFC) and time (50 % V̇O2peak,  
VT, RCP and END). Following a significant F test, pair-
wise differences were identified using a Bonferoni post hoc 
test. Repeated measures one-way ANOVAs with Fishers 
LSD post hoc test were used to detect differences at time 
points when a significant difference between regions was 
identified. Significance was set at P < 0.05. Results are pre-
sented as mean ± SD.

Results

Cardiorespiratory and power output responses

Measurements of power output and cardiorespiratory 
responses at each relevant time point during the IET are 
shown in Table 1. Total test time was 623.5 ± 85.4 s
with peak power output of 411.7 ± 42.7 W and V̇O2peak

of 4.1 ± 0.7 L min!1. The VT and RCP occurred at
69.5 ± 7.5 % and 85.1 ± 5.7 % of V̇O2peak, respectively.
Data reveal that V̇O2peak occurred at 93.3 ± 4.4 % of the
total test time with the test continuing for 40 ± 24.1 s after
attaining peak values.

EEG responses

The EEG response to exercise showed an increasing pat-
tern from 50 % V̇O2peak to both VT and RCP and a drop 
off from RCP to END exercise in all regions, and all band-
widths (see Fig. 1 for representative data set). There was a 

Table 1  Power and respiratory data (mean ± SD) measured during
the incremental exercise test to exhaustion

Variable 50 % 
V̇O2peak

VT RCP END

Time (s) 167.9 ± 76.5 378.1 ± 73 488.5 ± 66.8 623.5 ± 85.4

Power (W) 184.1 ± 38.2 288.5 ± 37 345.7 ± 3.5 411.7 ± 42.7

V̇O2 (L min!1)2.1 ± 0.4 3.0 ± 0.5 3.5 ± 0.6 3.69 ± 0.8

% V̇O2peak – 69.5 ± 7.5 85.1 ± 5.7 89.1 ± 8.1

RER 0.93 ± 0.1 1.01 ± 0.1 1.10 ± 0.1 1.16 ± 0.1

VE (L min!1) 49.8 ± 9.5 71.9 ± 12.3 97.5 ± 6.7 113.2 ± 16.7

FE CO2 (%) 5.16 ± 0.7 5.19 ± 0.7 4.92 ± 0.6 4.3 ± 0.47
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main effect for the EEG response for both ROI (P = 0.018)
and time (P = 0.001). There was no interaction effect
(P > 1.0) between any factors; therefore, the pattern of 
response for each EEG bandwidth was similar irrespective 
of the region or time point measured. The changes in each 
bandwidth response over time in the VLPFC can be seen in 
Fig. 2.

Time points

A representative data set from one individual showing 
simultaneous time course changes in both !S EEG and V̇O2 
can be seen in Fig. 3. Pairwise comparison revealed signifi-
cant increases in EEG response from 50 % V̇O2peak to VT 
(P < 0.05) and RCP (P < 0.02), followed by a significant 

decreases from VT to END (P < 0.02) and RCP to END 
(P = 0.004). There was also no difference (P = 1.000)
between 50 % V̇O2peak and END values suggesting a return 
to near baseline values at the end of exercise, immediately 
prior to exhaustion. Key individual bandwidth changes over 
time are detailed below.

Regions of interest

Pairwise comparisons highlighted the differences between 
the regions to be between the MC and the VLPFC. The 
overall change in VLPFC was significantly higher through-
out the exercise test and showed a greater decline at the end 
(see Fig. 4). Repeated measures one-way ANOVAs showed 
the significance to lie within both alpha waves, with !S and 
!F significantly higher at each time point compared to the
MC (see Fig. 4). The !S response was significantly higher
(P < 0.05) in the VLPFC compared to the MC at 50 %
V̇O2peak (14.9 ± 10.0 and 10.0 ± 10.0) VT (20.8 ± 11.2
and 14.5 ± 11.3), RCP (23.8 ± 15.5 and 15.5 ± 16.2) and
END (14.4 ± 10.3 and 9.3 ± 9.9). The !F response was
significantly higher (P < 0.01) in the VLPFC compared to 
the MC at 50 % V̇O2peak (18.9 ± 10.6 and 14.4 ± 10.7)
VT (24.3 ± 9.8 and 18.4 ± 10.5), RCP (26.1 ± 12.7 and
18.4 ± 13.7) and END (17.7 ± 8.8 and 13.3 ± 8.6). Both
alpha waves significantly increased in the VLPFC from 
50 % V̇O2peak to VT and RCP (P < 0.01). The decrease 
in both alpha waves was also significant following the 
RCP with !S dropping from 23.8 ± 15.5 to 14.4 ± 10.3
(P < 0.001) and !F dropping from 26.12 ± 12.7 to
17.7 ± 8.8 (P < 0.01) to END. There was only one change
in the MC over time which was a significant decrease from 
VT to End in !F.

Fig. 1  Simultaneous time changes in V̇O2 response and !S EEG 
power spectral density (PSD) changes in each ROI; anterior pre-
frontal cortex (AntPFC) (filled square), dorsolateral prefrontal cor-
tex (DLPFC) (open inverted triangle), ventrolateral prefrontal cor-
tex (VLPFC) (open square), motor cortex (MC) (filled circle). EEG 
values are expressed as percentage change in PSD from baseline 
(mean ± SD) and V̇O2 as L min!1 (mean ± SD). Significant dif-
ferences across time in AntPFC, DLPFC and VLPFC from 50 % 
V̇O2peak to VT a(P < 0.05) and RCP b(P < 0.05) and significantly 
lower at END compared to RCP c(P < 0.05)

Fig. 2  Simultaneous time changes in V̇O2 response and !S EEG 
power spectral density (PSD) changes in the ventrolateral prefrontal 
cortex (VLPFC). EEG values are expressed as percentage change in 
PSD from baseline (mean ± SD) and V̇O2 as L min!1 (mean ± SD).
EEG bandwidth responses significantly greater than 50 % V̇O2peak at 
VT a(P = 0.007) and RCP b(P = 0.005) and significantly lower at
END compared to RCP c(P = 0.001) and VT d(P = 0.001)

Fig. 3  Representative data from one subject showing the simul-
taneous time course changes as % of test time for EEG and V̇O2 
responses. EEG data is !S in the ventrolateral prefrontal cortex 
(VLPFC) as 5 s average (open circle) with V̇O2 as % of V̇O2peak 
(filled square). The dashed line marks the identification of the RCP
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Both " and # bandwidths showed a significant increase 
from 50 % V̇O2peak to VT and RCP (P < 0.01), and a sig-
nificant decrease from RCP to END in both ROI (P < 0.01) 
(see Fig. 4). The PSD of the bandwidth " decreased from 
27.7 ± 10.6 to 19 ± 10.1 and 23.5 ± 11.2 to 15.9 ± 10.4 in
VLPFC and MC, respectively. The PSD of the bandwidth 
# decreased from 31.9 ± 22.5 to 22.5 ± 19.2 and from
29.9 ± 22.8 to 20.0 ± 20.1 in VLPFC and MC, respectively.
The only difference between the two ROI was the " response 
in VLPFC being significantly higher (P < 0.05) than the 
MC. There was no difference between the END values for
each ROI. The VLPFC showed a greater increase in !S and
!F throughout exercise until the RCP. Following this, both
these bandwidths decreased significantly; whereas, !S and
!F in the MC were predominantly unchanged.

Discussion

The aim of this study was to examine the changes in EEG 
activity during an incremental exercise test to exhaustion in 
relation to ventilatory parameters in well-trained cyclists. 

The novel finding of this study is that EEG responses 
decrease almost immediately following the RCP in the PFC 
and continue to do so until the end of exercise, after an ini-
tial increase from rest to RCP. As far as we are aware this 
is the first time this relationship has been reported. Specifi-
cally, the VLPFC was found to show the greatest increase 
in EEG activity up to the RCP and the greatest decrease 
following the RCP in !S and !F, whereas the MC did not 
change significantly in !S and only decreased significantly 
from VT to END in !F. This suggests that the Alpha wave-
length is important to exercise as its increase at the PFC 
follows the rise in exercise intensity, followed by a signifi-
cant drop off after the RCP up to exhaustion. These data 
add to previous evidence that physiological changes occur-
ring at and after the RCP may play a role in cerebral per-
turbations leading to exercise cessation, particularly within 
the VLPFC.

The PFC and exercise

Neural activity within the PFC appears to be important dur-
ing exercise as shown by the increase in all the bandwidths 

Fig. 4  EEG PSD changes (% change from baseline) (mean ± SD)
in bandwidths !S (a), !F (b), " (c) and # (d) for the VLPFC (filled 
square) and MC (filled circle) during the IET. Responses over 
time in both ROI shown as significantly greater than 50 % V̇O2peak 

a(P < 0.05) b(P < 0.01) and significantly lower at END compared to 
RCP c(P = 0.01) and VT d(P = 0.01). Significantly different between
regions; *(P < 0.05), **(P < 0.01), ***(P < 0.001)
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of EEG response up to the RCP. Specifically what the PFC 
does during exercise is not yet known nor understood. The 
role of the PFC from a cognitive aspect has been described 
to be important when top-down processing is needed; 
that is, when behaviour must be guided by internal states 
or intentions rather than as a response to the environment 
(Miller and Cohen 2001; von Stein and Sarnthein 2000). 
Models describing the executive function of the PFC sug-
gest it has an influence on activity in other parts of the brain 
which allow it to orchestrate subsidiary processes, coordi-
nate behavioural responses and guide movement (Logan 
and Cowan 1984; Miller and Cohen 2001). It achieves this 
by maintaining patterns of activity that represent goals and 
the means to achieve them and is critical when sensory 
inputs are rapidly changing, as may be the case during 
exercise. Whilst this is a cognitive perspective of the PFC, 
this top-down control has been suggested to be important 
in volitional motor control. The PFC has connections to 
almost all sensory cortical and motor systems and a wide 
range of subcortical structures (Miller 2000; Ridderinkhof 
et al. 2004). With regard to motor control, the PFC may 
play a role in behaviour execution and therefore exercise 
termination, since it can supersede the basal ganglia (BG), 
cerebellum and thalamal projections involved in motor exe-
cution (Evarts 1980) via top-down control in goal-directed 
behaviours (Evarts 1980; Rauch et al. 2013). Changes in 
activity levels in the PFC at the end of exercise may reflect 
an alteration in ability to sustain goal-directed behaviour.

The PFC may also regulate the MC through afferent 
feedback whereby these pathways allow for the brain to 
interpret the effects of sensory information into emotion-
ally relevant, motivational messages (Craig 2002). This 
process could include the lamina I spinothalamocortical 
system, the insular cortex and the PFC (Craig 2002), with 
the orbitofrontal cortex being activated by the subjective 
evaluation of such stimuli (Craig 2000). Hilty et al. (2011) 
showed increased intracortical communication between 
the mid/anterior insular and the motor cortex during con-
stant load cycling to exhaustion with similar results dur-
ing isometric hand grip tests to exhaustion (Hilty et al. 
2010). These findings strongly suggest that fatigue induced 
increases in communication between these two regions 
were a result of afferent information delivery to the motor 
cortex about the state of the periphery and therefore medi-
ate the end point of fatiguing exercise (Hilty et al. 2011). 
As proposed by Rauch et al. (2013), such afferent signals 
reaching the cortico-BG-thalamo-cortical pathways could 
become excessive in relation to goal achievement which 
would terminate exercise. However, Rauch et al. (2013) 
also suggest it is the goal of the movement not the affer-
ent sensory input into the motor cortex that regulates the 
motor cortex. How well the goal is achieved, or how long 
exercise can be sustained for, may depend on feedback 

from the reward circuits, including the anterior cingulate 
cortex (ACC) and orbitofrontal cortex, into the cortico-BG 
circuitry which is at the heart of the reward system (Haber 
and Knutson 2010). Decreased activation at the PFC has 
been shown with the presentation of undesirable stimuli 
in terms of reward outcomes (Haber and Knutson 2010). 
Activation of the reward system occurs during interpreta-
tion of the sensory feedback from afferent sources (Craig 
2002); therefore, these changes in the PFC may affect goal 
attainment via down regulation of the PFC as a response to 
unpleasant afferent feedback.

The inhibitory role of the VLPFC

The lateral prefrontal cortex subregions, including the 
DLPFC and VLPFC, are suggested to have roles in motor 
inhibition processes (Ridderinkhof et al. 2004). Specifi-
cally, the VLPFC has been shown to have a role within 
response inhibition during the go/no-go paradigm (Levy 
and Wagner 2011) as well as during stop signal tasks 
(Leung and Cai 2007). This suggests it has a part to play in 
the cognitive process of movement cancellation (Aron et al. 
2004) or the attentional processes involved in such tasks 
(Hampshire et al. 2010). Whether these inhibitory pro-
cesses are related to exercise inhibition is not yet known; 
however, there is some evidence linking these regions to 
exercise and mental fatigue.

Evidence suggesting activation of this area of the brain 
plays a role in psychological fatigue has been shown by 
Suda et al. (2009) who found decreased oxygenation lev-
els in the VLPFC were related to psychological fatigue. 
Conversely, use of moderate intensity exercise to increase 
activation (increased oxyhaemoglobin levels) in this 
area has shown to improve mood (Fumoto et al. 2010). 
This may highlight this part of the brain to be involved 
in the affective responses to exercise which are also 
proposed to be pleasurable prior to the gas exchange 
threshold (Ekkekakis and Acevedo 2006). The decline in 
alpha waves in the current study following the RCP and 
the decline in COxy as previously reported (Bhambhani 
et al. 2007; Rupp and Perrey 2008), suggests that altera-
tions in these parameters during exercise are important 
for, and can alter cognitive function and exercise regula-
tion. In view of these data, we suggest that perturbations 
within this part of the PFC may play a role in exercise 
cessation; however, the specific mechanisms have yet to 
be elucidated.

Interpreting alpha

The history of alpha wave interpretation is mixed. It has 
traditionally been held to be an “idling rhythm” where 
alpha waves were shown to be present in states without 
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focussed attention and disappeared once attention was 
focussed to a specific stimulus (Adrian 1948). This led 
to the notion that alpha waves reflected an inactive cor-
tex and has been reported on within the EEG and exercise 
literature suggesting to show reduced arousal (Nielsen 
et al. 2001; Petruzello and Landers 1994; Rasmus-
sen et al. 2004) and altered mood state (Schneider et al. 
2009). However, recent evidence has emphasised that 
alpha activity can have precise and repeatable correlations 
with information processing in a variety of cognitive tasks 
(Başar et al. 1997; Harris 2005; Petsche et al. 1997) and 
be prevalent with high levels of internal mental activity 
(von Stein and Sarnthein 2000) and attention (Klimesch 
et al. 1998). Additionally, the notion of increased ampli-
tude and decreased frequency of electrical oscillations, 
that is, a greater amount of low-frequency bandwidth 
power, might represent an increased number of coherently 
activated neurons and, therefore, synchronised behaviour 
of underlying neuronal populations (Pfurtscheller and 
Lopes da Silva 1999).

Higher levels of alpha wave activity in the MC, com-
pared to the VLPFC, as found in our data may reflect this 
increased number of coherently activated neural popula-
tions between the cortico-BG-thalamo-cortical networks. 
This may therefore represent a form of active inhibi-
tion. That is, greater activity has been suggested to be 
a response of more inhibited neurons than disinhibited 
ones which may suppress some brain processes relative 
to others (Uusberg et al. 2013). This is in line with the 
findings of Hilty et al. (2011) who proposed that a main-
tenance of alpha activity at the MC was a response to 
afferent feedback signalling from the insular cortex to the 
MC, leading to active inhibition of the MC. This active 
inhibition may also reflect facilitation of sensory process-
ing of motivationally significant stimuli (Uusberg et al. 
2013) occurring during subjective awareness of sensory 
feelings within the PFC (Craig 2002). Our findings are 
consistent with this paradigm and it may mean that the 
MC under the present conditions is heavily influenced by 
afferent feedback.

Within parietal, occipital and temporal regions, desyn-
chronisation of the alpha bandwidth has previously been 
shown to occur with negative affective stimuli (De Cesarei 
and Codispoti 2011) and this may be the case as measured 
here in the PFC, towards the end point of exercise. As pre-
viously mentioned, undesirable stimuli presented in reward 
scenarios also decrease PFC activation (Haber and Knutson 
2010) and the reported decrease in alpha within this region 
may indicate unpleasant stimuli being processed within the 
PFC, due to the intense nature of the exercise, as part of 
the reward system and the brain’s interpretation of affective 
motivational sensory information (Craig 2002; Ekkekakis 
and Acevedo 2006).

Insufficient oxygen availability

Whilst no measures of COxy were taken, the current study 
supports the notion that decreases in COxy, following 
the RCP, may be involved in the termination of exercise 
(Bhambhani et al. 2007; Rupp and Perrey 2008). Decreas-
ing COxy after the RCP aligns with the EEG response 
shown here of a decline in neural output at the cerebral 
cortex specifically the VLPFC. Central neurons have been 
shown to respond to oxygen deprivation by altering potas-
sium channel activity, therefore effecting membrane poten-
tial and neuronal excitability (Jiang and Haddad 1994). 
Whilst afferent feedback and the interpretation of sensory 
information may provide unpleasant stimuli to which 
the brain responds, it is possible that the PFC could also 
respond to reduced COxy levels in this way, sending sig-
nals to motor control centres, if oxygen levels become suf-
ficiently low, providing stimuli to inhibit exercise.

Conclusion

This study shows the importance of the RCP for cerebral 
functioning during IET. Studies using NIRS provide evi-
dence that a greater decrease in neuronal activity occurs spe-
cifically at the PFC rather than other regions (Subudhi et al. 
2009). Here, we show the EEG response provides further 
evidence that there is preferential maintenance of activity in 
the MC over the PFC. Changes in how the PFC functions 
with increasing exercise intensity potentially results in a 
lack of ability to maintain top-down control, or a substantial 
increase in processing of undesirable stimuli in conjunction 
with the cortico-BG-thalamo-cortical networks resulting in 
exercise termination. Specific areas of the PFC may become 
oxygen deprived to the degree that exercise must be termi-
nated to prevent catastrophic failure of the organism (Noakes 
et al. 2001). The present study provides the novel finding that 
the RCP is associated with a reduction in EEG activity dur-
ing IET and that the main change occurs within the VLPFC.
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a b s t r a c t

Dopamine/norepinephrine (DA/NE) reuptake inhibitors have been used to manipulate the central me-
chanisms affecting arousal and motivation during exercise. Eight healthy, physically active males per-
formed 30 min !xed-intensity cycling at 50% Wmax followed by 30 min of self paced time trial (TT) with
each section interspersed with a 30 s maximal sprint at 9, 19 and 29 min. The DA/NE re-uptake inhibitor
administered was bupropion (BUP) versus a placebo (PLA) in either warm (32 °C, BUP32 or PLA32) or
moderate (20 °C; BUP20, PLA20) ambient conditions. Core and skin temperature, heart rate and per-
ceptual responses, neuromuscular and hormonal measures were assessed at multiple times throughout
the trials and post exercise. Time trial performance remained unchanged across conditions (12.7–
13.1 km) although core temperature was elevated in the !xed intensity section of the trials for BUP32 and
BUP20 but continued to rise only in BUP32 during the time trial reaching 38.6 °C (Po0.05). NE increased
in all conditions from pre-exercise with BUP32 values peaking at the end of TT to 1245.37203.1 pg/mL
(Po0.05) compared to the other conditions. Neuromuscular responses were similar among conditions
although peak force was signi!cantly reduced from pre (262731 N) to post (202731 N, Po0.05) ex-
ercise along with contraction duration (22%, Po0.05) in BUP20. We conclude that DA/NE re-uptake
inhibitors in"uenced thermoregulation in the heat but not exercise performance. DA/NE re-uptake in-
hibitors are likely to act centrally to override the inhibitory signals for the cessation of exercise with
these drugs acting peripherally to reduce the twitch characteristics of skeletal muscle in cooler condi-
tions.

& 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Fatigue during long duration exercise is thought to be due to a
combination of peripheral and central factors (Davis, 1995). His-
torically, reductions in exercise endurance have been attributed to
muscle glycogen depletion (Blomstrand and Saltin, 1999) and
thermoregulatory and cardiovascular strain (González-Alonso,
2012; Nielsen et al., 1993). Although these factors have not been
discounted as putative causes of fatigue under given conditions,
Nielsen et al. (1993) showed that even after a period of heat ac-
climation termination of endurance exercise occurred at the same
core temperature (Tc) as non acclimated controls whilst exhaus-
tion was not associated with reductions in muscle or skin blood
"ow, lack of substrate availability or metabolite accumulation. It

has also been shown that exercise-induced hyperthermia reduces
central drive to the exercised muscle group immediately post ex-
ercise (Nybo and Nielsen, 2001; Saboisky et al., 2003) and possibly
during exercise (Kay et al., 2001; Marino et al., 2010). These latter
studies have implicated the central nervous system (CNS) as a
regulator of exercise establishing fatigue as a multifactorial pro-
cess mediated by feed forward and feedback mechanisms (Tucker
et al., 2006; Tucker and Noakes, 2009; Tucker et al., 2004).

Given the intimate involvement of the CNS as a modulator of
fatigue, there is interest in the manipulation of CNS mechanisms
responsible for arousal and motivation. Destruction of dopami-
nergic and noradrenergic neurons (via administration of 6-hy-
droxydopamine (6-OHDA)) in rats (Heyes et al., 1985) and deple-
tion in humans is linked to fatigue (Chaouloff, 1989). Others
(Newsholme and Blomstrand, 1996) have also presented evidence
suggesting that increases in serotonin as 5-hydroxytryptamine (5-
HT), known to be associated with inducing sleep, might modulate
the release of many neurotransmitters including dopamine (DA)
and norepinephrine (NE). Reductions in exercise performance in
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the heat might in part be due to reductions in motivation and
central drive due to rising body temperature and overall physio-
logical strain that develops as exercise capacity approaches its
limits (Brück and Olschewski, 1987; Maughan et al., 2007; Périard
et al., 2011). Therefore, if CNS neurotransmission is maintained
above that which would otherwise be the case in hyperthermia,
motivation and efferent drive could either be maintained or in-
creased. It is also possible that maintaining DA could alter the heat
loss mechanisms through direct action on the pre-optic area and
anterior hypothalamus (Hasegawa et al., 2000).

DA/NE re-uptake inhibitors have been used to manipulate the
central mechanisms affecting arousal and motivation during ex-
ercise (Hasegawa et al., 2005; Piacentini et al., 2004). In temperate
conditions, the DA/NE re-uptake inhibitor, bupropion (BUP), failed
to improve the time to complete the target work of 90 min of
cycling at 65% Wmax; although all hormonal response increased
with exercise, only the plasma cortisol (COR) concentrations were
comparably higher with BUP (Piacentini et al., 2004). Similarly, the
ingestion of BUP prior to 60 min of constant load cycling at 55%
Wmax followed immediately by a time trial (TT; predetermined
amount of work equal to cycling for 30 min at 75% Wmax) in both
18 and 30 °C improved TT by !3.4 min compared with placebo
(PLA) only in the heat (Watson et al., 2005). Therefore, if DA/NE re-
uptake inhibitors can maintain motivation and central drive, both
maximal muscle force and voluntary activation should be pre-
served with such an intervention. As far as we are aware there are
no studies that have examined the relationship between DA/NE re-
uptake inhibitor and the maintenance of efferent drive.

Therefore, the aim of this study was to compare the effects of
acute administration of a DA/NE re-uptake inhibitor on neuro-
muscular performance and efferent drive following !xed intensity
and all-out time trial performance in both moderate (20 °C) and
warm (32 °C) ambient conditions.

2. Methods

2.1. Participants and design

Eight (8) healthy, physically active males (mean7SD; age
22.175.3 yr; mass 74.275.1 kg; height 1.7870.03 m; peak oxy-
gen consumption (VO2peak) 3.970.74 L/min) gave written in-
formed consent to participate in the study approved by the In-
stitutional Ethics in Human Research Committee. Participants
were classed as recreationally trained according to the criteria
outlined by De Pauw et al. (2013), were non-smokers, physically
active for at least 1 h three times per week, unaccustomed to ex-
ercising in the heat and free from knee or shoulder injury. A local
physician examined each participant to ensure they would not
experience adverse effects from the administration of DA/NE re-
uptake inhibitor (bupropion; BUP). Environmental condition and
drug/placebo were assigned to the participants in a randomised,
single-blind design.

2.2. Testing protocol

Participants were required to report to the laboratory on !ve
separate occasions returning on each occasion at the same time of
day to minimise any diurnal variations. The !rst visit was a fa-
miliarisation session to obtain a baseline measure of VO2peak and
for familiarisation with the cycling apparatus and the neuromus-
cular assessment procedures to be used during testing. During this
visit participants were also familiarised with the experimental
exercise trial by cycling for 10 min at a !xed intensity and then
10 min in a self paced mode each with practice sprints. The re-
maining laboratory sessions were identical and involved a cycling

protocol consisting of 30-min at a !xed intensity followed by a 30-
min self-paced time trial (TT), which were performed inside a
climate chamber. A 3-min rest elapsed between the !xed intensity
and self-paced bouts to permit blood sampling. This protocol was
conducted under each of the following four (4) conditions in a
randomised fashion: BUP with exercise in ambient temperature of
32 °C (BUP32; 327 .5 °C, rh 4873%) a corresponding placebo
condition (PLA32), BUP with exercise in 20 °C (BUP20) and a cor-
responding placebo condition (PLA20). During all trials a fan was
placed directly in front of the participant which provided an air
"ow of !11 km/h. Testing sessions were separated by a minimum
of 3 days, to allow for drug washout and recovery, but not more
than 7 days.

Participants reported to the laboratory rested and fasted for a
minimum of 3 h prior to testing. Additionally, they were asked to
refrain from exercising and consuming alcohol or caffeine in the
12 h preceding testing. A 24 h food diary was maintained for the
day prior to the !rst test so that individuals could follow the same
eating patterns on the days immediately prior to all remaining
tests. Nude body mass was measured after voiding with scales
accurate to 10 g, after which an indwelling cannula (BD Saf-T-In-
tima™, Utah) was introduced into a super!cial forearm vein to
allow for repeated blood sampling throughout the testing session.
Site preparation for electrode or thermistor attachment consisted
of identifying the correct site, shaving the hair, abrading the outer
layer of the epidermal cells and cleaning with an alcohol swab.
After attachment, all electrodes and thermistors were !rmly taped
to the skin to minimise sweat interference.

Following a 2 min warm up on a stationary bike at self-selected
intensity, participants performed neuromuscular assessments for
maximal voluntary isometric force (MVC), voluntary activation
(VA), and resting evoked potentiated twitch contractile properties
for the right thigh and right forearm "exors. These muscle groups
were chosen as we have previously observed that skeletal muscle
used in the exercise bout versus those not used might alter VA
(Martin et al., 2005; Saboisky et al., 2003). Surface electromyogram
was also used to measure the electrical activity of skeletal muscle
during testing (described in detail in Section 2.12 below). Partici-
pants then commenced a cycling protocol under one of the four
(4) testing conditions. Within no more than 10–12 min of com-
pleting the cycle protocol participants repeated the neuromuscular
assessment. During all tests, participants were permitted to con-
sume plain water ad libitum.

2.3. Dopamine/norepinephrine reuptake inhibitor administration

Bupropion (BUP; Zyban™., GSK, Middlesex, UK) or placebo
(PLA, glucose powder; Glucodin) were administered in two 300
mg doses (total dose 600mg). This dose is equivalent to the
maximum daily therapeutic dose typically prescribed to assist in
the cessation of cigarette smoking and has been demonstrated to
affect the catecholamine response to prolonged exercise (Pia-
centini et al., 2004; Watson et al., 2005). Participants were in-
structed to take one dose of the treatment drug the night before
each test and the second dose 3 h prior to each testing session.
Since ethical requirement was that clear capsules were to used to
contain the BUP, glucose powder was chosen for the PLA as the
colour and texture was similar to the BUP.

2.4. Peak oxygen uptake test

The peak oxygen uptake (VO2peak) test was conducted on an
Avanti road bicycle (Corsa Pro Elite Series) mounted on a Tacx
cycle ergometer (Cosmos, Model T1970, Tacx bv, Netherlands) with
the front wheel estabilised by a Tacx Skyliner (Model T1979, Tacx
bv, Netherlands). After a free paced warm up for 2 min, the test
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began at a workload of 50 watts (W) and then increased by 50 W
every 2 min until volitional termination. Throughout the test
participants remained seated but were permitted to change gears
and/or cadence as desired. The gas analysers (True One 2400
Metabolic Measuring System, Parvo Medics, USA) were calibrated
with a 3 L calibration syringe (Hans Rudolph Inc, USA) and re-
ference samples of oxygen (O2) (16.01%) and carbon dioxide (CO2)
(3.98%) (Airgas™, Puritan Medical Products, Overland Park, KS,
USA). Participants breathed through a one-way valve (Hans Ru-
dolph, USA) with the air transported via a 3.5 m hose through a
pulmonary function !lter (Creative Biomedics, Inc., USA) into a
mixing chamber where gases were analysed for O2 and CO2

concentrations.

2.5. Cycling trials

Cycle testing was performed with the same apparatus used
during the test. Data for each experimental session were recorded
through Fortius Software for Cosmos Ergometer (v1.29, Tacx bv,
Netherlands). The 30 min !xed-intensity cycle period was per-
formed at 50% Wmax calculated from the power achieved when
subjects attained their individual VO2peak value during their peak
oxygen uptake test. This was programed at the beginning of each
trial through the Fortius Software to ensure that a !xed intensity
was maintained throughout the test. Gear settings were kept
constant throughout the entire 30 min. Subsequently, a 3 min rest
was provided in the climate chamber to allow for collection of
blood samples. Immediately following the 3min rest period, the
30 min self-paced TT commenced. During both the !xed intensity
bout and TT, 30 s sprints were completed at the 9, 19 and 29 min
mark.

For each TT, the participant was instructed to cycle as far as
possible in the 30 min. Participants were permitted to change the
bicycle gears as desired throughout the TT. No feedback was pro-
vided to the participant during any part of the trial apart from a
countdown to the next sprint given at 2 min, 30 s and 10 s prior to
the commencement of the sprint. The participants were given
strong verbal encouragement by the same researchers during the
sprints. During the sprints EMG was recorded from four sites on
the right thigh (EMGworks Signal Acquisition and Analysis Soft-
ware version 3, Delsys, USA), described in detail subsequently.
Upon completion of the 30 min TT, a !nal blood sample was taken
before the participant exited the climate chamber after which the
neuromuscular measurements were reassessed in the same order
as those performed prior to cycle testing. The participant was
disconnected from the apparatus and a !nal nude body mass was
recorded to estimate total body sweating. Distance covered in km,
average and peak cadence in rpm, average and peak speed in km/h
and average and peak power (W) recorded from the Tacx software
at 5 min intervals throughout the cycling protocol.

2.6. Body temperature

Intestinal temperature as an index of core temperature (Tc) was
recorded at 5 min intervals throughout each session utilising a
telemetry pill (Vital Senses, Mini Mitter Company Inc., USA) in-
gested 4 h prior to testing. Mean skin temperature (Ts) was de-
termined via skin thermistors fastened to four sites as previously
described and (Ramanathan, 1964) calculated at 5 min intervals
throughout the cycling protocol.

2.7. Perceptual measures

A rating of perceived exertion (RPE) (1–10; (Borg, 1990) and
perception of thermal sensation (Gagge et al., 1967) were recorded
at 5 min intervals from the beginning of the cycling protocol until

the completion of the !nal sprint. Participants were familiarised
with the use of these scales during the initial familiarisation
session.

2.8. Heart rate

Heart rate was continuously monitored and recorded at 5 min
intervals (FS1; Polar Electro Oy, Kempele, Finland) during the cy-
cling protocol. In order that no feedback was available to partici-
pants, the HR receiver was attached to the heart rate monitor strap
on the participant’s back.

2.9. Neuromuscular measurements

For neuromuscular measures, all testing was performed on a
Kin-Com isokinetic dynamometer (Model 125H; Chattanooga
Group, Inc., Hixon, Tennessee) linked to a signal acquisition system
(PXI1024 & BNC2100; National Instruments, Austin, Texas), which
performed A/D conversion at 16-bit resolution, where a host
computer synchronously sampled all data at a rate of 2000 Hz.
Participants were seated on the dynamometer with their upper
body supported by the chair back with the hip at an angle of 100°
"exion (0° being full extension) and secured by a waist strap.
During the lower body measurements, participants positioned
their arms across their chest to minimise additional force con-
tribution to performance. The axis of rotation of the dynamometer
was aligned with the lateral epicondyle of the femur with the
lower leg attached to the lever arm 1 cm above the lateral mal-
leolus of the ankle. The knee was "exed at 90° for all lower limb
testing. During the biceps measurements, the right arm was sup-
ported at the elbow, which was "exed at 60–70° (0° being full
extension). The axis of rotation of the dynamometer was aligned
with the lateral epicondyle of the humerus and the forearm was
attached to the lever arm at the styloid processes of the radius. The
order of activation and contraction of the limbs was counter ba-
lanced by trial. After the participant was positioned and prior to
testing, they performed a standardised warm up, consisting of a
series of isometric contractions. Speci!cally, the warm up con-
sisted of 1) 3" contractions at !50% maximal effort; 2) 2"
contractions at !75% maximal effort; 3) 2" contractions at !90%
maximal effort and 4) 100% maximal effort. There was a 10 s rest
between each contraction and a 2 min rest between the warm up
and the commencement of testing. The neuromuscular test pro-
tocol was 6" resting twitches followed by 4" MVCs with a po-
tentiated twitch force. The tests for the forearm "exors and leg
extensors were counterbalanced by trial.

2.10. Muscle activation

For the knee extensors, the applied current to the femoral
nerve was delivered using two 90 mm"50 mm reusable gel ad-
hesive electrodes with the cathode positioned in the femoral tri-
angle and the anode positioned 10mm directly below the cathode.
This con!guration resulted in extensive activation of the knee
extensor group during testing. For the biceps brachii, the muscu-
locutaneous nerve was delivered by two 50 mm"50 mm reusable
gel adhesive electrodes with the cathode and anode positioned
over the proximal and distal regions of the belly of the muscle,
respectively. Stimulation was achieved through a constant-current
stimulator (DS7AH; Digitimer; Welwyn Garden City, Hertfordshire,
UK) linked to a BNC2100 terminal block connected to a signal
acquisition system (PXI1024; National Instruments) using a single
square-wave pulse with a width of 200 !s (400 V with a current of
250–480 mA), which was driven using customised software (v8.0,
LabView; National Instruments). To begin, the current was applied
in incremental steps until the resting evoked twitch amplitude
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plateaued. The current was then increased by a further 25% to
ensure supra-maximal stimulation of the intramuscular nerve
branches and was used for both pre-exercise and post-exercise
tests.

2.11. Superimposed isometric MVCs and resting evoked potentiated
twitch contractions

For isometric superimposed testing, participants were in-
structed to produce a maximal isometric effort as fast as possible
and to continue exerting a maximal effort until instructed to relax,
which was typically 3–4 s. The stimulus was delivered 1–2 s after
initiation of each contraction, when peak force was observed to
plateau. Within 5 s following each ISO superimposed contraction,
a second stimulus was delivered with the muscle at complete rest
(see Fig. 3.6 for visual explanation). Participants performed 4 x
superimposed contractions for both the quadriceps and biceps.

Force-time curves from the resting potentiated evoked twitch
contractions were averaged across all trials with mean data used
to determine the following: 1) peak twitch force (Pf; the highest
force value obtained during the resting evoked contraction); 2)
rate of force development (RFD; the mean tangential slope of the
force-time curve between the onset of force development and Pf);
3) time to peak force (TPf; time from evoked force onset to Pf); 4)
rate of relaxation (RR; the mean tangential slope of the force-time
between Pf and !RT); half-relaxation time (!RT; the time required
for Pf to decline by half) and contraction duration (CD; TPf plus
!RT). RFD and RR were calculated as the !rst derivative of the
force-time curve between force offset and Pf and Pf and HRT, re-
spectively. These procedures were performed using Matlab™
Software (R2009b 7.9.0.529, The Mathworks Inc, Natick, USA).

Voluntary activation levels were calculated using the twitch
interpolation technique (Herbert and Gandevia, 1999). Super-
imposed force was determined as the peak force value produced
during the 50–150 ms period subsequent to the delivery of the
stimulus. Voluntary peak force during each superimposed con-
traction was determined as the mean force value produced during
the 50 ms prior to the delivery of the stimulus. Interpolated twitch
force was subsequently determined as the peak superimposed
MVC force minus peak voluntary force and was calculated to six
(6) decimal places. Voluntary activation levels were then de-
termined by expressing the interpolated twitch force (ITF) as a
percentage of the peak resting evoked potentiated twitch force (Pf)
value using the formula: VA (%)#[1–(interpolated twitch force/
peak resting evoked twitch force)]"100. All trials were assessed
with the trial yielding the highest voluntary activation level used
for subsequent analysis. These procedures were performed using
Matlab™ Software (R2009b 7.9.0.529, The Mathworks Inc, Natick,
USA).

2.12. Muscle electrical activity

Surface electromyography (EMG) signals were sampled during
the superimposed isometric contractions and during the entirety
of each 30 s sprint. M-waves were also captured during the as-
sessment of the resting evoked potentiated twitches. All EMG
signals were sampled with single differential pre-ampli!ed re-
cording electrodes with a bandwidth of 20–450 Hz (model DE2.1,
Delsys; bar con!guration of 1 mm"10 mm with a 10 mm inter-
electrode distance) and EMG ampli!er (model Bagnoli-4, Delsys,
Boston, MA, U.S.A.) with a gain of 100 v/v for neuromuscular
testing or 1000v/v during cycling with a common mode rejection
ratio of 490 dB . A disposable gel adhesive EMG reference elec-
trode was positioned on the left patella during neuromuscular
measurements and on the left elbow during cycling (Q-Traces

Gold, Kendalls, Chikopee, Massachusetts, USA). EMG electrodes

were placed over the distal end of the muscle bellies proximal to
motor end plate regions on four sites on the thigh for the mea-
surement of electrical activity of vastus lateralis (VL), vastus
medialis (VM), rectus femoris (RF) and biceps femoris (BF). EMG
measurement of the biceps brachii involved placing one single
differential recording electrode over the muscle belly of the biceps
brachii, and a second electrode on the triceps brachii, in line with
the biceps electrode. To minimise movement artefact and sweat
interference throughout the cycling test, the electrodes were
!rmly taped to the thigh using micropore tape. Preparation of all
EMG sites consisted of shaving the area where the electrode would
be placed, abrading the outer layer of epidermal cells with sand-
paper and removing oil and dirt on the skin with an alcohol swab.

For EMG processing, a second order Butterworth bandstop !l-
ter was applied between 49 and 51 Hz to remove mains noise and
a Butterworth bandpass !lter between 20 and 450 Hz applied to
remove DC bias and movement artefact. Voluntary EMG amplitude
during each superimposed contraction was determined as the root
mean square (RMS) of the signal obtained during the 100 ms prior
to the delivery of the stimulation. Cycling EMG was obtained
during the sprints was quanti!ed as the RMS across the middle
20 s of data for each channel. The data collected during the initial
sprint in each testing session is described as 100% RMS activity
with all subsequent RMS data normalised using this value as the
denominator so that RMS (#) (%)#[RMS (#)/RMS(1)]"100; where
RMS(#) represents RMS from sprints 2 to 6 to be compared with
the RMS from sprint 1 [RMS(1)]. Power spectrum compression was
estimated from sprint data using raw EMG data as previously
described (Lowery et al., 2000) using a Fast Fourier Transformation
algorithm. Spectral power of the raw signals was determined for
each frequency between the 65th to 90th percentiles. An estimate
of power shift at each frequency was then determined by nor-
malising data against the same frequency range obtained from the
!rst 20 s of EMG data recorded at the start of exercise. Spectral
compression at each interval was !nally calculated as the ratio of
the average change in spectral power across the entire mid fre-
quency range. These procedures were performed using Matlab™
software (R2009b 7.9.0.529, The Mathworks Inc, Natick, USA).

2.13. Blood sampling and analysis

Blood samples were collected via a 20-gauge cannula (BD Saf-T-
Intimia™ – Becton Dickinson, Utah) inserted into a super!cial
forearm vein in the left arm. Blood samples were drawn im-
mediately following the cannula set up, immediately following the
!xed intensity cycling protocol and upon completion of the 30 min
time trial. The line was kept patent by "ushing with 0.9% sodium
chloride (P!zer, Australia) after each blood draw and approxi-
mately every 5 min. After drawing off the sodium chloride into a
3 mL syringe (Becton Dickinson, Singapore), blood samples were
divided into pre-cooled lithium-heparin tubes (containing 0.01 mg
of sodium metabisulphite) for determination of NA and K3EDTA
tubes for determination of COR (COR; Vacutainer, S-Monovette,
Sarstedt, Germany). In addition, a 0.5 mL aliquot of whole blood
was drawn into a syringe for determination of sodium (Na$),
potassium (K$), calcium (Ca$ $), chloride (Cl%) and lactate (La%)
(ABL800 Flex Radiometer, Copenhagen). Plasma was separated by
centrifugation and aliquots stored at %80 °C.

2.14. Hormonal analysis

Plasma NE was determined by HPLC with electrochemical de-
tection. Amines were extracted from plasma by absorption onto
alumina followed by separation on a reverse phase HPLC column
and measurement using an electrochemical detector (colori-
metric) (Royal Prince Alfred Hospital, Sydney Australia). Before
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analysis the serum was thawed to room temperature and mixed
gently via inversion. Plasma DA was determined using an ELISA kit
(ALPCO Diagnostics, Salem, NH, USA). To limit the effect of inter-
assay variability, all samples for each subject were assayed in the
same assay run. A similar method was used for DA analysis but
concentrations were below the level of detection using this assay.
Before analysis of COR the serum was thawed to room tempera-
ture and mixed gently via inversion. Plasma COR concentrations
were determined by a solid-phase, two-site chemiluminescent
immunometric assay (Immulite 2000, Diagnostic Products Cor-
poration, Los Angeles, CA, USA), with detection limits of
5.5 nmol L%1. To avoid inter-assay variations, all samples for each
subject were assayed in the same assay run. Serum hormone and
catecholamine concentrations were not corrected for plasma vo-
lume shifts, thus all statistical analyses were performed on hor-
mone values based on actual measured circulating concentrations.

2.15. Descriptive blood measures

The 0.5 mL aliquot of whole blood was immediately inserted
into the Radiometer (ABL800 Flex Radiometer, Copenhagen) for
duplicate determination of Na$ , K$ , Ca$ $ , Cl% and La% .

2.16. Statistical Analyses

Power calculations were conducted a priori using G*Power
(G*Power 3.1.2, Franz Faul, Germany) with input variables of 4 x
groups and 1 - "#0.95 resulting in a sample of n#7 per group for
repeated measures ANOVA. Data sets for each variable were en-
tered into GraphPad Prism (v 6.0h). A Shapiro – Wilk normality
test was performed on the data sets. While not every time point
within each data set was normal or homogeneous, the majority
were (P40.05; for example, six time points out of seven for Tc),
thus parametric tests were considered appropriate. Repeated
measures ANOVAs were used to determine differences between
environmental and drug conditions in cycling performance, neu-
romuscular properties or biochemical markers. When interactions
or main effects achieved statistical signi!cance, Tukey’s HSD post
hoc test was used to identify differences between means. Statis-
tical signi!cance was set at Po0.05. Data are reported as mean 7
SD.

3. Results

3.1. Cycling performance

Table 1 provides the various parameters measured during both
!xed-intensity and self-paced cycle exercise for each condition.

3.1.1. Fixed intensity
There were no signi!cant differences in total distance cycled,

mean and peak power output, mean speed and cadence between
PLA and BUP conditions. However, maximum speed during the
sprints was signi!cantly higher in PLA compared with the re-
spective BUP in the same ambient conditions (Po0.05). In PLA20,
maximum speed during the sprints was approximately 1.4 km/h
(Po0.05) faster than BUP20; whereas, PLA32 maximum speed
during the sprints was approximately 3.2 km/h (Po0.05) faster
than BUP32.

3.1.2. Self-paced
In all conditions, peak power output during the sprints was

signi!cantly higher than mean power output between sprint
periods. However, there were no signi!cant differences amongst
conditions for total distance, mean power output, maximum speed
during the low intensity efforts and mean cadence. Notably, the
maximum speed during the sprints was similar between
conditions.

3.2. Thermoregulatory responses

3.2.1. Core temperature
The Tc response for both !xed intensity and self-paced trials is

shown in Fig. 1.

3.2.1.1. Fixed intensity. During PLA trials Tc was not different over
the 30 min. However, during BUP the Tc increased signi!cantly
compared to PLA. By the end of the 30 min !xed-intensity period
Tc reached !38.3 °C for BUP32 and 38.1 °C for BUP20 compared
with !37.7 °C for the PLA trials.

3.2.1.2. Self-paced. Immediately following the commencement of
the self-paced section of the trial, Tc failed to increase over the
next 30 min for PLA20, PLA32 and the BUP20 trials. However, the
difference observed between the BUP20 and PLA20 at the end of
the !xed intensity period was no longer apparent. Whereas, Tc
continued to rise only for BUP32 reaching !38.6 °C (range 38.2–
39.2 °C; P o0.05) with no differences apparent for PLA32.

3.2.2. Skin Temperature
The Ts response increased signi!cantly at all time points

(Po0.05) in 32 °C for both PLA and BUP, and was signi!cantly
higher (Po0.05) compared with 20 °C for both PLA and BUP. There
was no signi!cant difference between BUP and PLA in the same
ambient temperatures.

3.3. Heart rate

Fig. 2 shows the mean HR responses from each of the !xed
intensity (A) and self-paced exercise periods (B). As no statistically

Table 1
Fixed-intensity and self-paced cycling performance measures (mean7SD).

Fixed intensity Time trial

BUP20 PLA20 BUP32 PLA32 BUP 20 PLA 20 BUP 32 PLA 32

Total distance (km) 16.673.2 16.873.2 16.173.7 17.072.9 12.872.1 13.071.8 12.772.7 13.172.6
Mean power output (W) 155723 155723 155723 155723 177754 189748 169753 187765
Peak power output sprints (W) 155723 155723 155723 155723 6127101# 611776# 6137125# 6097113#

Mean speed (km h%1) 32.976.8 33.876.0 31.377.1 32.975.8 24.574.8 24.574.0 23.975.5 22.975.1
Max speed sprints (km h%1) 64.973.0* 66.371.0*,§ 62.875.4* 66.471.4*,§ 46.373.5* 46.875.4*,§ 46.574.9* 49.577.9*,§

*Po0.05 mean vs maximal speed within conditions.
§Po0.05 maximal speed during intermittent sprints for BUP20 vs PLA20 and for BUP32 vs PLA32.
#Po0.05 mean vs maximal power output within conditions. BUP is bupropion, PLA is placebo, 20 & 32 is 20 °C and 32 °C ambient temperatures, respectively.
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signi!cant differences were detected among conditions only the
means of responses for each of the sprints have been included for
clarity. HR was signi!cantly increased from pre-exercise
(!93 beats/min) time points. The HR was predictably higher
during sprints in both sections of the trial. During the sprints HR
typically reached !172 beats/min in the moderate ambient con-
dition for both PLA and BUP. These values were similar during the
self-paced section of the trial and were not different to those ob-
served in the !xed intensity period. Following each of the sprints
HR was reduced to !143 beats/min across both !xed intensity and
self-paced periods.

Although HR was marginally higher during the sprints in
BUP32, there were no statistically signi!cant differences between
!xed intensity and self-paced efforts either over time or between
PLA and BUP trials.

3.4. Rating of perceived exertion

Table 2 includes the mean RPE responses from each of the
!xed-intensity and self-paced exercise periods. As no statistically
signi!cant differences were detected among conditions only the
means for sprints and low intensity efforts have been included for
clarity. Similar to the HR response, the RPE during the sprints in-
creased from the start of exercise to reach values of !6 then de-
creasing to !5 during the low intensity efforts in both the !xed
intensity and self-paced trial in 20 °C. In 32 °C the RPE reached
marginally higher values during the sprints but were reduced
during the low intensity efforts.

3.5. Thermal sensation

3.5.1. Fixed intensity
Thermal sensation was signi!cantly increased from pre-ex-

ercise compared with all other time points (Po0.05) in both
PLA20 and BUP20. However, these values were signi!cantly lower
than the thermal sensation in PLA32 and BUP32 at all time points
(Po0.05).

3.5.2. Self-paced
Thermal sensation during BUP20 and PLA20 was signi!cantly

increased from pre-exercise compared with all other time points
(Po0.05) but were not signi!cantly different between conditions.

Fig. 1. Core temperature response during !xed-intensity (0–30 min) and self-paced
time trial performance (35–65 min). Conditions: BUP20 and PLA20 are bupropion
and placebo, respectively in 20 °C; BUP32 and PLA32 are bupropion and placebo,
respectively in 32 °C. *Po0.05 signi!cant differences between BUP32 and PLA32,
#Po0.05 signi!cant differences between BUP20 and PLA20 and P̂o0.05 signi!cant
differences between BUP20 and BUP32 values.

Fig. 2. Heart rate responses response during low intensity efforts (A) and sprints
(B) over the entire trial. BUP is bupropion, PLA is placebo, 20 & 32 is 20 °C and 32 °C
ambient temperatures, respectively. *Po0.05 signi!cant difference between low
intensity and sprints. HR during exercise was signi!cantly higher than pre-exercise
(time 0).

Table 2
Mean7SD rating of perceived exertion (RPE) during the low intensity effort and
sprints in !xed intensity and self-paced trials.

Intensity BUP20 PLA20 BUP32 PLA32

Fixed-intensity Low 4.271.1 3.171.1# 4.071.4§ 3.371.2
RPE
Sprints 5.871.0* 6.070.6*# 6.071.5* 6.171.1*

RPE
Self-paced Low 4.170.6 4.070.3 5.171.0§ 5.070.8

RPE
Sprints 6.970.3* 7.170.4* 7.970.8*,§ 7.870.5*

RPE

*Po0.05 increase in RPE from low to high intensity efforts within conditions;
§Po0.05 between corresponding environmental conditions. BUP is bupropion, PLA
is placebo, 20 & 32 is 20 °C and 32 °C ambient temperatures, respectively.
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However, thermal sensation was signi!cantly higher in BUP32 at
10, 15, 25 and 30 min compared with/to (Po0.05). Thermal sen-
sation in PLA32 was signi!cantly higher than PLA20 at all time
points (Po0.05). In BUP32, thermal sensation was signi!cantly
higher than PLA32 at 15 min (Po0.05).

3.6. Neuromuscular responses

3.6.1. MVC and voluntary activation
In BUP20 post-exercise MVC was maintained for both forearm

"exors and leg extensors compared to the PLA trial (Table 3).
However, in BUP32 the MVC was reduced in both forearm "exors
and leg extensors post-exercise, although the post exercise MVC
was also reduced from pre-exercise values in the PLA condition for
leg extensors but not forearm "exors (Table 3). There were no
signi!cant differences in VA of the forearm "exors or the knee
extensors during pre- and post-exercise MVC among conditions.

3.6.2. Resting potentiated twitch contractile properties
Table 4 includes mean data for potentiated twitch contractile

properties for the leg extensors and forearm "exors. There were no
signi!cant differences in the contractile properties of the forearm
"exors. The contractile properties for leg extensors resulted in
signi!cant decreases post-exercise for Pf, and CD only in BUP20,
although TPf was also reduced post-exercise for PLA32 compared
with pre-exercise. There was a signi!cant difference between pre
and post measures for the FF in PLA32 for the RR (Po0.05).

3.7. Cycling EMG

EMG RMS and EMG spectral compression did not change be-
tween environmental conditions, sprint repetitions or muscle
group for either PLA or BUP.

3.8. Biochemical markers

All biochemistry samples in all conditions were increased from
baseline and are shown in Fig. 3. For BUP20, NA was signi!cantly
higher than PLA20 (Po0.001) and BUP32 (Po0.005) at the end of
30 min !xed intensity cycling (Fig. 3A). At the completion of self-
paced exercise NA in BUP20 was higher than PLA20 (Po0.001)
and lower than BUP32 (Po0.001). At the end of the 30 min !xed
intensity period COR was higher in BUP20 (Po0.01) compared
with PLA20 (Fig. 3B). The COR response in BUP32 was higher at the
end of the time trial compared with pre and end of !xed intensity
exercise. Blood lactate increased (Po0.05) from pre-exercise
compared with post exercise for both !xed-intensity and self-
paced exercise (Fig. 3C).

4. Discussion

Previous evidence suggests that exercise-induced hy-
perthermia leads to a decrement in exercise performance as
physiological limits are approached and a reduction in motivation
ensues (Brück and Olschewski, 1987; Nielsen et al., 1993). In the
present study, the Tc response was elevated in the !xed intensity
section of the trials for BUP in both ambient temperatures (Fig. 1).
However, the DA/NE re-uptake inhibitor had no signi!cant effect
in cooler conditions on Tc when compared to the PLA in the self-
paced TT. As far as we are aware this observation, of a continued
rise in Tc during !xed intensity exercise in the heat with DA/NE re-
uptake inhibitors has not been previously reported. This !nding
suggests that neurotransmission is maintained with the use of DA/
NE re-uptake inhibitors during exercise-induced hyperthermia so
that potential for hyperpyrexia could be masked under these
conditions.

Interestingly, the mean speeds achieved during the time trial
were slower than those achieved in the !xed intensity sections
(Table 1). However, this is partly explained by the almost four-fold
increase in peak power during the time trial across all conditions,
suggesting that subjects likely used the low intensity sections as a
recovery period. Although the Tc in the TT did not reach values
normally associated with exercise termination, our TT protocol
may have been too short (30 min) to allow the development of
higher Tc. Nevertheless, the distances achieved in the warm self-
paced TT (!13.1 km) were very comparable to those achieved
(12.7–13 km) in the moderate environment. At a minimum, these
data indicate that subjects achieved signi!cantly higher tem-
peratures for the same amount of work achieved in the PLA con-
dition in 32 °C. This !nding also gives weight to the proposition
that maintaining dopamine could alter the heat loss mechanisms
through direct action on the pre-optic area of the anterior hy-
pothalamus (Hasegawa et al., 2000). Further to this, the use of DA/

Table 3
Maximal voluntary contraction (MVC) and voluntary activation (VA) of the forearm
"exors (FF) and leg extensors (LE) pre and post cycling exercise.

MVC (N) VA%

PRE POST PRE POST

BUP20 FF 369785 355790 99.575.9 95.8712.4
LE 6407208 6187103 88.274.9 90.5711.5

PLA20 FF 3587102 34278 97.174.6 97.873.8
LE 6907150 6007101 91.577.3 89.679.2

BUP32 FF 381788 354787 100.072.1 100.073.8
LE 7437141 6757112 88.776.3 91.8711.4

PLA32 FF 349775.9 347774 95.076.9 95.575.8
LE 6917123 6337128 92.478.4 85.479.3

BUP20 and PLA20 are bupropion and placebo, respectively in 20 °C; BUP32 and
PLA32 are bupropion and placebo, respectively in 32 °C.

Table 4
Potentiated twitch contractile properties of the forearm "exors (FF) and leg extensors (LE) pre and post cycling exercise.

Pf (N) RFD (N s%1) RR (N s%1) TPf (ms) ! RT (ms) CD (ms)

PRE POST PRE POST PRE POST PRE POST PRE POST PRE POST

BUP20 FF 6876 69716 3857144 3617186 %442767 %420792 108742 101718 80721 83716 176714 184720
LE 262731 202731* 11897337 10427278 %14407471 %11607189 10078 83720 99734 80732 199738 163747*

PLA20 FF 74719 73713 3987203 3767151 %4227127 %4317123 106741 113742 75732 75734 157767 163769
LE 238777 213742 11907204 11747145 %14197630 %13077525 95718 89715 89714 89732 184711 178733

BUP32 FF 71716 79722 3457133 3897136 %4147145 %4267217 86720 109753 82712 84742 171724 193738
LE 241757 223752 12557151 12567190 %14167518 %14557660 94722 86711 89717 84722 183716 170717

PLA32 FF 6877 75721 362797 3727136 %358791 %4987155* 98730 103723 98717 77712 196729 180721
LE 262745 207792 12497170 13027201 %16907501 %14637188 102710 94714* 80714 84714 182717 178723

* Po0.05 pre to post exercise. Pf, peak force; RFD, rate of force development; RR, rate of force relaxation; TPf, time to peak force; ! RT, half relaxation time; CD,
contraction duration.. BUP is bupropion, PLA is placebo, 20 & 32 is 20 °C and 32 °C ambient temperatures, respectively.
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NE re-uptake inhibitor reduced the Tc during the cooler condition
only after the !xed intensity bout was completed (see Fig. 1). Al-
though surprising, this !nding does suggest that thermoregulatory
responses during !xed intensity versus time trial conditions are
perhaps adjusted relative to the protocol requirements (Marino,
2012; Tatterson et al., 2000).

Previous studies evaluating the effects of DA/NE re-uptake in-
hibitors on exercise performance have produced inconsistent

!ndings. For example, 90 min of cycling at 65% Wmax did not result
in performance improvement compared with a placebo evenwhen
BUP increased beta endorphins, COR and adrenocorticotropin
(ACTH) (Piacentini et al., 2004). Conversely, the same group of
researchers found that DA/NE re-uptake inhibitors of similar do-
sage to the present study did indeed improve TT performance in
the heat but not in cooler conditions (Watson et al., 2005). How-
ever, the notable !nding from that study was that TT performance
was improved by !3.4 min with BUP over the PLA in the heat but
this effect was not apparent in the temperate conditions. That is,
BUP and PLA in the temperate conditions resulted in identical TT
performance. The authors suggested that this difference between
DA/NE re-uptake inhibitor effect in warm versus temperate con-
ditions is perhaps related to nutritional and pharmacological in-
teraction of the catecholaminergic neurotransmitters. The dis-
crepancy between the heat and cooler conditions in TT perfor-
mance where better relative performances are observed in the
heat can possibly be explained to some degree by the normal
training effect on DA as a mediator for increased motivation (Foley
and Fleshner, 2008). This suggests that the outcome of habitual
physical activity is the alteration of the dopaminergic system
whereby fatigue may be delayed by prolonging the increased DA
in these central pathways.

As previously shown, exercise will induce elevations in NE
(Greiwe et al., 1999; Peronnet et al., 1981; Powers et al., 1981). In
the present study NE increased signi!cantly from pre-exercise
values to the end of !xed intensity exercise in all conditions (Fig. 3
(A)). As suggested previously (Greiwe et al., 1999), NE response is
likely dependent on the absolute and relative exercise intensity in
both trained and untrained subjects. Their !ndings indicate that
the magnitude of the increase in NE can be between 700 and
1200 pg/mL at 60–70% of VO2max. Our data are within this range
with NE at the end of !xed intensity exercise reaching similar
values across all conditions. However, by the end of the TT, NE
continued to increase in BUP32 whilst it remained elevated but
unchanged for BUP20 and PLA32 from the end of !xed intensity
exercise. These data con!rm that bupropion had a direct and ad-
ditive effect on the NE response. That is, in the cooler condition
(BUP20) NE remained elevated and similar to PLA in the warm
condition, whereas NE continued to rise in BUP32 (Fig. 3). We can
only conclude that a DA/NE re-uptake inhibitor does not interact to
the same degree when ambient temperature or heat stress is not
suf!cient to invoke a natural rise in NE which would augment
motivation to continue exercising. However, a further considera-
tion is the apparent effect that NE re-uptake inhibitor alone might
have on time to fatigue (Klass et al., 2012; Roelands et al., 2008a).
Previous work demonstrates that reboxetine, a NE re-uptake in-
hibitor, reduces the target work to be completed by up to 20% in
the heat and 10% in cooler conditions (Roelands et al., 2008a). This
might partly explain why we did not observe a difference in our TT
performance since any effect of NE re-uptake inhibitor might have
been balanced by the combined effect of bupropion as a DA/NE re-
uptake inhibitor.

As a neurotransmitter, NE has many functions including pro-
ducing the ‘!ght or "ight’ reaction to stress (Lundy-Ekman, 2007)
(p. 506–507). Centrally, NE is predominantly secreted from the
cluster of neurons in the locus Coeruleus located in the pons (Rang
et al., 2007). It is thought that mood and state of arousal is altered
with secretion of NE so that elevated levels could lead to heigh-
tened motivation (32). In the present study the relative increase in
NE in BUP32 suggests that the drug acted as a re-uptake inhibitor
which partly explains the maintenance of effort whilst Tc con-
tinued to rise above that observed in the other conditions. One
would normally expect a reduction in power as Tc increases;
however, this was not the case. In fact, the RPE response in the
heat with BUP was similar to the PLA even though subjects were

Fig. 3. Hormone and lactate responses pre-exercise (Pre-Ex), end of the 30 min
!xed intensity cycle (Post-30 min) and at the end of the 30 min time trial (Post TT).
*Po0.01 with Pre-Ex; #Po0.01 for PLA20 at Post-30 min and Post TT. aPo0.01 for
BUP20 vs PLA20; bPo0.01 for BUP32 Pre-Ex and Post-30 min; cPo0.05 vs Pre-Ex.
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relatively hotter with the drug (Fig. 1 & Table 2). This suggests that
motivation was at least maintained whilst Tc was still rising. Evi-
dently, during the low intensity efforts, RPE was similar across
conditions but increased signi!cantly (55–7%) during the sprints,
suggestive of an increased effort (Table 2). This was also re"ected
in the HR which increased from !150 to 170 beats/min. However,
since the participants were only recreationally trained, both RPE
and HR remained well below maximal level. It is likely that this
reserve represents an immature pacing strategy or at least a less
than optimal ability to judge the requirements of the task.

We hypothesized that by maintaining central neurotransmis-
sion by administration of DA/NE re-uptake inhibitors, an im-
provement in performance would ensue in the heat as a con-
sequence of sustained efferent drive, motivation and arousal (Klass
et al., 2012; Roelands et al., 2008b). Our neuromuscular data
suggests that MVC and VA were unaffected by the administration
of DA/NE re-uptake inhibitors. Across both environmental condi-
tions in drug and PLA treatments, these measures remained rela-
tively unaltered from pre to post exercise for the musculature in-
volved (leg extensors) in the cycling exercise and for those unin-
volved (forearm "exors). Interestingly, in a previous study where
DA/NE re-uptake inhibitors were administered as separate drugs
(Klass et al., 2012), MVC was signi!cantly reduced from pre-ex-
ercise in each of DA, NE and PLA conditions. However, these au-
thors found that voluntary activation alone was reduced up to
10 min post exercise with the NE re-uptake inhibitor suggesting
that NA is likely an important neurotransmitter in the modulation
of central fatigue. In fact, in a subsequent study, these authors
found that NE re-uptake inhibitor reduced the time to task failure
of submaximal isometric contractions of the knee extensors by
15.6% (Klass et al., 2016). Furthermore, it was shown that MVC
torque was reduced at a greater rate leading to the conclusion that
NE re-uptake inhibitor potentially leads to central/supraspinal
impairment. Conversely, the authors also suggested that DA re-
uptake inhibitors are unlikely to have any additional effect over
PLA in modulating fatigue (Klass et al., 2012).

In the present study COR response increased immediately post
the !xed-intensity trial for BUP compared with PLA in the tem-
perate condition (Fig. 3B). Similarly, COR also increased for BUP in
hot conditions immediately following the TT (Fig. 3B). Notably,
COR also increased by the end of the TT in the warm PLA condi-
tion, suggesting that BUP administered in either condition will
induce a higher COR response and that high ambient temperature
alone can have a similar effect on COR. Interestingly, BUP admin-
istration in the heat did not augment the COR beyond that
achieved in the heat without the DA/NE re-uptake inhibitor. Al-
though others (Watson et al., 2005) did not show an elevated COR
response relative to the ambient temperature, our !ndings are
almost identical to those of Brenner et al. (1997) who found heat
exposure with exercise to increase COR whilst passive heating
alone did not. These authors suggest that COR is elevated with
additional increases in body temperature whereby a further re-
quirement of gluconeogenesis is required under such conditions.
In the present study the COR response increased signi!cantly by
the end of the time trial in the heat whether or not BUP was ad-
ministered. The fact that COR did not increase in the temperate
condition by the end of the TT in PLA, indicates that DA/NE re-
uptake inhibitors induce a higher stress response similar to what is
achieved in the heat without the drug. The mechanism by which
this might occur is unknown but is likely related to the increased
motivation for physical exertion.

The twitch contractile properties as given in Table 4 show re-
ductions in each of the measurements across conditions; however,
the only signi!cant reduction from pre to post exercise was ob-
served in BUP20. This is a curious result as previous work sug-
gested there would likely be reductions in neuromuscular

performance due to the normal progress of central and peripheral
fatigue under these exercise conditions (Klass et al., 2012; Sa-
boisky et al., 2003). The discrepancy in our twitch contractile data
can be partly explained by the action of bupropion based on its
speci!c action on nicotinic acetylcholine receptors (nAChR). That
is, bupropion has been shown to be a functional inhibitor of
nAChRs in muscle and ganglia (Fryer and Lukas, 1999) so that this
drug also acts peripherally (skeletal muscle) and centrally. Here we
show that twitch contractile properties are essentially slowed in
the presence of bupropion but only when coupled with the cooler
ambient temperatures and when Tc remains comparably lower
than in warmer conditions. As shown by Arias et al. (2009), the
interaction of bupropion with muscle-type nAChRs is mediated by
an entropy-driven process and thus likely to be in"uenced by the
prevailing thermal conditions (Savarese et al., 2000). Given that Tc
continued to rise in the warm ambient condition (BUP32) with Ts
signi!cantly elevated compared to moderate (BUP20) conditions,
we suggest that the drug had a selective and localized effect and
acted as a nAChR inhibitor. Furthermore, either in opposition or
simultaneously the elevated body temperature may have negated
any potential action by bupropion on nAChR given that skeletal
muscle excitation, contraction-coupling is typically enhanced
when local temperature is increased (Sargeant, 1987).

In conclusion, our !ndings show that DA/NE re-uptake in-
hibitor in"uenced thermoregulation but not exercise performance
in either warm or moderate conditions. Although our !ndings
support previous reports that DA/NE re-uptake inhibitors are likely
to act centrally to override the inhibitory signals for the cessation
of exercise, we also show that these drugs could act peripherally to
reduce the twitch characteristics of skeletal muscle. This latter
!nding could partly explain why previous studies do not report
improvements in performance in cool to moderate ambient
conditions.
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Abstract The present study aimed to identify whether or not
the release of interleukin (IL)-6 and soluble (s) IL-6 receptor
(R) is associated with fatiguing behaviour and changes in
cortical activity during self-paced exercise. Relationships be-
tween the IL-6 and its soluble receptors, total work, reductions
in power output, and changes in slow, alpha (!) and fast, beta
(") brain waves during self-paced exercise were evaluated.
Different intensities and environments were used to manipu-
late the release of IL-6, whereby seven active males cycled for
60 min in heat stress (HS) or thermoneutral (TN) environ-
ments at a clamped rating of perceived exertion (RPE) equat-
ing to low intensity (RPE = 12) or high intensity (RPE = 16).
IL-6 and sIL-6R were positively associated with total work,
but not with reductions in power output. There was greater !
activity in high-intensity conditions, which was associated
with the reduction in power output. Both high-intensity con-
ditions appeared to have greater " activity, and there was a
positive correlation between " activity and total work and "
activity and sIL-6R. We conclude that IL-6 and sIL-6R may
contribute to perturbations in cortical activity and are associ-
ated with total work output, but reductions in power output are
likely influenced greater by other internal and external factors.

Keywords Exercise . Fatigue . Interleukin-6 . Soluble
interleukin-6 receptor . Cortical activity . Behaviour

Introduction

The pleiotropic cytokine, interleukin (IL)-6, is a biological
mediator of local and systemic responses in signalling inflam-
matory, muscle, adipose, and nerve tissue [12, 24, 31]. During
prolonged exercise, IL-6 exerts a metabolic effect regulating
blood glucose, increasing glucose uptake in muscles and stim-
ulating lipolysis [21]. IL-6 is released in an intensity, and
duration-dependent manner [23, 30], is exacerbated by heat
stress [43], and can propagate signals to the central nervous
system (CNS) through the vagus nerve or the blood brain
barrier [8, 14]. Importantly, IL-6 has recently been proposed
to act as a messenger during exercise to signal the brain and
contribute to feelings of fatigue [38, 48].

The positive association between fatigue and IL-6 has been
demonstrated using the infusion of recombinant human (rh)
IL-6 in passive resting states to induce an inflammatory re-
sponse [42], and during a 10-km running time trial where
rhIL-6 infusion increased both the time it took to finish, and
self-reported fatigue, post-trial [38]. The release of IL-6 is
accompanied by the cleaving of the soluble (s) IL-6 receptor
(R), which acts as an agonist by binding to IL-6 and forming
the sIL-6R/IL-6 signalling complex, and enables trans-signal-
ling, a pro-inflammatory mechanism of signalling neural tis-
sue [1, 18]. Similar to IL-6, sIL-6R has also been associated
with general levels of fatigue during a 6-day cycling event
(total 458 km) [36]. Moreover, it was reported that while IL-
6 returned to baseline by the morning following an intense
bout of cycling, sIL-6R remained elevated, and was signifi-
cantly correlated to sensations of fatigue in the final 3 days of
the event [36]. Considering this early evidence, whether or not
IL-6, sIL-6R, or the signalling complex sIL-6R/IL-6, contrib-
ute to sensations of fatigue during exercise warrants further
investigation.
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The neuroinflammatory model of acute exercise fa-
tigue [48] highlights the potential for IL-6 signalling to
cause perturbations in the CNS system, which may be
evident through changes in cortical activity measured
using electroencephalography (EEG). While once diffi-
cult to measure during exercise, recent wireless EEG sys-
tems and improved algorithms for removing artefact have
simplified the task [3, 7, 28, 35]. Research using EEG
during exercise suggests that brain activity is related to
exercise intensity [3] and core temperature [28], and that
the prefrontal cortex (PFC) may play a role in volitional
termination of exercise [35]. Furthermore, an increase in
slow frequency alpha (!) activity is thought to represent
a resting state [7, 45], or inhibition of underlying neural
processes [16, 35]; while fast frequency beta (") waves
are characterised by mentally demanding tasks or motor
drive [3, 35], and may also be related to the intensity of
exercise [3].

To date, the only study to evaluate changes in cortical
activity during a self-paced protocol revealed an increase
in " activity and reduced power output during both low
and high-intensity cycling for 10 min after a 90-min men-
tally fatiguing task [6]. Additionally, they showed that !
activity was increased in both the control and mentally
fatiguing experimental condition at the start of exercise
only [6]. In a more localised instance, it has been report-
ed that coherence between EEG and electromyography
aligns with " activity, representing efferent activity or
drive from the motor cortex to the abductor pollicis
brevis muscle just prior to movement [27]. It remains
unknown, however, whether an increase in sIL-6R/IL-6
during exercise affects neural processes, and whether
these are reflected by changes in cortical activity.

The aims of this study, therefore, were to examine rela-
tionships between IL-6 and sIL-6R, fatiguing behaviour
and cortical activity in the regions of the brain associated
with decision-making and anticipation (frontal lobe),
movement (motor cortex), and sensory information (parie-
tal cortex). We used a 60-min clamped rating of perceived
exertion (RPE) protocol in heat stress and thermoneutral
environments at high and low intensities to study fatiguing
behaviour. Behaviour, and more specifically, thermoregu-
latory behaviour, during clamped RPE protocols, has pre-
viously been defined by the total work output in a given
exercise protocol [39]. In this study, the reduction in power
output was used as an index of fatiguing behaviour for
each trial. We hypothesised that IL-6 and sIL-6R would
be associated with a reduction in power output, and in-
creases in ! activity. We also anticipated IL-6 and sIL-6R
and total work output would be negatively associated with
" activity, because a clamped RPE protocol allows internal
regulation and self-selected exercise intensity which would
preferentially maintain motor drive.

Methods

The University Research and Human Ethics Committee ap-
proved all methods and procedures, and this study conformed
to standards set by the latest revision of the Declaration of
Helsinki. All participants provided verbal and written consent
prior to participating in the study.

Subjects

The subject sample comprised of seven healthy, recreationally
active males. Their age, height, body weight, and VO2max

(mean ± SD) were 24.48 ± 5.5 years, 183.1 ± 8.75 cm,
81.17 ± 12.48 kg, and 44.04 ± 5.09 mL/(kg min!1), respec-
tively, placing them in the recreationally active/untrained
group according to classification by De Pauw et al. [9]. All
participants were screened for current and previous exercise
and disease history using the adult pre-screening exercise tool
(APSS) (ESSA, 2011). Exclusion criteria included any previ-
ous or current conditions, injury, or medications likely to alter
the neurophysiological state of the brain. Further exclusion
criteria were any reoccurring or recent (< 3 weeks) bout of
influenza illness, taking anti-inflammatory or any other med-
ications known to interfere with a normal inflammatory re-
sponse or individuals with rheumatoid arthritis, recent and/or
current periodontal disease, and any other conditions associ-
ated with an altered inflammatory state.

Study design

Subjects completed five sessions consisting of one
familiarisation and four experimental trials performed in a
randomised crossover design, separated by at least 7–10 days.
Experimental trials required participants to cycle at a clamped
RPE according to the 6–20 Borg RPE scale (6 = no exertion,
20 = maximal exertion [5]) and were completed in a climate
chamber to ambient conditions for the respective trial of either
a thermoneutral (22 °C) or hot (35 °C) environment at 60%
relative humidity.

The clamped RPE methodology was used because it has
been shown that at a fixed RPE, self-selected power output is
reduced according to the prevailing environmental conditions
so that when cycling at a clamped RPE, the rate of heat storage
is similar across different environmental conditions, but me-
diates the reduction in exercise intensity during cycling, there-
by resulting in a greater reduction in power output in heat
stress compered to thermoneutral or cool environments [46].
Additionally, the clamped RPE protocol has been employed to
study thermoregulatory behaviour, where total work output
was an indication of thermal behaviour during heating and
cooling of the face [40], and therefore, clamping the RPE
provided a model by which the effects of independent vari-
ables on thermoregulatory behaviour could be identified [40].
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Hence, our premise was that a modified version of the
clamped RPE protocol would elicit predictable reductions in
power output; however, the total work output would provide
an index of fatiguing behaviour associated with increases in
IL-6/sIL-6R or other metabolic and environmental variables.

Familiarisation trial

Prior to experimental testing, subjects reported to the laboratory
for a familiarisation session and baseline testing consisting of
body mass and stature measures and a VO2max test to determine
fitness level and peak power output (PPO) on a cycle ergometer
(Veletron DynaFit Pro, RacerMate Inc., WA, USA). All ergom-
eter measurements were recorded for future use to decrease
within-subject variability on the equipment. Participants com-
pleted a 5-min warm-up at light-moderate intensity followed by
a 2-min rest. VO2max testing commenced at 100Wand increased
by 20 Wevery minute until volitional exhaustion.

After a sufficient rest and explanation of the equipment and
testing procedures, participants cycled on an identical ergom-
eter in a heat chamber for 30 min at variable RPE ratings to
ensure understanding of both how to change the resistance on
the ergometer and how to interpret perceived exertion using
the RPE scale. While cycling, participants were asked to
change to different RPEs between 12 and 20 on the Borg
RPE scale. At the end of 30 min, they were asked to cycle at
a comfortable pace to cool down for 5 min. Participants were
instructed that a reduction in power during test was okay, and
expected, as long as they felt they were maintaining the re-
quired RPE throughout the whole protocol.

Experimental trial

Participants arrived at the laboratory following an overnight fast
(10 h), having avoided physical activity for at least 36 h and
caffeine and alcohol at least 24 h prior. A pre-trial food and
activity log was maintained by each participant for 48 h prior
to the first experimental trial and was followed for 48 h leading
up to each subsequent trial. In each session, participants cycled
for 60 min in a heat stress (HS) or thermoneutral (TN) environ-
ment at an RPE of 12 or 16. For 30 s at the end of every 10 min
during the protocol, subjects were instructed to either increase
their pace and/or resistance to meet an RPE of 15 (RPE 12
protocol) or to perform an all-out maximal sprint to meet an
RPE of 20 (RPE 16 protocol) in order to ensure the protocol
was challenging enough to elicit a release of IL-6 within 60 min.

Data collection

Baseline measures for each experimental session consisted of
resting heart rate, RPE, EEG, and venous blood measures for
lactate, glucose, IL-6, sIL-6R, and soluble glycoprotein 130
(sgp130). A 90-s EEG recording and RPE were collected

every 5 min during exercise. Blood draws were repeated at
30 min and immediately post the 60-min cycle protocol.
Power output, heart rate, and skin temperature were recorded
continuously. A post-exercise EEG measure was taken imme-
diately after the final blood draw at the end of exercise.

Power output and heart rate

Power output (RacerMate, Seattle, WA) and heart rate (Polar,
Kempele, Finland) were measured continuously at a sampling
rate of 2000 Hz. Heart rate data were also manually recorded
every 5 min using an accompanying sports watch (RS300X,
Polar, Kempele, Finland) for accuracy. Mean power output
was calculated as the average total power output for the 60-
min cycling protocol. The percent reduction in power output
was calculated as the difference between the mean power out-
put of the first 5 min of exercise and the mean power output
for the final 5 min of exercise.

Blood measures

Fifteen millilitres blood was collected at each time point using a
standard 22 gauge cannula (Becton Dickinson, NJ, USA). Ten
millilitres was transferred immediately to an ethylenediaminetet-
raacetic acid (EDTA) tube and centrifuged at 4 °C, 3500 rpm!1

for 15 min. One millilitre of plasma was immediately aliquoted
into two microfuge tubes and stored at ! 80 °C. Blood samples
were analysed in duplicate using Merck Millipore Multiplex
Assay human cytokine/chemokine magnetic bead panel kit for
IL-6 (HCYTOMAG-60 K, Magpix, Luminex, Austin, TX) and
sgp130 and sIL-6R (HSCRMAG-32 K, Magpix, Luminex,
Austin TX). The other 5 mL of blood was transferred to a potas-
sium oxalate/sodium fluoride tube (BD Vacutainer® Plus
Fluoride/Oxalate) to cease metabolic break down of glucose
and lactate for analysis (ABL825 Flex Analyser, Radiometer
Medical ApS, Bronshoj, Denmark), within 4 h of collection time
for lactate and blood glucose levels. Results are presented as total
accumulated plasma volumes.

EEG recordings

Participants were fitted with a 20-channel wireless EEG sys-
tem according to the circumference of their head at a level just
superior to the glabella, the measure of the distance from the
glabella to the occipital protuberance, and between external
acoustic meatus (BAlertX24, ABM, CA). EEG electrodes
were filled with Synapse Conductive Electrode Cream
(ABM, CA). All electrodes and the paired mastoid reference
sites were cleaned and abraded prior to checking scalp-
electrode impedance (#). The impedance of each EEG site
of interest was maintained below 20 k# as directed by the
manufacturer. Signals were collected at a sample rate of
256 Hz and acquired wirelessly across an RF link via RS232
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interface. Data were sampled with a bandpass filter from 0.5 to
65 Hz and raw signals monitored during rest and exercise.
EEG signals were collected from all 20-electrode sites, but
only those from the frontal cortex (FC; F3, F4, Fz), motor
cortex (MC; C3, C4, CZ), and parietal cortex (PC; P3, P4,
Pz) were used for analysis.

EEG analysis

Data were processed and analysed using B-Alert Lab (Version
2.0, ABM, CA). Eye blink and muscle artefact was removed
by B-Alert decontamination algorithms, and each 90-s record-
ing was manually inspected for artefact (Polyman, version
1.153.1065). Decontaminated data were then fast Fourier
transformed with a Kaiser window applied to give mean pow-
er spectral density (PSD) for ! (8–12 Hz) and " (13–30 Hz)
frequencies. The percent change from baseline PSD in each
measured site for both ! and " frequencies were averaged for
each 90-s snapshot, and the total sum of all snapshots were
added together to get the total of all activity throughout the 60-
min protocol at each of the cortices (FC,MC, and PC). Results
are presented as the percent change from baseline.

Skin temperature

Four Thermodata TDHC thermologgers (Brisbane, QLD) were
fixed to the skin (Opsite Flexifix, Smith & Nephew, AU) at the
bicep, chest, anterior mid-thigh, and posterior mid-calf area, all
on the left side of the body. Data were sampled continuously
every 60 s during the cycling protocol. Data were exported to
excel, and mean skin temperature for the respective trial was
calculated using the equation below, as previously reported [33].

Skin temperature ! 0:2* Tsk thigh" Tsk calf# $

" 0:3* Tsk bicep" Tsk chest# $

The percent change in skin temperature between each trial
was calculated as the difference between the mean skin tem-
perature in the last 5 min and the first 5 min of the protocol.

Data and statistical analysis

All data are presented as mean ± SD and were analysed using a
one-way ANOVA. When the ANOVA revealed a significant F
test, Tukey’s HSD post hoc analysis was performed.
Additionally, simple linear regression analyses were performed
to examine the associations between total work, mean power
output, the reduction in power output, IL-6, sIL-6R, sgp130,
and! and" activity at the FC,MC, and PC. Prior to performing
parametric analysis, tests of normality and sphericity were per-
formed. One-way ANOVA data were analysed using GraphPad
Prism Software (V6, La Jolla, CA). Simple linear regression

analyses were performed using SPSS statistical software (V20,
Chicago, IL) with statistical significance set at P " 0.05.

Standardised effect size (ES; Cohen’s d) analyses were
used in interpreting the magnitude of differences between
conditions. An ES was designated as trivial (d < 0.20), small
(d = 0.20–0.49), moderate (d = 0.50–0.79), or large (d > 0.80).

Results

Performance, inflammatory, and cortical activity
responses to exercise

For both mean power output (Fig. 1a) and total work
(Table 1), TN16 was greater than HS12 (P = 0.03) and
TN12 (P = 0.04). HS16 was also greater than both low-
intensity conditions, though not significant (P > 0.12). The
reduction in power output revealed a stepwise decrease ac-
cording to heat and intensity whereby HS16 was greatest,
followed by TN16, HS12, and TN12; however, only the
HS16 and TN12 protocol were significantly different
(P = 0.05) (Table 1). Average heart rate was greater in HS16
compared to all other conditions (P < 0.04). Additionally,
average heart rate in TN16 was greater than both low-
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Fig. 1 Mean power output (a) and accumulated IL-6 (b) (mean ± SD)
during 60 min cycling in heat stress high intensity (HS16), thermoneutral
high intensity (TN16), heat stress low intensity (HS12), and
thermoneutral low intensity (TN12) conditions. (*) Different to HS12;
(#) Different to TN12 (P < 0.05)
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intensity conditions (P < 0.01) and was greater in HS12 com-
pared to TN12 (P = 0.01) (Table 1). Both HS conditions had a
greater percent change in skin temperature compared to the
TN conditions (P < 0.01) (Table 1).

Total plasma IL-6 concentration was greater in HS16,
TN16, and HS12 than TN12 (P < 0.05) (Fig. 1b).
Additionally, Cohen’s d showed large effect sizes (d = 1.1–
1.6) between all conditions and TN12. Total end plasma sIL-
6R and sgp130 concentrations were not significantly different
between trials (P > 0.20) (Table 1). Likewise, there were only
small effect sizes between HS16 and both low-intensity con-
ditions (d = 0.2–0.3) for sIL-6R, and only trivial effect sizes
found between any conditions for sgp130 (d < 0.20) (Table 1).
End lactate accumulation was greater in TN16 compared to
TN12 (P = 0.01) and neared significance between HS16 and
HS12 (P = 0.06) (Table 1).

Figure 2 shows changes in ! and " activity during each
condition. None of the changes in ! activity were significant
(FC, P = 0.10; MC, P = 0.11; PC, P = 0.09), but there were
moderate to large effects (Fig. 2a). There was a large effect be-
tween HS16 and HS12 in ! activity in all ROI (d > 0.94), be-
tween TN16 and HS12 in the FC (d = 0.80), and between HS16
andTN12 in theMCand PC cortices (d> 0.82). Therewas also a
moderate effect between HS16 and TN12 in the FC (d = 0.64)
and between TN16 andHS12 in theMCand PC (d= 0.62–0.76).
Similarly, none of the changes in " activity were significant in
FC (P = 0.20) or PC (P = 0.55); however, in the MC, HS16 had
greater " activity than TN12 (P = 0.04). Additionally, " activity
revealed a medium effect between TN16 and HS12 in the FC
(d = 0.71); between both HS16 and TN16 (d = 0.60) and HS16
and TN12 in theMC (d = 0.76); and betweenHS16 andHS12 in
PC (d = 0.62). Finally, there were also large effects for " activity
between HS16 and HS12 in the FC (d = 1.22) and HS16 and
HS12 in the MC (d = 0.95) (Fig. 2b).

Associations between performance, inflammatory,
and cortical activity during exercise

Accumulated plasma IL-6 (r = .412; P = 0.03) and sIL-6R
(P = .525; P = 0.01) were associated with total work; however,
sgp130 (r = .117; P = 0.55) was not (Fig. 3a–c). Additionally,
neither IL-6, sIL-6R, nor sgp130 were associated with reduc-
tions in power output (P > 0.30) (Fig. 3d–f). Accumulated IL-
6 was not associated with cortical activity for any ROI
(P > 0.20). sIL-6R was not associated with ! activity
(P > 0.70) (Fig. 4a–c) but was positively associated with "
activity in all ROI; FC (r = .356; P = 0.05), MC (r = .548;
P < 0.01), and PC (r = .564; P < 0.01) (Fig. 4d–f). In contrast,
sgp130 was negatively associated with ! activity in the FC
(r = .492; P < 0.01) and in theMC (r = .427; P = 0.02), but not
in the PC (Fig. 5a–c), while sgp130 was negatively associated
with " activity in all ROI; FC (r = ! .571; P = 0.02), MC
(r = ! .680; P < 0.01); PC (r = ! .650; P < 0.01) (Fig. 5d–f).

Total work was not correlated with ! activity in any ROI
(P > 0.11) (Fig. 6a–c), but was positively correlated with "
activity in all ROI; FC (r = .451; P = 0.02), MC (r = .481;
P = 0.01), and PC (r = .413; P = 0.03) (Fig. 6d–f). In contrast,
the percent reduction in power output was positively associ-
ated with an increase in ! activity in all ROI; FC (r = .415;
P = 0.03),MC (r = .509; P = 0.01), and PC (r = .543; P = 0.03)
(Fig. 7a–c), but increases in" activity were not correlatedwith
reductions in power output (P > 0.06) (Fig. 7d–f).

Discussion

In this study, we aimed to test whether or not IL-6 and sIL-6R
contribute to fatiguing behaviour and reductions in power out-
put during self-paced exercise, and if changes manifest in

Table 1 Total work, change in power output, mean heart rate, percent
change in skin temperature, accumulated soluble IL-6 receptor, soluble
glycoprotein130, and lactate (mean ± SD) during 60 min cycling in heat

stress high intensity (HS16), thermoneutral high intensity (TN16), heat
stress low intensity (HS12), and thermoneutral low intensity (TN12)
conditions

HS16 TN16 HS12 TN12

Total work (KJ) 454.0 ± 63.7 520.0 ± 112.2#* 328.9 ± 112.7 343.1 ± 123.1

Reduction in power output (%) ! 40.0 ± 19.8# ! 26.0 ± 18.6 ! 18.1 ± 28.9 ! 4.3 ± 31.5

Rating of perceived exertion (a.u.) 15.9 ± 0.4 16.0 ± 0.4 12.1 ± 0.4 12.0 ± 0.3

Mean heart rate (beats min!1) 157 ± 4*^# 150 ± 2*# 128 ± 5# 119 ± 4

Change in skin temperature (%) 15.8 ± 2.35#^ 10.3 ± 2.4 13.9 ± 2.4#^ 8.6 ± 3.2

Soluble IL-6 receptor (pg mL!1) 5333 ± 1927 5225 ± 2547 4822 ± 1912 4819 ± 1913

Soluble glycoprotein130 (pg mL!1) 39,477 ± 14,089 39,050 ± 14,174 38,425 ± 13,912 38,478 ± 14,290

Lactate (Mmol L!1) 1.8 ± 1.1 2.9 ± 1.1# 1.0 ± 0.9 0.6 ± 0.2

IL-6 interleukin-6
#Different to TN12 (P < 0.05)

*Different to HS12 (P < 0.05)
^ Different to TN16
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altered cortical activity. A variety of intensities (low-intensity
conditions served as a control for respective higher intensity
condition), and environments were employed to manipulate
the release of IL-6, as it is intensity- and duration-dependent,
therefore highlighting relationships between the release of IL-
6, sIL-6R, and cortical activity. The novel findings in this
study were that IL-6 and sIL-6R were both associated with
total work output but not with the reduction in power output or
! activity. Additionally, there was a positive association be-
tween the reduction in power output and ! activity, while
sgp130was negatively associated with all measures of cortical
activity. Together, these findings suggest that increased affer-
ent activity is associated with reductions in power output, but
that neuroinflammationmay be onlyminimally influential and
in an indirect manner, if at all.

IL-6, sIL-6R, fatigue, and performance

We have long known that the release of IL-6 during exercise is
intensity- and duration-dependent [23, 30], and that during
endurance exercise, sIL-6R is released alongside IL-6 [15].
Pro-inflammatory signalling of the CNS can only occur
through trans-signalling, whereby sIL-6R binds with IL-6
[18]. The resulting sIL-6R/IL-6 molecule can signal tissues

that only possess a gp130 receptor, in the absence of a mem-
brane bound IL-6 receptor, such as neural tissue [1, 18]. The
antagonist sgp130 molecule, however, can bind to the sIL-6R/
IL-6 complex and inhibit trans-signalling [19]. Only one pre-
vious study has considered the combined sIL-6R/IL-6 mole-
cule in exercise and reported its twofold increase, in conjunc-
tion with a fivefold increase in IL-6 and a 1.2-fold increase in
sIL-6R after 60 min of cycling exercise [15]; however, their
findings were not related to performance ormarkers of fatigue.
Nevertheless, increases in plasma IL-6 and sIL-6R concentra-
tion have been associated with decreases in performance [38]
and greater levels of fatigue [36], respectively.

Results of the present study revealed a fair to moderate
correlation between accumulated plasma IL-6 and sIL-6R
with total work, an indication of overall performance and fa-
tiguing behaviour in the clamped RPE protocol. This is a
counterintuitive finding. Based on the premise that increased
IL-6 or sIL-6R in the circulation can signal afferent pathways
and augment fatigue, it would be expected that total work
would decrease. However, this may be an instance where the
combined signalling molecule could override any singular
effect. The increase in individual molecules might suggest that
binding is not occurring, therefore minimising afferent signal-
ling through neuroinflammation, and therefore resulting in
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increased total work associated with the non-bound mole-
cules. Therefore, we cannot conclude that fatiguing behaviour
is directly affected by an increase in these molecules as they
stand alone. However, it appears that both sIL-6R and sgp130
are associated with cortical activity, which in turn may affect
performance.

Fatigue, performance, and changes to cortical activity are
not solely associated with neuroinflammation. Although there
were no relationships between the increase in either IL-6 or
sIL-6R and the reduction in power output, there was a positive
correlation between reductions in power output and ! activity,
which is proposed to be a marker for afferent feedback [17].
According to the complex integrated fatigue theory [22], nu-
merous systems are likely to provide feedback during exercise
and influence fatigue. For instance, metabolic by-products of
exercise, in addition to cutaneous thermoreceptors, are known
to provide afferent feedback that can implicate behaviour and
performance [39, 44, 46]; the combination of factors mitigat-
ing power output and total work accordingly.

In the present study, lactate was measured as an index of
metabolic stress. Previous studies have reported augmented
lactate levels in heat stress [10, 11], which was evident for
our low intensity, but not for the high-intensity conditions.
The discrepancy is likely due to the use of an internally regu-
lated self-paced protocol, whereby power was reduced to a
greater extent in the high-intensity heat stress condition com-
pared to the respective thermoneutral condition. These find-
ings are supported by previous studies that report attenuated
lactate levels in heat stress compared to thermoneutral envi-
ronments when participants were able to self-pace [25, 44].
Furthermore, while not presented in the current data set, the
temporal trace of lactate peaked at 30 min for all conditions,
and hence, it is likely that lactate provided some of the feed-
back that altered exercise intensity during the protocols.
Furthermore, noting the elevated change in skin temperature
in both heat stress conditions, it is likely the cutaneous feed-
back played a large role in self-selecting a given intensity,
especially in the beginning of the protocol [39], while a host
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of other thermal factors such as increases in core temperature
and overall body temperature would have contributed to in-
creased afferent input and changes in power output and per-
formance throughout [41]. It is clear, therefore, that while
signalling by sIL-6R and IL-6 may be associated with fatigue
and overall performance in the present study, there is a com-
bination of internal and external factors that likely had a great-
er influence.

Alpha activity, fatigue, and performance

Changes in the total EEG activity in ! frequencies in each of
the cortices measured were limited, likely due to a small sam-
ple size and large variability in the present study. However,
effect sizes revealed less ! activity in both low-intensity con-
ditions compared to their respective high-intensity conditions.
Increases in! activity during exercise were initially thought to
reflect passive inactivity in specific brain regions [32]. An
early study identified a shift from " to ! activity, while cats

walked on a treadmill until exhaustion, which was suggested
to be an indication of increased levels of fatigue [2]. More
recently, ! activity has been proposed be indicative of sensory
inhibition whereby stimuli that are not related to the task at
hand are largely filtered out [26]. Likewise, it is believed that
sensory inhibition enables our brains to favour stimuli that
provide important information relevant only to the context of
the task at hand [47]. These developments suggest that rather
than passive inactivity, ! activity is caused by active inhibi-
tion of some pathways within the brain, in an effort to control
information flow during tasks, such as exercise [35, 47].

Active inhibition, therefore, minimises the amount of afferent
activity being relayed into central regions of the brain at any
given time [16, 17, 35]. Robertson and Marino [35] reported
greater levels of ! activity in the motor cortex compared to the
ventro-lateral prefrontal cortex during a graded exercise test to
exhaustion when participants reached their respiratory thresh-
old. It is commonly known that the respiratory threshold during
a graded exercise test coincides with increased metabolic
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demand and build-up of peripheral metabolic by-products [4].
The authors suggested the high levels of afferent feedback after
participants reached their respiratory compensation ratio, lead to
the inhibition of the motor cortex, and increased ! activity.
These findings support our results in which! activity was great-
er in both high-intensity protocols, which would be accompa-
nied by greater peripheral metabolic, inflammatory and thermal
disturbances, and associated afferent feedback.

Considering the evidence in support of afferent signalling
and ! wave inhibition [16, 35, 47], it may be the case that
power output is reduced due to increased afferent feedback
and subsequent inhibition at the frontal and motor cortices,
specifically in the higher intensity trials. Indeed, in the present
study increased ! activity in the frontal and motor cortices
was associated with a reduction in power output and reduc-
tions in sgp130. Using a fixed intensity cycling protocol at
70% VO2max, Hilty et al. [17] observed maintenance of !
activity in the motor cortex. The authors suggest that afferent
feedback from the insular cortex caused active inhibition and

the maintenance in ! activity in the motor cortex. As for the
present study, sgp130 has a high affinity to bind with the
signalling complex, IL-6/sIL-6R, and render the molecule in-
active [20, 37]. Lesser levels of sgp130 were associated with
greater alpha activity which, may suggest that sgp130 was not
abundant enough to inhibit signalling of the sIL-6R/IL-6 bind-
ing complex. This, however, is only speculation considering
limitations of the current data, and hence, these findings
should be further investigated.

Beta activity, fatigue, and performance

In the present study, " activity increased and remained stable
throughout the duration of the protocol, despite reductions in
power output. Differences in the total " activity primarily
occurred between both high intensity and the heat stress
low-intensity condition. During exercise, " activity is thought
to represent efferent drive, evident by the relationship between
" activity present in EEG and electromyography coherence
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between the sensorimotor area and the abductor pollicis brevis
muscle [27]. During exercise, " activity has been shown to
decrease after 25 min in a time to exhaustion protocol in the
heat [28], immediately prior to exhaustion [13], and after
reaching the ventilatory threshold in a graded exercise test in
thermoneutral conditions [35]. Each of these has been sug-
gested to be a result of reduced efferent drive to the muscles
as exhaustion ensues. We observed a positive correlation be-
tween total work output and " activity, thus confirming pre-
vious findings that " activity is related to exercise intensity
[3], and hence, with greater physical work, a higher level of
motor drive or efferent output is required.

In the present data set, sIL-6R was positively associated
with total " activity in each of the measured cortices, while
the opposite was true for sgp130. A possible explanation for
this is that if sIL-6R is present in the plasma in higher concen-
trations, and therefore not binding to IL-6, afferent signalling
would be reduced, and motor drive uninhibited, resulting in
the greater levels of " activity. The opposite may also be true
whereby when sgp130 is present in greater concentrations,
afferent signalling by the sIL-6R/IL-6 molecule is not
inhibited, thereby resulting in reductions in " activity and
increased fatigue. These relationships may be evidence of
neuroinflammation indirectly affecting fatigue and
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performance. Others have found that modest sleep loss in-
creases the secretion of IL-6 and is associated with reductions
in psychomotor performance [49]. Although that study did not
measure cortical activity, the findings suggest that the reduc-
tion in psychomotor performance was indirectly related to
increases in pro-inflammatory cytokines through other mech-
anisms [49]. Hence, it is plausible that IL-6 and sIL-6R can
signal from the periphery or within the brain itself and have an
effect on performance. The present findings, of course, are
based on only fair to moderate correlations with a small sam-
ple size, and hence need to be confirmed with further
investigation.

The !/" ratio and self-paced exercise

A series of early EEG studies during cycling at submax-
imal, fixed intensities, have identified relationships be-
tween RPE and the increase in ! wave activity, with
maintenance or decrease in " wave activity as participants
neared the point of exhaustion, with the effect being ex-
acerbated in heat stress [13, 29, 34]. Accordingly, the
measure of the !/" ratio was thought to be a reasonable
indicator of fatigue. Due to our interest in fatiguing be-
haviour, it is important to acknowledge the lack of !/"
ratio measures in the analyses that we performed. In the
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present study, the temporal traces of both ! and " activity
throughout the protocol revealed a remarkably stable pat-
tern, with only slight undulations. Accordingly, the !/"
ratio was only altered relative to the exercise intensity, but
with no significant effect of heat stress and no differences
between conditions (data not shown). Hence, it appears
that during self-paced, clamped RPE exercise, the brain
self-selects an intensity and adjusts it according to the
integration of external and internal signalling throughout
the protocol, resulting in overall maintenance of cortical
activity over the duration of the protocol. However, fur-
ther studies of the effect of self-paced exercise on cortical
activity are necessary to confirm this hypothesis.

Limitations

There are several limitations to the present study that must be
acknowledged. First, the use of EEG during exercise comes
with inherent issues when cycling, including muscle, eye
blink, movement and noise artefact, and sweat that can cause
cross-contamination of signals. We made every attempt to
eliminate these issues where possible by encouraging leg-
only movement, relaxed neck, shoulders, and jaw, especially
when collecting EEG data. Additionally, participants cycled
facing a blank white wall to eliminate visual artefact, while all
computers were located on the outside of the chamber to elim-
inate noise. Raw data were visually inspected for cross-signals
due to sweat. Therefore, we are confident that the EEG signals
reported here reflect actual changes to cortical activity
throughout the trials.

Furthermore, the interpretation of relationships found in the
present study is theoretical with the aim to shed light on the
neuroinflammatory model of acute exercise fatigue. It would
be helpful to further understand the effects of exercise on the
circulating sIL-6R/IL-6 molecule, as opposed to the individual
molecules, and whether or not the signalling complex is similar-
ly associated with total work and changes in cortical activity as
the present data shows.While many of the relationships are only
fair tomoderate, they do assist in furthering our understanding of
the potential relationships between neuroinflammation and cor-
tical activity during internally regulated exercise. However, they
also provide alternative explanations to and insight into other
systems which also contribute to fatigue. Unfortunately, the
present data do not include measures of other thermal or meta-
bolic factors, as this was not a focus. Thus, future research in this
area would benefit from the inclusion of these factors on afferent
signalling during exercise.

Conclusions

In conclusion, relationships between sIL-6R, IL-6 and total
work, sIL-6R, and " waves increases in sgp130 and

reductions in ! and " waves, together, suggest that neuroin-
flammation during exercise may contribute to perturbations in
cortical activity. However, reductions in power output were
only associated with ! activity, and therefore, those changes
in cortical activity are likely to affect fatigue during self-
paced, clamped RPE exercise, but not independent of other
internal and external stimuli.
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Abstract

Although evidence exists that a critical limiting temperature during exercise leads to premature fatigue secondary to a reduced central

nervous system (CNS) drive to skeletal muscle, other thermoregulatory models may provide alternative explanations for limitations to
exercise and heat stress in humans. This paper considers a number of mammalian species and their thermoregulatory strategies which deal
with physical work and survival in hot environments. The critical limiting temperature hypothesis as the cause of premature fatigue is

discussed in relation to the evidence for a CNS down-regulation of skeletal muscle drive. However, recent studies suggest that exercise
duration or the point of fatigue is determined by a mechanism of anticipatory regulation for the avoidance of catastrophe. Evidence is offered
that premature fatigue in the heat is not limited by a critical limiting temperature per se, but rather the rate at which core temperature rises so

that the organism can anticipate the point of termination and avoid a catastrophic outcome.
D 2004 Elsevier Inc. All rights reserved.
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1. Introduction

In 1938, Marius Nielsen (1938) published what is
regarded as a cornerstone work of exercise and thermo-
regulation. Nielsen described the thermoregulatory effector
responses of humans and concluded that temperature

regulation during exercise is dissimilar to temperature
regulation during fever. Essentially, Nielsen described the
human thermoregulatory system during exercise as anal-
ogous to a thermostat, whereby the increase in core
temperature is proportional to the metabolic rate and
almost independent of the environmental conditions over
a wide range. Since this early understanding of human
thermoregulation during exercise, there have been a
plethora of studies dealing with the human thermoreg-
ulatory system and its limitations during exercise. Not
surprisingly, this line of enquiry has lead to the study of
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thermoregulation during exercise in varying environmental
conditions. It is well accepted that the human is able to
thermoregulate efficiently during exercise in a range of
cool to moderate ambient conditions, but this has been
shown to be more difficult during exercise in warm
conditions. In fact, an analysis of the average ambient
temperatures of the cities in which the fastest times for
distance events ranging from 5000 m to 100 km road race
are set (http://www.iaaf.org/statistics/records/index.html)
are rarely above an average of ~14 8C.

A historical account of the results of the Olympic
Marathon suggests that performances of athletes are
severely affected in warmer rather than cooler ambient
conditions. For example, at the 1904 Olympic Marathon
in St. Louis, the ambient conditions were reportedly warm
(27.8 8C), with the eventual winner, Tom Hicks, strug-
gling to finish the race and needing physical assistance in
addition to doses of strychnine in order to cross the finish
line (Martin and Gynn, 2000; see Fig. 1A). Four years
later at the 1908 London Olympic Marathon, Dorando
Pietri entered the stadium disoriented, collapsing several
times on the way to the finish line and was only able to
bfinishQ the race after receiving assistance (Fig. 1B).
According to Wood and Maughan (1999), news reports
described the day as a bglorious hot July afternoon with
hardly a breath of wind, ideal for a bathe or a game of
cricketQ. In 1984, at the Los Angeles Olympics, a similar
incident occurred when Gabrielle Andersen-Schiess stag-
gered across the finish line. The sight of this athlete who
seemingly found it almost impossible to coordinate a
normal gait pattern was perhaps a clear indication that the
central nervous system (CNS) was involved in the fatigue
processes during exercise (see Fig. 1C). Although these
individual circumstances do not constitute definitive
evidence for the deleterious effects of thermal strain on
runners, an analysis of the number of starters in the
Olympic Marathon from 1896–2000, relative to the
ambient temperatures, reveals that the percent number of
finishers is highly correlated with the prevailing ambient
conditions (Fig. 2). In fact, it is apparent that when
ambient temperatures are below 25 8C, the number of

finishers in the Olympic Marathon is ~79%, whereas this
number is reduced to ~54% when ambient temperatures
are above 25 8C.

For more than a decade, it has been thought that the CNS
is greatly affected by rising body temperature. Initially, it
was thought that exercise in the heat induces physiological
responses such that the cardiovascular and thermoregulatory
systems are at their limit, giving rise to the popular belief
that this situation reduces the drive or motivation for further
exercise (Brück and Olschewski, 1987). It has also been
thought that substrate availability might also contribute to
fatigue in the heat, but this now seems questionable
(Febbraio, 2000). Notwithstanding these possibilities, the
observation that subjects always stopped exercising at
similar core temperatures of 39.5–40 8C regardless of the
level of acclimation, promulgated the hypothesis that a
critical limiting temperature exists at which subjects are
unable to continue exercise (Nielsen et al., 1993). These
authors (Nielsen et al., 1993) concluded that the drive for
exercise was reduced, but the mechanisms responsible for
the reduced drive for further exercise were at this stage
essentially undetermined. Following this seminal study by
Nielsen et al. (1993), many investigations have concluded
that exercise in the heat and the associated performance is

Fig. 1. Thomas Hicks assisted in finishing the 1904 Olympic Marathon (A) and Dorando Pietri in the 1908 Olympic Marathon (B); the uncoordinated gait

pattern of Gabrielle Andersen-Schiess at the end of the 1984 Olympic Marathon (C).

Fig. 2. Relationship between ambient temperature and the percent of

finishers of the Olympic Marathon from 1896–2000. Data taken from

Martin and Gynn (2000).
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ultimately determined by a critical limiting temperature
(González-Alonso et al., 1998, 1999; Parkin et al., 1999).
This hypothesis is indirectly supported by studies manipu-
lating the pre-exercise body temperature, so that subjects
begin exercise with a slightly lowered core temperature
(precooling), allowing for a longer period or a higher
intensity before reaching the so-called critical limiting
temperature (Booth et al., 1997; Kay et al., 1999; Lee and
Haymes, 1995; Schmidt and Brück, 1981). However, recent
studies also suggest that athletes might utilise an antici-
patory control mechanism during exercise to ensure the
maintenance of homeostasis and the avoidance of catas-
trophe (Marino et al., 2004a,b; Morrison et al., 2004; Tucker
et al., 2004). These studies provide evidence that indicates a
continual adjustment of muscle recruitment during exercise
with gradual heating (Kay et al., 2001; Morrison et al.,
2004), or that running speed and power output are reduced
long before athletes become hot (Marino et al., 2004a;
Tucker et al., 2004).

Therefore, the purpose of this paper is to highlight,
briefly review, and propose an alternative and revised model
that might explain the relationship between the so-called
critical limiting temperature during exercise and heat stress
and fatigue.

2. Exercise and hyperthermia in mammals

There has been extensive research outlining the capacity
for physical work in the heat in a variety of mammals. A
common misconception is that all eudotherms regulate
body temperature in similar ways in order to avoid a lethal
hyperpyrexia. However, on careful inspection of the
literature, it is clear that this is not the case, as a number
of mammals adopt very different thermoregulatory strat-
egies for dealing with physical work and survival in the
heat. In humans, sweat rate is related to metabolic rate
during the majority of a marathon (Noakes et al., 1991),
which indicates that humans rely mainly on the evapo-
ration of sweat to counter the increasing body temperature.
It has been noted that other mammals also rely on
evaporation as a means of regulating body temperature;
however, there are several mammals that offer alternative
means of thermoregulation.

The African hunting dog (Lycaon pictus) relies on
endurance rather than speed to hunt. Taylor et al. (1971)
showed that compared to a domestic dog, the African
hunting dog increased its rectal temperature linearly with
running speed and was always ~1–2 8C above that of the
domestic dog during running. Heat loss in the African
hunting dog was through nonevaporative means, whereas
the domestic dog lost most of its heat via respiratory-
evaporation. The conclusion that can be drawn here is that
the African hunting dog bchoosesQ to run at a higher body
temperature and to sweat less so as to conserve water. On
the other hand, the kangaroo (Megaleia rufa) is able to

adopt separate cooling strategies during rest and exercise.
The kangaroo spreads saliva primarily as a means of cooling
during rest, whereas, sweating is increased during exercise
(Dawson et al., 1974). However, small gazelles (Gazella
gazella) have adopted a thermoregulatory strategy which
allows body temperature to increase and exceed the ambient
temperature when water is in short supply (Taylor, 1970).
Intuitively, this model of thermoregulation does not seem
compatible with thermoregulatory responses in humans.
That is, humans have not adopted a strategy which allows
sweating to levels that body temperature could be main-
tained at 37 8C but rather have adopted a strategy which
allows body temperature to rise, possibly to allow for the
saving of water. It is thought that when humans reach a
critical limiting temperature, physical exercise is terminated
in order to avoid cellular injury. However, very recently, it
has been shown that exercise performance in the heat is not
determined by a critical limiting temperature per se but
rather by the rate at which body temperature increased
(Marino et al., 2004b). That is, final rectal temperature was
not influenced by either hydration that was enough to negate
a change in body mass during exercise or no hydration.
However, hydration did influence the rate at which body
temperature increased, as subjects started each of the
prewarming phases with identical rectal temperatures, but
the rate of increase in rectal temperature was only different
in the final phase of the experiment in those subjects not
hydrated (0.92 8C/h) compared to completely hydrated (0.29
8C/h) or partially (0.58 8C/h) hydrated subjects. Interest-
ingly, all subjects in all trials terminated exercise with
identical rectal temperatures and sweat rates. These data
suggest that, in humans, a similar strategy of water
conservation might be in operation as higher rates of
increase in body temperature would reduce the amount of
water lost via evaporation by terminating exercise earlier.

Conversely, some mammals such as the cheetah (Acino-
nyx jubatus) have adopted a strategy that allows a high rate
of heat storage rather than rely on heat loss via evaporative
and nonevaporative means during running (Taylor and
Rowntree, 1974). The cheetah is a fast runner able to
produce an enormous amount of heat in a short period, and
therefore, a mechanism of evaporative cooling would be of
very little benefit. This strategy used by sprinters such as the
cheetah is of no use to long distance runners, as a fast rate of
heat storage and retention will ultimately lead to high
internal temperatures within a very short time.

In addition to evaporative cooling, high rates of heat
storage and tolerance to high body temperatures as thermo-
regulatory strategies, some mammals have the capacity for
selective brain cooling. Taylor and Lyman (1972) showed
that brain temperature in running antelopes (Gazella
thomsoni and Taurotragus oryx) was well preserved, so
that the rise in body temperature was always greater than the
rise in brain temperature. This mechanism is best observed
in mammals with a developed carotid rete. This anatomical
structure is cooled by evaporation from the walls of the
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nasal passage during respiration, so that heat exchange can
take place between the cooler venous blood and the warmer
arterial blood, as it travels through the brain in the carotid
artery. A carotid rete has been shown to exist in species such
as the goat (Capra hircus; Caputa et al., 1986), dog (Canis;
Baker and Chapman, 1977), and the squirrel monkey
(Saimiri sciureus; Fuller and Baker, 1983). Interestingly,
in some species lacking a developed carotid rete such as the
horse (Equus caballus) and rat species, selective brain
cooling has also been observed (McConaghy et al., 1995;
Caputa et al., 1991). However, the purpose of selective brain
cooling has recently been discussed at length by Mitchell et
al. (2002). These authors make the point that, in all free-
ranging species studied during exertional hyperthermia,
brain temperatures can exceed 41 8C, and even when
selective brain cooling does occur during exercise, the
threshold for invoking such a mechanism is increased, not
decreased, as would be expected during exercise. Thus, the
hypothesis that selective brain cooling is a strategy for
reducing the risk of thermal injury to the brain during
exercise or that the brain is the protected organ during
hyperthermia should be revised.

Definitive evidence for selective brain cooling in humans
is sparse. Cabanac (1986) has proposed that during hyper-
thermia, when the skin of the head is vasodilated, the cooled
blood flows from the skin inward to the cavernous sinus in
the brain which also possibly allows for heat exchange
between internal jugular veins and carotid arteries. Jessen
and Kuhnen (1992) showed that face fanning in hyper-
thermic subjects does not dissociate brain stem temperature
from the temperature measured in the oesophagus. How-
ever, Mariak et al. (1999) observed a rapid drop in cribiform
plate temperature and intracranial temperature below that of
esophageal temperature in mildly hyperthermic postoper-
ative patients when upper respiratory tract airflow was
reinstituted. Moreover, cooling at the cribiform plate was
increased on demand during 3 min of intensive breathing.
However, even if anatomical structures for selective brain
cooling in humans were available, the mechanism for
selective brain cooling is not compatible with the critical
limiting temperature model. The notion of a critical limiting
temperature is completely dependant on the rise in brain
temperature in order to abate a further rise or if down-
regulation of muscular work is to be initiated by the CNS.
Thus, according to the basis for the critical limiting
temperature model, selective brain cooling would be of no
use. Indeed, it has also been shown that during exercise-
induced hyperthermia, mean blood velocity in the middle
cerebral artery was significantly reduced (Nybo and Nielsen,
2001b). Thus, if a critical limiting temperature was the
likely cause of absolute fatigue during exercise in the heat,
then a declining cerebral circulation would be of no benefit
to a mechanism that relies on the availability of blood
supply to an organ which is thought to determine the point
of fatigue. In support of this assertion Nybo et al. (2002)
demonstrated that during exercise-induced hyperthermia,

arterial and venous jugular blood temperatures increased
progressively, but the jugular temperature remained con-
sistently higher than all other temperatures (including
oesophageal and tympanic temperatures) even during
recovery from exercise. Nybo et al. (2002) also noted that
heat storage in the brain was higher during the last 15 min of
exercise heat stress, while no heat storage was observed
during the same period in the control trial. These authors
also reported a reduced head skin temperature by ~4.5 8C
during facial fanning which made no difference to neither
arterial nor jugular venous blood temperatures.

3. Anticipatory control in exercise and thermoregulation

The findings of Nybo et al. (2002) are indeed compatible
with the critical limiting temperature model, as a rising brain
temperature could be the only means by which the brain can
initiate a down-regulation of physical work. Fig. 3 depicts
data redrawn from Fuller et al. (1998). In this study, rats
exercised in two different environments (33 and 38 8C) and
terminated running at identical brain temperatures regardless
of the preexercise ambient temperatures (either 23 or 38 8C).
These data also demonstrate that the rate of increase in brain
temperature was different among conditions. That is, rats
that had rested in the 23 8C environment and subsequently
exercised in 33 or 38 8C, the rate of brain temperature
increase was ~4.9 and 6.4 8C/h, respectively, whereas, rats
which rested in ambient temperatures of 38 8C and
subsequently exercised at 38 8C had brain temperature rises
of 7.3 8C/h. Similarly, the data of Walters et al. (2000) also
suggest that the rate of increase in body temperature is a
crucial factor in determining fatigue in the heat. Walters et
al. (2000) postulated that if rats were preheated above the
critical temperature, they would be unable to run. However,
this was not the case as 7 of the 11 preheated rats were able
to run for a short period. These authors observed that the

Fig. 3. Difference in brain temperature from preexercise to the end of

exercise (left ordinate and line graph) and the exercise time to fatigue (right

ordinate and bar graph). Conditions are: preexercise and resting in 23 8C
and subsequent run in 33 and 38 8C ambient conditions (filled square,

triangle, respectively, and corresponding clear and grey bar graph);

preexercise and resting in 38 8C and subsequent run in 38 8C ambient

conditions (clear square and black bar graph). Data redrawn from Fuller et

al. (1998).
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rats able to run had a rectal temperature below the
temperature observed at exhaustion in the other treatments
(low and medium heat). Then, during the initial period of
running, the hypothalamic temperature fell until such time
as both the rectal and hypothalamic temperatures rose until
exhaustion. These data suggest that (1) exercise duration is
not always determined by a critical temperature, as the rats
were already at that temperature when they began running,
and (2) if the brain was the protected organ, then the rats
should not have begun running when hypothalamic temper-
ature was above the bcritical thresholdQ. Inspection of the
data in Fig. 4 indicates that all rats reduced their
hypothalamic temperature between the preheating phase
and the start of exercise, with the hypothalamic temperature
regulating to an identical value by the end of exercise (see
Fig. 5). Although these data could be interpreted as
indicating a regulatory mechanism toward a critical temper-
ature, this would negate the fact that exercise time to fatigue
is significantly shortened relative to the preexercise temper-
ature, so that the rate of increase in temperature is the
controlled factor rather than the terminal temperature.

Studies by González-Alonso et al. (1999) concluded that
cyclists exercising at 60% of maximal oxygen uptake
fatigued at almost identical core temperatures regardless of
the initial difference and rate of increase in body temper-
ature. In one study, preexercise core temperature was
manipulated to be either 35.9 (precooled), 37.4 (control)
or 38.3 8C (preheating). In all conditions, subjects termi-
nated exercise at identical core temperatures (40.1–40.2 8C).
A reinterpretation of these data is shown in Fig. 5. If one
considers the exercise time to fatigue, it is clear that the rate
of increase in core temperature was identical for all
conditions. In a parallel study, these authors also manipu-
lated the rate of increase in core temperature to be either
0.05 (3.0 8C/h) or 0.10 8C/min (6.0 8C/h) by using a water-
perfused jacket. One could argue that these findings indicate
that the cessation of exercise is determined by a limiting
temperature, but this would negate the fact that the rate of

increase in core temperature was adjusted to meet the
artificially imposed thermal demands as was shown by
Walters et al. (2000) in rats. Although a rate of heat storage
was imposed, subjects chose to alter the rate of increase in
core temperature rather than retain an identical rate of
increase as was the case when external thermal load was not
artificially imposed.

An alternative explanation that argues against a critical
limiting temperature as the determining factor for cessation
of exercise in the heat is that of anticipatory regulation and
the avoidance of catastrophe. The concept of anticipatory
regulation has been suggested by Ulmer (1996) and is
thought to be linked to past experience. However, the
overriding purpose of anticipatory regulation is most likely
related to cellular preservation and the avoidance of
catastrophe (Noakes et al., 2004). Most important to the
concept of anticipatory control is the fact that this
phenomenon cannot be observed in studies where the
intensity of exercise is externally imposed, as the physio-
logical responses under such conditions are proportional to
the fixed intensity and hence, metabolic rate. However,
when subjects exercise under self-paced conditions, the
results differ quite dramatically from studies which use a
fixed intensity protocol. For example, it is well accepted that
fluid ingestion during fixed intensity exercise in the heat
delays the onset of fatigue and aids thermoregulation
(Buono and Wall, 2000; Montain and Coyle, 1992). In
contrast, when glycerol hyperhydration was compared to
water hyperhydration in warm humid conditions, there were
no differences in either thermoregulation or distance
covered in 1 h when exercise was self-paced (Marino et
al., 2003). In fact, fluid ingestion that prevents any change
in body mass compared to no hydration does not improve
performance either in warm or moderate ambient conditions
in self-paced exercise (Kay and Marino, 2003). These
studies highlight the fact that when subjects are able to
regulate their intensity and apply appropriate pacing
strategies, exercise performance is not determined by the
attainment of a critical hyperthermia per se. Similarly, others
have also found that the terminal core temperature response

Fig. 4. Difference in hypothalamic temperature from preexercise to the start

of exercise, and then to the end of exercise (left ordinate) and exercise time

fatigue (right ordinate) for three conditions: low preheating (clear square,

clear bar), medium preheating (filled circle, grey bar), and high preheating

(filled square, filled bar). Data redrawn from Walters et al. (2000).

Fig. 5. Oesophageal temperature from beginning to end of exercise in three

different conditions. Data redrawn from González-Alonso et al. (1999).
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of elite cyclists was similar (39.0 versus 39.2 8C) following
a 30 min time trial in either warm or moderate conditions
(Tatterson et al., 2000). These authors concluded that
subjects adjust power output so as to maintain a body
temperature below a critical level. This line of reasoning
argues for an anticipatory response that allows subjects to
arrange the metabolic rate in such a manner so as to finish
the exercise bout and avoid a lethal hyperpyrexia.

More direct evidence for an anticipatory response for the
avoidance of catastrophe during exercise in the heat has
been shown in a study comparing Caucasian and African
runners (Marino et al., 2004a). In this study, athletes ran for
30 min at 70% of peak treadmill speed in hot (35 8C) humid
(60% relative humidity) conditions. At the completion of
this fixed intensity exercise, the rectal temperatures for both
groups were identical (~38.4 8C); however, when subjects
commenced a subsequent self-paced performance run, the
Caucasian runners immediately started the performance run
with a significantly lower speed compared to the African
runners. The African runners were able to maintain a higher
mean running speed throughout the performance run
compared to the Caucasian runners. It was concluded that
the larger Caucasian runners reduced their running speed in
anticipation of a limited heat storage capacity, as both
groups finished the run with similar rectal temperatures.
These findings indicate the presence of an anticipatory
process that reduced the running speed of the Caucasian
runners long before the development of lethal hyperthermia.
Therefore, the reduced running speed of the Caucasian
runners could not have been due to the attainment of a
critical limiting temperature. However, most notable was the
rate of rise in rectal temperature which was similar for both
groups of runners at ~1.7 8C/h. These data do not support
the critical limiting temperature as the determining factor for
fatigue in the heat but rather support the existence of an
anticipatory response for the avoidance of catastrophe
mediated most likely by rising temperature. Although a
definitive mechanism by which an anticipatory response
might be mediated is poorly understood, a recent precooling
study where subjects wore a cooling vest during the
preceding bwarm-upQ to a 5-km performance run also found
that performance is not determined by the attainment of a
critical limiting temperature (Arngrı́msson et al., 2003). It
was concluded that both precooled and control subjects
bregulated their pace so that they were near the point of
exhaustion, and may have been at or near a critical level of
hyperthermia, at the end of the runQ. Thus, the authors
speculated that the pace during the 5-km performance run
might have been mediated by cues related to the level of
hyperthermia and cardiovascular strain.

4. The central nervous system and exercise hyperthermia

A review of the literature suggests that a critical limiting
temperature ultimately reduces a drive for further exercise in

order to prevent catastrophe. The precise mechanism for this
has not been described; however, it is thought that the CNS
reduces efferent command to skeletal muscle (Nybo and
Nielsen, 2001a). First, the critical limiting temperature
model relies on the presumption that humans must reach
the critical temperature to invoke the physiological
responses needed to abate a further rise in body temperature
(Fig. 6). The premise here is that the critical limiting
temperature initiates or triggers a down-regulation of
skeletal muscle recruitment, leading to cessation of exercise.
However, this model does not further our understanding
regarding the point at which cessation of exercise is
initiated. Presumably, it occurs at the same instant as the
critical limiting temperature. If this were the case, it would
be catastrophic if the human organism needed to reach
thermal limits before any reduction in motor drive was
initiated. Rather, it would make more sense if the
physiological responses or changes, which would lead the
CNS to reduce efferent command, occurred ahead of a
critical temperature.

The studies of DuBois et al. (1980, 1981) were some of
the first to show that hyperthermia can have marked
alterations in brain activity as measured from electro-
encephalography (EEG). More recent studies in this area
have also concluded that exercise-induced hyperthermia
results in altered arousal levels. For example, Nielsen et al.
(2001) have shown that, during exercise in the heat (40 8C),
a shift in EEG pattern occurred from higher h frequencies of
13–30 Hz to lower a frequencies of 8–13 Hz in the
prefrontal area which is thought to reflect a reduced state of
arousal. In another study by Nybo and Nielsen (2001c)
where subjects exercised in either 18 or 40 8C, EEG patterns
obtained over the prefrontal cortex were highly correlated
with increases in core temperature and ratings of perceived
exertion (RPE), rather than RPE being associated with
changes in muscle electrical activity. These authors con-

 

 

Fig. 6. Possible pathways for down-regulation of skeletal muscle during

exercise-induced hyperthermia as postulated by the critical limiting

temperature hypothesis model.
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cluded that altered CNS activity, not the changes to the
muscle electrical activity, is involved in the development of
fatigue during exercise-induced hyperthermia. This conclu-
sion promulgates the notion that fatigue in the heat is
initiated by a feed-forward process, whereby the brain
initiates down-regulation of skeletal muscle. This hypoth-
esis is supported by the data of Kay et al. (2001), showing
that subjects exercising in the heat subconsciously down-
regulate efferent command even when their conscious effort
was maximal as evidenced by RPE and heart rate response.
In addition, it has also been shown that subjects running in
the heat are able to anticipate thermal limits and alter their
pacing, so that they are able to finish a given exercise bout
successfully, albeit slower compared to the cooler condition
(Marino et al., 2004a).

Another possibility is that the CNS receives input from
peripheral structures for determining the level of down-
regulation required. Previous studies have found that group
III and IV afferents increase firing in response to heating,
so that muscle sympathetic nerve activity (MSNA) is
augmented (Hertel et al., 1976; Mense and Stahnke, 1983;
Ray and Gracey, 1997). Adreani et al. (1997) have
suggested that these afferents are responsible for conveying
nociceptive information to the CNS, with the possibility
that they are also related to inducing force inhibition as
shown in isolated cat preparations (Hayward et al., 1988).
If this was possible, then an earlier onset of fatigue in the
heat could be due to greater reliance of Type II muscle
fibre recruitment in an attempt to compensate for the
inducement of force inhibition as MSNA is increased. In
the model depicted in Fig. 7, there is input from rising
body temperature and MSNA which would assist the CNS
in anticipating the critical limiting temperature. This model
argues against the critical limiting temperature hypothesis
as the determining factor of fatigue in the heat, as
physiological responses such as MSNA would need to

occur in anticipation of a critical temperature rather than at
the point of critical temperature.

The evidence for a CNS down-regulation of skeletal
muscle during exercise-induced hyperthermia comes from
the studies using electrical stimulation which can be used to
evaluate the level of central activation. This technique
allows for the derivation of the ratio of force measured
during a maximal voluntary contraction (MVC) and an
MVC with a superimposed electrical stimulus (SIMVC). If
the MVC/SIMVC ratio is reduced, then it is thought to
reflect a reduction in central drive to the skeletal muscle, as
the extra force generated with electrical stimulation indi-
cates an intact peripheral neuromuscular pathway. Using
this paradigm, Nybo and Nielsen (2001a) showed that
central drive was reduced from 99% to 92% in skeletal
muscle used during exercise following exercise-induced
hyperthermia. These authors also noted a reduction in force
output during a sustained MVC of the wrist flexors
(nonexercised muscle) with hyperthermia. Thus, it was
concluded that hyperthermia leads to a general CNS down-
regulation of motor command, although central activation
was not evaluated in the wrist flexors. More recently,
Saboisky et al. (2003) studied the central activation of both
exercised (leg extensors) and nonexercised (forearm flexors)
muscles following exercise-induced hyperthermia. The
force output and central activation of the exercised muscle
were reduced following hyperthermia, whereas both force
and central activation of the nonexercised muscle group
remained essentially unchanged with hyperthermia. These
findings suggest that CNS down-regulation of skeletal
muscle in hyperthermia is selective and not a general
outcome, as only the central drive to the leg extensors was
reduced. Interestingly these authors reported terminal rectal
temperatures of ~38.8 8C, which are substantially lower than
those thought to induce fatigue (i.e., 39.5–40.0 8C). This
further suggests that it is not the terminal body temperature
that causes fatigue, but hyperthermia alone may reduce
central drive to skeletal muscle.

However, the question as to how subjects might
anticipate and avoid catastrophe during physical work in
the heat might be related to mechanisms of cross-education
(for review see Zhou, 2000). We have observed in intact
nonhyperthermic humans a central crossover effect in down-
regulation of skeletal muscle (unpublished observations).
When subjects exercised the knee extensors isokinetically to
exhaustion, we observed a reduction in central activation in
both the exercised and contralateral limb with no significant
reduction in force output in the contralateral limb. These
findings suggest that the CNS down-regulates efferent
command in anticipation of peripheral fatigue. Clearly, if
the CNS was not able to anticipate or that peripheral fatigue
occurred before CNS down-regulation, catastrophe would
ensue, as the efferent drive for muscular work would still be
available.

Interestingly, Morrison et al. (2004) have shown that
passive heating from rectal temperatures of ~37.4–39.4 8C

Fig. 7. Contribution of the rate of increase in temperature and muscle

sympathetic nerve activity (MSNA) initiating down-regulation of skeletal

muscle recruitment leading to eventual termination of exercise at the critical

limiting temperature.
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is associated with a gradual reduction in voluntary
activation percentage, which is then only restored when
rectal temperatures return to initial values. These findings
clearly indicate a gradual reduction in CNS drive, as
temperature rises and argues for an anticipatory model
rather than an absolute critical limiting temperature as the
determinant of fatigue in exercise hyperthermia. Other
evidence for an anticipatory mechanism has been advanced
by Tucker et al. (2004). These authors clearly show that,
during a self-paced 20 km cycling trial in hot compared
with cool conditions, rectal temperatures were not different
for the first 15 km and were only different at the end of
the trial. However, power output was always lower during
the hot condition, and therefore, rectal temperatures could
not be responsible for the reduced performance in the heat.
Moreover, the recruitment of motor units was reduced well
before the attainment of a critical temperature of 40 8C,
thus, motor command cannot be fully explained by the
critical limiting temperature which is thought to produce
central fatigue.

Although these studies demonstrate a central component
in the fatigue process during hyperthermia, the exact neural
mechanism for this has yet to be fully described. Further
studies examining this relationship are needed before any
solid conclusions can be reached regarding the role of the
CNS in the regulation of motor command in hyperthermic
humans.

5. Summary and conclusions

It is well accepted and established that humans regulate
their body temperature during exercise primarily by
altering metabolic rate. The reason for this seems to be
related to the ultimate goal of protecting the body from
developing a lethal hyperthermia. However, thermoreg-
ulatory strategies adopted by other mammals suggest that
there may be alternative reasons why humans rely on
evaporation of sweat as a primary means of thermoreg-
ulation during exercise. Although many studies have
concluded that fatigue in the heat is associated with a
high critical limiting temperature, this model dictates that
the body’s mechanism for cellular preservation would need
to be activated at the point of critical temperature. An
analysis of the current literature now suggests that humans
regulate the intensity of exercise and hence the metabolic
rate to ensure that the rate of rise in core temperature is the
same in all conditions. Thus, the rate of increase in core
temperature is intimately tied to the processes which
determine fatigue and ensures that the cessation of exercise
is the point at which a critical temperature is reached and
not beyond. This can only be observed during self-paced
exercise, not during constant intensity exercise. A new and
revised model for studying fatigue during exercise and heat
stress would be that of anticipatory regulation for the
avoidance of catastrophe.
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Experimental Physiology – Letter to Editor

Relationship between muscular
effort and generalized central
fatigue following marathon running
in man

The study by Ross et al. (2007) represents
a significant advancement in the
understanding of muscular fatigue
following long duration exercise and
perhaps finally establishes that the brain
‘decides’ how much drive to the muscle is
directed in the postexercise period. Ross
et al. (2007) established that, following
a marathon, the voluntary activation
and force output of the tibialis anterior
immediately postexercise was significantly
reduced. The authors also reported that the
maximal voluntary contraction (MVC) of
the wrist flexors was not reduced following
the marathon. This protocol where the
subsequent force output and voluntary
activation of the ‘used’ muscles (in this
case the tibialis anterior) are compared
with that of the ‘unused’ muscles (wrist
flexors) in the preceding exercise has been
used previously to extrapolate whether or
not the fatigue induced by the exercise is
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Figure 1. The data redrawn from Ross et al. (2007) for the
MVC of the wrist flexors, representing the ‘unused’
muscles, and the tibilais anterior, representing the ‘used’
muscles, following a marathon
The measurement intervals represent premarathon or baseline,
immediately following the marathon (Post), 4 and 24 h post
marathon. Note the change in MVC and voluntary activation (VA)
from baseline to post marathon for the tibialis anterior.

indeed generalized. By using this protocol,
Ross et al. (2007) confirm that the decrease
in MVC in the tibialis anterior was not the
result of reduced motivation or general
whole-body fatigue. Figure 1 shows data
redrawn from Ross et al. (2007). The change
in the MVC for the tibialis anterior from
baseline to postexercise is equivalent to
16.7% reduction and, in terms of voluntary
activation, is 13.6% reduction. Interestingly,
the MVC remains depressed up to 4 h post
marathon but the voluntary activation is
restored by this time. Contrast this to the
wrist flexors, which do not reach statistical
significance at any point following the
marathon. The finding that the wrist flexor
MVC was maintained is a crucial result,
which supports the proposition that the
CNS is able to discriminate and attenuate
motor unit recruitment according to which
muscles are most likely to experience
high metabolic demands and increase the
likelihood of catastrophe.

Although Ross et al. (2007) did not
measure the voluntary activation of the
wrist flexors through either cortical or
electrical stimulation and therefore could
not definitively conclude that prolonged
exercise does not induce generalized fatigue,

the authors did provide an enticing
hypothesis. That is, in contrast to other
studies, including our own (Saboisky et al.
2003; Martin et al. 2005), which show
that the CNS can recover quickly following
endurance exercise, cortical drive to the
tibialis anterior, or rather the skeletal
muscles ‘used’ during the previous exercise
bout, continues to be depressed for at
least 20 min following the marathon. These
findings lend support to the theory that
generalized CNS fatigue is not a common
phenomenon as hypothesized by others
(Nybo & Nielsen, 2001) but rather there is a
selective attenuation in the CNS motor drive
even during exercise-induced hyperthermia
and regardless of contraction type (Martin
et al. 2005). It is also worth noting that the
CNS does not only discriminate between
‘used’ and ‘unused’ muscle groups, but it
also most probably provides a priming of
contralateral fatigue for the upper limbs
(Todd et al. 2003) and for the lower limbs
(Rattey et al. 2006), with possible differences
between sexes (Rattey & Martin, 2007).
Although the editorial by Rasmussen et al.
(2007) in this same issue of the journal
contends that the paper by Ross et al.
(2007) does not advance our understanding
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of the mechanisms responsible for the
development of central fatigue, even
though these authors speculate that brain
metabolism is a major determinant, from
a neurological point of view, consideration
should be given to a reduced motor drive
to the skeletal muscles as a means of
protecting the organism from physiological
catastrophe.

Therefore, the conclusion that is most
important in relation to the findings of
Ross et al. (2007) and those studies which
show a selective attenuation in motor drive
is that generalized muscular fatigue as a
consequence of endurance exercise is not
easily identified, at least with the studies
and methodologies currently employed,
and that the avoidance of physiological
catastrophe is possibly the main purpose for
attenuated central drive to skeletal muscle.
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LETTERS

Arterial oxygenation, central
motor output and exercise
performance in humans

The studies of Amann et al. (2006, 2007)
conclude that feedback from fatiguing
skeletal muscle during exercise at different
FIO2 reduces central motor output to the
working muscles “in order to reinvent
excessive development of peripheral muscle
fatigue beyond a critical threshold or
sensory tolerance limit” (Amann et al. 2006,
p. 950). We suggest that their findings
can be better explained by hypoxia-induced
changes in central motor output acting in an
anticipatory manner.

First subjects began exercise in hyperoxia
(FIO2 of 1.0) whilst activating less than
40% of available rectus femoris muscle
fibres (Amann et al. 2006, Fig. 3; p. 943). If
feedback from fatiguing peripheral muscles
determines central motor output in order
to prevent ‘excessive’ peripheral fatigue,
then subjects should begin exercise whilst
activating 100% of the available motor units
in their exercising limbs. Sensory feedback
from fatiguing muscles would then cause
a progressive reduction in central motor
output with a progressive fall in exercise
performance.

Rather, the finding that athletes began
exercise whilst activating less than 100% of
the muscle fibres in their exercising limbs
indicates the presence of a teleoanticipatory
response (Ulmer, 1996) producing the usual
pacing strategies that typify all forms of
freely chosen exercise (Tucker et al. 2006a,b).

Second, power outputs during exercise at
the different FIO2 values were different after
only 200 m (Amann et al. 2006, Fig. 3B)
and rectus femoris EMG activities after only
500 m of the 5 km time trials (Fig. 3A).
It is unlikely that these changes are due
to different levels of peripheral fatigue so
early in exercise. Rather it seems probable
that different arterial PaO2 and SaO2 at
different FIO2 values may have influenced
central motor output (Kayser et al. 1994)
as part of an anticipatory feedforward
mechanism. Indeed the authors’ second
study (Amann et al. 2007) shows that in
severe hypoxia there is a ‘relatively minor
involvement of peripheral fatigue in the
decision to terminate exercise’ (p. 400); thus

this decision results from the direct effects
of hypoxia on the brain.

Third, neither power output nor EMG
activity fell progressively during exercise
as must occur if central motor output
falls in response to a progressive skeletal
muscle fatigue. Instead EMG activity
reached its nadir at 2.5 km (FIO2 = 1.0 and
0.28), 4.0 km (FIO2 = 0.21) and at 3.5 km
(FIO2 = 0.15) before rising.

Fourth, subjects showed an ‘endspurt’ in
which power output especially (Amann et al.
2006, Fig. 3B) and EMG activity (Fig. 3A)
increased at the end of exercise. As a result
higher power outputs were achieved at the
end of exercise at FIO2 values of 1.0 and
0.28 than at the beginning. This ‘endspurt’
disproves the authors’ main conclusion that
central motor output is regulated principally
by feedback from the fatiguing skeletal
muscles. For a system acting purely in
response to sensory feedback could not
allow an ‘endspurt’ as it could not forecast
the extent of the fatigue at the finish
of the ‘endspurt’. Regulation of this kind
requires anticipatory feedforward control by
a complex, intelligent system (Tucker et al.
2006c).

Furthermore, if peripheral fatigue
determines central motor output then for
an ‘endspurt’ to occur, peripheral skeletal
muscle fatigue must have disappeared at
the end of exercise at least at FIO2 values
of 0.28 and 0.21 (Amann et al. 2006,
Fig. 3) as power output and EMG activity
in those conditions were either higher
than or similar to values measured at the
start of exercise. The finding of apparently
significant peripheral muscle fatigue at
the end of exercise at FIO2 vlaues of 0.28
and 0.21 (Fig. 4) is therefore either a
measurement artifact or it disproves the
authors’ model.

Fifth, the extent of peripheral fatigue
was the same in all conditions (Figs 4
and 6) even though EMG activity was
quite different (Fig. 3A). This disproves the
authors’ hypothesis that the extent of peri-
pheral fatigue determines central motor
output. Indeed our Fig. 1A shows that the
extent of peripheral fatigue was unrelated
to arterial oxygen saturation (SpO2

) (data
from Amann et al. 2006, Fig. 6) whereas the
change in EMG activity (data from Fig. 3B)
was a linear function with a negative slope
of the SpO2

. Similarly our Fig. 1B shows
that the change in EMG activity appeared

to be an exponential function of the FIO2

whereas peripheral fatigue was unrelated
to the FIO2 . These data might suggest that
in hypoxia the extent of EMG activity is
the principal determinant of the exercise
performance which must be centrally
regulated.

Interestingly, the cardiovascular and
respiratory responses appeared to be
‘submaximal’ during exercise at an FIO2

of 0.15 compared to those at higher FIO2

values (Amann et al. 2006, Table 1). Similar
findings were reported in their second study
(Amann et al. 2007, Table 2) since exercise
in severe hypoxia (FIO2 of 0.10) terminated
at low heart rates and low blood lactate
concentrations and ratings of perceived
exertion (RPE).

If peripheral fatigue is the ‘protected’
variable during exercise in hypoxia, then
the cardiorespiratory response must be
maximal in hypoxia in order to limit skeletal
muscle hypoxia (Noakes et al. 2004). This
finding is not predicted by the authors’
model but can be explained if the state
of cerebral oxygenation is the ‘protected’
variable in more severe hypoxia (Noakes &
St Clair Gibson, 2004; Noakes et al. 2005;
St Clair Gibson & Noakes, 2004; Noakes,
2007).

Sixth, the authors assume that electrical
stimulation after exercise can accurately
measure the extent to which ‘peripheral
fatigue’ developed during exercise. Kabitz
et al. (2007) have reported that electrically
stimulated diaphragmatic force output
increased progressively during exercise
but fell immediately exercise terminated.
The authors concluded that diaphragmatic
fatigue develops after, not during, exercise
so that ‘the conventional understanding of
fatigue might be flawed because it does not
distinguish between the sensation itself and
the physical expression of that sensation
(Noakes et al. 2005)’. If the neural regulation
of skeletal muscle during and after exercise
is similar to that of diaphragmatic muscle,
then electrical stimulation after exercise may
produce findings that are the opposite of
what happens during exercise.

In summary, the first paper of Amann et al.
(2006) proves that there is an important
anticipatory feedforward component to
exercise regulation that their model cannot
explain. Especially the presence of the
endspurt indicates that the control
mechanism must be able to predict in
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advance what will be the level of peripheral
fatigue after the endspurt.

In their second paper, Amann et al.
(2007) used a different exercise model
in which the exercising work rate was
imposed by the experimenters. As a result
the only behavioural choice available to
the subjects was the decision when to
terminate exercise. It is not clear what
information subjects received about the
nature of the study since in one experiment
‘arterial hypoxaemia was rapidly removed
by surreptitiously switching to an FIO2

of 0.30 (hyperoxygenation)’ (p 392). The
information provided to subjects before
exercise has an important influence on
the anticipatory, feedforward component of
the central motor output since it influences
the initial calculation of the expected
exercise duration (Ansley et al. 2004).
Furthermore different brain mechanisms
might determine the pacing strategy during
self-paced exercise (as in the authors’ first
study) and the decision when to terminate
exercise when the workload is controlled
by the experimenter (as in their second
study). Thus the two experimental protocols
probably investigate different aspects of
central motor control.

The authors clearly establish that the
decision to terminate exercise in severe
hypoxia (FIO2 of 0.10) occurs before
peripheral fatigue reaches a critical or
‘threshold’ value. Rather exercise in severe
hypoxia terminated when the heart rate,
capillary lactate concentration and the
rating of perceived exertion (RPE) were all
submaximal. Thus the authors concluded
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Figure 1
A, changes in peripheral fatigue and in EMG activity
with changes in SpO2 . Note that whereas there is no
relationship between SpO2 and the extent to which
peripheral fatigue developed, there was a linear
relationship with a negative slope between change in
EMG activity and SpO2 . B, changes in peripheral fatigue
and in EMG activity with changes in F IO2 . Note that
whereas there is no relationship between F IO2 and the
extent to which peripheral fatigue developed, there
appears to be an exponential relationship between
change in EMG activity and F IO2 . These relationships
suggest that the impaired performance measured
during exercise at reduced F IO2 is due to changes in
central motor command and EMG activity rather than
in increased levels of ‘peripheral fatigue’ in line with the
authors’ conclusions. However we argue that changes
in central motor command act through a feedforward
(anticipatory) control rather than in response to
increasing ‘peripheral fatigue’.

that there was a ‘relatively minor
involvement of peripheral fatigue in
the decision to terminate exercise in severe
hypoxia’ (p. 400). Instead the timing of
this decision ‘indicates the existence of a
hypoxia-sensitive source of inhibition of
central motor drive outside the contracting
muscles’ (p. 400). This conclusion is not
new (Kayser et al. 1994; Noakes et al. 2001;
Noakes & St Clair Gibson, 2004) but will
hopefully end the debate of whether it is the
brain (as a result of a reduced central motor
command to the exercising limbs) (Noakes
et al. 2004) or the heart (through a limiting
cardiac output) (Wagner, 2000) that causes
the termination of exercise in more severe
hypoxia (Noakes, 2007).

In contrast, the authors concluded that
the decision to terminate exercise in less
severe hypoxia occurred as the result of ‘a
reduction of central motor output in order
to prevent further development of peri-
pheral fatigue beyond a critical threshold’
(p. 400). But this conclusion is dependant
on their incomplete interpretation of their
first study. We suggest that much more work
is required to prove that the prevention
of a critical threshold level of peripheral
fatigue is the sole protected variable during
exercise since many other possibilities exist
(Lambert et al. 2005; St Clair Gibson
& Noakes, 2004). Importantly whilst the
avoidance of a critical level of peripheral
fatigue may be a protected variable, peri-
pheral fatigue cannot be the direct cause
of the impaired exercise performance. For
the presence of skeletal muscle motor unit
reserve in the exercising limbs at the point

of voluntary fatigue indicates that central
motor command could have been increased
further to allow the exercise to continue
(Noakes & St Clair Gibson, 2004).

Finally, the authors’ second study (Amann
et al. 2007) found that the RPE at the end
of the initial exercise bout prior to the
introduction of hyperoxia was maximal in
exercise at FIO2 values of 0.21 and 0.15 but
not at an FIO2 of 0.10 (Table 2). Furthermore
only exercise at the lowest FIO2 was
substantially increased by the introduction
of hyperoxia at the point of initial fatigue
(Table 2). This suggests that a subsequent
intervention will reverse ‘fatigue’ only when
the RPE is submaximal.

Since the rate at which the RPE rises during
exercise is set in anticipation (Noakes, 2004;
Joseph et al. 2007; Eston et al. 2007) this
suggests the following: (i) that the decision
when to terminate a progressive maximal
exercise test, made early in the exercise bout,
is not influenced to any great extent by
FIO2 values of 0.21 and 0.15 but that (ii)
during exercise at the lowest FIO2 , the brain
calculated that the originally anticipated
exercise duration was no longer achievable
so that the exercise must be terminated
before the maximal RPE is achieved. In
contrast the unexpected imposition of
an altered environment (for example the
addition of heat) during self-paced exercise
causes the work rate at the same RPE to
be reduced almost immediately so that the
total work performed during the exercise
bout is reduced (Tucker et al. 2004, 2006c).
It seems clear that an understanding of
how the RPE is regulated is essential to any
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understanding of how and when the brain
decides to terminate the exercise bout.

In summary, we propose that the
exceptional data of Amann et al. (2006,
2007) are more logically interpreted as
evidence that the central nervous system
regulates exercise performance in an anti-
cipatory manner in order to prevent a
catastrophic disruption of homeostasis not
just in the exercising skeletal muscles (as
their model predicts for conditions of mild
and moderate hypoxia) or the brain (in
severe hypoxia) but in all bodily organs
under all environmental conditions (Tucker
et al. 2006c). It is perhaps premature to
conclude that peripheral fatigue is the
only ‘regulated variable’ especially during
self-paced exercise in which the presence of
an endspurt indicates a far more complex
control mechanism than can be explained
purely on the basis of peripheral sensory
feedback.

Furthermore the model must be able to
explain why the RPE is always maximal when
exercise terminates (Table 1 in Amann et al.
(2006); Table 3 in Amann et al. (2007)).
Since the RPE rises as a linear function of
the exercise duration (Noakes, 2004; Eston
et al. 2007; Joseph et al. 2007) and is therefore
set from the onset of exercise, this outcome
cannot be the result solely of feedback from a
developing peripheral fatigue. Rather there
must be an anticipatory component to this
feedforward control.
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By measuring both neuromuscular and circulatory
responses during combined arm and leg exercise at three
diVerent “maximal” intensities, the recent study of Brink-
Elfegoun et al. (2007) attempts to prove that the maximal
oxygen consumption (VO2 max) is not regulated by a “gov-
ernor” in the central nervous system. We argue that their
data provide deWnitive evidence for the action of a central
governor. We begin by correcting certain factual errors.

The authors suggest that the Central Governor Model
(CGM) is a new theory. In fact, the existence of a governor
either in the brain or heart (to protect the ischemic heart
during maximal exercise–their interpretation) was origi-
nally proposed by Hill et al. (1924) as previously argued
(Noakes 2000; Noakes et al. 2004a). Furthermore, Brink-
Elfegoun et al. (2007) do not base their understanding of
the CGM on articles which fully describe our understand-
ing of the CGM (Lambert et al. 2005; Noakes and St Clair
Gibson 2004; Noakes et al. 2004b; St Clair Gibson and
Noakes 2004; Tucker et al. 2004).

The authors write that there is a “lack of convincing
experimental evidence to support it (the CGM)” (p. 604).
This is not correct. We have provided a substantial body of
evidence to show that exercise is regulated “in anticipation”
by an intelligent, complex system (Ansley et al. 2004a, b;

Kay et al. 2001; Marino et al. 2003, 2004; Marino 2004;
Tucker et al. 2004, 2006), the function of which appears to
be the prevention of a catastrophic failure of homeostasis in
any bodily system. The CGM does not address only the fac-
tors that might limit exercise during the VO2 max test.

Indeed we argue that exercise scientists have made a cru-
cial intellectual error by attempting to understand factors
limiting human exercise performance on the basis of a test-
ing method (VO2 max) in which the work rate is dictated
externally by the experimenter rather than the response of
the experimental subject (Noakes 2008). But during com-
petition the individual regulates the work rate which is set
“in anticipation” and is constantly changing (Tucker et al.
2004). By regulating the work rate during the VO2 max test,
experimenters have inadvertently removed any potential
role of the individual in the regulation of that performance
and by necessity can only conclude that the individual’s
brain plays no direct role in determining exercise perfor-
mance as have the present authors.

As a result, the authors have misrepresented the funda-
mental tenant of the CGM which, in our words, predicts that:
“the ultimate control of exercise performance resides in the
brain’s ability to vary the work rate and metabolic demand
by altering the number of skeletal muscle motor units
recruited during exercise” (Noakes et al. 2004b) (p. 513).
The CGM does not predict, as Brink-Elfegoun et al. (2007)
incorrectly claim: “To prevent the heart muscle from becom-
ing ischemic, neuronal output to the skeletal muscle is
reduced during exercise. Consequently, according to the the-
ory, VO2 max is only a consequence of the amount of work
that the heart is allowed to perform” (p. 604). In fact, the
CGM predicts that the VO2 max is a consequence of how
much work the exercising skeletal muscles are allowed to
perform by the central motor command (Noakes 2008;
Noakes et al. 2004a), a substantially diVerent meaning.
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The CGM predicts that exercise terminates before
homeostasis is lost as conWrmed in this study since exercise
terminated before the development of myocardial ischemia.
In contrast we are uncertain how, according to the tradi-
tional model that these authors defend, maximum exercise
can be “limited” by the attainment of a maximum cardiac
output without the development of myocardial ischemia,
except through the intervention of neural control. For the
accepted teaching is that myocardial ischemia must always
develop whenever a truly “maximum” cardiac output is
reached since this will always cause a limiting coronary
blood Xow, impaired myocardial function and usually the
onset of angina pectoris.

We contend that the authors have made a fundamental
error in their interpretation of their EMG Wndings which
they have used to support their preconception. They inter-
pret their EMG evidence as disproof of the CGM because
EMG activity increased when the “VO2 max remained
unchanged” during supramaximal exercise at a Wxed work
rate. This they argue disproves the CGM which, according
to their interpretation, predicts that “the EMG activity
would decline as the brain decreases the motor unit recruit-
ment to protect the heart and other organs from the loss of
homeostasis” (p. 609).

However, they used a testing protocol in which the work
rate is pre-set and cannot be altered by the experimental
subject. Only when the exercise is self-paced does the ath-
lete have the ability to protect homeostasis by reducing
motor unit recruitment exactly as the CGM predicts
(Marino et al. 2004; Tucker et al. 2004, 2006). Since this
eVect cannot be detected during VO2 max testing, their
experimental protocol prevented a proper evaluation of the
role of the CGM in the regulation of maximal exercise.

The authors’ conclusion that “central factors, in fact the
pumping capacity of the heart, and not peripheral factors
in the muscles, are the main factors limiting VO2 max”
(p. 608) depends entirely on their preconception that this is
indeed so. They arrived at this conclusion by adding the
separate VO2 max values obtained during the separate max-
imum tests for arm (VO2 max = 3.32 L/min) and leg cycling
(VO2 max = 4.46 L/min). Since this summed VO2 max
value of 7.78 L/min was »40% higher than the actual
VO2 max value (»4.55 L/min) measured during combined
arm and leg exercise, the authors concluded that the heart
had been unable to provide a suYciently large cardiac out-
put to perfuse this much greater muscle mass. But their pre-
held belief prevented them from considering any other pos-
sible explanation(s).

One obvious possibility is that the postulated central
governor restricts the mass of muscle that can be active in
any limb when multiple limbs are exercised simulta-
neously. But constrained by their preconception, the
authors have had to assume that during maximal exercise

the same number of motor units are always recruited in the
arms and legs whether the individual limbs exercise either
alone or in combination. As a result the authors failed to
report the extent of activation (recruitment) in the diVerent
muscles (vastus lateralis and triceps brachii) when the arms
and legs exercised alone; these data were provided only for
combined arm and leg exercise and as a consequence they
had to speculate that exercise with the arms alone might
have been maximal (i.e. all motor units were activated)
even though the heart rates were submaximal and the
“plateau phenomenon” was absent at exercise termination.

But in contrast to this speculative supposition, actively
measured muscle recruitment in both the arms and legs was
clearly submaximal during combined “maximal” arm and
leg exercise tests since exercise terminated when EMG
activities in the vastus lateralis and triceps brachii muscles
were only between 38–50% and 24–44% of those measured
during maximal voluntary contractions of those respective
muscle groups (Table 2; p. 607).

We have repeatedly argued that submaximal muscle
activation in the exercising limbs at exhaustion must indi-
cate that the exercise is centrally regulated since we can
think of no other logical explanation. In fact, the authors’
acknowledgement that “the protocols used in the recent
study…were apparently submaximal for the individual
muscles” (p. 610) conWrms our contention that muscle acti-
vation in both the arms and legs was submaximal at
VO2 max during combined arm and leg exercise and may
also have been so when these limbs exercised alone. We
continue to argue that the termination of exercise in the
presence of incomplete muscle activation can only be
explained by the action of a central neural regulator.

The point is of course that the brain could always choose
to continue the exercise bout by increasing the extent of
muscle recruitment until 100% of all available motor
units were active. But clearly it chooses not to adopt that
strategy.

We thank the authors for providing additional important
evidence to support the predictions of the CGM even if that
is not how the authors interpreted their data or how they
titled their article.

References

Ansley L, Robson PJ, St Clair Gibson A, Noakes TD (2004a) Antic-
ipating pacing strategies during supramaximal exercise lasting
longer than 30 s. Med Sci Sports Exerc 36:309–314. doi:10.1249/
01.MSS.0000113474.31529.C6

Ansley L, Schabort EJ, St Clair Gibson A, Lambert MI, Noakes TD
(2004b) Regulation of pacing strategies during successive 4 km
time trials. Med Sci Sports Exerc 36:1819–1825. doi:10.1249/
01.MSS.0000142409.70181.9D

Brink-Elfegoun T, Holmberg H-C, Nordland Ekblom M, Ekblom B
(2007) Neuromuscular and circulatory adaptation during

Paper 43 Paper 43

409

http://dx.doi.org/10.1249/01.MSS.0000113474.31529.C6
http://dx.doi.org/10.1249/01.MSS.0000113474.31529.C6
http://dx.doi.org/10.1249/01.MSS.0000142409.70181.9D
http://dx.doi.org/10.1249/01.MSS.0000142409.70181.9D


Eur J Appl Physiol (2008) 104:757–759 759

123

combined arm and leg exercise with diVerent maximal work
loads. Eur J Appl Physiol 101:603–611. doi:10.1007/s00421-007-
0526-4

Hill AV, Long CHN, Lupton H (1924) Muscular exercise, lactic acid
and the supply and utilisation of oxygen: parts VII–VIII. Proc R
Soc Br 97:155–176

Kay D, Marino FE, Cannon J, St Clair Gibson A, Lambert MI, Noakes
TD (2001) Evidence for neuromusclur fatigue during high-inten-
sity cycling in warm, humid conditions. Eur J Appl Physiol
84:115–121. doi:10.1007/s004210000340

Lambert EV, St Clair Gibson A, Noakes TD (2005) Complex systems
model of fatigue: integrative homeostatic control of peripheral
physiological systems during exercise in humans. Br J Sports
Med 39:52–62. doi:10.1136/bjsm.2003.011247

Marino F (2004) Anticipatory regulation and avoidance of catastrophe
during exercise-induced hyperthermia. Comp Biochem Physiol
Part B 139:561–569

Marino FE, Kay D, Cannon J (2003) Glycerol hyperhydration fails to
improve endurance performance and thermoregulation in humans
in a warm humid environment. PXugers Arch 446:445–462.
doi:10.1007/s00424-003-1058-3

Marino FE, Lambert MI, Noakes TD (2004) Superior performance of
African runners in warm humid but not in cool environmental
conditions. J Appl Physiol 96:124–130. doi:10.1152/japplphysi-
ol.00582.2003

Noakes TD (2000) Physiological models to understand exercise fa-
tigue and the adaptions that predict or enhance athletic perfor-
mance. Scand J Med Sci Sports 10:123–145. doi:10.1034/j.1600-
0838.2000.010003123.x

Noakes TD (2008) Testing for maximum oxygen consumption has
produced a brainless model of human exercise performance. Br J
Sports Med (in press)

Noakes TD, St Clair Gibson A (2004) Logical limitations to the “catas-
trophe” models of fatigue during exercise in humans. Br J Sports
Med 38:648–649. doi:10.1136/bjsm.2003.009761

Noakes TD, Calbert AL, Boushel R, Sondergaard H, Redegran G,
Wagner PD et al (2004a) Central regulation of skeletal muscle
recruitment explains the reduced maximal cardiac output during
exercise in hypoxia. Am J Physiol-Reg Integ Comp Physiol
287:R996–R999

Noakes TD, St Clair Gibson A, Lambert VA (2004b) From catastrophe
to complexity: a novel model of integrative central neural regula-
tion of eVort and fatigue during exercise in humans. Br J Sports
Med 38:511–514. doi:10.1136/bjsm.2003.009860

St Clair Gibson A, Noakes TD (2004) Evidence for complex system
integration and dynamic neural regulation of skeletal muscle
recruitment during exercise in humans. Br J Sports Med 38:797–
806. doi:10.1136/bjsm.2003.009852

Tucker R, Marle T, Lambert EV, Noakes TD (2006) The rate of heat
storage mediates an anticipatory reduction in exercise intensity
during cycling at a Wxed rating of perceived exertion. J Physiol
574:905–915. doi:10.1113/jphysiol.2005.101733

Tucker R, Rauch L, Harley YXR, Noakes TD (2004) Impaired exercise
performance in the heat associated with an anticipatory reduction
in skeletal muscle recruitment. PXugers Arch 448:422–430.
doi:10.1007/s00424-004-1267-4

Paper 43 Paper 43

410

http://dx.doi.org/10.1007/s00421-007-0526-4
http://dx.doi.org/10.1007/s00421-007-0526-4
http://dx.doi.org/10.1007/s004210000340
http://dx.doi.org/10.1136/bjsm.2003.011247
http://dx.doi.org/10.1007/s00424-003-1058-3
http://dx.doi.org/10.1152/japplphysiol.00582.2003
http://dx.doi.org/10.1152/japplphysiol.00582.2003
http://dx.doi.org/10.1034/j.1600-0838.2000.010003123.x
http://dx.doi.org/10.1034/j.1600-0838.2000.010003123.x
http://dx.doi.org/10.1136/bjsm.2003.009761
http://dx.doi.org/10.1136/bjsm.2003.009860
http://dx.doi.org/10.1136/bjsm.2003.009852
http://dx.doi.org/10.1113/jphysiol.2005.101733
http://dx.doi.org/10.1007/s00424-004-1267-4


Point:Counterpoint

Point:Counterpoint: Maximal oxygen uptake is/is not limited by a central
nervous system governor
POINT: MAXIMAL OXYGEN UPTAKE IS LIMITED BY A
CENTRAL NERVOUS SYSTEM GOVERNOR

A classic teaching predicts that maximal exercise is limited
by the capacity of the heart to pump blood to the systemic
circulation since the fully dilated skeletal muscle arterial bed
can alone accommodate more than the maximal cardiac output
(Q̇) (1, 25). In contrast the Central Governor Model (CGM)
proposes that the brain regulates the extent of skeletal muscle
recruitment to ensure that in health, a truly maximal cardiac
output is never reached (30) because this must cause myocar-
dial ischemia (22).

The CGM has been described in detail (13, 20, 22–24, 26)
but opponents (4, 5) have used only articles published between
1996 and 2001 (17–19, 21) for their disproof; more recent
articles have been ignored (13, 15, 22–24, 26). In this inter-
change we show that recently published studies (4–6, 10)
support the CGM. We will also correct misrepresentations and
factual errors.

The studies of Brink-Elfegoun et al. (4, 5) and others (6, 10)
conclude that a “governor” in the central nervous system
(CNS) does not regulate the maximal oxygen consumption.
The existence of such a governor was first proposed by Hill
et al. (11) in 1924. They wished to explain why repeated bouts
of maximum exercise do not produce progressive myocardial
damage according to their understanding that myocardial ische-
mia “limits” the maximal Q̇ and hence maximum exercise
performance. To protect the ischemic heart from damage
during maximal exercise, they proposed the existence of a
governor: “From the point of view of a well co-ordinated
mechanism, some such arrangement is eminently desirable; it
would clearly be useless for the heart to make an excessive
effort if by so doing it merely produced a far lower degree of
saturation of the arterial blood; and we suggest that, in the body
(either in the heart muscle itself or in the nervous system),
there is some mechanism which causes a slowing of the
circulation as soon as a serious degree of unsaturation occurs,
and vice versa. This mechanism would tend, to some degree, to
act as a ’governor’, maintaining a reasonably high degree of
saturation of the blood” (Ref. 11, pp. 161–163). And: “It is
suggested that a ’governor’ mechanism exists, either in the
heart muscle itself, or elsewhere, which tends to co-ordinate
the output of the heart with the degree of saturation of the
blood leaving it” (Ref. 11, p. 166). Defendants of the tradi-
tional model (4, 5, 10) should acknowledge that Hill and his
colleagues proposed the original governor concept and why the
presence of a governor is essential to prevent heart damage in
their model (and in all similar models).

But how does a governor function before rather than after
ischemia has already developed as Hill et al. (11) incorrectly
believed. For maximum exercise in health terminates before
the onset of myocardial ischemia (22) and according to a
majority of [but not all (8,16)] studies before the Q̇ “plateaus”
(7, 12, 30). The most effective method to prevent myocardial
ischemia is to “limit” peripheral blood flow (9) (chapter 84,
Figs. 84–9 and chapter 21). The CGM achieves this by regu-
lating the amount of work that the exercising muscles may

perform. This “limits” peripheral blood flow, venous return,
and, as a result, the cardiac output.

Some (5, 10) have misrepresented this postulate of the CGM
that: “the ultimate control of exercise performance resides in
the brain’s ability to vary the work rate and metabolic demand
by altering the number of skeletal muscle motor units recruited
during exercise” (Ref. 23, p. 513). It is misleading to argue that
the CGM claims that the “V̇O2max is only a consequence of the
amount of work that the heart is allowed to perform” (Ref. 5,
p. 604). Correctly stated, the CGM predicts that the V̇O2max is
regulated (not limited) by the (submaximal) number of motor
units recruited in the exercising limbs, a quite different mean-
ing.

In their study Brink-Elfegoun et al. (5) found that Q̇, heart
rate, and stroke volume were all the same during exercise at
100 and 120% V̇O2max, whereas maximum blood pressure (BP)
was significantly lower (160 ! 23 vs. 179 ! 32 mmHg) at
100% V̇O2max. The higher BP at the same Q̇ indicates that total
peripheral vascular resistance was increased at 120% V̇O2max.
This can be explained by a centrally regulated BP-raising
mechanism induced by exercise at 120% V̇O2max. The greater
afterload at 120% V̇O2max indicates that the heart worked
harder at 120% than at 100% V̇O2max; that is that the heart
worked submaximally at 100% V̇O2max.

This finding is predicted by the CGM but disproves the
traditional model. Furthermore, the finding that Q̇ was not
higher at 120% than at 100% V̇O2max although a higher mean
work rate was achieved (431 ! 73 vs. 387 ! 60 W) disproves
the traditional Hill model, which holds that the peak work rate
is “limited” by the Q̇, which determines the adequacy of tissue
oxygen delivery (2–6, 8, 10, 16). Instead, the CGM predicts
that the higher work rate at 120% than at 100% V̇O2max as also
reported by others (6, 10) results from the recruitment of a
greater number of skeletal muscle motor units (necessary to
produce a higher work rate). We know of no other explanation.
Since subjects reached a higher work rate at 120% than at
100% V̇O2max so exercise at 100% V̇O2max occurred at a
submaximal level of skeletal muscle recruitment as predicted
by the CGM.

Furthermore, according to the calculations provided by
Brink-Elfegoun et al. (5) in their Fig. 1, maximal work rate of
387 W at 100% V̇O2max equates to a total work output of
112,230 Nm, whereas at 120% V̇O2max the work rate of 431 W
equates to a total work output of 94,820 Nm. Thus less total
work ("17 410 Nm) was completed during exercise at 120%
V̇O2max, although the heart worked harder. This again dissoci-
ates the amounts of work performed by the heart and the
skeletal muscles. Instead the CGM predicts that the amount of
work performed by the skeletal muscles (and as a consequence
by the heart) is a function of the number of motor units
recruited in the active muscles. Thus the extent of skeletal
muscle recruitment determines the cardiac output and not the
converse (20).

These findings (4, 5) invite the question: How might the
CGM explain similar V̇O2max values during exercise at 100 and
120% V̇O2max? The CGM predicts that a wide range of bio-
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logical signals are monitored to ensure that exercise always
terminates before the loss of homeostasis in any bodily system
as was the case in all these new studies (4–6, 10). This
complex model (24, 26) contrasts to the reductionist model of
Hill et al. (11), which holds that a single variable, the devel-
opment of skeletal muscle anaerobiosis and “lactic acidosis,”
alone causes the termination of maximal exercise.

A finding that cardiac function and skeletal muscle recruit-
ment are both absolutely maximal and that homeostasis is lost
at V̇O2max would disprove the CGM. These data have yet to be
provided. In contrast, proponents of the Hill model need to
explain how the maximal Q̇ can occur when the heart is
contracting submaximally as the data of Brink-Elfegoun et al.
(5) now confirm.

But more salient is the evidence showing that exercise is
regulated “in anticipation” by an intelligent, complex system
(14, 15, 20, 27–29) and not by a single component such as the
cardiovascular system.
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COUNTERPOINT: MAXIMAL OXYGEN UPTAKE IS NOT
LIMITED BY A CENTRAL NERVOUS SYSTEM GOVERNOR

Every new hypothesis can be built on theoretical calcula-
tions and ideas. This was the case when Timothy Noakes (TN)
presented the Central Governor Hypothesis (CGH) in 1997. He
suggested that maximal oxygen uptake (V̇O2max) is limited by
a central nervous command (6). However, it is the suggestor’s
absolute duty to go on and prove the theory in practical
experiments in one way or another. But except for re-evalua-
tions of earlier studies, TN has not fulfilled this obligation so
far. I agree that a Central Governor (CG) can terminate exer-
cise time during maximal exercise but not limit V̇O2 with
increasing rate of work, if uphill running (R) or during com-
bined arm#leg (cA#L) exercise are used.
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The two central parts of the CGH are that skeletal muscle
recruitment will not increase along with increasing rate of work
and that the heart is working its performance maximum during
maximal exercise. Since TN and I were unable to agree on this
in a Socrates debate in Athens, Greece, in 2003, I decided to
conduct some experiments to disprove the CGH.

We used a cA!L mode of exercise for adequate muscle
mass, since two-leg cycling (C) does not stress V̇O2 to maxi-
mum, and well-trained subjects to avoid training effects and to
secure that all subjects were well acquainted with maximal
exercise.

In the first experiment (1) we were able to determine the
lowest rate of work during cA!L. that gave V̇O2max (“knick-
max”) in every one of the 10 subjects. Thereafter three differ-
ent maximal rates of work were carried out; cA!Llong and
cA!Lshort, which were 5 and 15% above knick-max. The third
experiment, A!Lspurt, started with the same rate of work as in
cA!Llong, but when V̇O2max was reached (V̇O2 was shown on
a computer screen) a 40-W increase every 10th s was applied.
The final rate of work was 148 W over cA!Llong . A leveling
off of V̇O2 with increasing rate of work was obtained in all
subjects. We were also able to identify a plateau phase at the
end of all 30 maximal tests during which V̇O2max did not
increase. Mean values for the plateau phases in the three tests
were 52, 54, and 86 s.

There were no differences in V̇O2max despite large differ-
ences in rate of work in the three experiments. However, in all
three experiments the rectified EMG (rEMG) signal increased
significantly during the plateau phase, in direct opposition to
the CGH. Of course that can be due to more, for instance, type
II fibers being recruited and substituted for fatiguing ones. But
obviously at the beginning of the plateau phase, when V̇O2max

was obtained, there were more fibers available for keeping up
work output and increasing rEMG during the plateau phase. In
addition, the total rEMG signal was increasingly higher com-
paring the low, the middle, and the highest rates of work tests.
During the cA!Lburst test there was a sharp increase in rEMG
for each 40-W increase in rate of work, while V̇O2max was
maintained unchanged. If there was a CG, the rEMG would not
have increased during the increasing rate of work, as suggested
in the CGH.

Our second experiment was aiming at the mechanical
work and the oxygen demand of the heart (2). We placed
one catheter in a. brachialis for measurement of intra-
arterial blood pressures (aBP) and oxygen content in arterial
blood (CaO2) and another one in a. pulmonalis for measure-
ment of oxygen content of mixed venous blood (CvO2).
Thus cardiac output (Q̇) could easily be calculated accord-
ing to direct Fick equation. Myocardial oxygen uptake
(MQO2) can be estimated from the mechanical work of the
heart (the “double” product), which is Q̇ or heart rate (HR)
times aBP (4, 5). As in our first experiment we selected two
rates of cA!L work for our main experiment. The first one
was 5% higher than knick-max and the second another 15%
higher than the first one.

V̇O2max was not different in the two rates of work and not
different than corresponding values obtained in the pretests,
but the exercise time for the higher one was of course
shorter. Despite that we were able to obtain at least two
measurements of Q̇ and aBP on each rate of work. Q̇ and HR
were not different between the two rates of work while the

systolic and the calculated mean aBP were higher at the
higher rate of work. Thus the heart had performed a higher
mechanical work causing a higher energetic cost at the
higher rate of work. At the lower maximal rate of work the
mechanical work was lower but V̇O2max the same as during the
higher rate of work. Thus the energetic cost of the work and the
mechanical work of the heart was not at maximum at the lower
rate of work. Since the product of Q̇ times aBP or HR was higher
at the higher rate of work, V̇O2max was not limited by the
mechanical work, energetic cost, or MQO2 of the heart at the
lower work rate.

During the lower maximal work rate the heart had sufficient
reserve in MQO2. This has also been shown by Grubbstrom
et al. (3) that during V̇O2peak (C) there is up to 30% reserve for
the energetic maximum potential of the heart. The issue that
the heart is working at the limit of its capacity during normal
maximal exercise, creating V̇O2max, as suggested in the CGH, is
simply not true. It should be mentioned that there were no signs
of myocardial ischemia in ECG recordings in any of our
experiments.

In summary, one basic idea behind the CGH is that there
should be a reduction of the neuronal output during increasing
rate of work, when rate of work reaches maximum. Our first
study clearly shows three matters, that disprove this: 1) during
increasing time during the plateau phase, when V̇O2max is
unchanged, rEMG increases, 2) during the increased rate of
work, especially in the A!Lspurt part of the study, when
V̇O2max remained unchanged, there was a substantial increase
in rEMG, 3) in the three levels of maximal work, all creating
V̇O2max, the rEMG was stepwise higher.

The second basic idea regards the heart’s mechanical work
and energetic demand. According to the CGH the heart works
at its mechanical and energetic potential maximum at maximal
exercise. In our second study V̇O2max, Q̇, and aBP were mea-
sured at two different rates of maximal exercise, both creating
the same V̇O2max. The product of Q̇ or HR times aBP (mean or
systolic) reflects the work of the heart. At the high rate of work
the heart’s work was less than at the lower one, since the aBP
was higher at the former but Q̇ and HR were the same at both
work rates. Evidently the heart was not working at its maxi-
mum at the lower rate of maximal work when V̇O2max was
maximal.

In my view V̇O2max is not limited by a CG but by the central
circulation.
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REBUTTAL FROM DRS. NOAKES AND MARINO

According to Dr. Ekblom we have yet to produce practical
evidence for the existence of a central governor. In our ex-
change we provided examples of substantial evidence for the
central governor model (CGM). We suggest that those who
wish to disprove a theory need to interpret their data without
the bias introduced by long held preconceptions. We contend
that Dr. Ekblom and colleagues have provided irrefutable
evidence that the magnitude of the V̇O2max in combined arm
and leg exercise (cA!L) is determined by the mass of muscle
that the brain is prepared to recruit during such exercise (1, 2).

Dr. Ekblom interprets the EMG evidence (1) as disproof of
the CGM since EMG activity increased when V̇O2max remained
unchanged” during supramaximal exercise at a fixed work rate.
Apparently, the CGM is refuted by adding V̇O2max values
obtained during separate maximal tests for arm (3.32 l/min)
and leg cycling (4.46 l/min) and arriving at a combined V̇O2max

of 7.78 l/min which was "40% higher than the actual V̇O2max

("4.55 l/min) obtained during cA!L (1). The authors con-
cluded that the heart was unable to provide a sufficiently large
cardiac output to perfuse this greater muscle mass. Surprisingly
this same logic is not used to interpret the EMG data since the
authors measured the EMG activity only during cA!L exer-
cise and not during exercise with arms or legs alone. Thus they
had to assume that the same number of motor units were
recruited during maximal exercise with arms and legs whether
the individual limbs exercise either alone or in combination.
But we already know that this is not the case (6).

They had therefore to speculate that exercise with the arms
(or legs) alone might (current authors’ emphasis) have been
maximal (i.e., all motor units were activated) although the
heart rates were submaximal and the “plateau phenomenon”
was absent at exercise termination during arm exercise. In
contrast to this speculation, active muscle recruitment in both
the arms and legs was clearly submaximal during “maximal”
cA!L tests since “maximal” exercise terminated when EMG
activities in the vastus lateralis and triceps brachii muscles
were only 38–50% and 24–44% of activities measured during
maximal voluntary contractions of those respective muscle
groups (Table 2 p. 607 in Ref. 2).

We repeatedly argued that submaximal muscle activation in
the exercising limbs at exhaustion must indicate that the
exercise is centrally regulated since we can think of no other
logical explanation (3–5).

REFERENCES

1. Brink-Elfegoun T, Holmberg HC, Nordland Ekblom M, Ekblom B.
Neuromuscular and circulatory adaptation during combined arm and leg
exercise with different maximal work loads. Eur J Appl Physiol 101:
603–611, 2007.

2. Brink-Elfegoun T, Kaijser L, Gustafsson T, Ekblom B. Maximal oxygen
uptake is not limited by a central nervous system governor. J Appl Physiol
102: 781–786, 2007.

3. Noakes TD. Maximal oxygen uptake as a parametric measure of cardio-
respiratory capacity: Comment. Med Sci Sports Exerc 40: 585, 2008.

4. Noakes TD. Testing for maximum oxygen consumption has produced a
brainless model of human exercise performance. Br J Sports Med 42:
551–555, 2008.

5. Noakes TD, St Clair Gibson A. Logical limitations to the “catastrophe” models of
fatigue during exercise in humans. Br J Sports Med 38: 648–649, 2004.

6. Vandervoort AA, Sale DG, Moroz J. Comparison of motor unit activation
during unilateral and bilateral leg extension.. J Appl Physiol 56: 46–51, 1984.

REBUTTAL FROM DR. EKBLOM

The reason for not adding late references is that there are no
new experiments or support for CGM in the discussion regarding
limitation of V̇O2max, only variants on the same theme and dis-
cussions about exercise fatigue. The reader can see very easily that
our opponents try to escape the fact that while V̇O2max is un-
changed, the heart is doing more work in the “120%” than the
“105%” situation (3). The heart is not allowed to do so, according
the CGM (7), since already at 105% there should be “a wide range
of biological signals . . . monitored to ensure that exercise always
terminates before loss of homeostasis.” The motor units may have
worked submaximally in the 105% but evidently higher in the
A!Lspurt, 120 and 140% situation, but CGM predicts a reduction
in motor unit activation (7).

To convince the reader, Noakes and Marino move from
“power” to “amount of work” to disprove findings in our
second study. But that is very risky and wrong. If a 350-W
maximal two-leg work rate is divided on 100 W for arms and
250 W for legs, work time is doubled, but V̇O2max is the same
(1). The A!L exercise doubles aerobic and anaerobic yields
compared with that with legs only. As long as work rate is high
enough, total work is not a factor for the limitation of V̇O2max.

In their article above Noakes and Marino use the Zhou et al.
study (10), criticized by us (4), which fits their hypothesis but
avoid those that disprove it (2). I believe that SV is limited by
the pericardium. Experiments on dogs and pigs clearly show
that Q̇ during maximal exercise increases by cutting the peri-
cardium (6, 9). In parallel, V̇O2max increases but aBP is un-
changed during maximal exercise after pericardioectomy. It is
obvious that aBP is well regulated even after pericardioectomy,
which means that the peripheral resistance can be changed in
accordance with the availability of V̇O2max during maximal
exercise and not the opposite—that the periphery determines
cardiac output during maximal dynamic exercise.

All experimental facts speak in favor of the concept that the
blood flow output from the heart is the critical point in the Fick
equation (V̇O2max) during maximal exercise. Our (3) and other
(5) experiments show that the heart is not near “loss of
homeostasis” during normal maximal dynamic exercise as
suggested in CGM.
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Point:Counterpoint Comments

Comments on Point:Counterpoint: Maximal oxygen uptake is/is not limited by
a central nervous system governor
HARD EVIDENCE FOR A CENTRAL GOVERNOR IS
STILL LACKING!

TO THE EDITOR: Reviewing evidence for and against a Central
Governor that limits an individual’s maximal oxygen intake (2,
4), I am impressed that although this hypothesis was formu-
lated some 11 years ago, it still lacks support outside the
proponent’s laboratory. I note also that, perhaps because of an
inappropriate test protocol, Noakes has consistently found
difficulty in reaching first base in this area of research, the
demonstration of an oxygen consumption plateau. In contrast,
Ekblom and colleagues (2) have had no problems in this
regard.

Noakes (4) currently argues that a Central Governor is
essential to prevent the development of a dangerous myocar-
dial ischemia. However, anyone who has exercised older adults
will know that a substantial proportion of such individuals
manifest myocardial ischemia. Ultraendurance athletes also
develop myocardial ischemia (3), and indeed may use this as a
stimulus to cardiac hypertrophy. Does this imply that ultraen-
durance athletes and old people have carelessly broken their
Central Governors?

Noakes also cites (4), with apparent approval, the argument
of A. V. Hill (3) that the Governor dissuades the heart from
making an excessive effort that would reduce the oxygen
saturation of arterial blood. Again, the weight of current
evidence is that well-motivated athletes do reduce their arterial
oxygen saturations (1). Moreover, it would be hard to imagine
how the mechanism postulated by Noakes could evolve, since
the forces of natural selection have not focused on the ability
to perform a maximal oxygen intake test.
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TO THE EDITOR: The discussion regarding Noakes’ challenge to
the concept of V̇O2max continues in the excellent Point:Coun-
terpoint by Noakes and Marino (6) and Ekblom (3). It seems,
however, that both are so engaged in an either/or argument that
they have missed the point that perhaps Hill (5) was right,
although forgivably too simplistic, over 80 years ago. Recent
studies, including from our laboratory (4) have confirmed that
V̇O2 reaches values during incremental exercise, which are
rarely exceeded even when higher intensity exercise is per-

formed. If V̇O2max is limited centrally, limitations of cardiac
output can as reasonably be attributed to limitations of venous
return, diastolic filling time, and ventricular compliance as to
losses of contractility secondary to the potential myocardial
ischemia that Noakes correctly suggests must be avoided. It is
also documented that failures to maintain saturation of haemo-
globin during heavy exercise are common. Thus the concept of
decreases in “offered O2” limiting V̇O2max is supportable (2)
and may be associated with an array of outcomes including
changes in the iEMG-power output ratio and stimulated muscle
performance (1). Finally, as anyone who has performed an
incremental exercise test knows, this leads to the compelling “I
don’t want to continue” sensation. So, yes, there must be a
command coming from the central nervous system that tells the
exerciser that homeostasis is becoming disturbed and that it
would be advisable to stop. But, many if not most, of these
“stop” signals are reasonably attributable to limitations in
central O2 transport and aerobic ATP generation.
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NO SUPPORT FOR CENTRAL GOVERNOR

TO THE EDITOR: Noakes and Marino (4) have not designed
experiments that provide support for the central governor
model (CGM). Moreover, they have not identified the specific
components (e.g., stimuli, receptors, and afferent nerve fibers)
involved in the negative feedback loop that supposedly protects
the heart from overexertion.

Ekblom’s (1) findings contradict the CGM of Noakes and
Marino (4). Ekblom elegantly showed that when the body is
subjected to supramaximal work rates, V̇O2 and Q̇ level off, but
EMG activity and the work of the heart continue to increase.

Noakes and Marino (4) respond that since EMG activity
during combined A!L exercise at V̇O2max is less than during a
maximum voluntary contraction for the respective muscle
groups, a central governor in the brain must be limiting skeletal

J Appl Physiol 106: 343–346, 2009;
doi:10.1152/japplphysiol.zdg-8326.pcpcomm.2008.
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muscle recruitment. Although it is true that skeletal muscle
recruitment during a 1- to 2-s anaerobic “burst” is greater than
during strenuous, dynamic exercise at 100% V̇O2max, this does
not show that receptors in the myocardium are sending action
potentials back to a central governor in the brain, resulting in
inhibition of motor units.

Ekblom (1) cites strong evidence that Qmax, and not a central
governor, determines V̇O2max. When the dog pericardium is
cut, Qmax increases and so does V̇O2max (5). In addition, other
researchers have found that whenever Qmax is diminished
(through cardioselective "-blockade, atrial fibrillation, or mi-
tral stenosis), there is a decrease in V̇O2max (2–3, 6). Thus O2

delivery and the pumping capacity of the heart are key deter-
minants of V̇O2max.
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V̇O2max AND EXERCISE PERFORMANCE

TO THE EDITOR: To resolve this debate, it is necessary to clearly
distinguish between what limits performance and what limits
V̇O2max during dynamic whole body exercise. When a plateau
is achieved during an incremental test, or when “supramaxi-
mal” exercise is sustained long enough (1), it is clear that
V̇O2max is limited by the factors underlying the Fick equation,
particularly stroke volume. However, it often happens that a
subject decides to stop exercise before the physiological limits
of the Fick equation are reached (e.g., in hypoxia). In these
conditions, the maximal V̇O2 measured is proportional to ex-
ercise performance, which, in turn, is limited by the brain. So
both parties of this debate are right. However, we disagree with
Noakes and Marino that exercise performance is subcon-
sciously regulated by a central governor on the basis of afferent
feedback from the heart and other organs. In fact, we proposed
that exercise performance is regulated by the conscious brain
on the basis of potential motivation (defined as the maximum
effort a person is willing to exert to satisfy a motive) and
perceived exertion (5) without the need for an extra central
governor (2–3). There is also strong experimental evidence that
perception of effort is generated by corollary discharges of
central commands to the locomotor and respiratory muscles
rather than afferent sensory feedback (4). The facts that many
cardiac patients can exercise past the point of myocardial
ischemia (as indicated by ST segment depression) and stop

because of chest pain (6) also argue against the model proposed
by Noakes and Marino.
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TO THE EDITOR: The lack of experimental evidence ascertaining
the contribution of the central nervous system to V̇O2max or the
exact amount of muscle mass active during exercise, makes it
more fruitful to focus this passionate debate (1, 4) on testable
aspects of Dr. Noakes’ central governor model (CGM), which
proposes that “the brain regulates the extent of skeletal muscle
recruitment to ensure that a truly maximal cardiac output is
never achieved”(4). Drs. Noakes and Marino concede that, “a
finding that cardiac function and skeletal muscle recruitment
are both absolutely maximal and that homeostasis is lost at
VO2max would disprove the CGM”(4). While we agree that
skeletal muscle recruitment might not be absolutely maximal
during exercise eliciting V̇O2max, compelling evidence in
trained humans indicates that a plateau or drop in cardiac
output (due to a fall in stroke volume) and blood flow to active
muscles and brain precede the attainment of V̇O2max and
exhaustion during incremental and constant maximal cycling
(2, 3, 5 ,6). Importantly, cardiac output and active muscle
blood flow plateau early in constant supramaximal cycling at
values similar to maximal cycling, accompanying a decline in
stroke volume (6). The close coupling between muscle perfu-
sion and metabolic demand is therefore disturbed even prior to
V̇O2max, possibly because vasoconstriction limits blood flow to
muscles as cardiac function reaches its regulatory capacity (6).
Thus our findings argue strongly against the CGM by support-
ing that the regulatory capacity of the human circulation is
reached and homeostasis is lost prior to achieving V̇O2max.
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MAXIMAL OXYGEN UPTAKE REGULATION AS A
BEHAVIORAL MECHANISM

TO THE EDITOR: The Central Governor Model [CGM (4)],
suggesting that maximal oxygen uptake (V̇O2max) is limited by
a central nervous system governor, challenges the Traditional
Model (TM) according to which the heart’s pumping capacity,
not peripheral factors in the muscles, is the factor limiting
V̇O2max (2). From a philosophical standpoint, the CGM sug-
gests that V̇O2max is reached as an active behavioral mecha-
nism, while the TM holds that V̇O2max represents a passive
limit in the system’s capacity to transform chemical energy
into mechanical. On the basis of our understanding of mam-
malian physiology (1), CGM and TM can harmoniously coex-
ist within a system, the former being a prescient behavioral
mechanism preventing imminent myocardial ischemia by lim-
iting peripheral blood flow, and the latter being a safety
measure employed when CGM means are insufficient. This
arrangement mirrors the thermoregulatory system, with behav-
ioral responses dependent on shell temperature signals from
peripheral thermosensors being deployed to prevent anticipated
thermal insults (3), while autonomic and endocrine responses,
based more on core temperature signals from central ther-
mosensors, employed when body heat content changes because
behavioral responses were inadequate or could not be used due
to conflicting behavioral demands (5). We have shown, for
instance, a centrally originating progressive impairment in
neuromuscular activation, independent of local muscle temper-
ature, occurring prior to temperature-induced system catastro-
phe (6). If our hypothesis is true, however, the CGM would be
more prevalent as a limiting V̇O2max factor, since TM would be
employed only prior to system collapse. This would explain the
increased support that the CGM has received (4).
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EXPERIMENTAL EVIDENCE MAY INFORM THE DEBATE

TO THE EDITOR: The discussion on whether a central nervous
system governor to maximal oxygen uptake (V̇O2max) exists (1,
5) may be informed by a series of experimental animal studies
that we have performed, although admittedly, they were not
designed to resolve the current debate. Nonetheless, they serve
a purpose here.

We repeatedly measure V̇O2max during graded treadmill run-
ning at increasing work rates. These records usually show evi-
dence of a plateau of V̇O2 despite increased running speeds (4).
Thus the plateau phenomenon is observed across species. More
interestingly is perhaps that when we anesthetize and induce left
ventricular myocardial infarctions in rats, we see #40% reduced
V̇O2max and running capacity (3, 4, 6). These animals have
never been exercised before, and the procedure does not
involve or affect either the skeletal muscle or the central
nervous system. Instead, these studies indicate a cardiac
pump dysfunction as the cause of reduced V̇O2max, since the
rat, after all, is able to perform incremental exercise to high
intensities until V̇O2 levels off, despite the heart already being
ischemic. It is therefore difficult to see how a central nervous
system command would dictate the change in V̇O2max by
limiting skeletal muscle work in anticipation of myocardial
ischemia under these conditions. Has the heart-skeletal muscle
information line disentangled itself, or was it never there?
Although this does not prove the non-existence of a central
nervous system governor, it does put significant limitations to
a model that does not include a major role of the central
circulatory system.
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TO THE EDITOR: This is a rather unbalanced debate because it has
been demonstrated with several experimental approaches that
in health V̇O2max is limited by oxygen delivery (5). In contrast,
the central governor model (CGM) is mostly supported by
sophistic reasoning, used to re-elaborate some obviations. For
example, if the central nervous system does not receive suffi-
cient oxygen then a number of physiological functions will be
affected (1). Maximal exercise capacity may be limited by
insufficient brain oxygenation during exercise in extreme hyp-
oxia (2). However, even in the latter situation we do not have
irrefutable evidence for central mechanisms of fatigue. It is not
true that the CGM impedes “to reach a truly maximal cardiac
output to prevent myocardial ischemia by limiting peripheral
blood flow” (6), because maximal vasodilation at peak exer-
cise, increases cardiac output without changing peak leg blood
flow or V̇O2max in humans (4). Actually, experimental evidence
indicates that the work of the heart, i.e., the variable determin-
ing myocardial oxygen demand, increases continuously during
a gradual exercise to exhaustion without signs of reaching a
plateau (3). Moreover, despite the ongoing discussions regard-
ing the need of the central governor to protect the heart by
blunting central command, it has been shown that the heart can
protect itself very well (without need of a CGM). If the CGM
was true, and is acting to prevent myocardial ischemia, then
subjects with coronary syndrome would never have angina

during exercise, since the CGM would cause “protective fa-
tigue” reducing exercise intensity and ultimately preventing an
infarct.
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Letter To The Editor

Last Word on Point:Counterpoint: Maximal oxygen uptake is/is not limited
by a central nervous system governor

Timothy David Noakes1 and Frank E. Marino2

1Human Biology, Sports Science Institute of South Africa, University of Cape Town, Cape Town, South Africa; and 2Charles
Sturt University, Bathurst New South Wales, Australia

TO THE EDITOR: We posed the question: Can peripheral mecha-
nisms explain why exercise terminates at submaximal levels of
skeletal muscle recruitment (activation) as shown by Dr. Ek-
blom and his colleagues (1, 2). Few respondents addressed that
challenge.

Dr Shephard’s (see Ref. 8) response is littered with errors of
fact; space limitations allow us to address just three. A. V. Hill
studied neither myocardial ischemia nor ultramarathon run-
ners; Professor Whyte’s paper addresses the development of
myocardial fibrosis, not ischemia, in some ultraendurance ath-
letes. There is indeed hard evidence, no longer possible to
ignore, that at least some forms of exercise are regulated “in
anticipation” by a complex, intelligent system—the central
governor model (CGM) (5, 8).

Dr. Foster (see Ref. 8) does not really disagree with what we
wrote. Dr. Bassett’s (see Ref. 8) assertion that we have not
identified specific components of the CGM is wrong, a red
herring. Dr Ekblom’s group did not show that “EMG activity
and the work of the heart continue to increase” at supramaxi-
mal work rates. Instead subjects terminated exercise at !100%
skeletal muscle activation in their exercising limb muscles.
This is the key finding supporting the CGM.

Dr. Marcora (see Ref. 7) argues that exercise is regulated by
the conscious rather than the subconscious brain: the truth will
become apparent in the fullness of time. Dr. González-Alonso
(see Ref. 8) believes that a plateau or drop in cardiac output
and blood flow to active muscles and brain precedes the
attainment of V̇O2max in trained humans. If true the question
remains: What causes the termination of exercise if not a
regulated neural control whose function is to limit the extent of
skeletal muscle recruitment and therefore to prevent excessive
demands on a failing heart and circulation? What is the purpose
of continuing to exercise with the same amount of active
skeletal muscle while cardiac output and blood flow are de-
clining and myocardial ischemia is developing? The critical
question is whether there is evidence for an anticipatory regulation
of homeostasis as predicted by the CGM or whether the human
body always exceeds its homeostatic capacity before exercise
terminates as Dr. Gonzáles-Alonso believes. Evidence for the
former interpretation exists (5, 7, 8) but other than the studies of
Dr. Gonzáles-Alonso and colleagues, we are not aware of evi-
dence supporting the latter belief.

We find much agreement with Dr Cheung’s (see Ref. 8)
enlightened views. The CGM does not exclude the central
circulation as a source of sensory feedback to the CGM, a point
not properly understood by Dr Kemi (see Ref. 8). Dr, Calbet
(see Ref. 8) has provided some of the best evidence that
exercise performance cannot be regulated exclusively by the
extent of oxygen delivery to the exercising limbs. Thus in-
creasing oxygen delivery to muscle does not improve maximal
exercise performance either at altitude (4) or at sea level (3);
hence the termination of maximal exercise cannot be due to an
inadequate oxygen delivery to muscle. We cannot force Dr.
Calbet to comprehend that which he still cannot see (6).
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Is it Time to Retire the
‘Central Governor’?
A Philosophical and
Evolutionary Perspective

Any commentary on an author’s work is valu-
able as it prompts introspection and re-evaluation
of the ideas posited by the work being critiqued.
For this reason I am grateful to Prof. Shephard for
the critical review of some of my writings that
have contributed to the development of the Central
Governor Model (CGM) of exercise physiology.[1]

Prof. Shephard has provided some enticing and
thoughtful points and therefore his critique in-
vites comment. However, it would take several
pages to rebut each of the points made by Prof.
Shephard, so I will limit my arguments to a few
philosophical points and the correction of factual
errors and leave the interested reader and the
fullness of time to evaluate the veracity for the
arguments provided by Prof. Shephard’s critique
of the CGM.

I begin with the title of the article: Is it time to
retire the ‘Central Governor’? This title begs the
obvious counter question: what and who would
benefit from the retirement of a new and revolu-
tionary paradigm? Before addressing this ques-
tion directly, it is worth being reminded about
the true nature of scientific enquiry as written
by renown paleoanthropologists Johanson and
Streeve in responding to their opponents upon
their discovery of the fossil, ‘Lucy’s child’:[2]

‘‘Frustrating as it is, the distantly tantalizing
truths about our origins will probably not be re-
vealed before we ourselves are buried under the
earth. But that will not stop me from testing and
retesting new hypotheses, exploring further pos-
sibilities. The point is not to be right. The point is
to make progress. And you cannot make progress
if you are afraid to be wrong.’’ Returning to the
question of who and what would be the benefit of
retiring the CGM, possible answers could be
either that this allows us to continue with the
previously held beliefs and assumptions and

therefore perpetuating the evidence that supports
these assumptions or that proponents of the
widely held classical view do not wish to embrace
a new paradigm that might explain that which
the classical view cannot. Either way there can
be no significant progress towards the truth. In
what is regarded as one of the hundred most in-
fluential books since WWII, Kuhn[3] has outlined
why new revolutionary paradigms are seldom
accepted immediately by the specialists in the
field: ‘‘For these men the new theory implies a
change in the rules governing the prior practice of
normal science. Inevitably, therefore, it reflects
upon much scientific work they have already
successfully completed. That is why a new theory,
however special its range of application, is sel-
dom or never just an increment to what is already
known. Its assimilation requires the reconstruc-
tion of prior theory and the re-evaluation of prior
fact, an intrinsically revolutionary process that is
seldom completed by a single man and never
overnight.’’ It is thus not unusual that Prof.
Shephard and those of his ilk might resist ac-
knowledging a new paradigm that is better able
to explain those observations that the classic
teaching cannot. It is not entirely clear why op-
ponents of the CGM do not take issue with the
originators of the concepts leading to the CGM[4,5]

in their attempt to explain the limitation of the
cardiovascular model of exercise physiology.
Rather, opponents of the CGM take issue with
those who have provided further insights for its
development.[6,7]

At this point it is worth reiterating that the
underpinning tenant of the CGM is the brain’s
ability to recruit and de-recruit skeletal muscle to
regulate exercise and avoid catastrophic failure of
any organ system,[7] whereas the cardiovascular
model holds that the heart and oxygen delivery
are the factors limiting exercise.[8] It is notable
that proponents of the cardiovascular model
avoid the findings that clearly demonstrate the
importance of the amount of skeletal muscle re-
cruitment in the determination of peak oxygen
uptake when improvements in central haemo-
dynamics are not parallelled by increases in sys-
temic exercise performance even in congestive
heart failure.[9,10]
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Prof. Shephard individually critiques what he
calls ‘‘five correlates of the CGM,’’ one of which
is the ‘‘potential for the evolution of a Central
Governor.’’[1] A substantial discussion for the
origins of an anticipatory mechanism in the evo-
lution of hominids has been provided elsewhere,
so the discerning reader will be able to evaluate
the arguments presented on the matter to their
satisfaction.[11] However, whether or not there
has been an evolutionary process in the develop-
ment of a centrally mediated mechanism for tel-
eoanticipation is not a common area of research
in the exercise sciences and the understanding of
such an evolutionary process needs further ela-
boration. This section, like all other sections of
Prof. Shephard’s critique, is littered with errors of
fact and must be corrected as a matter of record.
Prof. Shephard asserts that ‘‘Mosso noted that
3 years of learning was needed to perfect migra-
tion patterns in quails; he argued that the birds
were then able to regulate the energy ex-
penditures over prolonged flights in such a man-
ner as to conserve a final store of metabolites
against easy capture.’’[1] This interpretation is not
only a distortion of Mosso’s findings, but it is
also an error of fact as Mosso did not make this
suggestion at all and he did not train quails. This
is an important distinction as Mosso originally
observed that energy expenditure may not have
been crucial in the long-distance flight of quails
from Africa to Rome but some other mechanism
could explain the ability of the long-distance
flight. In making this observation Mosso then
attempted to elicit the same long-distance flying
ability in carrier pigeons and it was then that he
noted that this ability could only be attained after
3 years of specific training and education. In
other words, a naturally occurring phenomenon
(in quails) could be trained and indeed improved
upon as training continued. Therefore, the issue
is whether or not training provides the stimulus
for the organism to better understand the task
and plan a strategy to complete the task without
catastrophic failure.

I have previously provided a treatise on the
development of anticipatory regulation through
evolutionary forces and argued that this might
be specific to the organisms’ conditions.[11] As

further examples, two extremes were used to
illustrate the difference between endurance and
sprint capacity in the African hunting dog and
the cheetah, respectively.[12] I suggested that
evolutionary pressures led to the development of
a central regulatory mechanism. However, in a
sleight-of-hand Prof. Shephard suggests that the
evolutionary scenario could be argued in several
different ways as given by Hopkins,[13] whereby
predators might risk a loss of homeostasis in
order to avoid death from starvation or predators
risking a loss of homeostasis to avoid capture. In
this scenario the most widely accepted scientific
theory, that of natural selection, has been ruled
out simply by suggesting that the Central Gov-
ernor could work in two opposing directions. But
natural selection does not provide for either/or
in survival; that is, individuals within a species
that were caught or could not catch prey were
either respectively killed or starved and did not
produce offspring. The very basis of natural
selection predicts that any trait favouring a spe-
cies will carry on in their offspring; in this case
those individuals with the most advanced teleo-
anticipatory system or Central Governor will
have survived.

To defend the view that the Central Governor
could not have evolved, Prof. Shephard defers
to an obscure one-sided editorial by Hopkins
who suggests ‘‘y that the governor makes little
sense from an evolutionary perspective. Only an
unintelligent designer would endow animals with
capacities they cannot use.’’[13] There are two
fallacies with this argument. First, how can one
argue for unintelligent design in relation to evo-
lution? These are mutually exclusive views of
reality; evolution being a scientific paradigm
open to refutation and intelligent design (or as
Hopkins prefers, unintelligent design) being a
creationist perspective that does not fulfil the
criteria of a scientific paradigm. Second, to sug-
gest that evolution, and by extension nature, does
not endow organisms with capacities they cannot
use is false. This view of natural selection is
known as hyper-selectionism and denies the ob-
vious that many species have vestigial features.[14]

For example, in mammals the recurrent laryngeal
nerve does not extend directly from the brain to
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the larynx, but upon reaching the neck bypasses
the larynx and drops into the chest where it loops
and only then retraces up to the larynx in the
neck;[15,16] those of us who have had wisdom
teeth extracted can attest to the futility of these
structures. Although Prof. Shephard should be
applauded for a valiant attempt at dissecting the
CGM and in particular the evolutionary basis for
a teleo-anticipatory mechanism, such critiques
should be carried out with the inclusion of the
accepted scientific theories rather than attempting
to distort the facts by excluding such theories; this
line of reasoning is usually labelled as ‘spin’.

Finally, in an attempt to refute the hypothesis
that the Central Governor evolved during per-
sistent hunting under heat stress, Prof. Shephard
cites the conclusions drawn by the International
Biological Program (IBP)[17] on the ability of
various isolated populations to undertake fati-
guing work of various durations. The IBP ap-
parently found little evidence that humans have
developed unusual physiological characteristics
in response to prolonged residence in extreme
environments as ‘‘y field studies of traditional
Neolithic populations suggest that their success
in hunting trips, and thus any selective pressures,
depends much more on intellect than brute force,
running ability or tolerance of physical fati-
gue.’’[1] The logic here does not follow as the as-
sumption is that intellect preceded human bipe-
dal locomotion. In this instance Prof. Shephard
ignores completely the current wisdom, which
holds that the ‘‘y big brain arose from the big
baby, and the big baby arose first from challenges
in walking, and then enlarged hips in females.
The proposal thoroughly contradicts the alter-
native assumption, that selection pressures for
intelligence drove the evolution of big brains.
Tool use didn’t prompt brain expansion. Rather
walking expanded brain size, and the bigger brain
was able to conceive of tool construction and
use.’’[18-20] Therefore, any observation in con-
temporary ‘primitive’ peoples assumes that the
large brain and, therefore, the intellect sponta-
neously occurred. In addition to this broken
logic, a case is made for the unlikely genetic trans-
mission of hunting skills into the 21st century
simply because the planet is now a genetic melting

pot. Assuming that a mechanism for anticipatory
regulation evolved over millions of years, Prof.
Shephard would now wish us to accept that this
characteristic along with many other genetic
traits would disappear within only a few genera-
tions. It is also notable that the relationship
between phenotype and genotype is used as
evidence against the selection pressures for the
evolution of a thermally protective ‘Central
Governor’ as exercise tolerance and thermo-
regulation seem to be phenotypic.[21] However,
Prof. Shephard is guilty of removing the con-
textual basis for this statement as given by the
authors who state that ‘‘y for future studies to
make an impact in identifying genotypic differ-
ences, the phenotypical changes arising from
diversity in environmental conditions will need to
be controlled before there is any intervention
(exposure to hot or cold conditions).’’[21] There-
fore, it is not the case that there is no genotype for
thermotolerance but rather these data are diffi-
cult to acquire due to the lack of control arising
from the diverse environmental conditions.

In summary, it is clear that many exercise
scientists do not regard the CGMas an alternative
hypothesis to the more traditional view or that it
can predict the way in which human performance
is regulated under all conditions. Therefore, the
challenge issued by Prof. Shephard should not be
taken lightly. However, to continue to assert that
‘‘Over the past 13 years a small group of in-
vestigators has argued repeatedly for the ex-
istence of a Central Governor y’’[1] reduces this
debate to nothing more than an us-or-them ap-
proach to science. Rather, the fact that the CGM
provides an uncomplicated solution to the un-
derstanding of the regulation of exercise and that
it puts the brain back in focus is to be celebrated
rather than maligned. When T.H. Huxley first
read Darwin’s The Origin of Species[22] it is said
that his reaction was ‘‘How extremely stupid not
to have thought of that.’’ Perhaps it is this senti-
ment that the opponents of the CGM lament?

Frank E. Marino
Prof. and Chair of Exercise Physiology, Head of

School of Human Movement Studies, Charles Sturt
University, Bathurst, New South Wales, Australia
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The Author’s Reply

I would like to thank Prof. Frank Marino
for his interest in and spirited comments on my
recent article ‘Is it time to retire the Central
Governor’?[1] However, I must admit to difficulty
with blanket assertions such as ‘‘Prof. Shephard’s
critique is littered with errors of fact,’’ particu-
larly when the specifics raised in a lengthy letter
are light on substance.

The first issue is an appropriate time to
retire the ‘Central Governor’. Age is a common
criterion for retirement. Prof. Marino quotes
Kuhn[2] implying that he is discussing ‘‘a new
paradigm,’’ although at the same time he traces
the origins of this hypothesis back to A.V. Hill,
in the early part of the 20th century. He cites
Johanson and Streeve[3] on the need for ‘‘testing
and retesting new hypotheses.’’ If proponents
of the ‘Central Governor’ were busily engaged
in such activity, most scientists would be glad
to allocate precious journal space to what might
be exciting test results. However, repeated asser-
tions that this hypothesis is a fact (e.g. the con-
cluding paragraph of Prof. Marino’s letter) in the
absence of convincing evidence have evoked
more negative reactions. To quote again from
Johanson and Streeve ‘‘The point is to make
progress.’’[3] Most scientists of my ‘ilk’ would
welcome consignment of the ‘Central Governor’
hypothesis to a bottom drawer, at least until
patient testing and retesting has elicited some
tangible proof of its truth.

Prof. Marino makes the bold assertion that
‘‘proponents of the cardiovascular model avoid
the findings that clearly demonstrate the im-
portance of the amount of skeletal muscle
recruitment ...’’ I am not sure which, if any, pro-
ponents of the ‘cardiovascular model’ are guilty
of such neglect. Certainly, the International Bio-
logical Program (IBP) working group on the mea-
surement of maximal oxygen intake recognized
the importance of active muscle mass when de-
termining an individual’s peak aerobic perfor-
mance.[4] In collaboration with colleagues at the
Centre National de la Recherche Scientifique
(CNRS) in Paris, I later carried out extensive
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research on this very issue,[5] highlighting the
limitation of peak effort by negative feedback
from a rising blood pressure and a peripheral
accumulation of metabolites when the active
muscle mass was small. Further research with
investigators at the Toronto Rehabilitation Cen-
tre addressed the rather special case of oxygen
transport in congestive heart failure, where
(contrary to the assertion of Prof. Marino) the
functional gains from 12 months of aerobic
training proved largely attributable to an increase
of peak cardiac output; any muscular limitation
of effort in this class of patients reflected a loss of
lean tissue loss and a decrease of oxidative me-
tabolism in the leg muscles.[6,7] Moreover, none
of this experimental evidence pointed to the ex-
istence of a ‘Central Governor’.

We next move to the possible evolutionary
history of any ‘Central Governor’. Prof. Marino
is quite correct in asserting that Mosso’s ac-
tual experiments were on carrier pigeons; it
was for this reason that I noted Mosso had ar-
gued rather than observed the phenomenon
of migration training in quails. Bird migration
is an interesting topic, although it seems a far
cry from an athlete who is running a marathon.
Many bald eagles migrate to the area where I
am currently living, and at this time of the year I
can observe that their success in energy con-
servation depends not on some ‘Central Gover-
nor’, but rather on an ability to exploit updrafts
and strong prevailing winds. The necessary ta-
lents may be partly inherited, but much of the
necessary expertise is acquired through parental
training. Furthermore, most bird species do not
rely on a Central Governor rationing out ini-
tial food reserves over their entire migratory
journey; rather, they select their migration routes
to allow feeding at various stop-over points.
Thus, when quail migrate between Europe and
Africa, they typically enjoy a rest stop in the
southern Sinai, a point noted many years ago in
the Hebrew Bible.

I am accused of a ‘‘sleight of hand’’ for stres-
sing an inconvenient truth previously pointed
out by Prof. Will Hopkins.[8] When an animal is
hunting or being hunted, a selective pressure
could arise from an inadequate rather than an

excessive intensity of exercise. I am not clear why
Prof. Marino thinks that the statement of these
alternative possibilities implies a rejection of
natural selection. But the several potential inter-
pretations of a hunting scenario illustrate the
difficulty in drawing any firm inferences from
hypothesized patterns of evolution.

Prof. Marino also states: ‘‘a case is made for
the unlikely genetic transmission of hunting skills
into the 21st century.’’ In fact, no such case is
made. Indeed, during the mid-part of the 20th
century a major objective of the International
Biological Programme was to document the
characteristics of isolated populations as quickly
as possible, recognizing that within a very few
years the peoples concerned would have become
a part of a planetary genetic melting pot.[9,10] As I
indicated in my article,[1] the dependence of hu-
man hunting success upon brain rather than
brawn does not exclude the possibility that the
physical demands of hunting may have influ-
enced natural selection in other species. But, as
Hopkins and I have both pointed out, any such
selective pressures would not necessarily favour
evolution of a Central Controller, even in lower
animals.

In conclusion, it is stimulating to engage in
further discussion of evolutionary phenomena
that may have influenced exercise performance.
With the possible exception of International
Biological Programme participants, physiologists
have rarely visited this topic. Unfortunately,
I cannot presently agree ‘‘that the [Central Gov-
ernor Model] provides an uncomplicated solu-
tion to the understanding of exercise.’’ However,
I do not think Prof. Marion should retreat into
an ‘us or them’ stance. If the ‘Central Governor’
hypothesis is established by years of patient re-
search matching that of Charles Darwin, I shall
be the first to congratulate Profs. Frank Marino
and Tim Noakes, and I shall urge the publication
of an equally well documented treatise on The
Origin of Species with a Central Controller.

Roy J. Shephard
Prof. Emeritus of Applied Physiology, Faculty of

Physical Education and Health, University of
Toronto, Toronto, Ontario, Canada
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Thermoregulation and
Exercise Performance
Frank E. Marino
School of Human Movement Studies and Exercise and Sports Science Laboratories,
Charles Sturt University, Bathurst, NSW, Australia

Abstract
The evolutionary history of mammals, but more specifically humans, indicates that heat stress was a
decisive and powerful selection pressure. There is good evidence that early hominids had to adapt to
a changing environment by assuming an upright posture and consequently bipedalism. Because of
further distances between food sources and the need for prolonged hunting, bipedal locomotion
over longer distances required higher aerobic capacities and as a consequence an increase in
endogenous heat production. A cooling mechanism to balance heat loads was essential for survival
and adaptations by other bodily systems such as the brain must have developed to deal with the
increased heat stress. This chapter discusses the evolutionary forces which are thought to have pro-
duced the thermoregulatory system used by modern day humans in exercise performance. A partic-
ular feature that has been overlooked by thermal physiologists is the way in which mammals use the
thermoregulatory system to anticipate thermal limits during physical activity and thus avoid physio-
logical catastrophe. Copyright © 2008 S. Karger AG, Basel

The past century has witnessed extensive research into thermoregulation during
exercise performance. The ability to thermoregulate effectively to avoid lethal dis-
ruption to homeostasis has been an important aspect of the research conducted, in
doing so there is a greater understanding of the limits to performance under
extreme conditions [1, 2]. However, this research highlights the susceptibility of
living organisms to extreme environments and the practical limitations for living
and performing in such conditions.

Perhaps the pinnacle in the understanding of thermoregulation was the inven-
tion of the thermometer by Galileo Galilei c1593 and its subsequent improve-
ments culminating in the publication of Ars de Medicina Statica (1624) by Santorio
Santorio [3]. In this publication, descriptions of temperature measurements in
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man were available for comparison to ill health, for at this time it was not yet
known that humans regulated their body temperature around a ‘set point’. What
was clear, however, was that body temperature was a critical part of human physi-
ology especially when fever was present.

The relationship between thermoregulation and human performance is inti-
mately connected to the evolutionary forces which are seldom considered in the
exercise sciences but could provide pivotal insights into the way in which modern
humans deal with exercise heat stress. This chapter will discuss and outline the key
evolutionary forces which are thought to have fashioned the development of the
thermoregulatory system in humans with a view to providing an understanding of
the limitations within which this system functions and perhaps help explain more
recent findings in exercise and human performance.

The Primordial Soup and the Thermal Environment

Although there is no absolute determination of how life on Earth began, there is
consensus that early life was subjected to a hot environment. The hypothesis that life
began in a primordial soup was first postulated in the 1920s independently by both
Oparin and Haldane [4]. In this model, the Earth’s atmosphere was composed of
nitrogen, ammonia, methane and hydrogen whereby heat produced chemical reac-
tions giving rise to molecules that eventually made their way into water forming a
primordial soup of amino acids and thus the building blocks of life [5]. Although the
primordial soup hypothesis is not regarded as the only process by which life evolved,
the point is that heat must have been an essential ingredient in this process.

Due to the sensitivity to fluctuations in environmental temperature, it would be
reasonable to conclude that behavioural motivation was related to the inherent
need to control the internal temperature. From this point of view it was likely that
primitive organisms were able to perform metabolic functions, be excitable, repro-
duce and find ways of moving from one point to another. A graduation from
unicellular to multicellular organisms was most likely a fundamental point in
evolution and thus cellular reactions must have occurred [6]. There is very little
doubt that a pivotal feature in evolution must have been the ability of organisms to
respond to environmental challenges, which could only occur if structures for cel-
lular responsiveness were available. In addition to these molecular and cellular
adaptations, a major advancement in the evolution of hominids was the appear-
ance of mammals [7]. The sequence of events leading to this is beyond the scope
of this chapter and, therefore, the reader is referred to a more in-depth discussion
of the events in this timeline [8].

Suffice it to say that the appearance of mammals is arguably the most important
step in the evolutionary history of homo sapiens, clearly the development of
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upright posture and bipedal locomotion was a significant shaping force for our
species [9, 10]. The relationship between upright posture and the ability to effec-
tively regulate body temperature is not readily apparent. However, because bipedal
locomotion permitted hominids to pursue prey over long distances and possibly
for days [11], the production of endogenous heat must have been a significant
impediment. More modern studies show that the cost of running for humans is
relatively high leading to endogenous heat production for a given body mass and
thus a critical factor to deal with during exercise of long duration [12, 13]. To deal
with this inefficiency the development of a heat dissipating mechanism would be
required for continued activity.

Evidence of Preferred Temperature of Organisms

The relationship between the origins of life and temperature were examined in a
classical experiment by Mendelssohn [14] who showed that paramecia reacted to
varying environmental temperatures by either dispersing or congregating
according to their seemingly preferred temperature medium. When the tempera-
ture of their medium was 19!C the paramecia randomly dispersed, whereas,
when the temperature was increased to 38!C they would congregate at the cooler
end of 25–26!C as depicted in figure 1. What is even more remarkable is that the
paramecia had a ‘preferred’ temperature of 24–28!C where they would congre-
gate and avoid the extremes of either 12 or 36!C (fig. 2). Notably, the paramecia
were attracted toward the moderate rather than the warmer medium suggesting
that optimal function was either linked to temperature or that these unicellular
organisms were capable of controlling their internal temperature by behavioural
means.

Although, the temperature on much of the Earth’s surface ranges from 0–50!C,
some animals such as polar fish and invertebrates can live in temperatures below
0!C, whilst some algae can survive in temperatures above 70!C [15]. There is no
clear evidence as to the ambient temperature in which early hominids evolved
albeit that technology has permitted the ambient temperature range in which
humans can live to be extended considerably. The temperature range in which
humans might have evolved is an important consideration as it could explain why
most animals (mammals and birds) have a set core temperature of about 37!C.

The major theories about the significance of 37!C have been constructed
around the observation that death ensues in some animals following high thermal
strain. A treatise on each of these is not within the scope of this review so the
reader is referred to other more pertinent texts [15]. Briefly, however, these theo-
ries include (1) denaturation of proteins and thermal coagulation, (2) thermal
inactivation of enzymes, (3) inadequate oxygen supply, (4) different temperature
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a
12ºC 24ºC 28ºC 36ºC

b
12ºC 24ºC 28ºC 36ºC

Fig. 2a, b. Congregation of paramecia at a ‘preferred’ temperature of 24–28!C. Note the avoid-
ance from the extreme high (36!C) and low (12!C) temperatures and the preference to the mod-
erate (24–28!C) temperatures [14]. With kind permission of Springer Science and Business Media.

a
19ºC 19ºC

b
26ºC 38ºC

c
10ºC 25ºC

Fig. 1. Reactions of paramecia to temperature changes to their medium as studied by
Mendelssohn [14]. a Random dispersion of the paramecia at 19!C and congregation at seem-
ingly preferred temperature of 25–26!C by avoiding the extremes of 38!C in b and 10!C in c. With
kind permission of Springer Science and Business Media.

effects on interdependent metabolic reactions know as the Q10 effect, and (5)
temperature effects on membrane structure. Although each of these theories can
partly explain the physiological processes within a narrow temperature range, they
cannot explain how an organism came to ‘choose’ 37!C as its set temperature.
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Gisolfi and Mora [16] have postulated a mathematical model based on the Law
of Arrhenius and on the assumption that humans evolved and have a preference
for ambient temperatures of around 25!C. The Law of Aerrhenius states that for an
increase in 10!C there is an increase in the rate of chemical reactions leading to
increased heat production by about !2.3 times. Taking this law and extending it
to homeotherms with the assumption that 25!C is the optimal environmental
temperature for the existence of most animals (as suggested by Mendelssohn
[14]), we can arrive at 37!C as an ideal core temperature like so: The temperature
gradient between the core (Tc) and the environment is represented by Tc " 25!C.
A rise in Tc of 1!C would make this equation Tc # 1!C " 25!C or Tc " 24!C. Heat
loss will proceed according to the temperature gradient which can be expressed as
(Tc " 24)/(Tc " 25) $ 1.086, where 1.086 represents the Q10 effect so that a 1!C
increase in Tc will increase the heat production by 2.31/10 (or 1.086). Thus, solving
for Tc results in !37!C. Although this is a simplistic representation of how we
might arrive at 37!C, it does show that 37!C might be a temperature at which heat
loss and heat gain mechanisms can achieve equilibrium and that the ideal envi-
ronment for most mammals could be around 25!C. This mathematical model also
explains why it is important for core temperature to normally be higher than envi-
ronmental temperature so that the transfer of heat is always away from the core.
Conversely, if the set core temperature was lower, it may be that the sweating
response would be activated at a lower threshold leading to a greater reliance on
water. However simplistic this mathematical model may seem, it does connect the
hypothesised evolutionary ambient temperature of !25!C to the mammalian core
temperature set point.

Other theories suggest that the thermodynamic properties of water are such that
higher rather than lower temperatures are critical for maintaining thermodynamic
equilibrium and therefore the least amount of stress [17]. It is also possible that ther-
moregulatory activities are closely related to the ratio of metabolic rate and heat con-
ductance, so a higher set point would be essential for this relationship to hold and
produce effective thermoregulation [17]. More likely, however, is that a universal
thermodynamic switch exists [18]. In this model, there is a balance between entropy
and enthalpy where net biological processes such as protein folding, protein-
membrane interactions and protein self-assembly are possible. Any deviation from
this value or that the thermodynamic switch is unable to drive the behaviour pat-
terns related to equilibrium will most likely lead to cellular catastrophe.

Thermoregulatory Adaptations to Bipedalism

Humans have well developed sweat glands which assist greatly in sweat production
and, hence evaporative cooling as shown over 50 years ago [19]. In this classic
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study sweat production was increased by at least 10% with acclimation and as a
consequence able to account for 75–90% in body temperature attenuation when
men were subjected to 1 h of physical work in a hot, dry environment. However,
we now understand that the effectiveness of sweating is limited by the relative
humidity by reducing the evaporative potential and cooling of the skin [20]. The
ability of sweat glands to increase their effective sweat production necessitates a
relatively hairless body compared with other mammals. This adaptation no doubt
allows for greater conductance than would otherwise be possible with a coat of
hair. Although this has not been experimentally compared in humans with other
mammals, Folk et al. [21] point out that humans ‘are the only living bipedal
mammal with both a naked skin and a totally eccrine-dependent cooling system’
[21, p. 184]. This is in contrast to those mammals that rely on apocrine glands for
sweat production due to their fur coats [22]. Folk et al. [21] also point out that
bipedalism necessitated a cooling system which would allow significant amounts
of water to be produced so that evaporation and cooling were possible whilst
hunting for extended periods; a requirement which the eccrine gland is able to
sustain.

The advent of upright posture and consequent bipedalism has led to the
hypothesis that the hominid brain developed and assumed its comparatively
large size due to selective pressures such as gathering, offspring dependency and
different eating postures becoming essential for survival and in particular, the
freeing of the upper limb and hands permitting such activities as toolmaking
and usage which are regarded as pivotal events in the development of the
hominid brain [11]. Although these are widely held views, this has been chal-
lenged by noting that even an initial increase in brain volume cannot be
accounted for by the development of rudimentary technology by virtue of the
fact that increased brain size was not followed by more advanced tools and,
therefore, positive feedback between these two events is not evident [23]. An
alternative hypothesis proposed by Fia5kowski [24] suggests that the increase in
brain size was an outcome of increased heat stress under conditions of primitive
hunting. In this model, the more complex activities associated with mental
tasks, communication and elaborate toolmaking could be accomplished only
after not in advance of the increase in brain size. This hypothesis is strengthened
by the proposition that early hominid environments changed from forest to
grassland, having direct consequences on either the density or food type avail-
ability, the consequence of which was increased distances between forest patches
and widespread increase in savannah habitat necessitating a more efficient
mode of locomotion [9]. For as the accepted evolutionary theory suggests,
hominids first appeared on the African continent, and therefore, were subjected
to drier, warmer temperatures during the time when bipedalism is thought to
have evolved [25].
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Heat Stress as an Evolutionary Selection Pressure

The ability to tolerate high heat loads during locomotion must have resulted in
adaptations to bodily systems to deal with heat strain. For example, it is widely
accepted that the organ which is protected from thermal injury during heat stress
is the brain [26]. This view has probably gained acceptance as it is thought that
some mammals are able to selectively cool the brain during times of heat stress
and by extension neuroprotection is assumed to be critical amongst all mammals.
Increased heat stress as a selection pressure directly influencing hominid brain
development is an attractive hypothesis as it strengthens the role that the brain is
thought to have in protecting the organism from thermal injury. What is not clear
is how a larger brain might assist in maintaining thermo-homeostasis. To answer
this question, Fia5kowski [24, 27] has made use of a mathematical model which
proposes that ‘the complete system must be organised in such a manner that a
malfunction of the whole automaton cannot be caused by the malfunctioning of a
single component …but only by the malfunctioning of a large number of them’
[24, p. 289]. In the present case, a larger brain has a greater chance of having many
functioning parts so damage to one part may not necessarily lead to damage in
another due to the number of complex interconnections. Others have also made
the point that central thermoregulation is highly redundant as there are numerous
brainstem regions which function in parallel in the integration of thermal inputs
thereby providing a hierarchical organisation suggesting that thermoregulation in
mammals is unlikely to have evolved as an independent system [28]. That is, the
thermoregulatory system in mammals is highly dependant on the other systems
such as the cardiovascular, integumentary and respiratory systems for integration
of effector responses. The point is that, in this model the evolution of a larger
brain in hominids in addition to the use of existing systems has effectively built-in
a reliability/redundancy component whereby thermal injury can be either min-
imised or abated rather than be widespread to the whole organism thus avoiding
catastrophic failure.

However, any model which affords protection to the brain from thermal injury
must by necessity also explain why an organ which is thought to be pivotal in con-
trolling thermohomeostasis should be so sensitive to changes in temperature.
There are no available data indicating that brain tissue is more or less sensitive to
thermal injury compared to other tissue. A threshold for irreversible damage to
brain tissue due to thermal strain has never been established at least in humans,
although almost a century ago it was shown that irritability of frog nervous tissue
decreased as temperature increased from 36.5–44!C (fig. 3) [29]. This is a salient
point as neuroprotection from thermal injury must be in excess of the damage
occuring in other tissues at temperatures of 42–45!C [30] as it seems counterpro-
ductive to have the brain more sensitive to heat than other tissues or there is some
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form of protection against such injury. Given that selective brain cooling during
heat stress has never been adequately proven in humans and even doubtful in
other mammals [31–33], it is plausible that protection from thermal injury to the
brain might be explained by the mathematical/reliability model proposed by
Fia5kowski [24, 27]. Built-in redundancy in a biological system vital for survival is
likely to be more robust and able to cope with a changing environment and a plau-
sible step in the evolutionary process.

Bipedalism and Teleo-Anticipation

An important feature of bipedalism is the capacity to run for long periods and as
such humans are regarded as exceptional endurance runners compared to other
mammals. In fact, there is evidence in several existing ‘primitive’ cultures across the
Americas and Africa that humans are able to run their prey ‘into the ground’; in
some instances for up to two days when the prey would drop from exhaustion ren-
dering it so much easier to slay [34, 35]. In addition to hunting, the effectiveness and
ability to run long distances was very likely also exploited by primitive and ancient
civilizations to carry messages and ceremonial objects for distances of up to 500 miles
(!804 km) [36]. No doubt this capacity to run for long periods is contingent upon
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Fig. 3. Irritability of frog nervous tissue as measured by the amount of time that the nerve was
able to be stimulated by electrical current and cause muscle contraction at increasing temperature.
Note the reduction in irritability at about 75 min at 36.5!C to only a few seconds at about 44!C. Data
are redrawn form Halliburton [29].
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Evolution and Thermoregulation 9

an aerobically adaptive energy system coupled to a superior cooling system in addi-
tion to the ability of primitive humans to be able to plan and subsequently pace their
strategy to exploit these physiological systems to their capacities.

In essence, the ability to anticipate impending physiological limits is an essential
survival component for any organism and can be identified not only in mammals but
across a range of species. Teleo-anticipation was proposed by Ulmer [37] as a way of
describing the relationship between perception of effort and the physiological
changes that occur during heavy muscular work. In this model the organism relies on
dynamic and continuously altering signals to subconsciously make adjustments to
their pacing strategy in anticipation of the end point. Historically, this is not a new
concept and can be traced back to the landmark writings of Mosso [38] who
attempted to describe the phenomenon when he noted that quails flying from Africa
to Rome needed a strategy to make the long distance flight. His subsequent studies on
migrating pigeons led him to write that ‘Pigeons do not become good carriers until
they have been educated. Not until their third year of their education do they attain
their maximum strength and skill, and the greatest perfection in their sense of direc-
tion’ [38, pp. 7, 8]. A contemporary interpretation of these writings is that experience
and a developed sensory feedback and feedforward calculations are an essential com-
ponent of physiological systems. The ability to anticipate the required effort and
make accurate calculations regarding; for instance thermal strain, must be made in a
feedforward manner with sensory signals used as feedback which would be generated
by a number of organs and bodily systems. The purpose of such a system would be to
possibly reduce physiological catastrophe well ahead of time for as Mosso [38] noted
of the quails after a long journey that: ‘It is said that quails sometimes allow them-
selves to be caught by hand, but I cannot affirm this from personal experience, nor
can any sportsman whom I have consulted’ [38, p. 1]. That is to say that the quails not
only were able to calculate the required effort but also had enough energy to spare
should they need to avoid capture. This could only be achieved by a complex intelli-
gent system that could calculate the physiological requirements ahead of time [39].

However, this model of teleo-anticipation has not been previously used to
partly explain the process by which bipedalism might have evolved and its rela-
tionship to thermoregulation. Although there is very little empirical evidence for
such an anticipatory strategy being used by early hominids, there can be no other
interpretation of the retrospective analysis of the available evidence when consid-
ering the environmental challenges faced by early hominids. But, it is possible to
speculate that this anticipatory or teleological ability was indeed used by early
hominids by considering more recent experimental evidence on endurance ath-
letes. First, it is worth noting that under thermally stressful conditions, athletes
have been known to stop exercise at a core temperature of !39.5–40!C, which has
been coined the ‘critical limiting core temperature’. This hypothesis predicts that
the athlete will stop exercise at this temperature as the motivation for exercise is
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significantly reduced [40]. This was later confirmed by studies which showed a
coincidental reduction in neuromuscular drive from the central nervous system
when body temperatures reached the critical level [41]. However, the majority of
these studies have always evaluated this phenomenon with exercise at a fixed
intensity rather than with more ‘realistic’ self-paced modalities. For the only outcome
under fixed intensity modes is that the athlete always stops when the maximum
thermal strain is reached. In contrast, when exercise is self-paced the athlete also
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Fig. 4. Heart rate at each sprint interval (1–6) and between steady state exercise during a 60-min
self-paced intermittent sprint protocol in the heat (32!C; 63% relative humidity). The heart rate
(top panel) is identical at the middle of each sprint interval even though there is a decline in
muscle activation as measured by integrated electromyography (IEMG; closed squares), power
output (open triangles) and frequency spectrum (closed diamonds) (bottom panel) during these
maximal conscious efforts. Note the return of muscle activation and power output at the penul-
timate and final sprints with identical heart rates [43]. *p % 0.05 compared with first sprint interval.
With kind permission of Springer Science and Business Media.

Paper 46 Paper 46

435



Evolution and Thermoregulation 11

stops at similar core temperatures but for all conditions, not just those in a hot
environment [42; see chapter by Tucker, this vol., pp. 26–38]. Thus, the ability to
adjust the rate of work is a critical factor for human performance.

One of the first studies to offer proof for the existence of such an anticipatory
process showed that athletes were able to give a maximum conscious effort as
evidenced by their heart rates, whilst muscle activation and power output were
reduced at the same time only to be restored later in the exercise bout at identical
heart rates [43] (fig. 4). These data show that the individual was regulating skeletal
muscle activation in anticipation whilst maintaining a ‘maximum’ conscious effort
so that they would be able to reach the end of the trial which would not be possi-
ble had they continued activating the same amount of muscle and generating sim-
ilar amounts of heat as that in the initial stages of the trial.

A further example of such an anticipatory response under thermally stressful
conditions compares Caucasian and South African distance runners [44]. This
study showed that both the African and Caucasian runners were able to anticipate
a thermoregulatory limit by altering their running speed in such a manner so as
to avoid being unable to finish the required race distance. The Caucasian runners
reduced their speed at identical rectal temperatures as the African runners in
advance of the next phase of the trial, a clear indication of teleo-anticipation. For
if they continued at the same speed their larger body mass would have con-
tributed to a faster rate of heat accumulation. This evidence clearly suggests that
humans are able to anticipate the thermoregulatory limits well ahead of develop-
ing hyperpyrexia. These modern studies provide experimental evidence that a
teleological mechanism was perhaps a fundamental part of our evolutionary his-
tory if one accepts that heat strain was an impediment to the survival of early
hominids.

Conclusions

Although there are many aspects of human evolution that have not been consid-
ered here, the relationship between thermoregulatory function and early hominid
existence to the present day is indeed evident as a significant selection pressure.
There is good evidence to suggest that life on Earth was heavily influenced by heat
and by necessity life developed ways of minimising thermal strain. The ability of
humans to develop large aerobic capacities, and therefore high endogenous heat
loads necessitated an efficient cooling system which is exquisitely balanced lead-
ing to significant advantages over other animals. However, much of this physiolog-
ical control is intimately reliant upon the ability to teleo-anticipate physiological
limits to maintain homeostasis under a variety of conditions. It is this aspect of the
evolutionary history of humans which needs further exploration.
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Comparative Thermoregulation and
the Quest for Athletic Supremacy
Frank E. Marino
School of Human Movement Studies and Exercise and Sports Science Laboratories,
Charles Sturt University, Bathurst, NSW, Australia

Abstract
There are a number of different strategies used by animals to effectively deal with the changing envi-
ronment. The various thermoregulatory strategies employed by mammals can be a critical factor
determining the survival and physical performance in a range of conditions. However, it is not readily
appreciated that mammals regulate their body temperature in different ways and it is usually
assumed that the mechanisms for temperature regulation are very similar amongst all endotherms. In
this chapter, the African hunting dog and the cheetah are used as examples of endurance and sprint-
ing athletes, respectively to illustrate and compare the effective thermoregulatory strategies
employed and to contrast the fundamental differences between these animals and humans in their
approach to dealing with heat loads. Of particular interest are the strategies used by mammals to avoid
developing hyperpyrexia and thereby maintain cellular homeostasis. Copyright © 2008 S. Karger AG, Basel

The ability to effectively thermoregulate can be a determining factor in human per-
formance as multiple systems are involved in the effector response to deal with the
developing heat load. Animal models have been particularly useful in the study of
thermoregulation due to the wide variety of exposures that can otherwise not be
undertaken with human subjects. For example, the aetiology of heat stroke and mor-
tality has been studied in the rat model whilst reports from athletic competitions
and combat conditions have provided useful insights into the reactions of humans to
thermally stressful situations [1–6]. Although animal models have yielded useful
physiological paradigms for studying and understanding human thermoregulation,
these observations are thought to have limited applicability as human thermoregula-
tion is not necessarily similar to that in other animals. Because the vast majority of
mammals regulate body temperature around a similar set point, the general miscon-
ception is that all homeotherms regulate this set point in similar ways. Given that
humans are the only hairless animals to posses eccrine sweat glands compared with
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other mammals which generally have a coat of hair and posses exocrine sweat
glands, indicates the operation of a very different thermoregulatory strategy [7].

These specific differences not withstanding, the means by which different
species might regulate internal temperature could provide valuable insights into
how heat strain induces premature fatigue which has been shown consistently
among several mammals [3, 4, 8–10]. Although the relationship between exercise-
hyperthermia and fatigue has been shown in both animals and humans, the
causative mechanism is still somewhat elusive. Nielsen et al. [11] were likely the
first to suggest the existence of a critical core temperature of around 39.5–40.0!C
when exercise is terminated and coinciding with reduced muscle force produc-
tion; although, Brück and Olschewski [12] were the first to hypothesise that exer-
cise-hyperthermia lead to reduced motivation as shown in their schematic (fig. 1).
In this model heat strain induces physiological responses such that all systems
approach their limits and the motivation to continue exercise is diminished pre-
sumably to preserve cellular homeostasis.

Ultimately, the outcome of thermoregulation is to achieve thermal balance;
however, the strategies by which this balance occurs are very different across
species. For instance, the kangaroo (Megaleia rufa) spreads saliva for cooling at
rest whilst reserving the sweating response for exercise [13]; small gazelles allow
body temperature to rise above ambient temperature to conserve water [14]. This
raises the question as to why there are different means of reducing heat strain in
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exercise

Work rate
endurance

T–b
rise

Heat dissipation rate
Body temperature per se

Heart rate
‘Circulatory
discomfort’
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‘Muscular
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Muscle blood "ow

Muscle temperature

Q10

Venous return

Interaction
presso-thermo
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Fig. 1. Physiological factors thought to be responsible for limiting endurance exercise in the
heat as proposed by Brück and Olschewski [12] (with permission). Note that the drive to exercise
was influenced by either the signals generated by physiological systems and by motivation.
Although not recognised at the time, motivation could be regarded as a factor related to central
nervous system drive which we now understand to include down-regulated motor output to the
skeletal muscle [23].
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order to achieve a similar thermal outcome and preserve a similar set-point tem-
perature, for if the thermoregulatory system is designed to defend the organism
from thermal injury, why is it necessary to do so with a variety of strategies rather
than just the one? To this end it is apparent that all animals thermoregulate in such
a way so that the lethality of extreme temperature is never reached and is most
likely the result of an in-built advanced (teleo-logical) warning system which
reduces the prospect of developing heat illness [15].

Therefore, the purpose of this chapter is to highlight the different thermoregu-
latory strategies utilised by mammals to reduce thermal strain during exercise and
present a more novel hypothesis which argues for an anticipatory ability to avoid a
dangerous level of hyperthermia.

Avoiding Hyperpyrexia

Hyperpyrexia is commonly defined as a core temperature of 40–42!C with the
possibility of serious and irreversible cellular damage [16]. Homeotherms can
increase heat production in two distinct ways; either exogenously or endoge-
nously (fig. 2). In the former, the temperature stimuli can be either innocuous or

Heat production

Exogenous Endogenous

Innocuous
Changing habitat,
!nding food

Noxious
Avoidance of painful, 

harmful stimuli

Muscular work
Morphology, size,

mass, conditioning

Pathology
Limited control of
thermal balance

Heat balance mechanisms
S ! C " R " C " M # E

Fig. 2. Schematic drawing showing the various factors which contribute to heat production.
The equation represented by S " C # R # C # M $ E is the standard heat balance equation
where all avenues of heat gain and loss are represented, where S is heat storage, C is convection
and conduction, M is metabolic heat, R is radiation and E is evaporation.
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noxious. An innocuous temperature stimulus may be related to such behaviour
as finding food or changing to a more habitable environment, whereas, a noxious
stimulus requires avoidance strategies to minimise the pain and limit the expo-
sure to harmful situations. Humans have dealt with innocuous situations through
the use of technology and shelter, but our ability to minimise noxious stimuli still
requires rudimentary survival mechanisms such as reflexes. Endogenous heat
production can be achieved by either muscular exercise or shivering or due to
pathological conditions such as malignant hyperthermia or multiple sclerosis
[17, 18].

During physical exercise it is the combination of exogenous and endogenous
stimuli that provide the thermoregulatory challenge which subsequently limits
performance [19]. However, the fact that hyperthermia is a gradual and evolving
condition and not normally recognised until it occurs makes it difficult to predict.
It is this gradual increase in body temperature that can lead to heat illness or death
should the drive for exercise not be kept in check. The fact that hyperthermia is an
evolving condition during exercise is not readily appreciated for the overriding
paradigm which drives the research in this area is related to the existence of a crit-
ical limiting core temperature rather than to a continuous thermal signal. If one
accepts that hyperthermia is an evolving condition then it follows that heat illness
can either be avoided or prevented which is indeed the case in the vast majority of
circumstances. The more recently suggested paradigm explaining the avoidance of
hyperpyrexia is the apparent reduction in muscular drive and the ability to antici-
pate critical levels of thermal strain to attenuate further heat production, a strategy
which seems to occur from the outset of exercise [20, 21].

One of the most salient differences between humans and other mammals is
that we will purposefully undertake physical training in a range of environments
to invoke physiological adaptations so that subsequent exercise and exposure in
the adaptive environment becomes less demanding, although the adaptations only
last for as long as the stimulus is present, after which decay over time is expected
[22]. In this regard, other mammals; unless they are specifically bred for competi-
tion or sporting events (race horses, etc.), do not undertake training per se for fur-
ther ‘fine tuning’ and, therefore, in their natural habitat rely on intact physiological
systems and natural selection for survival. However, this should not be mistaken
to imply that other mammals are better equipped to handle the environmental
extremes compared to their human counterparts, but it does highlight the point
that physical training induces physiological adaptations without necessarily alter-
ing physiological limits but rather training allows for a wider margin of response
before those limits are reached [11]. This effect was shown in humans who were
acclimated to the heat and were able to exercise for a longer period compared to
when they were not acclimated; however, the thermoregulatory limit as measured
by core temperature remained unchanged (fig. 3) [11].
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18 Marino

In summary, thermoregulatory strategies among mammals vary, although
there is one fundamental aspect that is seemingly identical across all mammals,
that being the ability to avoid a lethal hyperpyrexia well before it can occur, the
mechanism by which is still relatively unknown.

Thermoregulatory Strategies for Athletes

The modern athlete is able to expend an enormous amount of energy either over
very short distances such as in sprinting or over longer distances such as the
marathon. Clearly, the physiological systems which are able to deliver this energy are
exquisitely balanced as athletes seldom exceed the capacity of these systems. The
thermoregulatory system is usually not identified as a limiting factor for humans
during short duration events but is typically thought to be a major limitation in
endurance events especially in the heat [19]. However, this concept is based entirely
on the assumption that heat accumulation is a precursor to fatigue which coincides
with the critical limiting temperature as discussed earlier [11, 23]. This paradigm
also relies on the observation that body temperature during short intense exercise
does not rise sufficiently to cause fatigue presumably because the energy contribu-
tion is predominantly glycolytic and that the classical understanding is that energy
usage during short intense efforts outstrips energy supply [24, pp. 31–42]. This, as
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Fig. 3. These data are re-drawn from the classic study by Nielsen et al. [11]. The time to fatigue was
increased due to acclimation; however, the core temperature at the termination of exercise was iden-
tical for both acclimated and control subjects. This result advanced the theory that there exists a crit-
ical limiting core temperature which reduces the motivation for continued muscular contraction.
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we shall see is not transferable to all mammals as the capacity to undertake either
intense short or long duration exercise is inextricably linked to the thermoregulatory
system. For the purpose of illustration and comparison to humans, the African
hunting dog (Lyacon pictus) and the African cheetah (Acinonyx jubatus) are used.

The Endurance Athlete

Studies from the 1930s show the domestic dog’s (Canis lupis familiaris) ability for
prolonged exercise to be limited by rising body temperature [25, 26]. In a classic
study by Young et al. [27] the domestic Beagle whilst running at a constant speed
increased its rectal temperature according to the inclination of the treadmill. The
interesting finding in this study was that skin and fur temperatures were relatively
stable until a gradient of 12!C, after which fur and skin temperature increased
markedly suggesting that in these domestic animals heat loss at lower gradients
was primarily achieved via the respiratory tract. A further observation was that
‘...temperature limits performance through a direct effect on the body ...and that
running time would be related to the quantity of heat stored in the body’ [27, p.
842]. This is a critical finding given that this study was published in 1959 and that
these authors speculated that ‘...deterioration in ability to perform hard work in
the dog is due to the same factors which limit performance in man in a hot envi-
ronment’ [27, p. 843]. The factors which might limit humans were not identified
by the authors; however, what is most interesting about this conclusion is that it
was not until 1987 that these limiting factors in humans were outlined [12] (fig. 1).

The African hunting dog, a distant member of the Canidae family is recognised
as a relentless hunter. The parallel between humans and the African hunting dog is
evident as endurance is a requirement for long distance runners and for the
hominid hunters in our recent history [see chapter by Marino, this vol., pp. 1–13].
The only available study on the exercising African hunting dog shows this animal is
able to run at a higher rectal temperature compared to the domestic dog [28].
Figure 4a shows that the African hunting dog can increase its rectal temperature
more rapidly and to a higher value than the domestic dog in identical ambient con-
ditions (rectal temperatures of !41.2!C and 39.2!C, respectively). Perhaps more
salient is that figure 4b shows that the African hunting dog is able to increase its
rectal temperature at rest above that of the ambient temperature whilst the domes-
tic dog maintains a constant core temperature in identical ambient conditions.

A higher core temperature during both rest and exercise seems counter-intuitive
as a means of protecting the organism from the consequences of hyperthermia as a
cooler core would be the preferred response during endurance performance if a max-
imal core temperature was the limiting factor. Interestingly, the African hunting dog
loses heat through non-evaporative means, whereas the domestic dog loses most of
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its heat through respiratory evaporation [28]. Therefore, the African hunting dog
runs and sustains a higher body temperature without invoking a high sweat rate, thus
conserving water during a long chase. In contrast, the domestic dog and likewise
humans, increase body temperature according to the intensity of exercise indepen-
dent of ambient temperature, although the rate of increase is greater in warmer con-
ditions [19]. Unfortunately for the human athlete, evolution has not conferred the
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Fig. 4. a Increase in rectal temperature of the African hunting dog (Lyacon) and the domestic
dog (Canis) with increasing running speed in 26!C and 25% relative humidity. b Increase in rec-
tal temperature at rest with increasing ambient temperature for the same animals. Data are
redrawn from Taylor et al. [28].
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innate ability to increase core temperature above the environmental temperature in
order to conserve water. Additionally, we are limited in heat dissipation through
sweating as the most proficient means of heat loss during long duration exercise and
unlike the domestic dog the respiratory tract is not an avenue for significant heat loss.
Therefore, conserving water as a means of increasing our endurance capacity is not
within the evolutionary make up of humans as the advent of bipedalism permitted
the carrying of water and hence an increased running range.

However, recent evidence now indicates that the human athlete is equipped
with an advanced warning system which is invoked under certain conditions and
most evident during exercise-heat stress. The study by Marino et al. [29] showed
that athletes were able to anticipate the rate of increase in body temperature and
adjust their running speed accordingly to avoid developing hyperpyrexia. In this
study the smaller African runners were able to maintain their running speed
above that of the heavier Caucasian runners even though both sets of runners
commenced running at identical core temperatures. Clearly, these data indicate
that the larger Caucasian athletes could not match the running speed of the
African runners if they wanted to finish the set performance run; for a higher run-
ning speed would have resulted in a higher rate of increase in core temperature
and an earlier termination of exercise [30]. This model of anticipatory regulation
has been shown in a number of other studies and has been explained as a subcon-
scious feed-forward mechanism directly altering the number of motor units
recruited at a given time during exercise [20, 21, 31].

In summary, the human endurance athlete is limited in the thermoregulatory
strategies available to maximise performance regardless of acclimation status.
Conversely, the African hunting dog is equipped with the innate ability to reduce
water loss by raising body temperature above the ambient temperature even in hot
conditions, whereas the human athlete has developed an innate ability to use an
advanced warning system which until recently has not been recognised as a phys-
iological event [32].

The Explosive Athlete

There are many animals that are considered fast including the horse, antelope,
hare and gazelles but the cheetah is considered to be the fastest animal over a short
distance [33]. The cheetah is thought to be able to run at speeds up to 114 km/h
whereas the next fastest animal, the antelope can manage a maximum speed of
!80 km/h [34]. The best human sprinters can achieve a maximum speed of about
41–43 km/h over a 100 m sprint which is almost three times slower than the chee-
tah [35]. Not unlike the cheetah, humans can only maintain maximum speed for
distances up to 150 m compared to the cheetah’s 300 m. Humans can only maintain

Paper 47 Paper 47

446



22 Marino

these speeds for short distances because the energy requirements of such a short
dash are utilised well before the replenishment of energy can take place and pre-
sumably this is the case for the faster cursorial animals. However, human sprinters
can recover from such an explosive effort and repeat the sprint only after a short
rest period as shown in the studies examining the repetitive sprint ability of ath-
letes [36]. However, this is very much dependant on whether the repeated sprints
are undertaken in warm or cool conditions over an extended period of time
(15–40 min) [37]. In contrast, the cheetah’s extraordinary sprinting performance
induces fatigue and requires a seemingly long recovery period. It is the difference
in recovery period which is critical in the understanding of thermoregulatory dif-
ferences and how these might impact on physical performance across different
species.

Histochemical studies confirm that the muscles of the cheetah are endowed
with ‘...an extreme profile for the support of anaerobic-based metabolism that was
consistent with the animal’s hunting behaviour’ [38, p. 532]. In this regard,
Williams et al. [38] report that the wild cheetah’s fast twitch fibres comprise almost
83 and 61% of the total population of the v. lateralis and gastrocnemius muscles,
respectively. However, Williams et al. [38] point out that the fast twitch muscle
fibre distribution of up to 70% in human sprinters compares favourably with those
of the cheetah so that in each case the fibre type distribution supports the sprint-
ing ability of both trained humans (!40 km/h) and cheetah (!110 km/h) at their
respective speeds. But unlike the human sprinter the cheetah is able to generate
significant amounts of heat within a short period. In the classic study by Rowntree
and Taylor [39], the running cheetah was compared to the goat (Capra hircus) at
various speeds making it evident that when the cheetah increased its speed from
2 to 11 km/h it stored up to 70% of the heat generated compared to only 34% for the
goat running at 9 km/h. Most striking, however, was that at speeds above 17 km/h
about 90% of the heat generated by the cheetah’s effort was stored and when body
temperatures reached 40.5–41!C the cheetah refused to run. Figure 5 compares
the percent heat storage at increasing running speeds for the cheetah, African
hunting dog and the domestic dog. There is a stark difference between the amount
of heat generated and stored by the cheetah compared to other mammals and
interestingly estimates for percent heat storage for human athletes is around 8% at
similar speeds and environments [40].

The interesting point is that these data also confirm why the cheetah needs to
produce a successful chase within the first 200 m, for the body temperature after
this point will undoubtedly be close to intolerable. This thermoregulatory strategy
relies on the cheetah’s ability to make judgements well ahead of initiating the
chase, as an unsuccessful chase results in prolonged rest periods and ultimately no
food for that day. The cheetah relies on an in-built warning system that enables it
to anticipate physiological limits. This aspect of the cheetah’s skill is illustrated by
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observations in the wild where the adult female will release live prey for the young
to practice chasing and capture [41]. Not unlike training in which humans par-
take, the purpose of which is to establish a template to be used for comparison and
to anticipate the energy requirements and avoid cellular catastrophe [42]. But
what is also critical here is that the cheetah’s capacity for evaporative cooling is
extremely low and it cannot rely on evaporation as a mechanism to keep its body
temperature in check. This would explain why the cheetah would need a pro-
longed recovery period following a chase as the potential for further heat storage
would be lethal.

In this sense, fatigue for the cheetah is the result of obtaining a heat storage
limit. Conversely, the endurance athlete, in the present example the African hunt-
ing dog and the human cannot use heat storage as a thermoregulatory strategy as
the capacity for this is limited. Rather, these mammals must rely on other mecha-
nisms to balance the heat production either by increasing the body temperature above
ambient temperature as does the African hunting dog, or invoke a cooling mecha-
nism such as the evaporation of sweat as in the case of humans or by respiratory
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Fig. 5. Comparison of the % heat storage for the cheetah (A. jubatus), African hunting dog
(Lyacon) and domestic dog (Canis) at increasing running speeds. Note the significant heat stor-
age of !90% as the cheetah approaches 17 km/h. Data redrawn from Taylor and Rowntree [39].
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evaporation such as the domestic dog. In each instance, the performance of the
athlete is inextricably linked to the thermoregulatory strategy available.

Conclusions

The purpose of this chapter was to differentiate the thermoregulatory strategies
used by mammals to balance the thermal load during periods of either prolonged
or short duration exercise. The prime examples used for comparison to humans
were the African hunting dog and the cheetah. Each mammal employs a strategy
that has advantages and limitations, but the overriding requirement is the balanc-
ing of endogenous heat production to avoid any possibility of developing hyper-
pyrexia. Regardless of the thermoregulatory strategy employed, it seems that all
animals have developed the innate ability to anticipate physiological limits and
reduce the likelihood of cellular disruption.
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Abstract
Multiple sclerosis (MS) is a demyelinating and debilitating disease characterised by a range of symptoms such as motor
dysfunction and muscle weakness. A significant MS symptom is heat sensitivity so that exposure to heat will increase body
temperature and consequently the appearance of neurological signs. Although some people with MS can undertake exercise,
it is thought to be limited by the sensitivity to heat and the subsequent rise in body temperature which occurs. It has been
found that central fatigue is a determining factor in muscle activation and performance in normal healthy subjects. However,
it is unknown whether thermal strain also induces central fatigue in MS even though muscular fatigue in MS is due mainly to
central rather than peripheral factors. This review focuses on the similarities in the manifestation of central fatigue in both
MS and healthy subjects with reference to thermal strain and heat reactions.

Keywords: Central activation, fatigue, heat reactions, multiple sclerosis, thermoregulation, effort sense

Introduction

Multiple sclerosis (MS) is a neurodegenerative dis-
ease which affects about 2.5 million people world-
wide and is more prevalent in women than in men by
!2:1 (http://www.msaustralia.org.au/msinformation/
faqs.htm#2). The disease is characterised by axonal
loss and demyelination and as a consequence is
debilitating so that a range of symptoms including
motor dysfunction and muscle weakness are typically
experienced [1, 2]. These symptoms can also include
depression, spastic paresis, poor balance, ventilatory
muscle weakness and elimination dysfunction [3].
However, a particular symptom which seems to be
a predominant outcome of the disease is excessive
fatigue [4, 5]. Excessive fatigue is a significant
problem as it reduces the time that people with MS
can spend on activities of daily living and conse-
quently the opportunities, enjoyment and health
benefits which can be derived from long term
employment and recreational pursuits.

A further outcome of symptomatic fatigue in MS is
the potential development of secondary conditions
such as cardiovascular disease and obesity [6, 7]. The
positive effects of exercise as an intervention in these
secondary diseases in a range of populations is well
documented and indeed arguably overwhelming [8].
The effect of exercise as a therapy has not been
systematically studied in patients with MS compared
to healthy people or to other conditions; although
a recent review on this topic highlights the benefits of
the therapeutic role of exercise in the MS treatment
plan [3]. Studies have shown positive benefits of
exercise in people with MS in addition to a reduction
in the incidence of secondary diseases and main-
tenance of better functional independence [9–11].

A positive outcome of prescribed exercise in
healthy people is increased tolerance to symptoms
of fatigue [12]. However, in MS an increased
tolerance to fatigue is much more difficult to
ascertain for several reasons. First, because the
disease is characterised by demyelination and
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subsequent slowing of axonal conduction velocity,
gait and balance is disturbed which inhibits the
ability to undertake sustained activities, making it
difficult to distinguish between the ability to com-
plete a task due to compromised sustained coordina-
tion or whether specific symptomatic fatigue itself is
the predominant cause. Second, in MS there is
muscle atrophy due to reduced physical activity and
so relative premature fatigue is expected. This is
a circular effect as changes in the physical structure
of affected axons gives rise to gait and balance
changes and muscle atrophy so it is unclear which of
these is the predominant cause in the development of
premature fatigue. Third, physical and chemical
changes in the axonal characteristics are primarily
peripheral in nature and thus cannot fully explain
findings which show overwhelmingly a definitive
central component of fatigue in this disease [13, 14].
Fourth, physical activity provides an avenue for
increased body heat which in individuals with MS
apparently reduces functionality and is known to
hasten fatigue [15]. This is an interesting and most
salient observation as increased thermal strain has
also been shown to hasten fatigue in healthy
individuals [16, 17]. Recent evidence indicates that
increased thermoregulatory strain either through
exercise or through passively induced rises in body
temperature, reduces central drive [18, 19].
However, this mechanism of heat-strain induced
fatigue has not been explored as a possible cause of
premature fatigue in MS.

Therefore, the purpose of this review is to draw
together the findings which describe fatigue in both
MS and healthy individuals and explore the basis on
which heat sensitivity in MS might contribute to
premature fatigue either through passively induced
rises in body temperature or through exercise.
A further purpose is to review the common methods
used to measure and evaluate peripheral and central
fatigue and establish an experimental paradigm
which could be used to determine the relationship
between heat sensitivity and the development of
premature fatigue in MS.

Heat reactions (HR) in multiple sclerosis

Heat sensitivity or heat reactions (HR) in MS can be
traced back to the reports of Uhthoff (1890)
describing changes in visual acuity during heating.
The interesting observation which seems to have
escaped scrutiny is that Uhtoff found changes in
visual acuity, colour perception, and other neurolo-
gical signs specifically following exercise and thus
concluded that an exercise-induced increase in body
temperature was the primary cause for these neuro-
logical signs. However, a review of the literature

pertaining to HR has highlighted the inconsistencies
and citation errors dealing with Uhtoff’s original
work suggesting that almost any form of heat
exposure induces neurological signs in people with
MS [20]. Nevertheless, the neurological signs
commonly referred to as ‘Uhtoff’s symptom’ provide
a fundamental neurological link between HR and
fatigue. Initial theories included vasoconstriction
[21], humoral substance release [22], and neuro-
electric blocking [23]. More current thinking
describes heat reaction blockade of the action
potentials in demyelinated neurons termed, fre-
quency-dependent conduction block (FDCB) [20].
Presumably, demyelination is thought to cause
slowing of nerve conduction velocity and lead to
conduction block so that the affected axons can only
transmit single or low frequency impulses but not
high frequency trains [24]. This observation is
particularly important in studies that have shown
a slowing or blocking of nerve impulses in demye-
linated fibres with increasing temperature [25].
Accordingly, it is thought that when demyelination
is present only a small increase in temperature is able
to completely block action potentials [20].

The sensitivity to heat in MS is exacerbated by
elevated environmental heat, humidity and exercise
[15]. Premature fatigue has been shown in healthy
persons exercising in the heat, but with no long
lasting detrimental effects. It is thought that, in
healthy individuals exercising in the heat to exhaus-
tion, a critical limiting core temperature (Tc) of
!39.5"C develops at which point exercise is termi-
nated [17, 26]. Originally it was thought that during
exercise heat stress, physiological responses such as
cardiovascular and thermoregulatory control
approach their limit, motivation to continue exercise
is reduced and exercise terminates [16]. The
mechanism responsible for limiting motivation is
not well understood but it could be linked to
a centrally mediated reduction in motor drive [18].
Interestingly a critical limiting Tc of !39.5"C in
people with MS has not been reported even though
heat sensitivity reduces exercise tolerance time in this
condition [27]. In addition, it is unknown whether
the severity of MS contributes to the heat sensitivity
as appearance of neurological signs with heating is
inconsistent among those with MS [28].

Heat reactions and exercise

Although FDCB has physiological significance, it is
still unknown whether heating, either passively or by
exercise causes nerve and brain temperatures to rise.
This is a key consideration as fatigue in the heat is
thought to be due to a mechanism protecting the
brain from high temperature. This may not be the
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case in MS as rises in body temperature of as little as
0.05–1.0"C can induce neurological signs where core
temperature only ever reaches !38"C (rectal tem-
perature) during exercise [27] and well below the
temperature thought to induce premature fatigue in
healthy persons [17].

Figure 1 shows data redrawn from the studies of
White et al. [27] where MS subjects were either
cooled before exercise (precooled) or not pre-
cooled, and the study by Easton et al. [29]
examining thermoregulatory responses in well
trained subjects. In each study rectal temperature
was monitored and subjects cycled at a work rate
equivalent to !60% of maximal oxygen uptake
(VO2Max). Figure 1 (panel A) shows a uniform
change in rectal temperature in MS from beginning
to end of exercise regardless of initial temperature;
whereas, in healthy subjects the increase seems
steeper from start to finish. Figure 1 (panel B)
confirms that the rate of rise in rectal temperature
is indeed lower in MS than in control over about
the same exercise duration (38–40 min). These
data suggest that in MS, the rise in body
temperature is much more constant than in healthy
individuals. However, a definitive study examining
this relationship has not been reported.

Thermal strain and autonomic dysfunction

There could be several reasons for the paradoxical
difference in exercise rectal temperature response
between MS and healthy subjects described in
the previous section and as shown in Figure 1.
A normal consequence in MS is autonomic
dysfunction. Surprisingly, research into the sweat-
ing response in MS is scant, with only few studies
reporting altered autonomic function [30–34].
Davis et al. [34] examined the sweating character-
istics of MS versus healthy controls before and
after a 15-week aerobic training programme. These
authors reasoned that since aerobic training
induces adaptive sweating responses, a greater
production of sweat may be available for cooling
following a training programme. However, this
study confirmed that sweat rate and sweat gland
output of the MS group was significantly less than
controls and that autonomic response following
a 15-week period of aerobic training was not
significantly altered. If a reduced sweating response
is a common observation in MS, then in the
precooling study by White et al. [27] where only
a modest increase in Tc was observed (!1.0"C)
during exercise in both precooled and control
subjects, a suppressed sweat response should have
resulted in a higher rate of increase in Tc; but this
was not the case. White et al. [27] did not report
skin temperature during exercise but as previously
shown [35], maintaining a cooler shell (skin)
reduces thermal strain and provides a larger
gradient for heat transfer so that a more modest
sweat rate would be sufficient to provide MS
subjects with the evaporation needed to maintain
a lower temperature. Differences in thermal strain
between exercising MS subjects and controls might
be explained by differences in aerobic capacity
where tolerance to a higher Tc has been shown in
trained subjects [36]. A further autonomic problem
in MS is the possibility of an upward shift in
the thermoregulatory set point so that the threshold
for invoking effector mechanisms such as sweating
would be delayed, thereby attenuating the sweating
response, although this seems to be equivocal
[32, 33]. It has also been suggested that about
80% of MS patients have paradoxical heat sensa-
tion when cooling the skin [37]. It is unknown how
this particular ‘side effect’ of MS might contribute
to the heat tolerance or ‘interpretation’ of heat
sensation during exercise. In addition, lesions
within the central nervous system (CNS) could
develop in areas which affect thermoregulatory
control such as the hypothalamus. However, the
relationship between lesion load and fatigue in MS
is not well understood as studies in this area have
shown equivocal results [38, 39].
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Figure 1. Rectal temperature data redrawn from White
et al. (2000) in MS patients either precooled (MS C) or not
precooled (MS NC) vs. well trained subjects (Con) from
the study of Easton et al. (2007) exercising at !60%
maximum oxygen uptake. Panel A is the absolute change
in rectal temperature from start to end of exercise. Panel B
is the rate of increase in rectal temperature.
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Anticipatory regulation and perceived effort

It has been argued that the rate of rise in Tc is an integral
part of the ability to anticipate cellular catastrophe
during exercise in healthy persons [40, 41]. Given that
the CNS is susceptible to demyelination in MS, it is
unknown how this might affect the perceived effort
during physical work and thus inhibit the ability to
anticipate impending cellular damage. This seems
a plausible line of enquiry as subjective feelings of
fatigue are potentiated in MS [42].

The development of premature fatigue is an
accepted consequence of heat stress in healthy
adults [26]. However, it has only been within the
last decade that a potential mechanism for this
premature fatigue has been identified. A series of
studies have shown that CNS fatigue is a major
component of premature fatigue during hyperther-
mia. In these studies, a distinct reduction in CNS
activation was evident when Tc reached 39.5"C in
both exercise and passive hyperthermia [18, 19, 43].
Our own studies have shown that the CNS is
selective in down-regulating motor drive to skeletal
muscle involved or used during exercise leading to
hyperthermia, although motor drive is maintained to
the non-involved muscle group [44, 45]. We have
speculated that this result might reflect the CNS’s
ability to discriminate and protect the peripheral
structures from ultimate cellular catastrophe as
further activation of the involved muscle could only
lead to increased metabolic demands and endogen-
ous heat production. However, this mechanism in
MS may not be operational due to specific pathology,

but if it were it could be much more dangerous to the
organism as a higher rate of increase in core
temperature in heat sensitive individuals could
induce neurological signs prematurely and possibly
lead to irreversible cellular damage.

In summary, it is unknown whether heat strain
induces fatigue in MS by similar postulated mechan-
isms as shown in healthy subjects. Studies which can
clarify this could also add significantly to the under-
standing of thermoregulatory control and fatigue
across populations.

Muscular fatigue in multiple sclerosis

The most popular definition of fatigue in the healthy
intact human is a reduction in sustained muscle force
output which can occur as a consequence of changes
anywhere along the neuromuscular pathway as
depicted in Figure 2.

The cause of the reduced force output is not
definitive and is normally classified as either central
or peripheral in origin and can be present in varying
degrees depending on the physical activity (long
duration versus short high intensity). Peripheral
fatigue is characterised by changes in the peripheral
sites in the motor system whereby conduction in the
motor axons and their terminals, neuromuscular
transmission, conduction of impulses in the muscle
fibres as well as disruption to the excitation-contrac-
tion coupling and contractile process is evident [46].
Central fatigue on the other hand is thought to be
due to emotional and psychological factors affecting

 

 

CNS (Brain + spinal cord) 

Neuromuscular junction (including motor endplate, 

neurotransmitter substance release) 

Muscle membrane (sarcolemma) 

Muscle (excitation, contraction coupling of cross 

bridges), Energy supply and turnover, muscle fibres 

Muscle contraction leading to 

force output 

Central 

Peripheral 

˚ ˚ ˚ ˚ ˚

Figure 2. The neuromuscular pathway leading to muscular contraction from the central nervous system (CNS).
Neuromuscular fatigue can occur at any point along this pathway and be manifest as a reduction in force output. Note the
structures and sites normally thought to be involved in central versus peripheral fatigue as indicated on the left of the figure.
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perceived effort in addition to the quantifiable
changes in the various descending pathways from
the motor cortex to the neuromuscular junction [46].

It has been known for some time that central
motor deficits in MS are accompanied by decreased
maximal motor unit firing rates [47] and reduced
motor unit recruitment [48]. Changes in the
electromyography (EMG) recording can be used to
infer changes in neuromuscular recruitment. Using
the EMG/Force relationship differences in motor
pattern have been shown in MS compared with
controls [49]. Essentially the findings from these
studies indicate that in MS there is an excessive
EMG or central motor drive during sub-maximal
muscle contractions with the increased central drive
correlated to the disease severity.

When central activation, symptomatic fatigue and
fat-free cross-sectional area (CSA) and peripheral
muscle function were measured in the dorsi flexor of
MS and healthy subjects it was confirmed that the
augmented weakness in MS was not related to
reductions in CSA or peripheral muscle function
[14]. However, in healthy subjects the maximum
voluntary contraction was not a function of how
much muscle was available, but rather how much
muscle could be recruited.

In a more direct study of central and peripheral
fatigue in MS [50], where force, percentage central
activation and compound muscle action potential
(M-Wave) were measured, no differences across
these measurements at baseline were noted.
However, following fatiguing exercise force had
decreased !55% in MS but was not significant
in controls. Interestingly, the M-Wave remained
unchanged for both groups indicating that reduction
in force following fatiguing exercise in MS was
a function of reduced central drive and not due to
peripheral changes. These findings were subse-
quently confirmed [51] by measuring the recovery
of phosphocreatine (PCr) following sustained max-
imal handgrip exercise in addition to motor-evoked
potentials through transcranial stimulation. The
fatiguing exercise resulted in prolonged central
motor conduction time in MS but not in control
subjects; however, all subjects demonstrated
depressed M-Wave amplitude, even after PCr
recovery. These findings confirm that fatigue in MS
subjects was centrally mediated.

Fatigue and thermal strain in multiple sclerosis

In the case of MS, increasing body temperature
either passively or actively through exercise or heat
exposure increases the heat reactions and leads to
symptomatic premature fatigue. This was recently

highlighted by Baker [15] who notes that even
swimming in a heated pool induces ‘exhaustion’ in
individuals with MS. However, when MS patients
were precooled, it was found that physical perfor-
mance was significantly improved [27]. In this
particular study, the MS subjects exercised at 60%
VO2Max for 30 min with either lower body precooling
or no cooling. Following exercise in the precooled
condition, fatigue scores and the 25-ft walk perfor-
mance test were improved along with attenuated
increases in Tc. Clearly, reducing the ‘heat cost’ of
exercise in MS can improve the likelihood of
maintaining an exercise programme. It is worth
noting that exercise performance has been found to
be significantly improved with the use of precooling
in healthy and well trained subjects [52–54]. But it is
unclear whether similar mechanisms are in operation
for the improvement in exercise duration in MS
when precooled. Nevertheless, the conclusion
that can be drawn is that reducing thermal strain in
both MS and in healthy individuals attenuates
the expected reduction in physical performance.
A salient point in this regard is the observation that
a reduced temperature or cooling results in restora-
tion and alleviation of neurological signs in
MS giving credence to the possibility that precooling
in MS could allow for an increase in exercise
duration with reduced complications in this disease
and staving off the development of premature
fatigue [15].

In healthy subjects sustained isometric MVCs are
significantly reduced following exercise-induced
hyperthermia whilst studies in our laboratory indi-
cate that the CNS can discriminate which muscle
groups have a reduced central drive in hyperthermia
regardless of contraction type – isometric, eccentric
or concentric [18, 44, 45]. Interestingly, Morrison
et al. [19] have further developed this hypothesis by
showing that central activation is attenuated with
gradual heating so that passively induced hyperther-
mia to the level of !39.5"C is not necessarily needed
to invoke a reduction in motor drive. Surprisingly,
this paradigm has not been studied in MS and thus it
is still not clear whether gradual heating reduces
central activation or whether attenuated central
activation in MS is independent of heat reactions.

Conclusion

Whether the mechanism for premature fatigue in
healthy individuals and in MS is similar in heat stress
needs further research and experimentation.
However, it seems that in MS fatigue is more likely
a central rather than a peripheral phenomenon. It is
unclear whether CNS activation is reduced in
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a similar way in both healthy persons and in MS
during heating, although if this was the case then
reduced CNS drive in MS would be invoked at lower
core temperatures. However, because precooling is
known to alleviate heat reactions in MS and provide
for increased exercise time without a potentiated
perceived effort, it is possible that one function of
precooling might be to maintain CNS activation. At
present, there are no studies which have compared
CNS activation between healthy and MS subjects
during thermal strain or in the case of MS during
heat reactions. Studies examining these responses
could clarify the nature of the reduction in CNS
activation in both MS and healthy people.

Declaration of interest: The authors report no
conflicts of interest. The authors alone are respon-
sible for the content and writing of the paper.

References

1. Smith KJ, McDonald WI. The pathophysiology of multiple

sclerosis: The mechanisms underlying the production of

symptoms and the natural history of the disease. Philos

Trans R Soc Lond B Biol Sci 1999;354:1649–1673.

2. Noseworthy JH, Lucchinetti C, Rodriguez M, Weinshenker

BG. Multiple sclerosis. N Engl J Med 2000;343:938–952.
3. White LJ, Dressendorfer RH. Exercise and multiple sclerosis.

Sports Med 2004;24:1077–1100.

4. Freal JE, Kraft GH, Coryell JK. Symptomatic fatigue in

multiple sclerosis. Arch Phys Med Rehab 1984;65:135–138.

5. Bakshi R, Shaikh Z, Miletich R, Czarnecki D, Dmochowski J,

Henschel K, Janardhan V, Dubey N, Kinkel P. Fatigue in

multiple sclerosis and its relationship to depression and

neurologic disability. Mult Scler 2000;6:181–185.

6. Slawta JN, McCubbin JA, Wilcox AR, Fox SD, Nalle DJ,

Anderson G. Coronary heart disease risk between active and

inactive women with multiple sclerosis. Med Sci Sports Exerc

2002;34:905–912.
7. Lambert CP, Lee Archer R, Evans WJ. Body composition in

ambulatory women with multiple sclerosis. Arch Phys Med

Rehabil 2002;83:1559–1561.
8. Pate RR, Pratt M, Blair SN, Haskell WL, Macera CA,

Bouchard C, Buchner D, Ettinger W, Heath GW, King AC,

et al. Physical activity and public health: A recommendation

from the centres for disease control and prevention and the

American College of Sports Medicine. JAMA 1995;

273:402–407.
9. Petajan JH, Gappmaier E, White AT, Spencer MK, Mino L,

Hicks RW. Impact of aerobic training on fitness and quality of

life in multiple sclerosis. Ann Neurol 1996;39:432–441.
10. Mostert S, Kesserling J. Effects of a short term exercise

training program on aerobic fitness, fatigue, health perception

and activity level of subjects with multiple sclerosis. Mult Scler

2002;8:161–168.

11. Newman MA, Dawes H, van den Berg M, Wade DT,

Burridge J, Izadi H. Can aerobic treadmill training reduce the

effort of walking and fatigue in people with multiple sclerosis.

Mult Scler 2007;13:113–119.

12. Pfaffenbarger RR, Hyde RT, Wing AL, Hsieh CC. Physical

activity, all cause mortality, and longevity of college alumni.

N Engl J Med 1986;314:605–613.
13. Garner DJP, Widrick JJ. Cross-bridge mechanisms of muscle

weakness in multiple sclerosis. Muscle Nerve 2003;

27:456–464.
14. Ng AV, Miller RG, Gelinas D, Kent-Braun J. Functional

relationships of central and peripheral muscle alterations in

multiple sclerosis. Muscle Nerve 2004;29:843–852.
15. Baker D. Multiple sclerosis and thermoregulatory dysfunc-

tion. J Appl Physiol 2002;92:1779–1780.

16. Brück K, Olschewski H. Body temperature related factors

diminishing the drive to exercise. J Physiol Pharmacol 1986;

65:1274–1280.

17. Nielsen B, Hales JRS, Strange S, Christensen NJ, Warberg J,

Saltin B. Human circulatory and thermoregulatory adapta-

tions with heat acclimation and exercise in a hot, dry

environment. J Physiol (Lond) 1993;460:467–485.

18. Nybo L, Nielsen B. Hyperthermia and central fatigue during

prolonged exercise in humans. J Appl Physiol 2001;

91:1055–1060.

19. Morrison S, Sleivert GG, Cheung SC. Passive hyperthermia

reduces voluntary activation and isometric force production.

Eur J Appl Physiol 2004;91:729–736.

20. Guthrie TC, Nelson DA. Influence of temperature changes on

multiple sclerosis: A critical review of mechanisms and

research potential. J Neurol Sci 1995;129:1–8.

21. Brickner R. The significance of localized vasoconstriction in

multiple sclerosis. Res Pub Assoc Res Nerv Mental Dis 1950;

28:236–244.

22. Nelson DA, Jeffreys WH, McDowell F. Effects of

induced hyperthermia on some neurological diseases. 1958;

79:31–39.

23. Seil FJ, Leiman AL, Kelly JM. Neuroelectric blocking factors

in multiple sclerosis and normal sera. Arch Neurol 1976;

33:418–422.
24. Rasminsky M, Sears TA. Internodal conduction in undis-

sected demyelinated nerve fibres. J Physiol (Lond) 1972;

227:323–350.
25. Schauf CL, Davis FA. Impulse conduction in multiple

sclerosis: A theoretical basis for modification by temperature

and pharmacological agents. J Neurol Neurosurg Psychiatry

1974;37:152–161.
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Abstract
The fundamental tenets of exercise physiology are to describe energy transformations during physical work and
make predictions about physical performance under different conditions. Historically, the most popular method to
observe such responses during exercise has been the constant load or fixed-intensity protocol, based largely on the
assumption that there is a certain threshold response of the organism under a given condition. However, constant
load exercise does not fully allow for randomness or variability, as the biological system is overridden by a predeter-
mined externally imposed load that cannot be altered. Conversely, in self-regulated (paced) exercise, there is almost
an immediate reduction in power output and muscle recruitment upon commencing exercise. This observation
suggests the existence of neural inhibitory command processes. This difference in regulation demonstrates the
inherent importance of variability in the biological system; for in tightly controlled energy expenditure, as is the
case during constant load exercise, sensory cues cannot be fully integrated to provide a more appropriate response
to the given task. The collective evidence from conventional constant load versus self-regulated exercise studies
suggests that energy transformations are indeed different, so that the inherent biological variability accounts for
the different results achieved by the two experimental paradigms.

Keywords: Anticipatory; catastrophe; feedback; feed-forward; muscle recruitment

Introduction

The fundamental tenets of exercise physiology are to
describe energy transformations during physical work
and make predictions about physical performance
under different conditions. Historically, the most popu-
lar method to observe such responses during exercise
has been the constant load or fixed-intensity protocol.
The constant load model is essentially derived from the
understanding that human exercise capacity is
limited by the delivery and utilization of energy1,2.
The determination of the apparent physiological limit
is normally the result of themaximumoxygen consump-
tion (VO2max) or peak power output test. The resultant
value of this test is then used as a referencepoint in a sub-
sequent experimental trial to anchor the exercise load at
a given percentage of the VO2max (e.g. 65% VO2max)

3,4,
which is maintained until there is a reduction in the pre-
scribed power output when exercise is terminated and
the subject is assumed to have reached the point of

voluntary fatigue. This model of exercise physiology is
akin to the closed loop control system originally
described by Schmidt5 (see Fig. 1). In this model, there
is input about the system goal which might be, for
example, the maintenance of exercise at 65% VO2max.
The overall achievement is the total time to ‘exhaustion’.
The reference mechanism then samples the possible
physiological limit to exhaustion in order to determine
how much capacity is available, which is then relayed
as feedback. The referencemechanism undertakes com-
parisons of the values between the actual level of energy
expenditure and the overall energy expenditure goal.
This difference or error is given to the executive level
in order to provide information that potentially reduces
the error to zero. The effector is then engaged to pro-
duce the necessary adjustments until such time when
the executive level shuts off the effector level. This is
the moment of exercise termination, as the effector
mechanism is unable to produce the required
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movements or the amount of muscle contraction that
would sustain the expectedpower at the reference level.

However, very seldom do humans undertake exercise
that ismaintained at a constant reference level or load for
the entirety of the bout, especially during competition.
Duringmore real-life situations, the intensity of the exer-
cise is likely to be more variable as individuals respond
according to the requirements of the performance at
any given moment6. In order for the variable intensity
to be advantageous, individuals must also anticipate
the requirements of the exercise7.

An alternative to the feedback model, also described
by Schmidt5, relies on feed-forward control so that
information is sent in advance to prompt the system.
In this case, a feed-forward system can ‘(a) ready the
effector level for the arrival of future commands for
action or (b) ready (or preset) reference systems to
‘expect’ a certain signal. All of these actions can be
seen as anticipatory or preparatory, as they occur prior
to the commands for the action andwell before feedback
from the action itself’5 (p. 146). This anticipatory model
is a system, which allows for input to have direct action
further down the control system (see Fig. 1). Although
these feedback and feed-forwardmodels are traditionally
associated with motor control discourse, they are also
applicable to more general exercise performance. The
concept of pacing during exercise performance would
require feedback and feed-forward processes in order
to achieve an outcome within the individual’s capacity.

The purpose of this review is to highlight and describe
the constant and self-regulated (paced) models of exer-
cise physiology by considering the feedback and feed-
forward control systems, which individually can lead
to contrasting findings and interpretations with respect
to understanding the physiological mechanisms in the
regulation of exercise performance.

Exercise regulation or limitation?

The two competing models can also be thought of
as representing either the limitations of human physi-
ology (constant loadmodel) or the regulation of exercise
performance (self-regulated or self-paced model). In the
constant load model, the individual reaches a point
where he or she is unable to match the required
power output that has been predetermined by the
experimenter. There is no opportunity under these con-
straints for the individual to adjust their intensity accord-
ing to the feedback or make anticipatory adjustments. In
contrast, in the self-regulated model, other factors or
inputs even before an exercise commences can be
taken into account in order to establish the initial
pace. These factors could include the expected distance
or duration of the exercise bout, previous experience,
motivation and a number of other physiological, psycho-
logical and environmental factors. By accounting for
these variations, the individual is able to respond by
either increasing or decreasing their exercise intensity
and regulate exercise according to the feedback and
feed-forward control. By removing this ability from the
individual, the constant load model has produced what
has been described as the ‘brainless model of human
exercise performance’8. Thus, the classical model of
exercise physiology is restrictive in its broad application
in understanding human performance. In fact, the text-
bookunderstandingof thephysiologyof control systems
has a description of this on these lines: ‘. . . some move-
ments of the body occur so rapidly that there is not
enough time for nerve signals to travel from the periph-
eral parts of the body all the way to the brain and then
back to the periphery again to control the movement.
Therefore, the brain uses a principle called feed-forward
control to cause required muscle contractions’9 (p. 9).
Although this is accepted wisdom in mainstream physi-
ology and neuroscience, exercise physiologists seldom
consider it as an alternative model explaining the regu-
lation of fatigue during exercise. In this model, there is
continuous integrated feedback from all systems so
that motor unit recruitment is adjusted in anticipation
rather than at the point of physiological limits, ensuring
that the physiological limit is never reached10.

Thermodynamics and exercise

The fundamental premise underpinning any biological
process is its relationshipwith the lawsgoverning thermo-
dynamics; laws which are regarded as inviolate. There-
fore, it is worth considering the relationship between
the constant load and self-regulated models of exercise
physiology and the laws of thermodynamics. The first
law of thermodynamics states that energy cannot be cre-
ated or destroyed, while the second law extends this
to include a direction towards randomness or disorder,

System goal input

Reference mechanism
(e.g. 65% VO2max)

Executive level

Effector level

Exhaustion

Output

Instruction

Error

Feedback 

Feed-forward

FIG. 1 A schematic depicting the feedback and feed-forward
models of motor control as originally described by Schmidt5 and
adapted here as a model representing the differences between
the constant load (feedback) and self-regulated (feedback–feed-
forward) protocols used in exercise physiology. Schematic
redrawn and adapted from Schmidt5 (p. 142)
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a quantitative measure termed entropy11,12. That is,
during physical work, entropy accumulates in the
system which then dissipates in the form of waste
heat, thereby reducing the state of order in the original
system, expressed as13:

dS ! dQ=T $ 0 "1#

where dS is the change in entropy, dQ is the heat added
to the system and T is temperature. In generic terms, this
equation can be expressed as:

Thermodynamic entropy ! Joules=K: "2#

Direct comparisons between the constant load and
self-regulated models using the thermodynamic entropy
equation cannot be made, as in the former the energy
usage is constant and can be easily quantified, whereas
in the latter the energy usage is variable. In constant
load exercise, there is increased efficiency as the
extent of randomness or variability is restricted as the
biological system is overridden by a predetermined
externally imposed load, which cannot be altered.
Rather, energy transformations in the constant load
model continue at a set rate until exercise halts when
muscle force output can no longer be maintained at
the prescribed level3. This results in increased efficiency
(less entropy) in constant load exercise but higher
variability in power output (higher entropy) during
self-regulated exercise. The underlying assumption in
exercise bioenergetics is that energy transformations
continue at a rate approaching a loss of homeostasis
and eventually cellular catastrophe if left unchecked.
Therefore, muscle contraction terminates because there
is a simultaneous loss of energy, excitation/activation
and force leading to catastrophic cellular events3. A
reversal of this has been termed hysteresis, or a point
when there is recovery of excitation but no ability to
increase the force output until excitation – contraction
– coupling is completely restored3,14. Thus, there is a
distinction to be considered: either the constant load
model which is underpinned by the assumption that
exercise terminates due to a loss of homeostasis and a
biological system approaching catastrophe, or the self-
paced model which is inherently less efficient but
which allows for the preservation of cellular homeo-
stasis by regulating exercise intensity/power output.

Constant load exercise reduces the system’s capacity
to utilize the full extent of variability in the biological
signal. For example, any changes, however small, in
either cadence, power output or speed,will induce a sig-
nificant change in the perceived effort and heart rate
response15. In constant load exercise where there is
no change in any given parameter such as cadence,
power or speed, a response by the individual can
never be performed unless it is the termination of exer-
cise. Thus, the availability of sensory cues from the

central (heart rate, VO2, respiratory rate, ventilation)
and peripheral sources (lactate, pH, core and skin tem-
perature, energy availability) which might alter exercise
intensity cannot be a determinant of performance in
constant load exercise other than for the eventual volun-
tary termination of exercise.

Open versus closed loop exercise

St Clair Gibson andNoakes16 have discussed in detail the
variability of response during exercise of undetermined
duration or distance (open loop) to that of set duration or
distance (closed loop). The common observation in
open loop exercise is that exercise terminates volunta-
rily when predetermined criteria are achieved. Conver-
sely, in closed loop trials, there is almost an immediate
reduction in power output and muscle recruitment
upon commencing exercise, suggesting the existence
of neural inhibitory commandprocesses17,18. This differ-
ence in regulation demonstrates the inherent import-
ance of variability in the biological system, for in
tightly controlled energy expenditure, as is the case
during constant load exercise, sensory cues cannot be
fully integrated to provide a more appropriate response
to the given task. As evidence for the inherent biological
variation as opposed to the technical error that accom-
panies measurement with an apparatus, in repeated
maximal exercise testing the results can vary up to
90% due to biological variation. In contrast, technical
error can account for less than 10% of the variation for
the same set of results19. Accordingly, the coefficient
of variation for exercise time in repeated submaximal
constant load exercise can range from 2.8 to 31.4%20.
Comparatively, self-regulated exercise such as time
trials shows low variability and high repeatability, with
the coefficient of variation ranging from about 1% for
short-to-medium duration trials to about 2.4% for
longer duration trials21,22.

The influence of the inherent biological variability
becomes apparent during times of elevated thermal
strain. During both running23 and cycling24–26 in hot
conditions, there is a clear reduction in power output
well before high levels of core temperature are
observed. These findings indicate that there is a
reduction in skeletal muscle recruitment well before
high thermal loads are achieved (Fig. 2). Furthermore,
there is a clear increase in muscle recruitment when
thermal strain is highest during the trial. These obser-
vations provide evidence that motor output is regulated
via feedback and feed-forward control mechanisms, the
purpose of which is to provide a reserve for increases in
power output even when physiological strain is at its
relative highest. The precise mechanism which acts to
reduce the muscle recruitment by forecasting the ther-
mal limit remains unknown, but a complex intelligent
system acting to preserve homeostasis is possible16.
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In contrast, this phenomenon cannot be observed
during open loop exercise where the termination of
exercise coincides with the apparent physiological
limit. In Fig. 3, exercise set at 70% VO2max in ambient
temperature of <308C at differing relative humidity
(24–80%) produced different, albeit linear exercise dur-
ations, but all terminating at an apparent physiological
limit of<398C core temperature27. The only conclusion
that canbe drawn from these data is that there is a critical
limiting core temperature which terminates exercise.
Conversely, the study by Tucker et al.24 underscores
the importance of feed-forward control in the regulation
of exercise. During 20 km time trials, both power output
and integrated electromyographic (iEMG) activity of the
vastus lateralis were reduced in hot (318C) compared
with cool (158C) ambient temperatures despite the

lack of difference in either rectal temperature, heart
rate or the rating of perceived exertion. Therefore, the
reduction in efferent command occurred well in
advance of any critical physiological limit. Although
this study indirectly quantified the level of efferent
(iEMG) regulation during exercise, the phenomenon of
anticipatory regulation inhot conditionswas shownpre-
viously in African and Caucasian runners matched for
peak treadmill running velocity (PTV)23. After an initial
30min of running at 70% of PTV in hot conditions
(358C), both groups achieved identical rectal tempera-
tures of 38.48C. When the subsequent 8 km perform-
ance run commenced, the running speed of the
heavier Caucasians was immediately reduced compared
with the African runners, whomaintained their running
speed. At the end of theperformance run, both groupsof
runners achieved rectal temperatures of <39.38C. The
early reduction in running speed can only be attributed
to an anticipatory strategy which controls the work-rate
by regulating the recruitment and de-recruitment of
motor units during exercise, which essentially limits
the rate of rise in core temperature; forwithout the avail-
ability of thismechanism, the ability to complete the per-
formance run would not be possible due to the
attainment of a lethal hyperpyrexia.
The anticipatory regulation of exercise is not only

observed when there are differences in ambient tem-
peratures, but also when there are significant differ-
ences in the availability of inspired air. In the novel
studies of Amann et al.17,28,29 in which the effect of
different arterial oxygen content was examined during
the performance in 5 km cycling time trials, in each
instance ranging from hypoxia to hyperoxia, the sub-
jects decreased their power output and iEMG within
the first 400m of the trial. In fact, in each of the inspirate
conditions, the subjects commenced the 5 km time trial
by activating less than 40% of their available muscula-
ture. The authors’ main conclusion from one of these
studies was that feedback from the fatiguing muscle
during different levels of inspired oxygen reduces cen-
tral motor output to the working muscles ‘in order to
prevent excessive development of peripheral muscle
fatigue beyond a critical threshold or sensory tolerance
limit’17 (p. 950). However, it is unclear how the authors
arrived at this conclusion without accounting for the
almost immediate reductions in power output and
iEMG when the skeletal muscle could not have been
excessively fatigued. In fact, the return of both power
output and iEMG to pre-exercise values or above in all
but the hypoxic condition strongly suggests that the
reduction in efferent command was due to an anticipat-
ory mechanism which is typical of a pacing strategy
observed in all forms of self-regulated exercise. An ‘end-
spurt’ is more likely to disprove that central motor
output is regulated by feedback from the fatiguing skel-
etal muscles, for a mechanism acting solely in response
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to sensory feedback could not forecast the extent of fati-
gue likely to occur at the ‘endspurt’30. Finally, neither
the immediate reduction in power output or iEMG, nor
the appearance of an ‘endspurt’ regardless of the ambi-
ent conditions could be observed during constant load
exercise. Therefore, the way in which exercise is regu-
lated rather than limited is highly dependent on the pro-
tocol that is employed.

One reason why constant load exercise has become
the popular method of investigation is that constant
energy transformations produce stark differences
when interventions are applied. For example, the
common observation when comparing exercise in hot
and cool conditions is a reduced time to exhaustion in
accordance with the energy transformations that are
‘ramped up’ to deal with the increased strain placed
on the various systems31–33. For example,when compar-
ing the effects of restricted fluid intake duringexercise in
the heat, there is a clear and unequivocal increase in car-
diac output and heart rate along with reductions in
stroke volume with restricted intake of fluid34,35; how-
ever, exercise duration (<135min) among subjects
who were hydrated and dehydrated was the same. This
indicates that the cardiovascular system, although sig-
nificantly under strain, is able to cope with reduced
fluid intake and subjects can exercise for a long period
without the additional fluids. Similarly, in ambient tem-
peratures of 40 and 20 8C,muscle glycogenolysis and lac-
tate accumulation during constant load exercise were
higher in the heat36 and reduced when the rise in body
temperature was attenuated37,38. Thus, constant load
exercise is indeed useful when the measurement of
the sensitivity of a physiological response is of primary
interest. However, in self-regulated exercise, plasma lac-
tate accumulation is lower in heat stress compared with
cool conditions, because the exercise intensity is intern-
ally regulated rather than being externally driven39.

Conclusions

During exercise heat stress in the laboratory, humans
normally terminate exercise when they attain a core
temperature of <39.58C33. The assumption is that
increased thermal and cardiovascular strain will lead to
reduced exercise performance, rather than adopting
the view that the increased physiological ‘strain’ is a
response mitigating the physiological requirements of
the task under more severe conditions. The latter view
would be a substantially different approach to the under-
standing of exercise physiology. Recent studies40–42 uti-
lizing self-regulated protocols have produced results
that are at odds with the typical findings from conven-
tional constant load exercise. In these studies, the
authors generally conclude that exercise is regulated in
a way that helps avoid cellular catastrophe by anticipat-
ing the energy requirements, so that the exercise bout is

completed rather than prematurely terminated. For
example, a closed loop treadmill performance run or a
cycling trial will result in a longer completion time in
the heat so that the terminal rectal temperature is not
the limiting factor per se24,43; whereas the usual out-
come in open loop exercise is a shorter time for achiev-
ing a given terminal core temperature33. These results
are highly dependent on the organism’s variability and
the capacity to use a feed-forward system to achieve an
outcome and avoid premature fatigue before task com-
pletion. These findings indicate that energy transform-
ations during exercise are variable and allow for self-
regulation so that feed-forward or anticipatory regu-
lation becomes a critical signal, cellular catastrophe is
avoided and homeostasis is preserved. Ulmer7 showed
that it is possible to take into account the length of
time required to complete the task, which is perhaps
why power output and skeletal muscle recruitment in
self-paced trials are reduced almost immediately in the
exercise bout, only to return to near-optimal values
during the ‘endspurt’17,18.

The collective evidence from conventional constant
load versus self-regulated exercise studies suggests that
energy transformations are indeed different, so that the
inherent biological variability accounts for the different
results achieved by the two experimental paradigms.
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LetterLetter

Is cardiovascular strain limiting during self-paced
exercise in the heat?

The recent paper by Périard et al. (2011) is an elegant attempt to underpin the apparent reduction
in self-paced exercise (40 km time trial) in the heat with cardiovascular strain. The authors report
an increase of !4.5 min for performance in the heat compared with thermoneutral conditions.
Accordingly, they postulate that the simultaneous increase in cardiovascular strain with the
increase in performance time disproves the existence of anticipatory regulation during self-paced
exercise. This conclusion is primarily based upon four key findings and interpretations. First,
there were strong correlations between declines in power output with stroke volume (SV) and
cardiac output (Q̇ ). Second, the elevated heart rate, depressed Q̇ and significant decline in
oxygen uptake (V̇O2 ) during exercise in the heat suggest that reductions in power were associated
with increased cardiovascular strain, leading to compromised blood flow and oxygen delivery to
exercising muscles. Third, maximal rating of perceived exertion (RPE) in the heat and similar
heart rates in both cool and hot conditions suggest similar motor outflow/central neural drive
in each trial. Fourth, V̇O2 was significantly reduced at the end of the self-paced trial in the heat,
indicating a progressively greater percentage of peak V̇O2 utilization whilst developing thermal and
cardiovascular strain. This result, coupled with elevated rectal and skin temperatures in the heat,
apparently questions ‘. . .the notion of an anticipatory reduction in power output where exercise
intensity is regulated prior to core temperature being significantly increased. . .’ as previously
shown (Marino et al. 2004; Tucker et al. 2004).

However, careful inspection of the data as presented by Périard et al. (2011) provides for an
alternative interpretation and indeed one that confirms the operation of anticipatory regulation
and disproves the cardiovascular limitation paradigm. It is clear from the data in Fig. 4 that
both Q̇ and SV were significantly decreased in the heat from 20 min to the end of the trial. This
was accompanied by higher heart rates almost immediately (10 min) at the start of the trial,
although this difference between conditions disappeared at the end of the trial. Although these
data confirm that the cardiovascular system was likely to be comparatively closer to its limitations
during exercise in the heat, the data depicting power output (Fig. 1) show that increases in power
were achieved despite significant cardiovascular strain. That is, in both conditions the initial power
outputs were identical until a clear separation occurred at 20 min so that power was maintained
near initial values (!280 W) for at least 30 min in thermoneutral conditions whilst in the heat the
power output continued to decrease. However, there was a clear re-establishment of power output
from the penultimate data point to the end of the trial so that in thermoneutral conditions power
reached values above those at the start, whilst in the heat the power returned to values identical
to the start. Thus, if power output returned to values either above or similar to the start when
cardiovascular strain was at its greatest, then cardiovascular strain cannot be putatively limiting
during exercise in either condition. For if cardiovascular strain, which in this case was sustained
for at least 40 min, was truly limiting, further increases in power output over an extended period
would not be possible according to the classical understanding. The fact that higher power output
was achieved at the end compared with the start of the trial in thermoneutral conditions indicates
that subjects did not give a maximal effort at the start but only did so at the end of the trial.
Notably, power output in the heat began to decline before Q̇ plateaued, after which power output
increased to starting values whilst Q̇ remained significantly reduced but essentially level. Since in
both conditions power output did not reach maximal values until the end of the trial, a pacing
strategy determined ahead of the end point can be the only logical explanation for the appearance
of these data.
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The authors speculate that a ‘similar level of motor outflow/central neural drive in each of
the tests’ was present as RPE and heart rates were similar during the maximal efforts and the
preliminary tests. By presenting this as a likely explanation for their findings the authors neglect
a glaring contradiction, as it is not eminently clear how ‘motor outflow/central neural drive’
could be similar when power output for the majority of the trial in the heat was significantly less
than in thermoneutral conditions. It is inescapable that modulation in power output regardless
of environmental conditions can only be achieved by altering muscle recruitment (Marino et al.
2010). Conversely, if motor outflow was similar in both conditions then the question that must be
answered is how it would be possible to have such a degree of difference in power output between
conditions only for power output to be restored or increased above starting values at the end of
the trial? One possibility is the increase in muscle sympathetic nerve activity by the activation
of group III and IV afferents which has been shown to occur with heating (Ray & Gracey, 1997;
Saito et al. 1997). Increases in muscle sympathetic nerve activity may restrict muscle blood flow,
inducing further vasoconstriction, thereby possibly reducing motor unit recruitment (Ichinose
et al. 2008), which then might also explain the reduced power output and increased performance
time in the heat.

Additionally, the authors do not provide an explanation for the finding that power output
from the penultimate value to the end of the trial was relatively greater in the heat (!50 W)
than in thermoneutral conditions (!35 W). If Q̇ was limiting, then it should not be possible
for subjects to attain a greater relative increase in power output in more stressful conditions.
This finding is evidence for a system acting in anticipation of the required effort. Although not
entirely novel (Marino et al. 2001), the authors acknowledge the interesting finding that blood
lactate at the end of exercise was higher in thermoneutral rather than in hot conditions. They
correctly conclude that the reason for the higher blood lactate was the greater metabolic demand
or higher exercise intensity in thermoneutral compared with hot conditions. By arriving at this
conclusion the authors are then presented with a paradox by suggesting that the ‘. . .failure to
increase Q̇ during the final maximal effort in the heat, that oxygen delivery was compromised.
Therefore, the increase in power output at the end of the exercise was mediated by an increase in
anaerobic metabolism and could not have been sustained.’ Yet, the metabolic demand was higher
in thermoneutral conditions.

The conclusion that thermoregultory responses do not confirm the presence of anticipatory
regulation because there was a concomitant cardiovascular strain owing to a progressive increase
in exercise intensity is at odds with the data the authors present. Rectal temperature began to
increase significantly in the heat at 10 min and continued to be higher throughout the time trial,
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Figure 1. The rectal temperature response (left ordinate, filled squares) and power output (right ordinate, filled circles) during the
40 km time trial
Note the power output reduction during the time when thermal strain was lowest and a return to initial values of power output when thermal
strain was at its highest (data redrawn from Figs 1 and 2 of Périard et al. 2011).
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reaching above 39.5#C at the end. The reduction in power output was observed at 20 min and
continued to decline until 60 min, when it increased significantly to identical values to the start
of the trial. The question that remains unanswered is how the subjects were able to increase their
power output at a time when thermal strain was at its highest and why subjects decreased their
power output when thermal strain was lowest (see Fig. 1). This is an inconvenient finding, which
cannot be ignored. The only logical explanation at this point is that power output or rather muscle
recruitment was reduced ahead of the impending thermal limit in order that a sufficient reserve
would be available for the end-spurt.

Perhaps the pivotal insight provided by Périard et al. (2011) is that of a system which has the
capacity to alter the recruitment of skeletal muscle and thus power output when cardiovascular
strain is at its relative highest.

Frank E. Marino
School of Human Movement Studies, Charles Sturt University, Bathurst, NSW 2795, Australia

Email: fmarino@csu.edu.au
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C" 2011 The Author. Journal compilation C" 2011 The Physiological Society

) by Frank Marino on March 15, 2011ep.physoc.orgDownloaded from Exp Physiol (

Paper 50 Paper 50

466

http://ep.physoc.org/


Int. J. Hyperthermia, September 2011; 27(6): 582–590

REVIEW ARTICLE

The critical limiting temperature and selective brain cooling:
neuroprotection during exercise?
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Abstract
There is wide consensus that long duration exercise in the heat is impaired compared with cooler conditions. A common
observation when examining exercise tolerance in the heat in laboratory studies is the critical limiting core temperature
(CLT) and the apparent attenuation in central nervous system (CNS) drive leading to premature fatigue. Selective brain
cooling (SBC) purportedly confers neuroprotection during exercise heat stress by attenuating the increase in brain
temperature. As the CLT is dependent on heating to invoke a reduction in efferent drive, it is thus not compatible with SBC
which supposedly attenuates the rise in brain temperature. Therefore, the CLT and SBC hypotheses cannot be
complimentary if the goal is to confer neuroprotection from thermal insult as it is counter-intuitive to selectively cool the
brain if the purpose of rising brain temperature is to down-regulate skeletal muscle recruitment. This presents a circular
model for which there is no apparent end to the ultimate physiological outcome; a ‘hot brain’ selectively cooled in order to
reduce the CNS drive to skeletal muscle. This review will examine the postulates of the CLT and SBC with their relationship
to the avoidance of a ‘hot brain’ which together argue for a theoretical position against neuroprotection as the key
physiological strategy in exercise-induced hyperthermia.

Keywords: metabolism, heat shock response, chaperones, thermotolerance

Pluralitas non estponenda sine necessitate [plurality should
not be posited without necessity]

Occam’s razor.

Introduction

Compatibility of physiological mechanisms

The value of any theory or paradigm is its ability to
make predictions about the natural world and be
verified by testing and experimentation. Accordingly,
Hawking in his influential and popular text highlights
this burden of predictability stating that ‘it makes no
sense to ask if a theory corresponds to reality,
because we do not know what reality is independent
of a theory. How can we know what is real indepen-
dent of a model with which to interpret it’ [1]?
Hawking also argues that ‘if the observations don’t
agree with the predictions, one abandons the theory;
or that’s what is supposed to happen’ [1, p. 36].

However, science is replete with parallel models and
paradigms which attempt to explain the same obser-
vations. The most famous example was the tension
between the Copernican and Ptolemaic models
which predicted the motions of the planets. In this
instance, the simplicity of the Copernican model
eventually won even though its simplicity was
regarded as radical at the time [2]. In essence,
when there are two competing models which attempt
to predict similar observations when all other things
are equal, the simpler one is more likely to be correct;
this is known as ‘Occam’s razor’ [2].

Similarly in the field of physiology, parallel para-
digms exist which attempt to explain the same
observation. In the field of exercise physiology the
regulation and cessation of exercise during heat
stress is said to be regulated by the imperative to
protect the brain from thermal injury. To this end
the theory of selective brain cooling (SBC) and the
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critical limiting temperature (CLT) have both been
posited separately as viable mechanisms reducing the
risk to the brain by conferring neuroprotection [3–5].
The implication in SBC is the existence of a
mechanism allowing cooler blood to enter the central
nervous system (CNS) thereby reducing the possi-
bility of overheating the brain. Similarly, the CLT is
thought to confer neuroprotection by down-regulat-
ing the efferent drive, attenuating further heat pro-
duction by terminating exercise before thermal injury
occurs. In both SBC and the CLT the outcome is
supposedly the protection of the CNS from lethal
hyperpyrexia.

However, neither SBC nor the CLT have been
definitively shown in humans. Additionally, both
mechanisms are thought to be complimentary rather
than diametrically opposed. In this paper I argue that
the basis on which SBC and CLT hypotheses are
underpinned is not complimentary and the assump-
tion that neuroprotection is a key factor should be
re-examined.

Exercise and neuroprotection

Exercise physiologists generally consider the
decreased time to volitional exhaustion in the heat
to be the result of rising body temperature to a
threshold value that invokes behavioural responses
leading to a decision to terminate exercise and further
heat production. The corollary of this theoretical
position is that two mechanisms are thought to invoke
protection from lethal hyperpyrexia. First, SBC which
was originally observed in the goat and subsequently
shown to exist in a number of other species [6, 7] is
thought to be an adaptation used to protect the brain
from overheating (neuroprotection). Although ther-
mal physiologists are divided as to whether this
physiological response occurs in humans, there are
many examples in the literature which indicate that
SBC in humans cannot be completely discounted as
highlighted in a recent debate [8, 9]. Second, and
relatively more recently, a high core temperature (Tc)
when exercise terminates and known as the critical
limiting core temperature (CLT; "40#C) has been
observed in humans and other mammals. Since
described by Nielsen et al. [10] the CLT has been
repeatedly reported during constant or fixed-intensity
exercise in association with reductions in neural drive
and voluntary activation of skeletal muscle. By impli-
cation high heat loads are thought to be a determining
factor in the attenuated motor drive during exercise
heat stress [3, 11]. From both an evolutionary and
protective perspective it seems consistent that a
mechanism, or mechanisms exist which ultimately
terminates exercise and limits human performance
during heat stress. It is assumed that in both SBC and
the CLT, the brain is heat sensitive and by extension

requires protection from overheating even though it is
one of the most metabolically active tissues in the
body [12]. However, the sensitivity of brain tissue has
never been conclusively resolved but it is now appar-
ent that Tc and blood temperature can rise in excess of
the CLT [13–15]. It is also desirable for both SBC and
CLT to be complementary so that the body is
protected by more than one mechanism; in-built
redundancy.

The critical limiting temperature during
exercise

Origins and justification for the hypothesis

A physiological phenomenon observed in a range of
mammals is a common Tc at the point of exercise
termination when performing constant or fixed
intensity exercise in ambient temperatures ranging
25–35#C [16–19]. The origin of this observation and
related terminology are derived from studies which
show that exercise duration is reduced in high
ambient temperatures where the point of exhaustion
coincides almost inevitably with a Tc close to 40#C
[10, 11, 20]. It is thought that during exercise-
induced hyperthermia physiological responses such
as heart rate, respiration, muscle temperature,
muscle blood flow and the rate of heat dissipation
reach a precipice, and thus premature termination
of exercise ensues as motivation is reduced. Many
studies have shown that either these individual
responses or a combination of responses to exercise
heat stress are associated with premature fatigue. For
example, it was thought that accelerated muscle
glycogen usage during exercise in the heat promoted
premature fatigue but this is now thought to play
a minor role [20–22].

It was not until the widely cited study of Nielsen
et al. [10] which showed acclimated and
non-acclimated subjects terminating exercise at the
same Tc which likely promulgated the CLT hypoth-
esis. The authors hypothesised that termination of
exercise was due to reduced motivation manifesting
as reductions in force production given that the
maximal voluntary contraction of the forearm flexors
and leg extensors was significantly reduced.
Interestingly, cardiovascular strain was not the
main cause of fatigue in this instance as reductions
in cardiac output or muscle blood flow at exhaustion
in either acclimated or non-acclimated conditions
were not observed.

The attenuation in CNS activation during
exercise-induced hyperthermia is thought to be the
result of the direct action of rising temperature on the
brain and possibly on afferent signals which originate
from skeletal muscle and other organs [23]. Notably,
high body temperatures at rest have been shown to

Critical limiting temperature and selective brain cooling 583
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alter brain electrical activity [24, 25]. However, there
is evidence that during exercise-induced hyperther-
mia the electroencephalography (EEG) patterns in
the frontal cortical area shift from higher to lower
frequencies which is indicative of a reduced state of
arousal [26, 27]. If this is correct then rising
temperature reduces motivation by directly altering
arousal levels which manifest as reductions in effer-
ent drive. Thus, the CLT per se does not explain the
reduction in exercise performance, rather the decline
in the state of arousal leading to attenuated motor
drive seems to be the key factor.

Subsequent studies utilising pre-cooling tech-
niques confirmed that a reduced thermal strain
improved exercise performance in both moderate
and warm ambient conditions (for review see Marino
[28]). Collectively, these studies have fortified the
popular view that body heating progressively reduces
the drive for exercise so that the terminal Tc is the
final marker for the termination of exercise.
However, the mechanism for this remains relatively
unknown, but a reduced CNS drive is now widely
accepted as the dominant factor [3, 20, 27, 29, 30].

The CNS and hyperthermia

The view that the brain is at the centre of exercise
termination in the heat is related to the findings in
animal models which have consistently shown exer-
cise to terminate at identical brain temperatures
irrespective of the ambient temperature [16, 31].
Interestingly, different exercise and ambient condi-
tions have been shown to result in different rates of
increase in brain temperatures, so that higher ambi-
ent temperatures (33#C and 38#C) result in higher
rates of brain temperature increase and reduced
exercise duration [31]. In fact, when rats were
preheated above the critical Tc some were able to
run on the treadmill for short periods, suggesting that
the critical Tc was not the determining factor for the
termination of exercise and that the brain may not
necessarily be the protected organ during exercise
induced-hyperthermia [4]. In addition, when rats
were preheated above critical temperature, the hypo-
thalamic temperature decreased whilst running, so
that under all conditions of heat stress the terminal
hypothalamic temperature was essentially identical.
The question then remains as to how the preheated
brain could reduce its temperature whilst running in
the heat at least in this animal model.

Similarly, others have observed cyclists exercising
at 60% of maximal oxygen uptake (VO2max) in
uncompensable environments with altered initial
body temperatures (pre-cooled, control, preheating)
[11], that exercise terminated at identical Tc of 40.1#–
40.2#C but exercise times were longer relative to the
starting temperature; pre-cooled longer than control

and pre-heating. Brain temperatures were not mea-
sured so direct comparisons with animal studies is not
possible. However, it has been shown that maximal
isometric voluntary contractions were depressed in
exercise-hyperthermia which were associated with
reduced voluntary central activation [3].
Interestingly, the CNS was able to activate skeletal
muscle briefly following exercise-hyperthermia but
beyond this brief period muscle contraction would
not elicit similar force from "30–120 s following
exercise. It remains unclear why the CNS would
briefly activate skeletal muscle only to down-regulate
this response immediately following this time-frame.
It implies that the brain is able to drive the muscle and
that brain temperature at least at this time point, and
for a brief contraction, is not a determining factor in
this type of fatigue. This is confirmed by studies
showing that rising body temperature alone rather
than a terminal temperature per se induces premature
fatigue [32]. However, pathologies which are sensitive
to heating, such as multiple sclerosis (MS), could
provide clues to mechanisms which induce premature
fatigue well before a critical temperature is attained.
For example in MS, heating either by exercise or
passively can induce premature and debilitating
fatigue possibly due to a heat reaction blockade of
the action potentials in demyelinated neurons
[33, 34]. Therefore, it would not be unreasonable
to suggest that in humans the threshold for action
potential blockade might be maintained at a higher
level compared with MS but altered due to heating so
that fatigue is induced prematurely. This hypothesis,
however, is yet to be specifically tested but indirect
evidence suggests that cortical output is unable to
match the speed of contraction in a state of hyper-
thermia [35].

Central activation and hyperthermia

Several studies have shown that in hyperthermia
central activation was reduced in muscles used (leg
extensors) during the preceding exercise compared
with muscles that were not used (elbow flexors) [29].
This is a salient finding as it suggests that the CNS
discriminates between skeletal muscles requiring
reduced efferent drive. In addition, the CNS will
not only reduce efferent drive to the ‘pre-used’
muscles but this response seems to occur regardless
of the type of muscular contraction [30]. It is not
clear why the CNS would choose one group of
muscles over another under heat strain; however, one
possibility is that the CNS is ‘primed’ by the higher
energy turnover of some muscles compared to
others, purposefully reducing the efferent command
where disruption to homeostasis is most likely to
occur. Moreover, if the brain is able to activate
‘non-used’ muscle then additional metabolic activity
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In
t J

 H
yp

er
th

er
m

ia
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f S

yd
ne

y 
on

 0
8/

20
/1

1
Fo

r p
er

so
na

l u
se

 o
nl

y.
Paper 51 Paper 51

469



could only augment the heat load and possibly
increase Tc further. This suggests that brain temper-
ature is unlikely to be a putative factor in the
termination of exercise-hyperthermia; for if the
brain was the protected organ it would be counter-
intuitive for it to retain the capacity to activate
specific muscle groups.

The experimental paradigm where force output
and central activation is compared between muscles
predominantly used during the exercise and muscles
that remained relatively ‘unused’ during the same
exercise, has shown that hyperthermia leads to
generalised muscle fatigue in some [3] but not all
studies [29, 30]. However, following endurance
exercise such as the marathon, both force output
and central activation are depressed for up to 4 h
post-exercise and not necessarily due to thermal
strain [36].This is evidence that thermal strain per se
may not be the primary cause for the observed
down-regulation in efferent drive as previously
thought, as this phenomenon is observed in both
heat stress and moderate conditions. Rather, it is
possible that there is selective attenuation in CNS
motor drive according to the higher energy turnover
of certain muscles in order to preserve cellular
homeostasis [37]. Perhaps it is more likely that with
increased heat strain CNS attenuation of efferent
drive is hastened; but this should not result in the
assumption that the brain is becoming hot, as this
cannot be the cause of the same attenuation in
efferent drive under a number of different conditions
where the brain is not in danger of becoming hot.
Therefore, if the attenuation of efferent drive under
various conditions is the end result, then heat strain
cannot be the sole cause of the reduction in skeletal
muscle recruitment as this would require a different
mechanism for a similar physiological outcome.

There are findings which show that passive heating
of core temperature can reduce skeletal muscle force
production and voluntary activation which is then
restored when Tc is returned to pre-heating values
[32]. These data are redrawn in Figure 1 and show
the force generating capacity of the knee extensors
together with the voluntary activation at the same
time point. What can be seen is that passive heating
alone altered the behaviour of the CNS independent
of the physiological responses which would accom-
pany strenuous exercise in the heat. Because these
authors measured the voluntary activation and force
output at increasing Tc increments of 0.5#C, they
concluded that it was not a critical limiting temper-
ature that caused the attenuation in efferent drive as
the reduction in force output and voluntary activa-
tion occurred gradually with heating. Unfortunately,
brain or muscle temperatures were not reported,
therefore conclusions regarding the effect of brain
and/or muscle temperature on central fatigue could
not be made. Interestingly, these authors do state
that ‘a direct measure of brain temperature would
have been preferable, given that the brain is the most
likely site for critical temperature effects’
[32, p. 734]. In a novel follow-up study these authors
passively heated subjects so that Tc increased from
37.2#–39.5#C whilst measuring the muscle temper-
ature in one leg that was heated and in the contra-
lateral leg which was maintained at thermoneutral
temperatures. When Tc was increased, both the
maximum voluntary torque and voluntary activation
decreased in both the heated and thermoneutral legs.
However, when rapid cooling of the core was invoked
so that Tc was restored to normal values whilst
muscle temperature in the legs was maintained as
either hot or normal, maximum torque and voluntary
activation were restored. These findings show that
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Figure 1. Shows data redrawn from Morrison et al. [32] where force output and voluntary activation were measured with
each 0.5#C increment in core temperature up to the critical limiting temperature. The reduction in force output and
voluntary activation begin to occur soon after heating and then restored as cooling commences.
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central heating rather than the temperature changes
in the contractile properties of the leg muscle
contributes to the reduced force production.
Notably, in accordance with the evidence showing
reduced drive for exercise with central heating, 1 h
of exercise in favourable ambient conditions (18#C)
where Tc was maintained at 38#C no significant
change in brain electrical activity was observed
compared to exercise in the heat where there were
progressive reductions in the state of arousal with
increasing body temperature [3]. Therefore, heating
either by exercise [3] or otherwise [32] likely alters
the perception of effort such that the brain would
reduce the drive to skeletal muscle to avoid a further
rise in temperature as a consequence of the heat
generation from muscular work. This has been
shown in subjects who reduced their muscle recruit-
ment and power output well before any significant
increase in body temperature during exercise in the
heat [38–40].

Rather than increased brain temperature as a
putative cause of central fatigue in hyperthermia, it
is possible that changes in muscle properties may be
a contributing factor. For example, in passively
induced hyperthermia the peak relaxation rate
remained "20% faster during contraction of elbow
flexor muscles [35]. This finding suggests that if fuse
force was to be achieved, a higher motor unit firing
rate would be needed. However, when twitches
evoked by motor cortex stimulation were super-
imposed during a sustained maximal contraction,
higher motoneurone discharge rates could not be
maintained. The authors concluded that cortical
output might not be able to compensate for the
increased speed of contraction during passive hyper-
thermia (Tc" 38.5#C). This indicates that central
fatigue during hyperthermia is mediated by changes
at the periphery or more precisely by a ‘mismatch’
between what the muscles ‘can do’ and what the
brain is ‘not prepared’ to do.

The observation that Tc limits exercise when
observed exclusively in studies which use either
fixed intensity or duration exercise, suggests that
the attainment of a critical limiting Tc is perhaps
dependent on the experimental protocol rather than
a physiological limit. In contrast, self-paced exercise
and field studies using telemetry have reported core
temperatures above those typically observed in the
laboratory indicating that in self-paced exercise
thermoregulatory limits are likely to be higher
[14, 15, 41]. Finally, recent studies using pharma-
cological interventions such as dopamine/noradren-
alin re-uptake inhibitors as either acute or chronic
dosages compared with placebo have resulted in
higher than usual Tc during time trials [42, 43].
However, higher power outputs during exercise were
only observed with acute dosages. These studies

suggest that terminal Tc is not the cause for the
cessation of exercise as higher temperatures can be
artificially achieved.

Summary

Reductions in voluntary activation and subsequent
skeletal muscle force following exercise induced-
hyperthermia are complex phenomena which are
unlikely to be characterised solely by high brain
temperatures, but by the overall physiological
responses occurring with heating. There is no defin-
itive mechanism for this at present. It seems plausi-
ble, however, that perceived exertion coupled with
local neuromuscular changes occurring with heating
[44], either passively or by exercise, may invoke
signals for the brain to reduce the effort by which
muscles could generate further heat. How and where
this ‘computation’ is made remains to be elucidated.

Brain cooling and neuroprotection

By implication, SBC suggests that the brain is an
organ requiring protection from high temperature.
In a number of species including mammals, birds
and reptiles, SBC has been posited as a mechanism
providing the brain with protection from thermal
injury. For a review on this topic see Baker [45] and
Jessen [46]. The purpose of the following section is
to outline the structural components thought to assist
in SBC and to contrast this physiological response
during human exercise performance with respect to
the critical limiting temperature hypothesis.

Structure and function

Generally, SBC can be observed more readily in
animals with a developed carotid rete. This structure
is intimately tied to the provision of a counter-
current which is developed in the head between the
arterial and venous blood and the respiratory
response which is highest during exercise and thus
permits evaporative and conductive heat loss
between the warmer and cooler blood travelling
through these vessels. Interestingly, SBC has been
identified in other species that either do or do not
have a developed carotid rete. For example, in
the exercising horse, SBC was increased, but
when the respiratory tract was bypassed by tracheot-
omy there was an immediate reduction in SBC
accompanied by increases in respiratory rate during
and after exercise [17]. These authors concluded that
SBC occurs in the horse via the cavernous sinus
secondary to venous cooling within the upper respi-
ratory tract. However, the difference between the
horse and human is the ratio of the respiratory tract
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surface area to brain mass which is significantly
higher in the horse. Therefore, as blood flows into
the cavernous sinus it is possible that cooling is
augmented via this structure due to its relative size
[17]. It remains to be elucidated whether the
attenuated brain temperature due to SBC in the
horse or any other species improves either exercise
performance or heat tolerance and whether such a
response is essential for neuroprotection.

Unlike other animals where there is some consen-
sus regarding the existence of SBC, in humans
the debate has continued for well over 20 years
[8, 9, 47, 48]. Despite this debate, there is consensus
that humans do not possess a carotid rete, but this fact
alone does not rule out SBC, as there are many species
in which this has been shown without the availability
of this structure. Therefore, if SBC does exist in
humans, what structures would need to be available
for this to occur? In a landmark paper, the existence of
a human cranial ‘radiator’ has been described in detail
[49]. These authors showed that the large vessels of
the ‘radiator’ penetrate the emissary foramina in the
skull providing an avenue for heat exchange between
venous blood and heat loss through evaporation on
the surface of the head. These veins provide an avenue
for conductive heat loss between the larger veins in the
neck and the arteries entering the brain. It is entirely
possible then that these structures provide an avenue
for head cooling in humans and it should be possible
to show their effectiveness on brain temperature
during exercise.

The strongest evidence for SBC comes from
studies showing a direct effect of respiration on
subdural temperature. For example, a negative cor-
relation between the extent of nostril dilatation and
attenuation in tympanic temperature during exercise
has been shown [50], whilst others [51] have
reported a rapid reduction in cribiform plate tem-
perature (0.1#C/min) on demand following extuba-
tion with increased respiratory rate. These data
provide some evidence for the possibility of SBC
in humans. However, these findings should be
countered by more recent studies which show that
middle cerebral artery blood velocity is reduced
during hyperthermia by up to 26% and as a conse-
quence convective heat removal from the brain to the
body core might be reduced by up to 20% [52, 53].
In addition, those authors show that the temperature
of the venous blood returning from the head is always
higher than Tc so that brain cooling is not observed.
In essence these findings indicate that the ability to
transport heat via the circulation from the brain to
the core is actually reduced in hyperthermia. As these
findings argue against SBC in humans, they are more
appropriately reconciled with the critical limiting
temperature hypothesis; for if the brain requires heat
to invoke selective down-regulation of skeletal

muscle recruitment, then rising temperature would
more likely be the case as previously suggested [54].

The brain and heat sensitivity

Whether or not brain tissue is more heat sensitive
than other body tissues is yet to be confirmed. It has
been known for some time that death of nervous
tissue depends on the length of exposure as well as
the rate of heating, with the extinction of electrical
response ranging from 40#C in frogs, 48#C in
mammalian tissue and 53#C in birds [55]. In fact,
in vitro studies of critical changes in brain cellular
function suggest that these occur around 40#C–41#C
[56–58], whereas in other tissues the temperature is
substantially higher [59]. However, this thermal load
model has rarely been applied to the SBC–exercise-
induced hyperthermia debate. For instance, in a
clinical setting where hyperthermia is administered
the change in temperature (DT) and the length of
exposure is critical to the amount of thermal damage
that might be expected or sustained by the target
tissue [60]. For example, a change in temperature
from 37# to 39#C where the time spent at the highest
temperature might be 5 min would yield 10#-min
(i.e. 2#$5 min) which would be a very different heat
load if the highest temperature was sustained for
10 min (i.e. 2#C$ 10 min or 20#-min). A review of
the widely cited studies examining exercise-induced
hyperthermia in humans reveals that a ‘critically high
temperature’ is sustained for only short periods
(1–5 min), and even in those studies where passive
heating at an elevated temperature of 38.5#C was
sustained for up to 14 min (i.e. 21#-min) irreversible
cellular damage was not reported [61].

There is also an emerging hypothesis with respect
to the function of SBC suggesting that this physio-
logical mechanism is likely to be related to a system
forming the basis for craniofacial adaptation [62].
These authors reason that facial morphology (lips,
tympanic cavity, sinuses, etc.) ‘facilitate the adapta-
tion of the brain to environmental changes, enabling
more effective coordinated cerebral functions and
producing variations between populations. Thus,
SBC is necessary for longstanding biological adapta-
tion to alter the cranial dimensions and facial mor-
phology in behalf of brain protection’ [62, p. 978].

Taken together these data and emerging theory
suggest that the human organism is likely to be more
tolerant to heat loads than currently thought. This
also indicates that the widely held belief of an upper
limit of 40#C–41#C for nervous tissue death in
humans is incompatible with the notion that an
organ as critical as the brain should be highly
sensitive to heating compared with other areas of
the body.
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Proponents of SBC in humans have rarely
accounted for the vast amount of evidence which
indicates that in other mammals SBC may not
necessarily be a mechanism which confers neuropro-
tection, but rather it may be that SBC is a mecha-
nism responsible for mediating other physiological
functions. For example, in an extensive review of the
literature Mitchell et al. [5] show a clear distinction
between the SBC displayed by free-ranging versus
laboratory animals. In free ranging animals SBC is
abolished upon intense exercise such as running to
escape from a predator or even during grazing in
hot conditions; whereas, SBC in laboratory animals
is seemingly always present above a temperature
threshold. These authors also make the point that if
SBC was so important for neuroprotection then it
should be evident during intense exercise when the
rate of heat production is highest. In fact, they

document several instances where the threshold for
SBC is raised during intense exercise rather than
being reduced [5]. The salient point made by these
authors is that SBC is probably related to modulating
thermoregulatory effector mechanisms rather than
for the protection of the brain from thermal insult.
They suggest that SBC is intimately tied with
sympathetic input during stress so that fright and
flight have a direct effect on thermoregulatory input
and heat loss mechanisms.

Conclusions

The purpose of this review was to examine the
evidence for the separate postulates of SBC and CLT
and to reconcile these physiological models as viable
responses determining human functioning under
conditions of exercise heat stress. The key point

(A) (B)

Figure 2. Schematic A shows the cascade of events thought to occur with respect to the critical limiting core temperature
(CLT). In this paradigm the rising heat either in the brain or elsewhere in the body eventually leads to a reduction in
voluntary activation and muscle recruitment which ultimately terminates exercise and presumably confers neuroprotection.
Schematic B shows a similar cascade of events which are thought to invoke selective brain cooling (SBC). In this paradigm,
SBC offers neuroprotection by abating the continuous rise in heat content of the brain via a counter-current between blood
entering and leaving the head. It is unclear in this model at what point exercise would terminate during SBC and what the
mechanism might be. If SBC is needed to protect the brain, this leaves the problem of the necessary increase in temperature
to invoke the reduction in muscle recruitment in the CLT paradigm (A). (smaller arrows ", #, indicate increases or decreases
in response, respectively).
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with respect to the CLT is that hyperthermia reduces
the ability to produce sufficient skeletal muscle force
for the continuation of exercise other than for very
brief periods. The underlying assumption is that
hyperthermia invokes this reduction in muscle per-
formance specifically to stop the brain from over-
heating. Selective brain cooling is also predicated on
the assumption that the brain is sensitive to high
temperatures, and that humans like other animals,
invoke SBC specifically to protect the brain. Based
on the available evidence, these two models are not
compatible. The schematics in Figure 2 show the
competing differences between SBC and the CLT
models providing a basis for neurprotection. Figure 2
suggests that if CLT is reliant upon rising heat to
invoke the necessary reduction in skeletal muscle
recruitment to avoid further increases in heat pro-
duction, then SBC can only prolong this situation as
the brain would never reach the so-called critical
temperature, or at least delay the response; however,
there is no clear evidence for this. On the other hand
if SBC was an essential physiological response and
necessary for survival, this mechanism should be
invoked at essential moments; the evidence for this is
lacking in both humans and other mammals. In light
of this incompatibility between the SBC and the
CLT hypotheses it leaves very little option but to
conclude that neuroprotection is unlikely to be a sole
determinant for the reduced exercise response during
hyperthermia. Rather, the neuromuscular observa-
tions during and at the end of exercise hyperthermia,
such as reduced muscle recruitment and central
activation are consistent and indicative of a biological
system which reduces motivation for continued
physical exertion preserving homeostasis.
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Abstract A common emotional human anomaly is the
manifestation of fatigue which is felt as an overall symptom

in times of sickness and disease, but also during and after

exercise as a specific or general symptom of exhaustion and
over exertion. The main culprit of fatigue during illness is

thought to be the immune/inflammatory response that occurs

as the body attempts to fight off the invading virus or bac-
teria. Numerous models of fatigue have been developed to

help us understand its mechanisms in both disease and

exercise, but none so far have specifically discussed the
interactions between cytokine release during exercise and its

effects on afferent feedback and processing of signals in the

brain that might lead to sensations and feelings of fatigue.
Therefore, this article examines the literature in a range of

disciplines spanning exercise, disease, immunology, and

neurology, in order to develop a neuroinflammatory model
for acute fatigue during exercise, similar to that which we

often feel during illness.

1 The Study of Fatigue in Immunology and Exercise
Physiology

Advances in neuroimaging have facilitated an immense

mapping of the brain’s sensory pathways, promoting
numerous models of sensory integration, especially in

response to pain and temperature [1–4]. Fatigue, however,

remains largely an anomaly. There is certainly no scarcity of
literature in several disciplines, such as psychology, patho-

physiology, immunology and exercise physiology [5–7], that

examine the phenomenon and mechanisms of fatigue.
Drawing on evidence from these disciplines can help

improve current models and broaden our knowledge and

understanding of physiological processes that may influence
fatigue in exercise research. While a definition of fatigue is

largely dependent on the circumstance, for the purpose of

this review, fatigue is defined in two different ways. The first
definition of fatigue is a transient, overall sensation of

tiredness or exhaustion in times of sickness. The second

definition is a transient sensation of tiredness or exhaustion
that is felt during acute bouts of exercise and can be quan-

tified through changes in performance. Importantly, this

article will highlight possible similarities between the
mechanisms of fatigue in these two different circumstances.

Immunology has, for years, highlighted the inflamma-

tory response, subsequent cytokine release, and neural
regulation during disease and sickness, as important con-

tributions to fatigue [7–9]. In fact, Olofsson et al. [7]

suggest the existence of an inflammatory reflex to provide
communication between the periphery and brain via locally

released cytokines and prostaglandins. In this reflex, the
cytokines and prostaglandins stimulate a ‘danger signal’

which activates the vagal afferent nerve and transmits

information to areas such as the brain stem, hypothalamus
and higher centres [7]. This reflex also alters the autonomic

nervous system with increased sympathetic outflow and

changes in heart rate variability [7]. The periphery-to-brain
communication in this reflex is an important aspect of

maintaining and/or returning overall homeostasis to the

body when there is an imbalance, such as the various
changes that occur during disease and exercise.

Arguably, the most biologically sound theory of fatigue

in exercise physiology today is the complex systems the-
ory, which has developed over time [10]. While fatigue

itself was originally associated with a sole peripheral
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metabolic origin, it now incorporates numerous systems

which interact together to cause fatigue, all in an effort to
maintain homeostasis [10, 11]. The most important aspect

is neural regulation of overall effort in order to keep the

body within biomechanical and metabolic limits. In order
to do so, the brain must receive afferent input from dif-

ferent areas in the periphery which it interprets and uses to

alter efferent output. It is believed that, similar to the
‘danger signal’ in the reflex arc of disease, fatigue is felt as

a warning and ultimately helps prevent traumatic damage
to one or more physiological systems [11]. Still, individual

pieces of the theory have yet to be fully understood, such as

the contribution of the inflammatory system, the peripheral
release of cytokines, namely IL-6, during exercise, and the

pathways they take to reach the brain for communication.

The purpose of this article is to first discuss some possible
mechanisms of fatigue, highlighting the differences between

peripheral cytokine release during disease and exercise.

Second, the biochemistry of cytokine receptor signaling will
be discussed using evidence that receptors located ubiqui-

tously on tissues within the body can send signals back to the

brain. Finally, the processing of sensory signals in the brain
leading to perceptions of acute fatigue will be briefly men-

tioned, though a detailed review is not within the scope of

this paper. It is our desire that this article will shed light on
one aspect of the complex systems theory of fatigue, and

there will be recognition of a neuroinflammatory model of

fatigue during exercise, which warrants further research in
the domains of exercise physiology and fatigue.

2 Fatigue and Cytokine Release During Disease
and Exercise

Fatigue is classified as a symptom in sickness and disease

and, combined with feelings of nausea, loss of appetite and

apathy towards normal social and physical environments, is
part of a cluster of behaviors termed ‘sickness behaviors’

[12]. In some diseased states, fatigue is chronic in nature,

stimulated by an unremitting condition, and has daily and
long-term consequences for sufferers [13]. Conversely,

acute sickness, such as the influenza virus, can cause fati-

gue which is transient in nature and subsides when the
body has eliminated the virus, or soon after, typically

within 7–10 days [14]. Sickness behaviors, including fati-

gue, are often present in both instances and are thought to
be caused by the inflammatory cytokines responsible for

warding off the disease [14].

2.1 Cytokines are Messengers During Disease

Immune glands such as the bone marrow, hepatocytes,
thymus and spleen are specific to the innate immune

response, house mast cells and macrophages, and are

activated when foreign material (i.e., a virus) is identified
in the body [8, 15]. For instance, during the influenza virus,

the release of mast cells and macrophages cause the pro-

duction of inflammatory cytokines such as interleukin (IL)-
1, tumor necrosis factor (TNF)-alpha (a) and IL-6 to aid in

systemic defense and prevent further infection [15]. An

increase in these cytokines are thought to be largely
responsible for sending signals to the brain and producing

all or some of the ‘sickness behaviors’ previously men-
tioned [5, 12, 16, 17].

Mechanisms of cytokine induction during the influenza

virus have been investigated using both in vitro and in vivo
methods. It has been shown in human monocyte, rat

alveolar macrophage and murine macrophage cell cultures,

that the influenza virus causes the release of interferon
(IFN)-a, TNF-a, IL-1 and IL-6, though the magnitude of

the response is likely dependent on the microenvironment

[17]. In a study examining the effects of the rimantadine
treatment for the influenza A virus, post-intranasal inocu-

lation of the virus in human volunteers caused a peak in IL-

6 concentrations between days 2 and 3, while IL-8 peaked
between days 4 and 5 [16]. All values returned to near

baseline by day 7. This study also aimed to determine the

correlation between systemic symptoms (headache, chills,
muscle ache, joint pain, sweats and fever) and cytokine

release. A significant correlation was found between early

(day 2) IL-6 concentrations and symptom scores [16].
While fatigue was not directly measured, a clear link

between cytokines and symptoms of illness has been doc-

umented in this study.
Research has also reported increases in circulating

serum cytokines IL-6, IL-1a, TNF-a and TNF-beta (b) in

some people with chronic fatigue syndrome [18–24], while
similar findings have been shown in several autoimmune

diseases including rheumatoid arthritis, experimental

allergic encephalomyelitis and multiple sclerosis [25, 26],
all of which are associated with high levels of symptomatic

fatigue. With this compelling evidence, it is hard to

exclude IL-6, and other cytokines, from possible mecha-
nisms of fatigue. Although the release of cytokines, and

specifically IL-6, during prolonged submaximal exercise is

caused by a different type of homeostatic imbalance [27,
28], it is a reasonable conclusion that the mechanisms

producing fatigue may be similar.

2.2 Can Cytokines be Messengers During Exercise?

Similar to acute illness, exercise-induced fatigue is
ephemeral, though it can become persistent in instances of

overtraining. The overtraining–cytokine hypothesis sug-

gests that continual release of cytokines due to stress,
limited recovery time, and altered sleep causes an elevated
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inflammatory profile, and may be the culprit of chronic

fatigue in athletes [29, 30]. In individual bouts of acute
exercise, fatigue is transient and stimulated by global

homeostatic perturbations that occur in response to high

levels of prolonged exertion. This fatigue is largely
dependent on the training status of the individual, work-

load, intensity, and duration of the exercise, and can lead to

volitional exhaustion.
The aforementioned complex systems theory of fatigue

highlights numerous systems and pathways in peripheral
and central regions of our body, which interact together

under stress or homeostatic imbalances to cause fatigue

[10, 11]. It is well documented that during high-intensity
exercise such as sprinting, heavy weight lifting, and even

sustained maximal voluntary contractions, recruitment of

fast twitch fibers and changes occurring at the cellular
level, including increases in potassium (K?) and calcium

(Ca2?), along with accumulation of other metabolites in the

muscle, largely affect contractile ability and can contribute
to peripheral fatigue [31].

Significant metabolic changes have been observed in

muscle biopsies and 31P nuclear magnetic resonance
(NMR) imaging analysis after 60 seconds and 4 minutes of

isometric maximal voluntary contraction of the quadriceps

muscle [32] and dorsiflexor muscles [33], respectively.
Significant decreases in ATP and phosphocreatine, along

with a 19-fold increase in lactate, were found in the

quadriceps biopsies following the 60-second contraction
[32], while a significant increase in inorganic phosphate,

decrease in creatine phosphate, and decrease in pH, from

7.01 to 6.49, were seen in the 31P NMR imaging of the
dorsiflexor muscles [33]. Despite the substantial changes in

muscle metabolic profiles during intense exercise, the

extent to which it can alter central regulation of motor unit
recruitment, and be quantified as central fatigue, remains

questionable.

Studying the effects of fatigue-sensitive afferent fibers
on voluntary activation and central fatigue is commonly

performed by maintaining muscle ischemia through

inflating a blood pressure cuff immediately after the sus-
tained contraction [34–36]. Kennedy et al. [37] have

demonstrated the central effects of a fatiguing maximal

voluntary contraction and continued firing of small-diam-
eter muscle afferents that are sensitive to increases in

metabolite concentration. They found that a 2-minute

maximal contraction of the elbow flexors and extensors
with induced ischemia caused a decrease in voluntary

activation from central regions. Although metabolite con-

centrations were not directly measured, it was previously
demonstrated that sustained maximal voluntary contrac-

tions impose significant metabolite accumulation [32, 33],

further exacerbated by inflation of the blood pressure cuff
to maintain the ischemic environment. Therefore, this

study eloquently highlights the role of afferent feedback in

central fatigue, evident by a decrease in force production
and increase in superimposed twitch from central regions

[37].

In prolonged submaximal exercise, rapid changes in
metabolites are contested by glycolysis and the use of

mitochondrial respiration and oxidative phosphorylation in

order to maintain adequate supplies of ATP [38]. Further-
more, during prolonged submaximal exercise, blood glu-

cose levels (BGLs) are tightly regulated by the release of
IL-6 from glycogen breakdown in the muscle, which then

stimulates the release of hepatic glucose to maintain BGLs

[39]. Robson-Ansley et al. [27], report a 6-fold increase in
plasma IL-6 concentrations following intense mountain

bike exercise. Similarly, in overweight sedentary popula-

tions and sedentary indigenous populations, moderate-to-
vigorous aerobic exercise (80 % maximum heart rate) has

been shown to increase plasma IL-6 2- and 5-fold,

respectively [40, 41]. Moreover, other studies involving
healthy, fit populations report 5-fold [42] and 9- to 10-fold

[42, 43] increases in plasma IL-6 during 1-hour cycle and

running.
Recently, a few groups have shifted the focus from IL-6

and glucose regulation to the ability for IL-6 to stimulate

afferent pathways and overall perceptions of fatigue during
exercise [27, 28]. These reports provide substantial evi-

dence that cytokines released during prolonged submaxi-

mal exercise may have similar mechanistic manifestations
of fatigue as both the metabolic response to short duration

intense exercise, and the cytokine response to disease. The

injection of rhIL-6 has been reported to induce a higher
perception of fatigue at rest, and exacerbates fatigue during

exercise [44]. One study showed that time to complete a

10-km run, and perceptions of fatigue were significantly
increased when participants received an injection of rhIL-6

prior to the run [44]. Therefore, IL-6 seemingly plays a

critical role in many metabolic and inflammatory pathways
during exercise and disease. Interestingly, there are com-

mon receptors for IL-6 located throughout the body, which

allow similar actions on tissues regardless of the origin of
cytokine response [45, 46].

3 Circulating IL-6 and its Receptors

IL-6 is unable to exert its desired response without col-
laboration of specific receptors. The first, IL-6 receptor

(IL-6R), is a general membrane-bound receptor and is

primarily associated with hepatocytes, monocytes, neutro-
phils, leukocytes, adipocytes, and other immune cells [47,

48]. IL-6R is bound to the membrane of a cell [49], unlike

the second receptor, soluble IL-6R (sIL-6R), which is free
circulating [24, 50]. One of these two receptors is required
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to bind to IL-6 and form a complex before it is able to

signal tissues, increasing the half life and biological
activity of the interleukin [48]. Next, the combined IL-6/

IL-6R or IL-6/sIL-6R complex binds to a glycoprotein (gp)

that is a signaling receptor located on the tissue surface,
called gp130 [24, 28]. When combined, this complex

increases the bioactivity of IL-6 in respective tissues,

known as trans-signaling (Fig. 1). Notably, gp130 has a
soluble counterpart, sgp130, which acts as an antagonist to

trans-signaling, and is a biologically inactive molecule
[51].

Research involving changes in cytokine and receptor

complexes during exercise are only new, and therefore
inconclusive. Variations in some of the results may be due

in part to a diverse range of exercise protocols used. It has

been reported that submaximal (96 % lactate threshold)
exercise stimulates an increase in sgp130 similar to that of

sIL-6, which may decrease the bioavailability of IL-6 and

its activity in muscles and other tissues [51]. However, it is
also reported that the IL-6/IL-6R complex is increased after

a 1-hour cycling (90 % lactate threshold) exercise and is an

active molecule [28]. Further research is warranted as some
other studies of IL-6R and sIL-6R during and after sub-

maximal (60 min at 70 % maximum oxygen uptake

[VO2max] and time to exhaustion at 96 % lactate threshold)
exercise report no change [52, 53], while others have

reported a change in the receptor concentrations [28, 51]

and even a correlation between sIL-6R, fatigue, and exer-
cise load [27].

The abundant nature of gp130 throughout many cells

and organs in the periphery has led to the investigation of
its role on neuronal signaling [45]. Indeed, it has been

shown in animals that some sensory neurons, specifically

small nociceptive (type III [ad] and IV [C]) fibers, contain

the gp130 receptor, and are common afferent nerves

relaying both pain and temperature signals from the
periphery to the CNS [46, 54–56]. With this evidence, it is

plausible that IL-6 in the periphery could influence the

brain directly when levels are elevated during disease or
exercise.

4 Pathways to the Brain

Research in immunology has postulated that increased

peripheral concentrations of cytokines modulate neural

activity in the CNS through two pathways. The first is
through stimulation of peripheral nerves, especially the

vagus nerve [5, 7, 57]. It is known that the vagus nerve

signals are known to propagate into the spleen, an
important immune organ [7]. In the second pathway, the

receptors circulate through the blood and can act to

influence the circumventricular organs (CVOs) in the
brain [5, 58].

4.1 Trans-Signaling of Afferent Neurons

Arguably, the most widely known and understood sensory

pathway from the periphery to the brain is the spinotha-
lamic pathway through which pain and temperature infor-

mation ascend nerves in the spinal cord to the thalamus of

the brain through nociceptive fibers [59]. Acid-sensitive
ion channels (ASICs) on the dendrites of some nerve fibers

are responsible for responding to an accumulation of

metabolites, proteases, and other substances and, at
threshold, send signals to the CNS via these pathways [37,

60, 61]. Similar to chemosensory pathways, hypothetically,

all peripheral nerves are capable of being immunosensitive.

Fig. 1 IL-6 receptor binding.
gp130 receptors are found
universally on tissues in the
body. a Depicts the binding of
free circulating IL-6 to soluble
IL-6 receptor (sIL-6R), to form
the sIL-6R/IL-6 complex that
acts on gp130 receptors on
tissues. b Depicts circulating IL-
6 binding to a membrane-bound
IL-6 receptor (IL-6R), to form
the IL-6R/IL-6 complex. Both
the sIL-6R/IL-6 and the IL-6R/
IL-6 complexes act on gp130
receptors to signal a cascade of
events in the respective cell
tissue. gp glycoprotein, IL
interleukin, R receptor, s soluble
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However, to date, the vagus nerve is the main nerve of

interest in immune pathways research [62].
Immke and McCleskey [63] found that decreased pH

levels (*7.0) activate ASIC channels, while the presence of

lactate attenuates the depolarization of nerve fibers by a
further 70 %. Similarly, it is thought that the release of lac-

tate (La?) during intense exercise signals nociceptors, as

studies in mice show activation of both sustained current and
intermittent current neurons when injected with saline of pH

6 [64]. During high-intensity exercise, it is common for
muscle pH to reach levels as low as 6.2 [65, 66]. Thus, it is

possible that the activation of ASIC channels during exercise

is responsible for neural input and even feelings of fatigue.
Similar mechanisms of neural signaling are possible for

IL-6 and other cytokines. An early study found the intensity

of hyperalgesia (as measured by reaction time in hind paws
of rats) to increase significantly within the first hour after

injection of IL-6 and TNF-a into the hind paw [67]. More

recent studies in rats have found that, while TNF-a has an
acute desensitizing effect on low- and high-threshold

mechanosensitive neurons (LTM and HTM, respectively),

IL-6 may have a slight sensitizing effect on LTM, though this
was only shown in two out of seven LTM neurons [68].

Moreover, studies have also shown that nerve damage [69]

and some chronic inflammatory diseases, like rheumatoid
arthritis [46], are reported to have high local concentrations of

IL-6, which is upregulated at peripheral nerve endings through

gp130 receptors on nociceptor fibers [46], and through either
gp130 or IL-6R at the dorsal root ganglion (DRG) of the spinal

tract [69]. As such, it is possible that upregulation of gp130

receptors and IL-6R in exercise may produce a similar
response to that which occurs during disease.

One of the most compelling pieces of evidence of gp130’s

role in inducing pain comes from Andratsch et al. [46], who
determined, through selective deletion of gp130 from

peripheral sensory neurons in mice, that the gp130 receptor

both mediates and contributes to chronic inflammatory pain
through activating nociceptive nerve fibers. In this study, it

was found that deleting the gp130 receptor in sensory nerves

decreased heat hyperalgesia and pathological pain [46].
Assuming that the same response occurs in humans, it is

important to identify possible mechanisms of how and where

the information is processed and whether the manifestation
of fatigue is similar to that of hyperalgesia.

4.2 Cytokine Influence at the Circumventricular
Organs

Plasma IL-6 circulates through the blood and is proposed to
exert effects on the blood-brain barrier (BBB) and CVOs in

the brain, though evidence largely supports the latter of the

two. The CVOs pose a more probable area of action as they
do not have a BBB that prevents large molecules, like IL-6

and other cytokines, from passing [9]. An early study by

Vallières and Rivest [70] profiled basal levels of IL-6, IL-
6R and gp130 mRNA in rat brains compared with levels

induced by an immune activator molecule, lipopolysac-

charide (LPS), and a proinflammatory mediator, IL-1b.
Interestingly, prior to the injection of LPS and IL-1b, there

was no IL-6 mRNA present in the rat brain. Concentrations

of IL-6 mRNA increased rapidly and selectively post-
injection, while IL-6R and gp130 were both present at

basal levels and upregulated post-injection [70]. Concen-
trations of IL-6R and gp130 were found to be the highest in

the sensory CVOs such as the organum vasculosum of the

lamina terminalis (OVLT), the area postrema (AP), the
subfornical organ (SF) and the median eminence (ME)

[70]. A similar study looking at cytokines IL-1b and TNF-

a found an increased concentration of IL-1b and TNF-a
mRNA at the CVOs, but not at the BBB after low doses of

systemically induced LPS [71].

While the aforementioned studies suggest an ability to
modulate neuronal activity through CVOs in rats, human

evidence remains limited for ethical and technical reasons.

Though not direct evidence, Nybo et al. [72] determined
concentrations of IL-6 in cerebral blood during prolonged

cycling (2 h total with 1 h rest in between) in normother-

mic and hyperthermic environments at *50 % VO2max. As
expected, there was a significant increase in plasma IL-6

after the first and second hour of exercise; however, cere-

bral IL-6 kinetics did not follow the same pattern. The first
hour of exercise only induced a small release of IL-6 from

the brain, followed by an increase in the arterial-venous

difference, indicating a larger net release of IL-6 at the end
of the second hour cycling bout. While the authors con-

clude that the limited release of IL-6 from the brain dis-

counts IL-6 in the periphery as a neuro-modulator and
mediator of central fatigue, this statement is arguably

flawed as, theoretically, IL-6 could stimulate neural

activity in ways that may not cause a release of cerebral IL-
6 directly. Unfortunately, the authors did not report any

measures indicating whether the release of IL-6 in the

periphery or the brain affected performance. Again, while
not contributing directly to the evidence of cytokines acting

at the CVOs, this study does highlight possible effects of

the feedback mechanisms of plasma IL-6, and feed-forward
mechanisms of cerebral IL-6 released during prolonged

exercise. Studies looking at the contribution of circulating

plasma and cerebral IL-6 on fatigue during prolonged
exercise would shed further light on this.

5 Processing Sensory Information in the Brain

Emotional processing begins with a stimulus input, which
triggers output circuits in response [73]. Cytokine release
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during exercise initiates afferent signals to the brain, or acts

at the CVOs to trigger output circuits from neuronal

propagation through diffusion through the cerebral spinal
fluid, neuronal projections, and gap junctions [9].

Appreciating the complexity of the human brain, the

details of processing emotions are yet to be fully rectified.
It is likely that cytokine signals induce a cascade of other

molecular and cellular activities to regulate brain function,

and affect both autonomic and behavioral functions,
including emotions [9]. While details are largely beyond

the scope of this paper, readers are directed to the review of

cytokine signal propagation in the brain by Vitkovic et al.
[9]. Still, with advancing technology, we are able to make

theoretical suggestions about where and the sequence in

which areas of the brain are engaged in processing infor-
mation. Functional magnetic resonance imaging (fMRI),

electroencephalography (EEG) and magnetoencephalogra-

phy (MEG) have shown that nociceptive signals from ad
and C fibers are sent from the thalamus and processed in

the primary (S1) and secondary (S2) somatosensory corti-

ces simultaneously [3, 4].
Changes in neuronal activity through EEG during dif-

ferent tasks, especially in response to cognitive demands

and fatigue, have been previously identified, prompting
further research in fatigue and exercise. Research regarding

exercise-induced changes in EEG has largely focused on

pinpointing changes in alpha and beta EEG waves at the

onset of fatigue [74–76]. What remains elusive is whether

cytokine release in the periphery can act as a stimulus

through signal propagation to actually alter the alpha and
beta waves recorded through EEG signals.

6 Conclusion: A Neuroinflammatory Model of Fatigue
During Exercise

There are several plausible links that can be made between

the release of cytokines, especially, IL-6, and their influ-

ence on afferent feedback along with alterations in neural
activity. Future research should attempt to identify specific

neuronal fibers that are sensitive to increases in IL-6 and

other cytokines present during prolonged, submaximal
exercise. In addition, there is much to discover with respect

to the interaction between perceptions of fatigue during

prolonged exercise and altered neuronal activity, especially
in motor and sensory cortices. Elucidating the link between

the cytokine release and manifestations of fatigue may help

improve our understanding of both exercise-induced fati-
gue, and that resulting from disease that is accompanied by

increased or chronic inflammatory states.

At present, the complex integrated systems model of
fatigue focuses primarily on limitations that exist between

metabolic activity, substrate accumulation and neural regu-

lation during exercise. Lambert et al. [11] suggest in their

Fig. 2 Neuroinflammatory
model for acute fatigue during
exercise. Current models of
fatigue outline different sensory
feedback that may decrease our
affinity for exercise, but none so
far have focused on the effects
that cytokines released during
exercise may have on
perceptions of fatigue. This
model outlines a theoretical
cascade of events that may play
a role in sending afferent
feedback during exercise and
altering our perceptions of
fatigue and ability to maintain
exercise. CVOs
circumventricular organs, gp
glycoprotein, IL interleukin,
R receptor, s soluble
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review the possibility for chemo and mechanoreceptors

signaling the brain, in which they briefly mention plasma
cytokine IL-6, though details in their review remain some-

what scant. We suggest the neuroinflammatory model pre-

sented in the present review (Fig. 2) will help to elucidate the
mechanisms by which the release of IL-6, but also other

cytokines, can provide feedback and initiate the cognitive

response that presents as fatigue. In essence, we suggest that
cytokine release and subsequent feelings of fatigue during

disease likely parallels that during exercise. As such, neural
output during submaximal, prolonged exercise is dependent

on continual signals from the periphery to the brain in which

the release of cytokines likely plays a large role. IL-6 is
known to be an important mediator of glucose regulation

during prolonged exercise, has ubiquitous receptors

throughout the blood and tissues, and can signal afferent
nerves and CVOs in the brain. In the event that there is an

increase in IL-6 that reaches a pivotal point, it is likely that

the sensation of fatigue develops in order to prevent trau-
matic injury of specific organs and physiological systems

within the body during exercise.

In conclusion, it would be desirable to recognize the
effect of exercise as a therapeutic modality in diseased

populations with chronic inflammatory states at rest. An

increase in IL-6, and perhaps other inflammatory media-
tors, contribute to feelings of fatigue and decrease efferent

drive to the muscles, resulting in an overall decrease in

performance. Consequently, chronic exercise training may
help decrease the overall inflammatory profile at rest in

diseased populations and blunt the inflammatory response

in healthy individuals, thus attenuating the perceptions of
fatigue in both everyday life and during exercise.
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If only I were paramecium too! A case for the complex, intelligent
system of anticipatory regulation in fatigue
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Background: Fatigue is a common term used to describe feelings of tiredness along
with observations of reduced physical effort in both health and disease. The study of
fatigue has centered mainly on understanding its putative causes. Recently (1990s),
fatigue has been researched with an expanded view encompassing its potential
origins and purposes in human physiology. Purpose: This review will explore
and consider different fatigue models which could assist in the evolving
understanding of this human condition. Methods: In this narrative review,
Medline and Google Scholar were initially utilized to identify studies and texts
documenting the developing understanding of fatigue. Following this, key words
were used to locate investigations describing reactions to external stimuli in basic
and complex organisms. The term anticipatory regulation was entered to locate
studies which evaluated this construct in both health and disease. Results: This
review shifts the focus of the fatigue paradigm from the catastrophe model,
which emphasizes peripheral energy supply and demand, to the anticipatory
regulation model, which focuses on a central regulatory process that anticipates
energy demands and makes adjustments to accommodate future demand. The
potential for this model to be used to explain the fatigue process in both health
and disease is also discussed with respect to speci!c pathologies. Conclusion:
There is now a body of evidence indicating that fatigue may represent a process
of anticipatory regulation for maintaining homeostasis.

Keywords: anticipation; CNS; exhaustion; fatigue; regulation

Historical understanding of fatigue
The root of the term fatigue as given in the Oxford Dictionary [1] is from the Latin fati-
gare, which means to “tire out.” Accordingly, the term fatigue is used in a myriad of
instances not necessarily con!ned to humans. Indeed, the term can denote the obser-
vation of declining physical effort in animals and humans, and in a different domain
to describe weakness in physical materials and even speci!c clothing worn by military
personnel.

It is dif!cult to trace the origins for the conceptual basis of fatigue; however, it is
likely that the Neapolitan physician Alfonso Borelli was the !rst to describe in some
detail observations that gave rise to the study of movement deterioration, with the
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centerpiece being the performance of mechanical work.[2] His classic book De Motu
Animalium (1710; Figure 1) published after his death (1680) is regarded as the corner-
stone of biomechanics.[3] However, the hallmark of this writing was Borelli’s pivotal
insight expressed in the introduction to his text: “The performances of animals are due
to mechanical causes, instruments, and reasons.”[2,p.32] Borelli deduced that:

Figure 1. The original text by Alfonso Borelli De Motu Animalium in which he describes the
movement of animals through causes, instruments, and reasons.
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… in the production of muscular contraction two causes concur, which one resides in the
muscles themselves, and the other comes from without. The excitation of movement can be
transmitted from the brain by no other route than by the nerves. All experiments agree in
proclaiming this fact in a very evident manner. One rejects, however, the hypothesis that
there is any question here of the action of any immaterial power or spirit; one must admit
that some material substance is transmitted from the nerves to the muscles, or that the shock
is communicated which is able, in the twinkling of an eye, to produce the swelling of the
muscles.[2,p.33]

This passage is remarkable given that electricity as a method of transmission was not
demonstrated until some 40–50 years later by Luigi Galvani.[4]

In sum, the early pursuit in understanding the causes which might degrade move-
ment and eventually lead us to “tire out” can be traced back to the landmark exper-
iments and writings of scientists and philosophers of the 1600–1700s. Thus, the
conceptual basis of fatigue became synonymous with the capacity of skeletal muscle
through nervous stimulation to withstand to some degree the inevitable decline in its
force production under given conditions.

Later views of fatigue

Interestingly, the study of fatigue reached a milestone with the publication of Angelo
Mosso’s text La Fatica (1891) [5] which described in detail his fascination with the dis-
tances "own by migratory birds. Rather than merely describing avian habits, these
observations were part of a larger canvas dealing with the mechanisms of fatigue.
For instance, Mosso was intrigued by the observation that quails would be unable to
avoid killing themselves by hitting telegraph poles, trees, and houses after a long
journey, but he reasoned that this was not due to lack of physical energy:

Taking them in my hand and blowing up the feathers, I perceived that they were not wasted.
There was still fat under the skin in several parts of the body, and the pectoral muscles were in
good condition. The poor creatures are so exhausted by the journey that their strength is just
suf!cient for "ight.[2,p.2]

The implication here is that these migratory birds had likely suf!cient energy reserves
which they were not able to access in order to avoid "ying into structures. From this
keen observation, Mosso began to conduct experiments to better understand the role
of the nervous system in fatigue.

In fact, Mosso recognized that the phenomenon of fatigue could not be attributed
solely to what was observed in the skeletal muscle. He wrote, “It is then not only the
will, but also the nerves and the muscles which are fatigued in consequence of
intense brain work. Let us remember this proof that fatigue due to intellectual labor
affects the periphery of the body… .”[2,p.273] Mosso deduced this from the obser-
vation that a period of intellectual work was enough to reduce the force output as
assessed by involuntary methods (electrical stimulation) of the muscles of the
forearm and that even a rest period of 2 h was unable to restore the force output to
pre-experimental conditions (Figure 2).

Finally, Mosso could arguably be credited with dichotomizing fatigue into central
and peripheral components which he described as follows:

On an examination of what takes place in fatigue, two series of phenomena demand their atten-
tion. The !rst is the diminution of muscular force. The second is fatigue as a sensation. That is
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to say, we had a physical fact which can be measured and compared, and a psychic fact which
eludes measurement.[2,p.154]

Fatigue: physical failure or dynamic regulation?

It is now accepted that fatigue is a multifactorial phenomenon that develops within a
speci!c context with the interpretation of its causes dependent on the prevailing
health or disease status of the individual. Nevertheless, researchers continue to inves-
tigate the mechanisms of fatigue by attempting to establish the site of failure; either
central or peripheral. Although this dichotomy is useful in a research setting and
can allow researchers to study the elaborate chain of events involved in movement,
humans typically do not divide themselves into discrete anatomical or physiological
components during any given activity.[6] On this basis, it is much more useful to
view fatigue as a regulatory process which commences immediately upon physical
exertion and seldom ends with complete exhaustion or irreversible cellular catastrophe.

The traditional understanding of fatigue where there is an observable reduction in
skeletal muscle force output is based on the fundamental premise that there are phys-
iological limitations that, when reached, will cause a cascade of cellular events and
only termination of the fatigue-producing activity will prevent a catastrophic
outcome.[7] However, this limited view of fatigue ignores some of the fundamental
anatomical and physiological observations which provide for feed-forward and feed-
back control of physical exertion. For example, the mere presence of substances in
the oral cavity with caloric value in the form of carbohydrate will suddenly improve
physical performance.[8–10] This evidence supports an emerging paradigm that the
brain is able to anticipate the availability of energy without the necessity for the gut

Figure 2. Involuntary contractions of the elbow "exors directly stimulated every 2 s while the
middle !nger held a weight of 500 g at three different time intervals. Trace 1 taken at 9 am when
the subject was fresh. Trace 2 was taken at 5:30 pm following 3.5 h of intellectual work, and then
after 2 h rest Trace 3 was taken. Note the diminution in the force output in Traces 2 & 3 com-
pared with Trace 1. From [5,p.272].
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to process or actually metabolize such energy. However, the ability to anticipate
requirements and make adjustments before any cellular catastrophe occurs is not
limited to energy availability, but has also been shown to be in operation during exer-
cise hyperthermia across a number of species.[11–14]

Given the complexity of fatigue and its pervasive nature in both health and disease,
there is a need to explore and consider different models which could potentially assist in
the evolving understanding of this human condition. Therefore, the purpose of this
review is to shed light on the fatigue process by interrogating a range of physiological
models which could then be used to investigate its multifaceted basis.

Methods of investigation
In this narrative review, Medline and Google Scholar were initially utilized to identify
studies and texts documenting the developing understanding of fatigue. Following this,
key words were used to locate investigations describing reactions to external stimuli in
basic and complex organisms. The term anticipatory regulation was entered to locate
studies which evaluated this construct in both health and disease; speci!c pathologies
were also located. Accordingly, this article is divided into parts describing the evol-
utionary basis of fatigue, a discussion on the prominent paradigms describing
fatigue, and their usefulness in further understanding fatigue in health and disease.

The evolution of fatigue as a survival mechanism
There is consensus that early life on Earth was subject to extreme heat.[15]
This assumption is based largely on the premise that life on Earth began in a primordial
soup as postulated in the 1920s by both Oparin and Haldane.[15] This theory also
suggests that behavioral motivation was essential for primitive organisms to control
their internal environment including metabolic functions, reproduction, and move-
ment.[16]

The primary example of an organism likely to hold a key to behavioral adaptation
occurring in the early environment is the unicellular organism known as paramecium.
This organism is abundant in freshwater, marine environments, and stagnant ponds,
and because paramecia are easily cultivated, they are widely used as a model to
study biological behaviors and processes. In a classic experiment [17] that placed para-
mecia in a "uid medium, it was observed that these unicellular organisms would
become more active and collectively congregate at the suitable temperature of !20°
C. Interestingly, when bath temperature was altered to be either 26–38°C or 10–25°
C, paramecia would collectively choose !25°C as the preferred environment. At the
time the author of this experiment did not provide a de!nitive mechanism by which
this could occur other than to suggest that paramecia have the capacity to avoid a
less than suitable environment.

Fast-forward 100 years and it is now apparent that paramecia are able to learn to
discriminate environmental conditions such as brightness after cathode shock
reinforcement so that illumination level acts as an acquired or secondary reinfor-
cer.[18] Essentially, this single celled organism is able to survive because it can
anticipate the consequences of its environment that could determine its biological
survivability. For if anticipating the deleterious effects of a particular environment
were not part of its constitution, then why would this organism either individually
or collectively avoid the hazardous environment? Although there is some evidence
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to suggest neuro-sensing capability, these unicellular organisms are essentially
devoid of any neurological system. So the question remains: why do they simply
not delay adaptive activity until such time as to be overwhelmed by either heat
or light?

Recent work in the !eld of epigenetics has proposed that non-neuronal organisms
utilize cell memorization in order to retain functional or structural states likely to
have a distinct evolutionary advantage for those organisms living in "uctuating
environments.[19] At this stage of our understanding the only conclusion that can be
drawn is that these organisms possess an innate capacity to sense a potential cata-
strophic situation whereby an adaptive survival mechanism is called into action in an
attempt to maintain homeostasis.

Not unlike the simple paramecium, it has been postulated that humans also are able
to anticipate impending physiological limits through the operation of a complex intel-
ligent system so that cellular catastrophe, seldom, if ever ensues.[7,11,20–23] Resist-
ance to this paradigm [24–27] and proposed alternatives to it [28,29] indicate the
issue is far from settled. This is a challenging scienti!c issue, given that the most
basic living organism may be able to anticipate environmental and physiological
strain and avoid its own demise.

Anticipatory regulation as a survival mechanism was postulated by Ulmer [30] who
theorized that migratory birds would have to employ such a mechanism at the individ-
ual level and as a migrating "ock. The mechanism by which this anticipatory regulation
operates in migratory birds has been the subject of investigation for a number of years.
[31] Although the physiological safety margins of migratory birds were thought to be
related to their navigational skills,[31] it is now believed that metabolic control is so
tightly regulated that the balance between metabolic power input and fuel load deter-
mines the mechanical output and ef!ciency of the "ight muscles.[32] This exquisitely
regulated metabolic turnover optimizes the organism’s perception or consideration of
the !nishing point (teleoanticipation) along with feedback so that cellular catastrophe
is avoided and the organism is able to complete its objective within its physiological
capacity.

Similar metabolic regulation has been proposed in exercising humans whereby indi-
viduals who were either energy replete or depleted achieved similar rates of increase in
their ratings of perceived exertion (RPE), even though the time to exhaustion was
longer in the energy replete state.[22,33] This !nding was attributed to the possibility
that “the subconscious brain calculates the anticipated duration of the exercise that can
be safely sustained without causing absolute whole body energy depletion.”[22,
p.1571–1572]

Notably, it has also been shown that even when subjects commence exercise with
higher muscle glycogen content compared with control, the same exercise duration is
achieved.[34] These authors provided an enticing hypothesis that the “brain was able
to anticipate the rate of muscle glycogen utilization, according to a continually
updated metabolic calculation based on each individual’s own ‘critical’ level of end
point muscle glycogen,”[34,p.39] and further suggested that this is akin to a
“glycostat.”

In summary, humans, like all other animals, are endowed with regulatory capabili-
ties that evolved through the necessity of protection against environmental stressors.
The challenge is to understand how the body anticipates the requirements of the task
and regulates the effort so that homoeostasis is preserved in order that tissue or cellular
damage is avoided.
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The catastrophe model of fatigue
The most popular model used to describe and understand human fatigue is the cata-
strophe model; a model depending principally on the relationship between cellular
energy supply and demand. Thus, the catastrophe model of fatigue re"ects the periph-
eral perturbations occurring during physical exertion. As such, the evolution of this
model is underpinned by basic physiological principals developed some 80 years ago.

In 1929 Cannon [35] introduced the term homeostasis into the lexicon of physi-
ology. About 20 years following this, Wiener [36] introduced the concept of negative
feedback. Today, both constructs are used together to form the basic underpinning of
the regulatory processes of most physiological control systems. Moreover, the textbook
explanation of negative feedback “is a series of changes that return the factor toward a
certain mean value, thus maintaining homeostasis.”[37,p.7] Taking these constructs as
originally posited, it follows that to return the physiological factor to a pre-existing
state, there must be a register of the baseline “set-point” of the factor under consider-
ation.[23]

Although it is not readily apparent what might determine or maintain the set-point
of any system, there is likely to be no argument that the ultimate goal of a system is to
sustain life. For example, resting metabolic rate as measured by respiratory exchange
ratio has been shown to vary up to 83% in untrained subjects.[38,39] This indicates
that different metabolic rates are required by different individuals to achieve a given
set-point, presumably to sustain life. Irrespective of the speci!c physiological set-
point in question, the mechanism(s) that regulate or control set-points found in organ-
isms are immensely important as, ultimately, fatigue is determined by the ability to
regulate processes which return the internal environment to its original state; in so
doing avoiding catastrophic failure.

Although there are many de!nitions of fatigue which can be contextualized accord-
ing to health and disease status, it is important to understand fatigue as a unifying
concept in the catastrophe model. On this basis it is the observable and quanti!able
element of fatigue which manifests as altered skeletal muscle contraction that is of
most interest. Thus, it has been proposed that muscle contraction terminates as a
result of combined energy loss, excitation/activation loss, and force loss. This even-
tually leads to catastrophic cellular events when the biological system has reached its
precipice and fatigue ensues, thus avoiding skeletal muscle rigor (stiffness). Recovery
from this cellular catastrophe is known as hysteresis which is a point of recovery of
excitation with little or no increase in force generation until excitation–contraction
coupling is restored.[40] This understanding of the factors leading to the loss of
muscle force generation has, over time, presumed that cellular limitations or cata-
strophe is the !nal outcome, recognized principally as exhaustion.

The key component of the catastrophe model of fatigue is that energy demand out-
strips the supply. That is, the use of adenosine triphosphate (ATP) by the skeletal
muscle exceeds that which is available through the oxidative production for those
same muscles.[41–43] Thus, the classic understanding holds that the de!cit in oxidative
production of ATP requires that a short lived anaerobic supply become available even-
tually leading to exhaustion, or a lower intensity of muscular effort be undertaken so
that activity can continue. However, in his classic paper, Fitts [44] outlined in great
detail that even when ATP utilization dramatically outstrips the production, muscle
rigor does not develop. This suggests that either very low levels of ATP concentration
are able to prevent the development of muscle rigor or there exists another mechanism
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controlling the termination of muscular effort before ATP concentrations fall to the
point when rigor would develop.[45] Given that such an outcome seldom occurs, the
catastrophe model of physiology cannot be the exclusive explanation of fatigue. The
limitation or catastrophe paradigm is underpinned by the assumption that homeostasis
is compromised and a limit has been reached when bodily systems are stressed beyond
capacity.

The anticipation of fatigue
As the catastrophe model has been shown to have limited predictive value with respect
to the regulation of fatigue under various conditions,[7] others have proposed alterna-
tive models which attempt to explain observations where the outcome of physical effort
is sustained by central rather than peripheral factors.[46]

A particular model of fatigue proposed by Ulmer [30] in 1996 suggested the exist-
ence of teleoanticipation. In this model, a control system has the capacity for a program-
mer to take into consideration the !nishing point. As such, various signals derived from
somatosensory and metabolic changes are fed into the programmer that makes the
adjustments required to yield an outcome that is always within the organism’s limit-
ations. In arriving at this model, Ulmer [30] noted, during the initial minutes of physical
exertion, an obvious time delay between the physiological changes and the matching of
perceived effort (see Figure 3). This delay indicates the operation of a system utilizing
feedback in regulating exertion.

Furthermore, at the higher ratings of perceived exertion (RPE; ratings of 20 and 17),
there is an immediate increase in the rate of work undertaken (power overshoot) not
evident in the exercise at the lower RPE (ratings 8, 11, 14; see Figure 3); however,
there is a clear lag in the heart rate response accompanying all but the lowest RPE
(see Figure 3). These !ndings show that perceived exertion is intricately tied to phys-
iological feedback. Furthermore, the mismatch between RPE and heart rate highlights
the fact that feedback in the very early stages of exercise is dif!cult to achieve.

As a physiological phenomenon, the initial higher power output observed at the
higher RPE (Figure 3) is not easily explained away. This mismatch between power

Figure 3. The power (Watts) and heart rate (HR) response at the different set values of RPE
over a 15 min period of exercise. Note the power overshoot at the higher RPE. Figure
redrawn from [30].
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and physiology, where the heart rate response lags well behind the power, provides an
enticing paradox which has been the subject of critical review.[47] There are at least
two possibilities that could explain the initial power output at high RPE values.
First, with higher power output requirements there is likely to be a need for greater mus-
cular force output to overcome the initial pedal inertia. Second, it is possible that there is
an overestimate for the energetic requirements in order to arrive at the “optimal arrange-
ment of exertion, which avoids early exhaustion before reaching a !nish point.”[30,
p.419] Conversely, an underestimation would then require increases in power when
that might no longer be physiologically possible.

One of the !rst exercise studies to describe the phenomenon of anticipatory regu-
lation was that of Kay et al.[48] The authors observed that after commencing high
intensity exercise, relative power output was reduced from 100% to 70–80% in the
early stages of the trial which was maintained until the closing stages after which
power was re-established to !90% (see Figure 4). The authors suggested that this
observation was evidence of an anticipatory response mediating the onset of premature
fatigue. The interesting observation during this particular study was that heart rate and
RPE values remained the same regardless of the power output as shown in Figure 4.
The authors speculated that these !ndings supported the existence of a mechanism
whereby it was possible to have a decreasing power output during the initial stages
of exercise through efferent command to the active muscles, whilst maintaining a
“maximal” physiological and perceived effort. For the question remains, why do sub-
jects reduce their effort when they are not apparently fatigued at the start of exercise, but
escalate their physical effort at a time when they should be most fatigued?

In a novel study [49] in which lumbar epidural anesthesia was used before cycling
exercise, it was shown that by blocking somatosensory feedback, power output fell pro-
gressively from the start of exercise but rose again in the !nal stages to reach above or

Figure 4. Shows the normalized power output (!lled circles, left ordinate) and heart rate
response (!lled squares, right ordinate) at 10 min sprint intervals over a 60 min high intensity
cycling trial. Note the immediate reduction in power with the subsequent increase towards
the end of the trial (sprint #s 4–6) with heart rate maintained at the same level. Data redrawn
from [48].
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close to initial values. Figure 5 shows these data compared with the control group (no
anesthesia). What is evident in Figure 5 is that power was reduced early in both con-
ditions when subjects were unlikely to be fatigued and then increased at the end
when presumably fatigue was at its highest. The conclusion that can be drawn from
these observations is that power was reduced in anticipation of the total energetic
requirement in order to avoid premature fatigue or to reduce the likelihood of a less
than optimal performance. One of the more salient !ndings was that the integrated elec-
tromyography (iEMG; a surrogate for efferent command) of the exercising muscle was
up-regulated with anesthesia when power output was reduced (Figure 5A & B). Given
that iEMG was up-regulated in the presence of inhibited somatosensory feedback, the
authors interpreted these observations as evidence that under normal conditions there is
central regulation of muscle recruitment in order to avoid disturbance of muscle homo-
eostasis at the expense of a truly maximal effort.

However, there are two further !ndings from this study that provide evidence that
anticipatory regulation was in operation. First, !nding that subjects began exercise

Figure 5. Shows the integrated electromyography (iEMG) response of the exercising muscle
(A) and power output over a 5 km cycling time trial. Note the immediate reduction in both iEMG
and power with the subsequent increase in each towards the end of the trial. In particular, note
the “endspurt” in power for both trials with the control power output reaching values above the
start of the trial. Lumbar epidural anesthesia (Anesth, open circles; Control, closed circles). Data
redrawn from [49].
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whilst activating much less than 100% of muscle !bers in their exercising limbs under
both conditions (control !44%, anesthesia !47%) indicates that consideration of the
end-point (teleoanticipation) was in operation; for if it were not in operation, subjects
should have had a higher percentage of muscle recruitment. Second, the subjects
showed an “endspurt” in which power output in particular and iEMG increased at
the end of exercise (see Figure 5). Therefore, if a system was acting purely in response
to sensory feedback it could not allow an “endspurt” as it could not forecast the extent
of the fatigue at the !nish of the “endspurt,” especially if the power output under the
control condition was higher than the starting power output.[50] These observations
are consistent with the possibility of a feed-forward control mechanism as acknowl-
edged by the authors and as previously suggested.[13]

Anticipatory regulation in health and disease
Although anticipatory regulation is typically observed during exercise, this model has
also recently been embraced by researchers working in the area of pathology, particu-
larly in neurological disorders.[51] Anticipatory regulation is underpinned by behavior
regulated principally by the brain.[45] Accordingly, these researchers suggest that a
model able to clarify how fatigue might arise during mental or physical effort is essen-
tial for understanding its role in protecting the body against damage due to excessive
exertion. Understanding fatigue in this way can assist in developing appropriate thera-
pies which are more likely to take into account the individual’s reaction and alleviate
unnecessary malaise or negative exertional responses.[52]

Non-speci!c physical intolerance to fatigue

Commencing with the premise that physical exertion starts and ends in the brain,
fatigue in at least some disease states can perhaps be explained by a central regulatory
process rather than by the popular model of a maximum metabolic capacity.[53] In
positing this hypothesis, Kayser [53] reports that apparently healthy patients with
vague complaints of fatigue and exercise intolerance are incapable of matching their
individual predicted maximum heart rate with that reached during exercise. In this
instance the assumption is that cardiovascular capacity was available even though
there was a conscious decision to terminate exercise. Given this discrepancy, Kayser
[53] suggested that the central nervous system (CNS) imposed an “early switch-off”
well before the attainment of a maximum metabolic capacity. This reasoning implies
that the CNS is able to forecast the endpoint and match the available capacity with
the tolerable limit. Thus, in contrast to the catastrophe model of fatigue, anticipatory
regulation relies on feed-forward–feedback control so that work rate is regulated and
a determination is made about when rest is required.[45]

Speci!c physical intolerance to fatigue in disease

There are a multitude of neurological diseases associated with sensations of fatigue (for
review see [54]). For example, in Guillian–Barrè Syndrome (GBS) and Pompe Disease,
there is an inability to sustain physical activities in large part due to persistent feelings
of fatigue.[51] Rather than the popular view of peripheral metabolic limitation being the
putative cause of fatigue in these disorders, the alternative possibility that the CNS
limits or attenuates the skeletal muscle recruitment to protect the system from further
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damage provides an avenue to (1) explain the heightened sensations of fatigue, and (2)
expand the possible therapies for similar conditions.

For instance, evidence from a 12-week physical training program in patients with
GBS was shown to alter perceived functioning and fatigue but these changes were
not seemingly attributable to improved physical !tness.[55] This !nding would at
least indicate that sensations or feelings of fatigue are centrally mediated and likely
linked to a protective mechanism which might not be altered by physical training
alone. Hence, if the disease is not reversed by physical conditioning, the necessity
for maintaining homeostasis still remains. In this sense, a system able to reduce the
exertion or effort by forecasting or anticipating disease limitations would be highly
desirable. Second, in neurological disorders there is an inability to activate required
motor units for a given activity leading patients to expend more energy than their heal-
thier counterparts. However, an exercise regime could potentially attenuate muscle
wasting or at least maintain a level of functioning which might then prevent further
deconditioning.

Chronic fatigue syndrome and the CNS

Chronic fatigue syndrome (CFS) has long been recognized as a debilitatingmedical con-
dition, although the underlying pathophysiology is dif!cult to ascertain.[54] Neverthe-
less, there is consensus that CFS is indeed a disorder characterized by a range of
symptoms usually associated with an overwhelming sensation of fatigue. Recent critical
reviews on the topic have provided insight into the possible neurological and immuno-
logical biomarkers of this disease.[56,57] However, an area of research which may
provide further answers about the underlying pathology of CFS is the relationship
between the capacity for physical exertion and cerebral oxygenation (COx).[58]
Changes in COx are thought to re"ect neuronal activation or drive whereby a reduction
in COx could be related to a decision to terminate physical activity.[59,60]

Using near infrared spectroscopy (NIRS) to measure the tissue oxygenation and
blood volume changes during exercise,[58] it has been shown that pre-frontal cortex
(PFC) oxygenation is impaired in individuals diagnosed with CFS. These authors
found that as exercise continued beyond 40% of the total time to exhaustion, control
subjects responded with a greater increase in oxy and total hemoglobin content of
the PFC; a difference which persisted for up to 60 min post exercise. However, the
most salient !nding was that heart rate to ratings of perceived exertion ratio (HR:
RPE) was signi!cantly lower for CFS, so that for any given heart rate response
during exercise, RPE was always higher compared with controls. Although RPE in
CFS has been shown to be higher during exercise compared with healthy, ill, and
depressed subjects,[61–63] the !ndings that COx was attenuated in these patients
strongly suggests that effort sense is adjusted according to changes in cerebral blood
"ow in the PFC.[58]

Despite many studies con!rming heightened effort sense in CFS during aerobic
exercise, it now seems that this response can also be observed during single limb fati-
guing contractions.[64] In a novel approach comparing RPE values associated with
submaximal contractions of the contralateral and reference arm between controls and
CFS, it was shown very clearly that for contractions ranging from 30% to 70% of
maximum, CFS patients always rated the effort sense higher than controls. In addition,
it was also found that CFS was associated with an overestimation of the matching force
between reference and matching arm. In sum, it was concluded that CFS patients are
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possibly more likely to have a mismatch between afferent feedback and efferent feed-
forward signals.

Notwithstanding the overall !ndings from many studies that show a distinctly
higher perceived effort in CFS for any given exercise, it is still not explicable why
effort sense should be heightened in this kind of condition. However, it would not
be a leap to at least consider that one reason a higher effort sense is manifested in con-
ditions such as CFS is that, by shifting the effort sense threshold downward, a greater
“safety” margin would result. In so doing, the anticipatory response to any physical
effort would further ensure the prevention of bodily harm.

As a therapeutic modality incorporating a feed-forward–feedback mechanism, exer-
cise could provide a “re-balancing” of afferent and efferent signals which are thought to
respond with greater sensitivity due to disease symptoms.[63,65] From a practical per-
spective, anticipatory regulation affords the individual the opportunity to exercise
according to feelings or sensations of fatigue. In contrast, the normal practice of pre-
scribing exercise that follows a graded or increasing resistance will not allow for the
feed-forward–feedback process to accommodate for changes in individual moment-
by-moment reactions.

Utilizing this type of exercise regimen as therapy for disease conditions effectively
removes the capacity of the CNS to make !ne adjustments.[66] By providing an exer-
cise program with the possibility of using anticipatory regulation as its foundation, it
may be possible to carefully monitor what is thought to be manageable by the
patient rather than having the patient respond to an externally controlled resistance.
[66,67] For example, Wallman et al. [68] showed that when individuals diagnosed
with CFS are subjected to an incremental exercise test, the RPE attained at each incre-
ment was signi!cantly higher than those in matched controls. The authors concluded
that reduced exercise tolerance in CFS is likely due to some impairment in the
mechanisms related to effort sense in addition to the fear of relapse should the exercise
stress be too high. Therefore, by allowing exercise to continue in a self-paced manner
individuals with CFS would be more able to control their work rate in order to avoid
overreaching their perceived physical capacity.

Structure and function for anticipatory regulation
Themost fundamental question in accepting the possibility of anticipatory regulation as a
physiological process is where does such a mechanism reside? Or rather, how andwhere
is the complex calculation made about the relationship between perceived exertion,
energy expenditure and required movement in order that bodily harm is averted? Accep-
tance of anticipatory regulation as a model explaining fatigue, like all other models, is
dependent on evidence describing integrated structure and function as a key component
of the phenomenon. In this context, Tucker [69] has described in detail a model which
includes a range of input signals to the CNS from the environment (temperature, humid-
ity), energy availability (muscle glycogen, blood glucose), expected duration of effort,
and previous experience and motivation. These inputs are thought to provide the basis
on which work rate is regulated based on a combination of feedback and forecasting
so that perceived exertion is set against an already determined effort “template.”

Although the model described by Tucker [69] is theoretical, the evidence for antici-
patory regulation comes from the studies of Williamson et al. [70] who showed that
when subjects cycled at a constant load for 15 min on three separate occasions after
being hypnotized to respond to either uphill, downhill, or level gradient, the mere
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suggestion of uphill work caused an immediate increase in heart rate response even
though the gradient was identical in all conditions. Moreover, RPE was increased
when subjects were told they were cycling uphill compared to level gradient and
decreased when told they were cycling downhill. These !ndings indicate that physio-
logical responses might be related to an expectation of effort with a minimum heart rate
required for the metabolic rate needed for the effort.

However, Williamson et al. [70] also measured regional cerebral blood "ow (rCBF)
distribution during the three different hypnotic tests and found that changes in distri-
bution were relative to the suggested gradient. A downhill suggestion produced a
decrease in rCBF in a region of the anterior cingulate cortex and the left insular
cortex. Interestingly, others have also shown that activation of the anterior cingulate
cortex is associated with a perceived change in unpleasantness.[71] Therefore, the
reduction in RPE with the suggestion of downhill gradient could signal a change in
the perception of unpleasantness even though the required physical effort was essen-
tially identical. The insular cortex is thought to be involved in the regulation of cardi-
ovascular and respiratory responses in addition to being the site for “central command”
where motor areas are activated to provide feed-forward signals.[72] In a more recent
investigation on the effect of fatiguing work on CNS function, Hilty et al. [73] used
functional magnetic resonance imaging (fMRI) to compare fatiguing isometric hand-
grip exercise between successful and task failure trials. These authors found increased
activation contralaterally in both the mid/anterior insular cortex and the thalamus in the
time window of task failure. They interpreted these observations as an alert for the
organism to urgent homeostatic disturbance in the exercising muscle which would
mediate the task failure by maintaining the integrity of the organism.

In summary, based on the data showing activation of speci!c brain regions to sug-
gestion of either increased or decreased effort and relative to impending task failure, it
is entirely reasonable to suggest the existence of both brain regions and pathways which
would allow for the “calculation” of the task requirements in anticipation of the organ-
ism’s cellular limitations.

Conclusion
The term fatigue is comprehensive and has wide application embracing peripheral and
central factors along with immediate, temporary, and chronic changes to the organism.
Fatigue is also the outcome of the organism’s own exertion with respect to its limit-
ations which, according to many observations, are intrinsic characteristics – from para-
mecia to humans. Fatigue as a physiological phenomenon has been studied for well
over a century in both health and disease and across different animal models; its
description is almost always relative to the context in which it is observed in an
effort to pinpoint its causation.

Inevitably, however, the causes of fatigue have by and large rested on the presump-
tion that the organism has lost its capacity to carry on and that this is an outcome of
homeostatic disturbance. Although this view has been held for well over 80 years, it
has not provided comprehensive answers for either understanding fatigue in its wide-
ranging application or for the treatment of fatigue in disease states. However, shifting
the paradigm to one that views fatigue as a regulatory process that has a function
beyond just halting the organism from its current action or as a putative cause for
the cessation of effort, to one of regulation of effort for maintaining cellular integrity,
could provide other avenues for treatment, therapy, and understanding.
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VIEWPOINT

A role for the prefrontal cortex in exercise tolerance and termination

C. V. Robertson and F. E. Marino
School of Human Movement Studies, Charles Sturt University, Panorama Avenue, Bathurst, Australia

INVOLVEMENT OF THE BRAIN in endurance exercise regulation is
not a particularly new concept. Although exercise termination
has been proposed to occur when generation of the required
power output is no longer possible because of failure at sites
within the musculature (1), there is growing evidence that there
is a neural component to our ability to tolerate sensations of
fatigue and that exercise termination includes a psychological
element (23). This involves afferent feedback of the distur-
bances in homeostasis at the musculature and cardiopulmonary
systems to the brain (23), where these signals are interpreted.
That the motor cortex (MC) is not activated maximally at
exercise termination suggests that regions upstream of the MC
provide such input into how we interpret these signals and
when we terminate exercise.

Several authors have now addressed areas of the cortex that
are activated during the control of voluntary movement and
postulated how areas of the brain may be involved in exercise
termination (21, 30, 31). There is strong evidence that our
tolerance of physiological sensations can be modulated by a
variety of psychological factors such as motivation (35) and
presence of competitors (34); however, the neural pathways for
volitional control of movement and their interaction with these
factors has yet to be established (31). The aim of this View-
point is to present potential cerebral pathways involved in the
interpretation of physiological signals, which combine with
internal and external factors present in exercise environments,
to determine exercise tolerance (see Fig. 1). We propose the
prefrontal cortex (PFC) may have a role in the integration of
such information providing a relevant response to the exercise
situation, exerting a top down effect and, thus, allowing for
motor unit derecruitment, or in some situations, overriding of
these signals and prolonging motor output (30) despite signif-
icant downregulation of motor control.

The PFC was previously proposed to be involved in termi-
nating incremental exhaustive exercise due to declines in
prefrontal cerebral oxygenation (COxy) preceding exhaustion
(6). The maintenance of prefrontal COxy during self-paced
exercise also suggests effective pacing involves COxy being at
an appropriate level to avoid early exercise termination (7).
Notably much of this research has been undertaken on the PFC
due to accessibility of the site for NIRS rather than from a
definitive hypothesis. As such, specifically how the PFC might
be involved in exercise termination has rarely been proposed.
Although there is not yet definitive evidence during exercise
that a decline in COxy occurs in conjunction with a decrease in
neural activity, it was recently shown that neural activity
declines in the PFC at the respiratory compensation point

(RCP) (25) where severe reductions in COxy are known to
occur (6). Studies failing to show a decline in prefrontal COxy
(16) or neural activity (2) before exhaustion during incremental
exercise have not used individual thresholds that might account
for this discrepancy. There is some debate as to whether these
changes in the PFC reflect part of the cerebral regulation of
exercise due to the lack of importance of the PFC in motor
control (16). Alterations in the PFC may reflect a redistribution
of blood and oxygenation to more important and active parts of
the brain (16) or to exercising musculature (27) to ensure
metabolism is secure in these areas and subservient in quies-
cent regions less required for the generation of motor output.

The PFC is well known for its executive function, where
cognitive control coordinates thought and actions related to the
achievement of internally derived goals (20). Although the
PFC is not directly connected with major motor control re-
gions, it is indirectly linked via the premotor area (PMA). It has
been proposed to be able to supersede more direct regions of
motor execution (12) that might be necessary in extending
exercise tolerance in the face of afferent feedback. Main
cortical areas shown to receive afferent feedback include the
brain stem, lamina I spinothalamocortical system, somatosen-
sory cortex (SSC), and insula cortex (IC) (9, 15). In contrast to
the catastrophic model of exercise termination, whereby a
specific system reaches failure (1, 28), an ability to tolerate
homeostatic disturbances has been proposed to be dependent
on the exercise model under consideration (18). In this latter
situation, interpretation of afferent feedback in combination
with the specific exercise environment and the cues involved in
that environment are likely to help inform what response
occurs (18): that is, whether to maintain intensity, moderate the
pace, or stop altogether.

Pathways for the interpretation of afferent signals could be
via the anterior cingulate cortex (ACC), premotor area (PMA),
and regions of the PFC, such as the lateral PFC (LPFC) and
orbitofrontal cortex (OFC). These regions of the brain have
roles in motivation (14), reward (4), planning, and execution
(22, 26): cognitive and emotional functions that may be in-
volved in the ability to increase exercise tolerance (5, 13, 34).
Because internal information is continuously updated during
exercise, these regions may respond to this changing envi-
ronment, as well as consolidate experiential learning re-
quired for optimal pacing (19). Afferent feedback from the
spinothalamic system reaches the OFC (8) and allows pro-
cessing of signals to provide emotional relevance (affect)
(8). Affect (pleasure-displeasure) is known to play a role in
exercise tolerance and may play a role in the specific
response chosen to accommodate uncomfortable sensations
(32). Such responses have been shown to represent different
physiological changes at the PFC (32).
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The OFC is also able to integrate multiple sources of
information regarding the outcome of a task response and, in
effect, calculate how rewarding an action is (11). To maintain
exercise under intolerable conditions, external cues such as
visual feedback of performance (35), other competitors (34), or
internal cues like self-belief (13) may play a role in our
interpretation of how rewarding tolerating disrupted physio-
logical signals might be. The OFC processes both emotional
and motivational responses to stimuli in an ongoing manner
that would be required to make continuous decisions about
motor output (30). This process is likely to be in conjunction
with the ACC (4, 24) and other reward centers such as the
amygdala, thus increasing the implication of dopamine and its
role in exercise tolerance (33). The ACC is proposed to give
motivational context to situations by providing incentive val-
ues from past events (14). This pathway may provide the
experiential nature of exercise as previously reported (19)
where interpretation of homeostatic signals is likely to play a
role (19). During interpretation of afferent feedback there is
coactivation of the ACC with the AIC, suggesting that both
these are involved in perception of bodily states (10, 24).

Processing task response selection is suggested to involve
the LPC in conjunction with information delivered by the ACC
and OFC (3). Sustaining motor output under conditions of
homeostatic perturbations is likely to trigger internal conflict
(34), which is suggested to involve the ACC (3, 22). The LPFC
integrates internal conflict about selecting a response in com-
bination with the reward outcome, to guide selection of an
appropriate response, which occurs in conjunction with PMA
(17). Together these pathways are suggested to act in an
integrated manner to choose a response that is likely then
passed through the basal ganglia (BG) for motor execution (14)
(see Fig. 1). The competitive nature of the brain means that

expression of a certain behavior will be achieved by the
pathways with the strongest sources of support (20). An ath-
lete’s ability to sustain exercise, despite severe deficiencies in
motor control, may be implemented in situations where
psychological drive ensures that the task-relevant response
chosen is to continue exercise (30). Attention paid to moti-
vational and emotional cues from the environment and
situation, rather than from the homeostatic signals, would
facilitate this, which has been shown to be relevant for both
incremental tests to exhaustion (35) and self-paced exercise
(5). Persistent choice of specific task responses reinforces
neural pathways (20) and may explain why athletes have a
higher ability to tolerate such sensations (29). Although the
PFC may not be considered to be involved directly in the
execution of motor output (16), we posit it may be inti-
mately involved in the capacity to tolerate high levels of
physical exertion and possibly in the determination of ex-
ercise termination. As such, evaluating neurophysiological
and psychological responses when high levels of physiolog-
ical demand are present, during externally controlled and
self-paced exercise, will assist in our understanding of
cerebral alterations in exercise tolerance and how they
impact our regulation of exercise performance.
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Fig. 1. During exercise such as self-paced or
exhaustive incremental exercise, decisions
are made about when to stop or how to
regulate pace such that exercise can be com-
pleted without catastrophic failure or a
meaningful slow down before the finish line.
The lateral prefrontal cortex (LPFC) allows
for integration of afferent signals in combi-
nation with a motivational and emotional
context provided by the anterior cingulate
cortex (ACC) and the orbitofrontal cortex
(OFC). Once these signals are integrated, a
decision about the most relevant task re-
sponse to the situation can be made. Depend-
ing on the mode of exercise, choices will
vary from response 1 (R1) acting to modify
the exercise pace by speeding up, slowing
down or maintaining pace, to response 2
(R2), which will terminate exercise. The task
response is carried out via the pre motor area
(PMA) and the basal ganglia (BG).
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Commentaries on Viewpoint: A role for the prefrontal cortex in exercise
tolerance and termination
IS IT THE BRAIN OR THE BODY?

TO THE EDITOR: Fatigue during exercise is a complex phenom-
enon and has historically been assigned to peripheral mecha-
nisms. Recently more attention is paid to the “central” origin of
fatigue, where failure of the motor cortex, changing neu-
rotransmitter concentrations, decreased blood flow, etc., are put
forward as underlying mechanisms (3). Both hypotheses (pe-
ripheral and central) contain the same “mistake” when isolating
the head from the body and vice versa. In their Viewpoint,
Robertson and Marino (4) link the prefrontal cortex (PFC) with
exercise tolerance and possible fatigue. The PFC could play a
role as switchboard during exhaustive exercise, taking part in
“decision” making on exercise cessation (4). A declined EEG
response to exercise was found in the PFC when exercise
intensity increased (5), which confirms previous results with
exhaustive exercise in the heat (2). This might indicate that
electrocortical activity is diminished at exercise cessation or
that other brain areas become more “active” (1). The important
message of the recent paper (4) is that the authors clearly try to
explain that the brain integrates several signals and emotions.
However, the question remains if the brain really “thinks” and
“makes decisions” to avoid catastrophe. It might also be that
during exercise the disturbance of peripheral and central ho-
meostasis are integrated and that several neurotransmitter sys-
tems influencing frontal and other brain regions overshoot or
even become depleted at exhaustion (3). Also, temporary
depletion of brain substrates (glucose, glycogen, lactate) could
be involved. At this stage we probably don’t have the right
tools (methods) available to confirm or reject this hypothesis.
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PREFRONTAL CORTEX ACTIVATION AND AFFERENT
FEEDBACK IN DIFFERENT EXERCISE MODES

TO THE EDITOR: The Viewpoint by Robertson and Marino (4)
highlighted that the coordinative role of the PFC during exercise
may depend on the exercise model under consideration. Although
not exclusively, the ability to perform a particular exercise mode
may be related to the capacity to tolerate unpleasant sensations
triggered by afferents from peripheral organs and muscles (2).
Previous study showed that the muscle recruitment for a given,

submaximal power output was greater in controlled-pace exercise
than in self-paced exercise (3). This suggests that the muscle
recruitment-produced bioproducts accumulation was higher in
this former exercise mode, thus probably triggering a greater
III/IV muscle afferents and cardiorespiratory response (1) toward
interoceptive regions of the PFC areas (2, 4, 5). The PFC is
suggested to integrate afferents from periphery into messages with
emotional relevance when processing homeostatic adjustments to
guide the decision making (4), so that the increased peripheral
afferents during a controlled-pace exercise may impose a greater
metabolic cost to PFC when integrating these afferents. As a
result, controlled-pace exercise would further require higher ce-
rebral (de)oxygenation, neurotransmitters depletion and tempera-
ture, with a concomitant higher effort sensation (3). Thus, a
possible higher energy cost in PFC areas during controlled-pace
exercise may implicate an unpleasant, less tolerable exercise
mode, thereby limiting the capacity to maximally perform this
exercise (when compared with self-paced exercise). Indeed, as
reported to submaximal intensity, controlled-pace exercise is
more psychologically and physiologically challenging than self-
paced exercise (3). Future studies are required to confirm this
hypothesis in maximal aerobic exercises performance.
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COMMENTARY ON “A ROLE FOR THE PREFRONTAL
CORTEX IN EXERCISE TOLERANCE AND TERMINATION”

TO THE EDITOR: The contribution of specific brain activities to
(voluntarily or involuntarily) reduce muscle force/power (i.e.,
fatigue) or quit an exercise (task failure) is being more and more
recognized. With the current paper (1), the authors present a
model of how the brain forms the decision whether to terminate an
exhaustive task. This model proposes one of several possible—
and not mutually exclusive—mechanisms. Others include a
change of serotonin concentration in the brain (2) or an insular
processing loop proposed to regulate motor drive (3).
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Eventually, these mechanisms may be combined into one
model, as tentatively sketched in Fig. 1 of the present paper.
However, we have to be clear about the concepts to be
explained: motivation, effort, and pain should be understood as
distinct factors influencing each other as well as supraspinal
fatigue and task failure. It will be interesting to more specifi-
cally formulate hypotheses about how the proposed compo-
nents of the system interact in different contexts. For example,
many studies outside the field of exercise science link PFC to
motivational processes. On the other hand, PFC modulates
activity in regions like insula and thalamus known for sensory
processing during placebo analgesia (4).

Thus, possibly, there are regulatory mechanisms of exercise
tolerance on several hierarchical levels: more direct loops
involving insular cortex analysis of interoceptive signals, and
more indirect loops, involving PFC activities related to higher
order cognition and motivation. The present paper provides an
excellent starting point to investigate such possibilities.
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BEHAVIOR AND EXERCISE TOLERANCE IN EXTREME
ENVIRONMENTS

TO THE EDITOR: Robertson and Marino (4) present an interesting
neural architecture linking the prefrontal cortex and its role in
executive function and motivation, its integration of external
and internal afferents, and ultimately the control of motor
regions and exercise behavior. This parallels work on the
neurological origins underlying human behavioral thermoreg-
ulation. Both streams can inform investigations into the deter-
minants of exercise capacity in extreme environments. Dopa-
mine reuptake inhibitors increases exercise tolerance only in
hot but not in temperate conditions, primarily from elevated
brain dopamine levels raising voluntary core temperatures in
the heat but not in temperate environments (5). Higher core
temperatures are also found at voluntary termination during
uncompensable heat stress in highly fit compared with moder-
ately fit individuals regardless of hydration or heat acclimation
status, despite no differences in the rate of heat storage (1). In
contrast, physiological capacity does not become degraded to a
greater extent in untrained populations. Although low aerobic
fitness and activity level are associated with a generally de-
creased tolerance to passive hyperthermia, maximum force
production and voluntary activation were impaired to an equal
level regardless of training status in those able to attain 39.0°C
core temperature (2). Paulus et al. (3) provide insight into brain

activation during an aversive stimulus from increased breath-
ing load, reporting that experienced adventure racers per-
formed better on cognitive tasks and also had attenuated insular
cortex activation compared with untrained controls. Future
research should determine if manipulating the perceptual in-
terpretation of homeostatic signals and motivation can influ-
ence exercise tolerance and cognition during environmental
stress.
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EXERCISE TERMINATION IS A COGNITIVELY CONTROLLED
DECISION

TO THE EDITOR: The possibility for the prefrontal cortex (PFC) to
be involved in exercise tolerance and termination nicely pos-
tulated by Robertson and Marino (5) is timely. However, in the
absence of compelling data, this hypothesis is currently based
upon insufficient evidence from exercise studies. There re-
mains uncertainty about how PFC accommodates to physical
exertion by modulating cognitive control. Self-regulatory fa-
tigue could occur due to either lack of increased PFC activity,
heightened activity in subcortical structures, or both. Overcom-
ing fatigue development likely requires the PFC to inhibit the
anterior cingulate and insula activated in proportion to the
degree of subjective fatigue (3). As suggested by the authors
(5) the problem can be reduced to a trade-off between the costs
and benefits of effort exertion, which has been extensively
investigated in the decision-making literature (1). Fatigue as an
increased accumulation signal (i.e., influence of afferent fibers’
feedback on central motor output as a sensed perceived exer-
tion) during exercise leads to high cost estimates compared
with expected benefits and task difficulty. In this approach the
decision whether to continue the exercise task is refined dy-
namically depending on cost and benefits until reaching upper
bounds of the accumulation process that underpins effort allo-
cation (4). At a brain level, current evidence supports a net-
work of brain regions that are functionally connected with both
the anterior cingulate and orbitofrontal cortices during an
ongoing cost-benefit analysis (2). When cost exceeds benefits,
PFC regions involved in an inhibitory process underlying
cognitive control are disengaged, which quickly leads to the
cessation of exercise.
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COMMENTARY ON “A ROLE FOR THE PREFRONTAL
CORTEX IN EXERCISE TOLERANCE AND TERMINATION”

TO THE EDITOR: I agree with the gist of the authors’ Viewpoint
(5) but not that the PFC can “sustain exercise despite severe
deficiencies in motor control.” PFC function is well described
in the cognitive/emotional/behavioral literature (2), and we
assigned a similar role to the PFC in our review, although
focusing on feed-forward drive (3). Thus, although PFC path-
ways can be expected to “act in an integrated manner to choose
a response” during cognitive tasks and more moderate exer-
cise, it probably does not do so during peak sporting perfor-
mance. For instance, crucial as PFC “task response selection”
is for Stroop Task performance, it would be a liability when
hitting a match winning serve at Wimbledon. Instead the PFC
would be focused on one singular goal (1)—an awareness of
optimal ball placement—which would be disrupted by any
attempt at “task response selection” during the execution of
movement. Ditto for endurance exercise. Clayton’s famous
“I’m going to smash you into the ground” statement at the start
of the 1969 Antwerp Marathon helped him shatter the world
record. Clayton’s success was largely due to his extraordinary
ability to remain goal directed, allowing him to “extend exer-
cise tolerance in the face of afferent feedback,” presumably via
midbrain dopamine release and stress induced analgesia (3).
Instead of “exerting top down effects,” a more apt description
would be reduced PFC processing at high exercise intensities
(4). The authors allude to same in their “reinforced neural
pathways” (hardwired rather than “choosing a response”) to
explain increased exercise tolerance in athletes.
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EXTEROCEPTION IS AN IMPORTANT FACTOR IN EXERCISE
TOLERANCE

TO THE EDITOR: We congratulate Robertson and Marino (3) for
their prefrontal cortex model of exercise tolerance and termina-
tion, which is a welcome contribution to our broader understand-
ing of the limits of human performance. The authors have con-
structed their model by bringing together neurocognitive evidence
derived from their own and others’ observations. Given the
present methodological limitations of imaging whole brain activ-
ity during vigorous physical activity, particularly regarding func-
tional interactions between various brain structures, their approach
to model construction is warranted.

Nevertheless, we note that although their model is clear about
interoceptive mechanisms of exercise tolerance, other than by the
inclusion of the orbitofrontal cortex, exteroceptive pathways are
understated. In this respect, we would like to stress the importance
of incorporating human-environment interactions in models of
human performance, especially given their relevance to real-life
applications seen in sport, rehabilitation, or physical occupations.
Recent work has found that situational and informational varia-
tions to the external environment influence exercise tolerance as
measured through the perception of exertion (2, 5). In addition, the
importance of natural, interactive behavior is demonstrated in a
recent review on perception and action in pacing (4) and situa-
tional factors such as the presence of opponents appear to affect
decision-based pacing and tactics in sports competition (1).

In summary, we think this is a very exciting paper explaining
the interoceptive mechanisms of exercise tolerance and one that
we hope will stimulate positive discussion and new research in
this area. We would like to add that future research should also
focus on including human-environment interactions.
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Last Word on Viewpoint: A role for the prefrontal cortex in exercise
tolerance and termination

C. V. Robertson and F. E. Marino
School of Human Movement Studies, Charles Sturt University, Panorama Avenue, Bathurst, Australia

TO THE EDITOR: We are grateful to our colleagues in providing
valuable commentary to our Viewpoint (3). We respond to the
key points as we see them. Our aim was to present potential
cerebral pathways involved in exercise tolerance, regulation
and termination. As stated by Dr. Lutz (see Ref. 1), this model
is by no means exclusive and we hope it serves further
exploration. We appreciate Micklewright et al.’s (see Ref. 1)
recognition that methodological limitations currently mean that
we need to draw on neurocognitive evidence to begin the
exploration of this area. We certainly agree with Professor
Meeusen (see Ref. 1) that we do not have the tools available
yet to fully investigate this area. Therefore as per the recom-
mendations within the commentaries, it is important to con-
tinue with interdisciplinary research examining neurophysio-
logical responses in conjunction with the measurement and
manipulation of internal and external factors. As proposed by
Micklewright et al. it is important to consider external factors
altering motivational status (see Ref. 1) but also environmental
factors altering perceived exertion (2).

Professor Meeusen (see Ref. 1) correctly interprets our
discussion proposing that the brain integrates various signals
and emotions but points out that the brain may not make
decisions to avoid catastrophe. We would like to clarify that it
was not our intention to prove nor refute the tenet of the
Central Governor Model but rather provide potential pathways
involved in the interpretation of physiological signals and other
factors present in exercise environments, which might influ-
ence what decisions are made about exercise regulation. As
stated by Drs. Rauch and Pires (see Ref. 1), these brain
processes are likely to be different depending on the situation
of the sporting event and exercise model in question. Dr. Pires
(see Ref. 1) outlines how changes in metabolic costs measured
at the PFC suggest a greater involvement of the PFC in more
demanding exercise bouts. Professor Cheung (see Ref. 1)
provides evidence that highly fit participants have a greater
ability to tolerate physiological sensations and provide better
performances in conjunction with attenuated insular activation.
This adds weight to the concept that repeated tolerance of
adverse sensations can aid in the ability to tolerate them (3, 4).

Dr. Perrey (see Ref. 1) confirms that the orbitofrontal cortex
and anterior cingulate are involved in the cost benefit analysis
of exerciser tolerance and adds that the PFC may become
disengaged, leading to exercise cessation. Dr. Rauch (see Ref.
1) adds that the point of fatigue may be attributable to subcor-
tical structures with reduced PFC processing, particularly at
higher exercise intensities. We agree that there is likely a
strong subcortical component to this regulatory process, e.g.,
dopamine release. However, if indeed the PFC is involved in
motivational processes as discussed by Dr. Lutz (see Ref. 1), at
which point does this motivation become redundant in the face
of this alternate system? Future research needs to develop an
understanding of both neural correlates of exercise regulation
and fatigue but also the psychological elements that go with
this. As it stands, our understanding of psychological processes
affecting exercise are predominantly limited to theoretical
constructs rather than neurophysiological responses and it is
difficult to connect the two.
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CHAPTER

The influence of thermal
inputs on brain regulation
of exercise: An evolutionary
perspective

15
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Abstract
The relationship between performance, heat load and the ability to withstand serious thermal
insult is a key factor in understanding how endurance is regulated. The capacity to withstand
high thermal loads is not unique to humans and is typical to all mammals. Thermoregulation is
an evolutionary adaptation which is species specific and should be regarded as a survival strat-
egy rather than purely a physiological response. The fact that mammals have selected !37°C
as a set point could be a key factor in understanding our endurance capabilities and strategy.
Endurance presents a significant challenge to bodily homeostasis while our thermoregulatory
strategy is able to cope exquisitely under the most unfavorable conditions. The ability of the
CNS to regulate this strategy is key in athletic performance since the thermoregulatory center
is located within the brain and receives input from multiple systems and deploys effector
responses as needed. This chapter will discuss the evolution of thermoregulation in humans
and propose that the brain is more than sufficiently capable of maintaining thermal-
homeostasis because of its evolutionary path. As such, this is connected to our ability to mod-
ulate efferent drive during heat strain and in so doing provides us with the capability to pace
during endurance events in the heat.

Keywords
Exercise, Efferent drive, Endurance, Evolution, Heat stress, Neuroprotection, Temperature

1 INTRODUCTION: THERMOREGULATION AS A PERFORMANCE
STRATEGY
In his classic paper, Ladell (1957), having examined the myriad of potential heat
disorders from sunburn to hyperpyrexia, concludes that “…heat stroke or hyperpy-
rexia, hitherto regarded almost as an act of God and the most fatal of heat disorders,
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is, I believe, a purely physiological phenomenon; whenever one’s body temperature
rises, even for physiological reasons, we enter into danger and anything that inter-
feres with physiological cooling, or adds to the internal heat load, exacerbates that
danger. The wonder is, not that anyone gets hyperpyrexia, but that so few of us ever
do” (p. 206). This is a critical point that should not be lost in understanding the
relationship between performance, heat load and the human ability to withstand
serious thermal insult. An early description of thermal responses during long distance
running was reported in 1903 which documented the post-race rectal temperature of
45 male runners completing the 24miles of the precursor to the Boston Marathon
(Blake and Larrabee, 1903). This early field study reported post marathon rectal
temperature (Tre) ranges of 35.5–40.2°C. Unfortunately, the authors report that
the reliability of these data is questionable since it was custom in this era of athlet-
icism to consume alcohol during such races, and it seems that the low temperatures
recorded might have been due to alcohol overconsumption and the likelihood of not
having the rectal thermistor fully inserted. Nevertheless, the data do show a propen-
sity for the majority of finishers examined (n"25), having a Tre of at least 39°C and
above. The authors of this study do not report the ambient temperature over the data
collection years (1900–1902), however, the average maximum temperature on race
day was likely !13°C according to historical records dating back to 1920 (https://
www.wunderground.com/history/airport/KBOS/1972/4/15/DailyHistory.html?req_
city"&req_state"&req_statename"&reqdb.zip"&reqdb.magic"&reqdb.wmo";
accessed April 3, 2018). It is noteworthy that Tre in the majority of runners reached
high values even in what was likely to be cool ambient conditions.

More recent comparable data collected during mass participation racing when
ambient temperatures were 27 # 1.0°C and relative humidity at!87% representing
a high risk of heat illness, resulted in intestinal temperatures of 39–41°C (Byrne
et al., 2006). Interestingly, these authors report no instances of heat illness, but most
salient is the observation that core temperature (Tc) reached its peak at around 30min
running and remained elevated for the remaining run time for approximately 90min.
These data suggest that human thermoregulation even in relatively stressful condi-
tions is not only tightly regulated but is sustainable at high internal temperatures for
lengthy periods during exercise performance.

The capacity to withstand high thermal loads is not unique to humans and is typ-
ical to all mammals. In this sense, thermoregulation is clearly an evolutionary adap-
tation which is specific to a species and the circumstances of their immediate
evolutionary environment. As such, thermoregulation during physical performance
is a distinguishing feature and should also be regarded as a survival strategy rather
than just purely a physiological response. For instance, humans are regarded as
exceptional long-distance runners in large part because of our thermoregulatory
strategy (Lieberman, 2015), while other mammals have developed other specific
thermoregulatory strategies to meet their survival needs. The cheetah, for example,
has traded long distance running for speed, and in so doing reaches internal tem-
peratures of up to 40.5°C within 20–40s of running at a top speed of 110km/h
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(Taylor and Rowntree, 1973). This strategy determines the frequency of predation
since a reduction in body temperature will be necessary before a further predatory
attempt can be made. Conversely, a long distance runner such as the African
Hunting Dog (Lycaon pictus) will maintain high internal temperatures both during
a chase and at rest when ambient temperatures are as high as 41°C with no addi-
tional environmental heat gain (Taylor et al., 1971). This response is seemingly
counterintuitive since high internal temperatures are typically associated with
reduced or compromised performance (Nielsen et al., 1993; Nybo and Nielsen,
2001a). However, the African Hunting Dog during running will maintain its high
Tre by reducing evaporative cutaneous water loss but increase heat loss via respi-
ration (Taylor et al., 1971). This heat dissipation strategy will have an overall effect
of reducing the reliance on water between runs. Conversely, a distant relative, the
domestic dog (family Canidae), while running at high ambient temperatures gains
environmental heat load but will use cutaneous evaporative heat loss and be unable
to conserve water. In humans increases in body temperature are relative to exercise
intensity, independent of ambient temperature, although the rate of increase is
greater in warmer conditions (Galloway and Maughan, 1997) but this is also the
case for other species (Geor et al., 1995). Unfortunately, evolution has not
conferred upon humans the capacity to elevate Tc above the environmental temper-
ature for the purpose of conserving water since evaporation of sweat is our most
proficient means for heat loss during long duration exercise.

Exercise hyperthermia leads to strain in multiple systems, including cardiovas-
cular, metabolic and psychological (Br!uck and Olschewski, 1987). However, since
the initial description that high Tc per se, rather than circulatory strain was asso-
ciated with reduced exercise performance (Nielsen et al., 1993), there have been
many studies which have shown that hyperthermia directly acts on the central ner-
vous system (CNS) to reduce motor drive (Nybo and Nielsen, 2001a,b; Saboisky
et al., 2003). As such, it is now thought that exercise hyperthermia induces the
phenomenon of “central fatigue” whereby the brain regulates motor drive when
Tc is elevated. This was indirectly confirmed when voluntary activation was
gradually reduced during passively induced hyperthermia and then systematically
reversed as hyperthermia subsided (Morrison et al., 2004). This phenomenon
remains a critical aspect to consider in endurance performance and its regulation
in the heat.

This chapter summarizes the evidence for thermoregulation as a strategy for
endurance performance whereby this strategy is largely based on the integrative
capability of the brain to provide the appropriate output at given moments. To
do this, consideration needs to be given to what is thought to have influenced
the adaptation of thermoregulation, specifically in humans. Then, an analysis
of the evidence which indicates that the brain regulates performance even under
the most extreme conditions is considered. Finally, a concluding discussion
will outline the basis of thermoregulation with respect to endurance pacing and
perceived effort.
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2 DEFINING CONDITIONS: HEAT AS A DETERMINING
FACTOR IN THE EVOLUTION OF HUMAN PERFORMANCE
To understand our interaction with environmental heat stress, it is necessary to con-
sider how life on Earth generally evolved, since all biological processes are based on
evolutionary adaptation (Dobzhansky, 1973). There is at least consensus that certain
conditions were present which in all likelihood provided the immediate environment
for the building blocks of life to take hold. This environment required some essential
components, of which must have been water and heat. This provided the basis for
prebiotic chemistry which established a pre-ribonucleic acid (RNA) world some
3.6 billion years ago (Joyce, 2002). In the 1920s it was postulated that the Earth’s
atmosphere provided a milieu that gave rise to a primordial soup and the building
blocks of life (Miller, 1953; Miller et al., 1997). However, the essential element
in this theory is the requirement for heat to produce the chemical reactions necessary
for changes to occur. The reasonable assumption at this juncture is that the prevailing
environmental temperature was negotiated by primitive organisms in a way that was
conducive to reproduction. As such, establishing metabolic function, excitability and
movement so that graduation from unicellular to multicellular organisms was
possible (Schopf, 1978). Evidence that temperature was a determining factor in
the evolution of life was shown in a classic experiment where paramecia were able
to react to the environmental temperature by dispersing and then congregating to
a preferred bath temperature of 24–28°C (Mendelssohn, 1895) (Fig. 1). In fact,

FIG. 1

Congregation of paramecia in a water bath at their preferred temperature of 24–28 °C.
Importantly, the paramecia avoided the extreme high (36 °C) and low (12 °C) temperatures
(not shown) and the preference for the moderate temperature.
Mendelssohn, M., 1895. Ueber den thermotropismus einzelliger organismen. Pfl !ugers Arch. 60 (1), 1–27 with

kind permission of Springer Science and Business Media.
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when paramecia were exposed to high temperatures of 40–45°C, a drop of cold water
on the microscope slide would evoke an “avoidance reaction” to the high temper-
ature causing the paramecia to congregate and collect beneath this new cooler region
(Jennings, 1906).

The most curious aspect of these observations, is that this unicellular organism is
essentially devoid of any eyes or sense organs; no neurological system (Jennings,
1906), which would make sensing a change in environmental temperature challeng-
ing. However, epigenetics has recently proposed that non-neuronal organisms can
utilize cell memorization to retain functional or structural integrity which may
potentially have an evolutionary advantage in changing environments (Ginsburg
and Jablonka, 2009). Whatever may be the mechanism used to avoid a particular
threat or reach a more comfortable external medium, it is a reasonable assumption
that there is an adaptive survival mechanism that is called into action in an attempt
to maintain homeostasis.

It is not particularly clear what the prevailing environmental temperature
was during early hominid evolution. However, the ambient temperature range
in which our early human ancestors evolved is perhaps critical in understanding
why most animals (mammals and birds) have chosen to regulate their body
temperature within a narrow range settling on a balance point of !37 °C
(Romanovsky, 2007). In this context, the term balance point is preferred over
the widely used “set point” since it relates to the multiple contributions for the
regulation of thermal balance rather than a static engineering analogy. Ultimately,
any thermoregulatory strategy is dependent on the Tc balance point, but interest-
ingly this strategy is not the same for different species. The significance of 37 °C
has been constructed around the observation that death or serious thermal injury
ensues when the Tc reaches beyond the narrow range either side of 37 °C. For this
reason, it is important to further understand what the inputs and mechanisms are,
and which seemingly rarely fail, keeping body temperature within this narrow
range even during the most severe situations. The possibilities which relate to
the evolution for 37 °C as the balance point are: denaturation of proteins and
thermal coagulation, thermal inactivation of enzymes, inadequate oxygen supply,
different temperature effects on interdependent metabolic reactions known as the
Q10 effect, and, temperature effects on membrane structure (Crompton et al.,
1978; Portner, 2004; Schmidt-Nielsen, 1995). These mechanisms explain pro-
cesses which occur within the narrow temperature range but they do not elucidate
how we and other animals “settled” on 37 °C rather than regulating at say, 30 or
40 °C (Marino, 2008).

In order to arrive at a common balance point of 37 °C, some basic assump-
tions are required. First, homeotherms evolved when the ambient temperature
was warm at around 25 °C for long periods, albeit interspersed with cooler
periods over a timescale of approximately 60 million years (Zachos et al., 2001)
(http://www.scotese.com/climate.htm; accessed 19/04/2018). The second assump-
tion is based on the Law of Arrhenius which states that heat production increases
two- to threefold with each 10 °C increase. Thus, with the assumption that
25 °C was the environmental temperature during the evolution of homeotherms,
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we are able to arrive at the preferred Tc by the following mathematical model
(Gisolfi and Mora, 2000):

The temperature gradient between the body core (C) and the assumed environ-
mental temperature is given as:

C$25°C:

If there is a 1 °C increase this would result in:

C+ 1°C$25°C"C$24°C:

Thus, a 1 °C increase in the core will reduce the gradient accordingly. As heat loss is
the primary avenue for the maintenance of body temperature, heat loss will proceed
according to the temperature gradient which can be expressed as:

C$24°C% &= C$25°C% &" 1:086:

Note that 1.086 represents theQ10 effect since the 1 °C increase inCwill increase heat
production by 2.30.1 (or 1.086). Thus, solving for C results in 36.6 or !37 °C. This
model, which establishes the Tc of 37 °C is only one such possibility that explicates
the stable Tc of homeotherms. It also demonstrates that an ambient temperature at
which heat loss and heat gain mechanisms can achieve equilibrium for most mam-
mals could be around 25 °C. Themodel also suggests that the most desirable Tc would
naturally be higher than environmental temperature to facilitate transfer of heat
away from the core. As a consequence, the sweating response is activated at higher
thresholds than would otherwise be the case, thereby reducing the reliance on water.

As a consequence of the fluctuating environmental temperature and its effects
on the landscape, the “selection” of a narrow Tc range, a further and major evolu-
tionary step was the advent of habitual bipedalism. Effectively, these factors deter-
mined the thermoregulatory strategy which permittedHomo to seek nourishment by
persistence hunting when the habitat became more sparse and open patches became
larger (Liebenberg, 2006). This proposition is attractive as it potentially explains
why humans are exceptional endurance athletes (Bramble and Lieberman, 2004;
Carrier et al., 1984). A challenging habitat which reduced the regular food supply
procured from scavenging, to one that required traveling longer distances, killing
and ultimately butchering for protein, likely assisted the development of a larger
brain (Lieberman, 2011; Pobiner, 2016). A larger brain presented a further chal-
lenge since it required more energy and a mechanism to protect it from thermal
insult. It is still unclear how a larger brain assists in maintaining thermo-homeostasis
so that endurance capacity, especially during thermally stressful conditions is able to
be undertaken, seldom leading to hyperpyrexia. In fact, as already discussed,
hyperpyrexia resulting from endurance exercise in the heat is not particularly
common (Ladell, 1957). For example, in the intervening years from 1941 to 2008,
of the documented 1939 cases of heat stroke, 89% occurred in those who ran less
than 20km, 44% in those who ran less than 10km and 10% in those who ran
less than 5km (Noakes, 2012, pp. 159–160). These data, and those from military
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cases, suggests that heat stroke occurs more frequently in individuals where exercise
duration is shorter rather than longer (Epstein et al., 1999). Although endurance
exercise presents a significant challenge to bodily homeostasis, it is evident that
the thermoregulatory strategy employed during endurance events is able to cope
quite exquisitely under the most unfavorable conditions. It is also suggested that
in those cases where hyperpyrexia has resulted during an endurance event, there
is a distinct possibility that prodromal symptoms such as weakness and nausea were
in operation (Shapiro and Seidman, 1990). However, the human thermoregulatory
strategy is susceptible to disruption and failure, albeit rarely. The ability of the
CNS to regulate this strategy is key in athletic performance since the thermo-
regulatory center is located within the hypothalamus and receives input from
multiple systems. In the next section we will consider the inputs and how the output
is regulated during hyperthermia.

3 THE BRAIN, REDUNDANCY AND NEUROPROTECTION
There is wide consensus among thermal physiologists that the brain is susceptible to
thermal injury and for this reason there are a number of potential mechanisms that
can reduce the likelihood of this occurring (Nybo, 2012). Before considering these
mechanisms, it is worthwhile relating the possibility that the evolution of a larger
brain would perhaps confer greater thermal protection than would otherwise be
the case if the brain was relatively smaller. This is an important consideration as
there is still uncertainty and no consensus that the human brain has similar cooling
mechanisms available compared with other species (Cabanac, 1993; Marino,
2011a; Wheeler, 1990, 1994). Thus, a further consideration in this debate has been
previously posited using a mathematical model (Fialkowski, 1978, 1986) which
describes “the complete systemmust be organised in such amanner that a malfunction
of the whole automaton cannot be caused by the malfunctioning of a single compo-
nent…but only by the malfunctioning of a large number of them” (Fialkowski,
1978, p. 289). A larger brain has more functioning parts and a complex number of
interconnections. Thus, damage to one part may not always lead to damage elsewhere.
Importantly, others have also suggested that thermoregulation is a redundant system
due to the number of brainstem regions functioning in parallel and integrating thermal
inputs (Nelson et al., 1984). These authors suggest this would provide a hierarchical
organization where thermoregulation could not have evolved as an independent
system. As a consequence, a thermoregulatory strategy is integrated and dependent
on the cardiovascular, integumentary and respiratory systems for effector responses
to be effective. In this thermoregulatory model, the larger more evolved brain coupled
with other systems has built-in redundancy so that the occurrence of thermal injury is
not a common outcome but is either minimized or abated.

A further and more curious point to consider is why the brain, which plays such a
pivotal role in maintaining thermal-homeostasis should be so sensitive to changes in
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temperature. The question is whether brain tissue is more or less sensitive to temper-
ature changes compared to other tissues of the body. To date, reports of irreversible
damage to brain tissue subjected to thermal insult by exercise induced-hyperthermia
has not been reported in healthy humans. However, we have known for some time
that irritability of nervous tissue likely decreases as its temperature increases from
36.5 to 44 °C (Halliburton, 1915). Recent reports considering the effect of direct
heating on brain tissue and the use of whole body hyperthermia suggests that tem-
peratures ranging from 39 to 43 °C can be tolerated before lethality ensues (Sharma
and Hoopes, 2003). In contrast, thermal injury to other tissues occurs at temperatures
of 42–45 °C (Jung, 1991). Therefore, neuroprotection from thermal injury must be at
higher temperatures than which occurs in other tissues since it would be counter-
productive for the brain, the organ responsible for maintaining thermos-homeostasis,
to suffer from thermal injury before injury occurs in other bodily tissues.

One method to study the heat load tolerance of the brain is to assess the cerebral
blood flow (CBF) dynamics under various exercise conditions. To date, this has
yielded equivocal findings (Globus et al., 1983; Jorgensen et al., 1992; Zobl et al.,
1965). These differences may partly reflect the methodologies used to measure
CBF but there is evidence that CBF during exercise is highly dependent on the inten-
sity (Moraine et al., 1993). It is now thought that CBF velocity is decreased when
exercise intensity approaches 60% of maximal oxygen uptake (VO2max) possibly
due to reductions in the partial pressure of CO2 (PCO2) with hyperventilation
(Linkis et al., 1995; Moraine et al., 1993). Although it is apparent that in some areas
of the brain, there is eithermaintenance or increases in blood flow during exercise, the
functional importance of local blood flow changeswhen specific areas of the brain are
activated remains unclear (Paemeleire, 2002). Others have suggested that cerebral
oxygenation falls at high exercise intensities which could compromise cerebral
cortex activity (Rupp and Perrey, 2007; Subudhi et al., 2007). Accepting that exercise
intensities above 60% VO2max may exacerbate CBF dynamics, these effects could
also be significantly augmented during exercise induced hyperthermia. Studies inves-
tigating this are scarce although there is support that CBF is typically further reduced
with hyperthermia but neuronal activity is well preserved (Secher et al., 2007).
Fig. 2A shows the change in middle cerebral artery velocity (MCAV) during exercise
hyperthermia versus a cool control trial (Nybo et al., 2001). In this study after 53min
of exercise at 57% of VO2max with Tc reaching 40 °C (Fig. 2B), MCAV was reduced
significantly. Notably, these authors also found that cardiac output was maintained.
Therefore, the suggestion is that hyperthermia, not necessarily the availability of
blood flow was the factor in reducing the MCAV. The question then is, what bearing,
if any, does reduced CBF have on the development of fatigue and the regulation of
exercise intensity under these conditions given that heat storage within the brain is
likely due to the reduced MCAV (Nybo et al., 2002b). In fact, it is apparent that brain
temperature is maintained at!0.2 °C higher than the rest of the body with or without
hyperthermia (Nybo et al., 2002b).

A further consideration, is whether or not the increase in brain heat load alters
the cerebral metabolic rate to the extent that cortical activity is compromised.
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A recent study measuring internal and common carotid blood flow and MCAV
during exercise to exhaustion in the heat when dehydrated, found a fast decline
in cerebral perfusion which was compensated by an increased O2 extraction. This
apparently maintained the cerebral metabolic rate (Trangmar et al., 2014). Therefore,
it seems that cerebral circulatory strain during exercise hyperthermia does not
compromise the cerebral metabolic rate as there is a compensatory increase in O2

extraction.

FIG. 2

Shows the middle cerebral artery blood flow velocity (MCAV) (A) and the esophageal
temperature (Toes) (B) at the start and end of the trial to exhaustion when subjects were
cycling at 57% of maximal oxygen consumption in 40°C (HYP) and 18°C (CON) ambient
conditions.

Figure is drawn from data provided in table 2 and in text in Nybo, L., Nielsen, B., 2001. Perceived exertion

is associated with an altered brain activity during exercise with progressive hyperthermia. J. Appl. Physiol.

91 (5), 2017–2023.
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Finally, what should ultimately be considered is the total thermal load or length
of exposure of the brain to heat (Dewey, 2009). For example, a change in Tc from
37 to 39°C for a period of 5min would be a substantially different thermal load if
the exposure was for double that time. Thus, the duration of the exposure to a given
temperature can alter the degree of tissue and blood brain barrier damage as shown in
the brain tissue of both the rat and dog model (Burger and Fuhrman, 1964; Ikeda
et al., 2000; Lee et al., 2000; Lin and Lin, 1982). Thus, a change in temperature from
38 to 40 °C where the duration at 40 °C might be 5min would result in 10°-min (i.e.,
2°'5min). In contrast, if the highest temperature was sustained for 10min the result
would be 20°-min. Applying this model to the widely cited laboratory studies that
report exercise induced hyperthermia, maximal core temperatures are only sustained
for short periods (1–5min) (Martin et al., 2005; Nybo and Nielsen, 2001a; Nybo
et al., 2002a,b; Nielsen et al., 1993; Saboisky et al., 2003). Notably, even passive
heating at core temperatures reaching between 38 and 39 °C for up to 20min
(!21°-min) did not result in irreversible cellular damage (Armada-da-Silva et al.,
2004; Morrison et al., 2004). Reports from field studies, during competitive events
suggest that Tc between 39 and 40 °C are likely to be sustained for up to 90min; sug-
gesting an exceptional heat tolerance threshold (Byrne et al., 2006). The conclusion
that can be drawn from these collective data is that the human thermoregulatory
capacity is robust and able to withstand elevated Tc, at least over the time course
of most athletic events. The reasons for regulating close to the high balance point
of 37 °C are not entirely clear, however, it has been suggested that this is likely
related to evolutionary selection pressures favoring high heat tolerance and an
optimal performance temperature (Portner, 2004).

4 EFFERENT DRIVE AND HEAT STRAIN
Endurance exercise as measured by time to exhaustion has been shown to be relative
to the ambient conditions, so that capacity appears to follow an inverted u-shaped
relationship (Fig. 3) (Galloway and Maughan, 1997); the responses of which have
been described and widely reported. In addition, methods to mitigate the physiolog-
ical strain during such conditions have been employed with varying degrees of
success (e.g., hydration, precooling, acclimatization) (Bongers et al., 2015; Cotter
et al., 2014; Marino, 2002; P"eriard et al., 2016). The causes for the reduction in
endurance performance in the heat have been the subject of significant investigation.
Although attainment of a critical Tc was thought to be the ultimate cause of reduced
performance, cardiovascular strain has also been implicated (Nielsen et al., 1993).
However, it was noted in running goats that their speed was reduced when hypo-
thalamic temperature was increased independent of trunk temperature (Caputa
et al., 1986). This was a pivotal insight as it suggested that reductions in skeletal
muscle contraction was also related to changes in CNS temperature rather than
body temperature per se (Fuller et al., 1998; Walters et al., 2000).
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A landmark study establishing the relationship between attainment of a critical Tc
and altered skeletal muscle drive showed that sustained maximal contractions were
likely to be affected rather than the brief contractions lasting!2s (Nybo et al., 2001).
These authors showed that over the course of 40 brief (!2s every 5s) contractions,
the force diminished by a similar magnitude regardless of whether or not the
participants were hyperthermic (Fig. 4) (Nybo and Nielsen, 2001a). However,
when required to perform a sustained maximal contraction over a period of
2min, there was a reduction in force output in hyperthermia (esophageal temper-
ature of 40 °C) from 30s to the end of the trial at 120 s (Fig. 5A). The reason for this
decline became apparent when the sustained contraction was superimposed with
percutaneous stimulation so that percent voluntary activation was significantly
reduced in hyperthermia (Fig. 5B). These findings established that exercise
induced hyperthermia reduces neural drive and by implication the capacity to con-
tinue to perform sustained exercise with a normal level of force output. However, it
has also been shown that while hyperthermia reduces central activation, the CNS is
also able to select between muscle groups whereby the efferent drive to the muscles
used in the preceding exercise is diminished compared with that of the “non-used”
muscles (P"eriard et al., 2011; Saboisky et al., 2003). This was subsequently con-
firmed in a study that compared central activation of and force output of both
lengthening and shortening contractions (Martin et al., 2005). It remains unclear

FIG. 3

The time to exhaustion for healthy males (n"8) who performed four cycling trials to
exhaustion at !70% maximal oxygen consumption at four different ambient temperatures
(mean#SD; 3.6#0.3, 10.5#0.5, 20.6#0.2, and 30.5#0.2°C relative humidity
70#2%, air velocity !0.7ms$1).

Data redrawn from figure 1 in Galloway, S.D., Maughan, R.J., 1997. Effects of ambient temperature on the

capacity to perform prolonged cycle exercise in man. Med. Sci. Sports Exerc. 29, 1240–1249.

2794 Efferent drive and heat strain

Paper 55 Paper 55

519



how the CNS discriminates as to the maintenance of efferent drive to the unused
versus used muscles in these circumstances.

There are likely to be a number of factors that can explain suppressed involuntary
activation of used versus non-used muscles following exercise hyperthermia. First,
the study compared leg extensors (used muscles) to forearm or wrist flexors (unused
muscles) (Nybo and Nielsen, 2001a; P"eriard et al., 2011; Saboisky et al., 2003). As
such, one explanation is the variable muscle fiber composition between the smaller
and larger muscle groups so the greater numbers of fast twitch fibers in the knee
extensors will have a higher activation threshold (Behm et al., 2002). In addition,
others have argued that additional heat load or higher Tc do not necessarily contribute
to additional reductions in voluntary activation (P"eriard et al., 2011a). These authors
found that when endurance exercise was performed in the heat and subjects reached
a Tc of 39.8 °C, there were no further declines in voluntary activation compared
with exercise in cool conditions where subjects reached a Tc of 39 °C. The authors
interpret this as evidence that reductions in force production are not entirely medi-
ated by the inhibition of the CNS drive when Tc is above 39 °C. Although the subjects
in this study ended their exercise trial in the heat with a Tc which was!0.8 °C higher
than the cooler trial, the resulting core temperatures were both high (39.8 versus
39.0 °C). Previous studies have established that a reduction in voluntary activation

FIG. 4

Shows the diminishing knee extensor maximal voluntary contraction force over
40 consecutive attempts each lasting !2s (each separated by !5s) following exercise
induced hyperthermia (40 °C) and control (18 °C) ambient conditions.

Data are redrawn from figure 2 in Nybo, L., Nielsen, B., 2001. Hyperthermia and central fatigue during

prolonged exercise in humans. J. Appl. Physiol. 91, 1055–1060.
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will likely ensue as Tc approaches 39°C (Morrison et al., 2004; Saboisky et al., 2003).
In fact, a post exercise Tc of 38.8 # 0.2°C has been shown to elicit significant
reductions in voluntary activation of !2.5% in knee extensors (Saboisky et al.,
2003). Thus, it is entirely possible there exists a threshold for whole body hyper-
thermia that will need to be achieved before voluntary activation is significantly
reduced. It is also important to note that P"eriard et al. (2011b) suggest that part of

FIG. 5

Shows the reduction in force output for a sustained maximal isometric contraction (MVC)
(A) following exercise induced hyperthermia (40 °C) and control (18°C) ambient conditions.
Voluntary activation percent (B) for the same MVC shows a decline in hyperthermia
commencing at 60s and remains depressed until 120s.

Data are redrawn from figure 3 in Nybo, L., Nielsen, B., 2001. Hyperthermia and central fatigue during

prolonged exercise in humans. J. Appl. Physiol. 91, 1055–1060.
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the changes in neuromuscular performance are also mediated by changes in the
contractile apparatus when muscle temperature may be a factor. This possibility lacks
direct evidence at present and in fact muscle temperature has been shown to have little
or no effect on the contractile properties during passively induced hyperthermia
(Thomas et al., 2006). Using a novel experimental paradigm in where subjects were
passively heated to a Tc of 39.5 °C and then cooled back to 37.9°C while one leg was
kept at a thermoneutral temperature while the other was allowed to heat and cool,
passive heating resulted in a reduction in both muscle torque and voluntary activation
of both legs to similar values. The key finding was that twitch contractile properties
(twitch contraction time, twitch 1/2 relaxation time and twitch torque) were similar
irrespective of whether the muscle temperature was increased or decreased. Rather,
these contractile properties and neural drive were reduced or restored according
to whole body hyperthermia. The conclusion was that Tc is the factor responsible
for reducing voluntary activation and that temperature induced changes in the contrac-
tile properties of muscle and local thermal afferent input from the skin, do not
significantly contribute to reductions in skeletal muscle torque.

It is now well established that hyperthermia per se reduces neural drive and that
this is a major contributing factor in altering exercise capacity directly affecting per-
formance. Nevertheless, there are still several issues to be resolved in this regard.
First, it is unclear if a threshold Tc might exist where efferent drive is deleteriously
affected during exercise. At present, approaching a Tc !39 °C seems to produce this
effect. Second, it remains unclear whether changes distal to the neuromuscular
junction and within the contractile apparatus are altered enough to produce or
contribute to reduce muscle torque.

5 ENDURANCE PACING AND HEAT STRESS
The ability to pace during an endurance event is likely to be a very complex skill
which is developed over time (Micklewright et al., 2012). It is still unknown what
definitive inputs are required that would result in the difference between expert
and novice pacing. Importantly, pacing during competition is as much a skill as it
is a strategy. This point was wonderfully described well over half a century ago
by Roger Bannister after his attempt at the sub 4-min mile (Bannister, 2004). Since
then, pacing has been described in various ways, not least of which is the description
which holds that pacing is related to the change in velocity at any given time during
performance (de Koning et al., 2011). More specifically, pacing can be thought of as
regulation of work output which would maximize performance without compromis-
ing homeostasis. No doubt pacing will be relative to the prevailing conditions and the
event in question so that different elements of the physiological and psychological
response will influence the pacing strategy. Logically, short duration events will
generate different kinds of responses and inputs compared to endurance events.
For example, augmented perceived exertion, altered brain activity, increased
substrate utilization and higher cardiovascular strain have been associated with
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performance decrements in prolonged exercise (Coyle, 1999). In addition, heat stress
presents a further challenge as already discussed, and therefore pacing is very likely
to be altered further under these conditions.

Under normal conditions, pacing strategy is described as being self-optimizing
whereby individuals choose to slow down or speed up according to whether they
are able to avoid the fatigue associated with the loss of power output (Foster
et al., 1993). However, when performing in the heat, the additional heat load will
need to be taken into account since heat accumulation alone could be a significant
factor for the reported decrement in performance (Marino et al., 2000). Animal
models have also established that pacing in the heat is influenced by the rate of rise
in Tc (Fuller et al., 1998; Marino, 2004; Walters et al., 2000), although the core-to-
skin temperature gradient even in short duration (16.5min) time trials in hot (35 °C)
versus cool (18 °C) conditions seems to be a determining factor (P"eriard and
Racinais, 2015). However, it is still unknown what elements of rising body temper-
ature act to reduce endurance performance. Perhaps this question could be thought of
differently by viewing thermoregulation as a strategy rather than a limitation per se
as already discussed. In this regard, at the completion of a 30min time trial in warm
(32 °C) or moderate (23°C) conditions, terminal Tc response in elite cyclists was
39.2 °C versus 39.0 °C, respectively (Tatterson et al., 2000). The authors reconciled
their findings by suggesting that pacing could be a form of behavioral thermoregu-
lation so that power output was adjusted so that exercise could be concluded without
developing hyperpyrexia. A subsequent study showed that efferent command as
measured by electromyography was down-regulated during time trial cycling in
the heat even though heart rates and ratings of perceived exertion (RPE) were main-
tained and presumably subjects gave a conscious effort to complete the trial (Kay
et al., 2001). Fig. 6 shows that when subjects provided a constant effort as evidenced
by the heart rate and RPE, which were consistently high and increasing, respectively
(Fig. 6A), there was a concomitant reduction in efferent drive (Fig. 6B). Interestingly,
efferent drive was restored to near maximal values at the end of the trial. Notably, this
“re-recruitment” of skeletal muscle was achieved when Tc was !39°C, precisely
when Tc is thought to reduce performance. Thus, if hyperthermia was indeed the cause
of reduced efferent drive, these data suggest that it can be increased and maintained.
In fact, a more recent study showed that while cardiovascular strain and Tre (39.8°C)
were at their highest, subjects were still able to increase their power output after
60min of a 40km self-paced trial in 35°C (Marino, 2011b; P"eriard et al., 2011b).

In a study comparing Caucasian and African runners in both cool (15 °C) and hot
(35 °C) conditions it was noted in the heat when Tre were identical (!38.4 °C) for
both groups, the 8km self-paced performance run was immediately commenced with
a significantly reduced running speed by the Caucasian runners (Marino et al., 2004).
This suggests that the Caucasian runners commenced with a higher perceived
thermal discomfort even though the rate of rise in Tre was similar for both groups
of runners (!1.7 °C/h). It is not clear why an identical Tre would cause one group
of athletes to reduce their running speed, although the authors suggested that regu-
lating the pace to avoid overheating was potentially one reason.
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Finally, understanding pacing during heat stress would not be complete without
due consideration given to the effect of hyperthermia on perception of effort and
arousal. Early studies have shown that hyperthermia can alter brain wave activity
measured from electroencephalography (EEG) (Dubois et al., 1980, 1981). Exercise
in the heat (40°C) results in a shift in EEG pattern from higher ! frequencies
(13–30Hz) to lower " frequencies of 8–13Hz in the prefrontal area; possibly reflect-
ing a reduced state of arousal (Nielsen et al., 2001). When exercising in either 18 or
40 °C, prefrontal cortex EEG patterns correlated with increases in Tc and RPE as
distinct from no association between RPE and changes in muscle electrical activity
(Nybo and Nielsen, 2001b). A further possibility is that the brain receives input from
peripheral structures for determining the required efferent drive. For example, group
III and IV afferents increase firing in response to heating, so that muscle sympathetic
nerve activity is also increased (Ray and Gracey, 1997). Since these afferents convey
nociceptive information to the CNS and also induce force inhibition (Adreani et al.,
1997; Hayward et al., 1988), an earlier onset of fatigue in the heat could be due to
greater reliance of Type II muscle fiber recruitment in an attempt to compensate
for the force inhibition as muscle sympathetic activity increases. Since perceived
exertion can be associated with the recruitment of greater numbers of fast twitch
fibers (Noble et al., 1983), it could be that the higher perception of effort with exercise
hyperthermia may in part be related to the greater reliance on fast fatigable fibers as
exercise continues. Clearly, this hypothesis needs further work, but elucidating what
inputs to the CNS might induce increases in perceived exertion and precipitate the
development of an earlier onset of fatigue could have widespread application.

FIG. 6

Shows the increasing and maintained heart rate and rating of perceived exertion (RPE)
(A) and the normalized integrated electromyography (iEMG) of the v. lateralis muscle
(B) during a 60min self-paced time trial interspersed with 6'1-min all out sprint efforts.

Data are redrawn from figures 2 and 3 in Kay, D., Marino, F.E., Cannon, J., St Clair Gibson, A.,

Lambert, M.I., Noakes, T.D., 2001. Evidence for neuromuscular fatigue during high-intensity cycling in warm,

humid conditions. Eur. J. Appl. Physiol. 84, 115–121.
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6 CONCLUSION
This chapter has covered much ground in attempting to shed light on the relationship
between human endurance performance and thermoregulation. Our evolutionary
past is intimately tied to how we developed a thermoregulatory strategy for survival
and in effect developed an exceptional capability for endurance. It is not possible
to disconnect our thermoregulatory capabilities from our overall understanding of
exercise endurance. As we have seen, heat stress presents an additional load and
our physiological responses are adjusted to meet the demand. There is overwhelming
evidence that these adjustments cope very well but can also at times fail, albeit rarely
in apparently healthy individuals. At present, our understanding of how we might
modulate and regulate our endurance performance requires further work, especially
with respect to the relationship between physiological responses and the perception
of effort this generates. The fact that so few of us ever succumb to exercise induced
hyperpyrexia could hold the key to understanding this intriguing and complex
phenomenon.
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Van Cutsem, J., Roelands, B., De Pauw, K., Meeusen, R., & Marcora, S. (2019). Subjective thermal
strain impairs endurance performance in a temperate environment. Physiology & Behavior, 202,
36–44
To the Editor,

The elegant study by Van Cutsem et al. [1] perhaps establishes that
thermal sensation alone can alter exercise behavior independently of
the expected physiological response when either body heating or ex-
ercise hyperthermia occurs. The authors tested this hypothesis by ap-
plying an electric heating pad (HP) set to ~40 °C on the upper back of
participants during endurance exercise in a temperate environment
(20 ± 0.3 °C, 44 ± 3.5% relative humidity) versus a control with no
heat pad. Their first key finding was that endurance performance
measured by time to exhaustion (TTE) was ~3.33min less in the HP
compared with control. The second key finding was that thermal sen-
sation was higher with the HP at the start of exercise, although this
di!erence was not maintained from 50 to 100% isotime but was sig-
nificantly higher at exhaustion. The third and critical key finding was
that the rating of perceived exertion (RPE) appeared to increase faster
with the HP over the course of TTE but was not di!erent at the point of
exhaustion between conditions. As predicted by the authors, the fourth
key finding showed that none of the physiological variables usually
associated with exercise in the heat (heart rate, core and skin tem-
peratures, cardiac output, stroke volume, oxygen consumption and
ventilation) were increased by the heat pad with the exception of ele-
vated blood lactate in control. Given the findings, the authors conclude
“that subjective thermal strain is an important mediator of the heat-
induced reduction in endurance performance” [1] (p. 40).

To explain the e!ect of thermal discomfort and/or sensation on
TTE, the authors suggest that the most likely psychological explanation
is that the heat pad induced a higher perception of e!ort so that the
level of e!ort that participants were willing to exert caused them to
stop exercise earlier than in the control condition. However, even this
reasoning is limited by the fact that RPE was not decisively di!erent
between conditions.

The authors also acknowledge that the causal factor inducing the
higher perception of e!ort was not likely to be a shift in higher atten-
tional resources with the application of the heat pad. Rather, they
suggest that the increase in RPE might be explained by higher premotor
cortex activity when exercising in unpleasant conditions. We agree that
this is a reasonable possibility since we have already reported [2,3] that
increases in prefrontal cortex oxyhemoglobin when RPE is high during
time trial and exhaustive exercise, may indicate cortical influence on
the regulation of exercise performance. This seems to be the case even
when participants are deceived of the duration end-point, whereby an
increased perception of e!ort might attenuate the total physiological
strain. It is important to note that this is by far inconclusive and caution

should be exercised as our earlier studies [4] showed a drop in cerebral
oxygenation at the end of a running time trial during a final end spurt
even with an increase in skeletal muscle recruitment. Our observations
suggested that there is a large tolerance for changes in cerebral deox-
ygenation within a range that does not hinder strenuous exercise per-
formance.

Besides the potential explanation that higher premotor cortex ac-
tivity might play a role achieving a higher RPE and reduced TTE, the
authors have not answered the central question which their findings
now reveal. Simply, why would the perception of e!ort, which pre-
sumably is increased due to the perceived augmented thermal load,
preferentially terminate exercise? And further, what benefit would this
response be to the organism? In this instance, apparently not much
since there was no relative increase in physiological strain beyond that
of the control condition whereby impending cellular catastrophe was
not likely (at least under the conditions of their study). The authors
argue that the decision to stop exercise was a conscious one since there
was no physiological strain and, therefore, was due to thermal dis-
comfort which increased perception of e!ort. This then also begs the
question of what usefulness is perception generally if not ultimately to
exert some control over emotional reactions and physical symptoms for
preservation of life? [5]. If, as the authors claim that harm minimiza-
tion was not a factor, the only conclusion that can be drawn is that early
exercise termination was due to the limit of exercise tolerance in the
conditions set. However, this leads us back to why early exercise ter-
mination was necessary?

In their Fig. 4 (p. 41), the RPE for both HP and control is relatively
linear, suggesting that the rate at which RPE increases could serve as
the basis by which the time taken to reach exhaustion is set. Our re-
plotting of those data as a function of percent exercise time as shown in
Fig. 1 reveal two critical observations. First, the points on the curve for
both HP and control are all aligned and fall almost entirely on the same
line. This indicates that participants rated perceived exertion identi-
cally at the same % of exercise time throughout the entire exercise bout.
Second, the maximal RPE was achieved at 100% of exercise time which
strongly suggests that this variable was set as a termination point either
at the commencement of exercise or at least at some point during the
TTE trial. Either way, maximal RPE was internally modelled and fore-
cast.

We have previously shown that trained participants who achieved
identical rectal temperatures of 38.4 °C at the end of a standardized
treadmill run reduced their speeds in a subsequent performance run
based on their body mass [6,7]. We and others [8] concluded that
trained individuals either anticipated or at least avoided the potential
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heat accumulation should their pace have remained the same, thereby
risking either not completing the exercise bout or resulting in hy-
perpyrexia. Previously, it was argued that this mechanism of antici-
patory regulation would be di"cult to show in experimental designs
using TTE since self-paced exercise was essentially where this phe-
nomenon has been observed [9,10]. However, the study by Van Cutsem
et al. [1] now establishes that anticipatory regulation of exercise can
indeed be observed in TTE trials given that their participants termi-
nated exercise early simply by perceiving that a higher thermal load
might result if exercise duration was lengthened. If the claim by the
authors is that their trial cannot be compared with self-paced exercise
because distraction strategies are unlikely to be e!ective in TTE tests,
this at least acknowledges that their paradigm cannot be applied in that
context. Ultimately, if the distinction is the exercise model to argue
against anticipatory regulation, the question still remains what function
does the increasing perception of thermal discomfort play if not to
preserve at least subconsciously, homeostasis? If the claim is that per-
ception of e!ort limits TTE performance, the question still remains, why
is the exercise time downregulated when the biological indicators
suggest there is no need to do so? We suggest that this establishes that
the supposed biological limit is ‘artificial’, at least as presented by the
authors. One either needs to conclude that the perception of increasing
thermal discomfort has either no purpose or that it does. Either way the
findings are inconvenient since they now establish that alterations in
perception can at least forecast (anticipate) the exercise time re-
maining.

Finally, we wish to thank the authors for conducting a very inter-
esting and elegant study which perhaps now allows us to close the
chapter on the concept that anticipatory regulation is a psychobiolo-
gical phenomenon that can be observed in both self-paced and time to
exhaustion paradigms.
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Fig. 1. A plot of the ratings of perceived exertion (RPE) against the percent exercise time from data provided in Fig. 4 in Van Cutsem et al. [1]. Notably, RPE falls on
the same line in both conditions. This suggests that maximal RPE that can be achieved determines the point at which the decision is made to terminate the time to
exhaustion (TTE) test. Further to this is that it also suggests that the rate at which RPE increases determines the duration of TTE.
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