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Dedication 

For Marilyn Anne, my lifetime companion and to our shared treasures, Travis 

Miles and Candice Amelia. 

Your contributions have been beyond measure. 



Dear Professor Padayachee, 

Department of Human Biology 
VCT IMRC RESEARCH UNIT FOR EXERCISE SCIENCE & SPORTS MEDICINE 

Faculty of Health Sciences, University of Cape Town 
Private Bag, Rondebosch 7700, South Africa 

Tel: + 27 216504561 
Fax: + 2721 686 7530 

Director: Professor T D Noakes 

Submission of materials for consitkration for registran'on as a candidate for the DSc (Medicine) deg~ee: Professor 

- Timothy Noakes. 

I have pleasure enclosing the appropriate documents including a copy of the fourth edition of Lore of 

Running, for consideration for registration as a candidate for the DSc (Med) degree in the Faculty of Health 

Sciences of the University of Cape Town. I believe that these document summarise my intel1ecrual 

contributions to the field of sports science and sports medicine both nationally and internationally and that 

this work, in its totality, should be of a sufficient standard to warrant consideration for candidature for this 

degree. 

In making this submission I am aware that this award is given only occasional1y to persons of exceptional 

academic merit and then only for work of international standing that is regarded as seminal. I appreciate 

that the criteria for the award are appropriately strict and that it is only work of a unique narure that is 

considered for this award. Accordingly I have included a detailed motivation that explains why I feel this 

work matches that very high standard and why it fulfils the extremely exacting requirement that would be 

expected for a submission for this prestigious degree. 

I would like it understood that whilst the book might in and of itself be considered a seminal contribution 

since it internationally accepted as the only book of its kind in current circulation internationally, it is not 

principally the book that has been submitted as evidence for this award. Rather, what is being submitted, 

is a body of scientific work that has led to the publication of the book. The book details the international 

and historical context of thal work and which cannot really be fully understood other than through 

reference to the book. Hence the book is only a part, albeit the most important part, of the submission. 

I thank you for your attention to this matter and await the outcome with interest. 

Yours Sincerely, 

Professor Tim Noakes 

TIle University of cape Town is committed to policies of equal opportunity and 
affirmativlI action which are 8$sential to its miSSion of promoting critical Inquiry and 

scholarship 

Discovery Health 
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"The farther backwards you can look, the further forwards you can see." 

Sir Winston Churchill 

About the artwork on the cmJer 

Front CmJer 
Top Panel: The original A.V. Hill Cardiovascular/Anaerobic Model of Exercise Physiology. 

Centre Panel: Front-runners in the 56km Two Oceans Marathon held annually since 1970, in Cape Town, South Africa. 

Bottom Panel: Original concept drawing of the Central Governor Model of Exercise Physiology. 

Spine 
A.V. Hill and EG. Hopkins. Two British scientists of the early 1900s both of whom won the Nobel Prize and both of whose 
ideas were central to the development of Hill's Cardiovascular/ Anaerobic Model of Exercise Physiology. 

Back Cover 
Top Panel: Chest X-rays, taken '5 days apart, of the first reported case of the hyponatraemia (low blood sodium concentration) 
of exercise. The X-ray taken on June 1st 1981 shows the presence of fluid in the lungs (pulmonary oedema) associated with 
an enlarged heart. The X-rayon June '5th 1981 shows resolution of those changes. 

Middle Panel: An unconscious athlete is carried across the finish line of the 56km Argus Two Oceans Marathon. This picrure 
appeared the same day on the front page of the Argus newspaper under the headline: "Another dehydrated athlete collapses in 
the Two Oceans Marathon." In fact, this athlete was suffering from the opposite ~ water intoxication causing the hyponatraemia 
of exercise. For as he admitted in an interview the following day when he had recovered consciousness, this athlete had entered 
the race in an under-trained state. To compensate for his lack of training, he thought that only by drinking "as much as 
tolerable" would he be able to complete the race. He duly drank -1. '5 €Ihr for 5 hours. He recovered consciousness only 7 hours 
after this picrure was taken. Since the medical team at that race were fully aware that this condition is due to water intoxication, 
this athlete did not receive intravenous or oral fluids during his recovery. Photo courtesy of the Argus newspaper. 

Lower Panel: The defmitive graph from the article by Irving et al (Journal of Applied Physiology 1991) proving the mechanism 
causing the hyponatraemia of exercise. The graph shows that runners who developed the hyponatraemia of exercise during the 
89km Comrades Marathon were fluid overloaded by an average of 2.5f. But they did not have a greater sodium (salt) deficit 
than did control runners completing the race with normal blood sodium concentrations. This srudy disproves the incorrect 
theory that a sodium deficit, preventable by drinking sports drinks, causes the hyponatraemia of exercise. 

Text Inserts 
Two opposing guidelines for fluid ingestion during exercise. Note that this condition ~ the hyponatraemia of exercise ~ became 
a significant problem in the United States (US) Army and amongst female marathon runners/walkers in the US, only after the 
adoption of the 1996 Fluid Replacement guidelines of the American College of Sports Medicine. The more conservative 
guidelines, based on the research described in this thesis, were published in the Clinical Journal of Sports Medicine in 2003, 
and have been accepted by US Track and Field for implementation in all US road running race after April 2003. 
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PROFESSOR TIMOTHY DAVID NOAKES, MB ChB, MD DSc, FACSM 
Updated - April 2004. 

Personal Information 

Born Harare, Zimbabwe 

Resident Cape Town, South Mrica 

Citizenship South Mrican 

Wife Marilyn Anne 

Children Travis Miles (1973); Candice Amelia (1975) 

Address UCTIMRC Research Unit for Exercise Science and 

Sports Medicine 

POBox 115 

Newlands 

7725 

SOUTH AFRICA 

Telephone (+27) 21 650-4557 

(+27) 21 686-7530 Telefax 

E-mail 

* 

* 

* 

* 

* 

tdnoakes@sports.uct.ac.za 

noakes@iafrica.com 

Education 

1st Class Matriculation - Diocesan College, Rondebosch, Cape Town, 

South Africa (1966) 

American Field Student Exchange Scholarship to Los Angeles, California 

(1967/68) 

MB ChB, University of CapeTown, South Mrica (1974) 

MD for thesis "Exercise and the Heart", University of Cape Town, South 

Africa (1981) 

DSc (Med) in Exercise Science (2002) 
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* 

* 

* 

* 

Professional Functions 

Professor in the Liberty Life Chair of Exercise and Sports Science, 

Deparonent of Physiology at the University of Cape Town (1989 - 1999) 

Professor in the Discovery Health Chair of Exercise and Sports Science, 

Department of Human Biology (formerly Physiology) at the University of 

Cape Town (2000 - date) 

Director of Medical Research CouncillUniversity of Cape Town Research 

Unit for Exercise Science and Sports Medicine in the Sports Science 

Institute of South Africa, Newlands, South Africa (1989 - date) 

Executive Co-Director, Sports Science of Institute of South Africa 

(December 2003 - date) 

Research Activities 

The current research focus of the MRCIUCT Research Unit is to develop a novel 

neurobiological model of integrated human function during exercise and to use 

this model to optimise human exercise performance, the treatment and 

prevention of sports injuries, and the treatment and prevention of chronic 

diseases. Professor Noakes's research has led to more than 350 scientific 

publications in many leading scientific publications and to 5 books including the 

self-authored Lore of Running which is in its 4th Edition and, with a series of co

authors, Running Injuries, Running your Best, Lore of Cycling, Rugby Without Risk 

and, in preparation, The Art and Science of Cricket and Coaching, and, Waterlogged. 

1990 -2004 

1973 

1983 

1983 

1989 

1989 

Major Appointments 

Editorial Board of thirteen international publications and one 

local scientific publication. 

Awards 

Medical Association of South Africa. Best student paper 

published in the South African Medical Journal in 1973 

Andries Blignaut Award. Best multi-authored paper published 

in the South African Medical Journal in 1983 

One of Jaycees Four Outstanding Young South Africans 

Fellow of the American College of Sports Medicine 

Endowed (Liberty Life) Chair in Exercise and Sports Science at 

the University of Cape Town 
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1991 

1992 

Andries Blignaut Award. Best multi-authored paper published 

in the South African Medical Journal in 1991 

Elected Fellow of the University of Cape Town for sustained 

excellence in original scientific work 

1992 and 1993 One of the three finalists of the Burroughs Well come Gold 

Medical award for medical research in South Africa 

1993 

1995 

1996 

1996 

1998 

1999 

1999 

2000 

2001 

2001 

2002 

2003 

2003 

Medical Research Council Publication Award for the best 

publication record by a South African medical scientist during 

the previous 3 years 

Selection Committee - International Olympic Committee (IOC) 

Olympic Science Prize (sub-committee of the IOC Medical 

Committee) 

Citation Award of the American College of Sports Medicine 

J B Wolffe Memorial Lecture, American College of Sports 

Medicine 

John Cutter Memorial Lecture, School of Public Health, 

Harvard University, USA 

Honour Award of the South African Sports Medicine 

Association (First such award) 

Elected Founding Member of the IOC Olympic Academy of 

Sports Sciences, (IOC Medical Commission) 

Endowed (Discovery Healthy) Chair in Exercise and Sports 

Science at the University of Cape Town 

Ministerial Commission into High Performance Sport in South 

Africa 

International Cannes Grand Prix Award for Research in 

Medicine and Water 

Best Congress presentation - Annual Congress of the Canadian 

Sports Medicine Association 

Book Award of the University of Cape Town (Lore of Running) 

National Research Foundation, Technology and Human 

Resources for Industry Programme (THRIP) Excellence Award 

Timothy Noakes is Professor in the Discovery Health Chair of Exercise and 

Sports Science at the University of Cape Town. He is also Director of the 

UCT/MRC Research Unit for Exercise Science and Sports Medicine and co

founder with Morne du Plessis of the Sports Science Institute of South Africa, of 

which he is presently the Executive Co-Director with Mr du Plessis. Whilst a 

student at UCT, he rowed for the South African Universities on two consecutive 

seasons and was awarded University full Blue colours. He began long distance 

running in 1972 and, at the time of his last marathon in 1990, had run more than 

70 marathon and ultra-marathon races including 7 Comrades Marathons (best 
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time 6 hours 49 minutes) and IS Two Oceans Marathons (best time 3 hours 59 

minutes). Thereafter he was active in cycling and triathlon events and completed 

the Argus 105km Cycle race on 8 occasions. 

Noakes is the author or co-author of more than 350 scientific publications and is 

on the Editorial Boards of 13 international scientific publications. He is a Fellow 

of the American College of Sports Medicine. In 1992, he was elected a Fellow of 

the University of Cape Town for sustained excellence in original scientific work. 

In 1992 and 1993 he was also one of the three finalists for the Burroughs 

Well come Gold Medal award for Medical Research. In 1993 he received the 

Medical Research Council Publications award for the best publication record in 

the previous three years by a South African medical scientist. In 1996 he was 

awarded the Citation Award of the American College of Sports Medicine and was 

the first Aftican and one of very few non-North Americans to present the 

prestigious J B Wolffe Memorial Lecture at the American College of Sports 

Medicine. In 1999 he was elected as one of 22 founding members of the 

International Olympic Committee (lOC) Olympic Science Academy. In 2001 he 

received the International Cannes Grand Prix Award for Research in Medicine 

and Water, for his studies of water intoxication in athletes, especially marathon 

and ultra-marathon runners. In 2002 he received the Doctor of Science degree 

from the University of Cape Town. 

His book Lore of Running is in its fourth edition in South Aftica and the United 

States and has been translated into Japanese and currently into French. It is 

widely praised as the most complete such book yet written - the "Bible" of 

running. In 2003, Lore of Running was awarded the University of Cape Town 

Book Award. Noakes is also co-author of Running Injuries (with Steve Granger), 

Lore of Cycling, Running }bur Best (with Steve Granger) and Rugby Without Risk 

(with Morne du Plessis). Currently he is working on The Art and Science of Cricket 

and Coaching (with Bob Woolmer and Helen Moffett) and Waterlogged, the latter 

detailing the evolution of the condition of water intoxication in marathon and 

other endurance athletes. 

Noakes is married to Marilyn Anne. They have two children, Travis (born 1973) 

and Candice (born 1975), both of whom are resident in Cape Town, South 

Aftica. 
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(b) A detailed synopsis of the contents of the work 
including a statement on the nature and 

value of the contribution. 

I was appointed as a lecturer at the University of Cape Town in January 1981 in order to 
initiate the BSc Med. Honours Course in Sports Science as it was then known. The 
teaching and research opportunities provided by that appointment has produced a body of 
work over the past 20 years that has, in my view, made a seminal contribution to the 
development of knowledge in the exercise sciences. It is this body of work that I wish to be 
considered for the award of this degree. In the following sections of this submission I have 
detailed the nature of that work and the reasons why it might be sufficiently seminal to be 
considered for the award of this degree. This part of the submission includes a series of 
papers grouped according to 4 separate research foci. 

During this period I have also written four editions of the book, Lore of Running. The book 
has been extremely well received internationally. The British Journal of Sports Medicine has 
called the book the "Runner's Bible" whilst the Editor of Runner's WVrld in the United 
States, the running magazine with the largest international circulation, has ranked the 
third edition, as the top book ever written on running. The fourth (South Mrican) edition 
has recently been reviewed in both Science and Nature. 

That book tracks the development of the knowledge that has derived from my research and 
teaching efforts, placing that work in an international and historical context more 
effectively than I would be able to do without also including another very long manuscript 
with this submission. Only in the book has it been possible to place the contributions of 
my academic career in an historical perspective and to develop certain contentious themes 
in their entirety. Thus I have taken the opportunity also to submit copies of that book so 
that the reviewers are fully conversant with what I consider to be the full scope of my work 
submitted for consideration for this degree. 

I thank the reviewers for the time they spend in the review of this submission. 
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SEMINAL CONTRIBUTIONS 

(i) The marathoners's heart immunity theory of Bassler 

Perhaps my first significant contribution was to show that marathon runners are not 
immune from heart disease as had been proposed by a Californian pathologist in the early 
1970s. This work was published in the New England Journal of Medicine (Paper 1) and in 
the Annals of the New York Academy of Sciences (NYAS) (Paper 2) after I had presented 
the work at the NYAS Conference on the Marathon in New York in November 1976. This 
work comprised a portion of my MD thesis. The novelty of this work was such that it was 

afforded the honour of an accompanying editorial in the New England Journal of 
Medicine under the title Cardiomythology and Marathons (Paper 3 - not my work). This 
was my first encounter with some of the mythologies of the sports sciences. 

The historical background to this debate was unfortunately removed from this edition of 
Lore of Running due to limitations in the size of the final book that could be published 
(no more than 1280 pages can be bound by current methods at the CapeTown publishing 
house). However the details of the debate are probably adequately covered in Papers 1-3 

of this submission. 

Related work also completed for my MD thesis, was amongst the first to show that hearts 
from trained rats were better able to resist the development of ventricular fibrillation 
during experimental heart attack (acute myocardial infarction) (Paper 4) produced by 
abrupt ligation of the anterior descending coronary artery. This protective effect may have 
resulted from an altered myocardial cyclic AMP metabolism induced by exercise training. 

A subsequent study undertaken to extend those findings and completed with my guidance, 
showed that rats that were exercise trained after they had undergone an initial 
experimental myocardial infarction also showed an increased resistance to ventricular 
fibrillation during a subsequent acute myocardial infarction (Paper 5). This provided 
experimental evidence that training that commenced even after a first heart attack might 
beneficially reduce the risk of sudden death during a subsequent myocardial infarction. 

Large-scale epidemiological studies have since shown that those who are physically active 
are at about one-third the risk of dying suddenly from primary cardiac arrest, compared 
to those who are inactive. The strongest evidence for this conclusion is detailed on pages 

1111 and 1112 of Lore of Running. Other relevant material can be found between pages 1113 

and 1125. 

Hence the laboratory studies that I initiated anticipated the findings from large-scale 
epidemiological studies. They also provide a potential biological basis for the protective 
effect of exercise training against the development of sudden cardiac death. A more 
detailed discussion of the biological changes in the heart that are brought about by exercise 
training was also removed in the final editing process for this edition of Lore of Running. 
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(ii) The "dehydration myth" including the first report of water intoxication during 

prolonged exercise and the first confirmation of the physiological mechanism causing 

that condition. 

A paper published in 1969 by researchers at the Chamber of Mines in Johannesburg gave 
rise to the theory that dehydration is the most dangerous affliction to strike endurance 
athletes, marathon runners in particular. It was concluded that more severe levels of 
dehydration would cause heatstroke and impair performance. This theory represented a 
fundamental intellectual indeed paradigm shift since, until then, the popular practice of 
marathon runners was to avoid all fluid ingestion during exercise since it was believed that 
such ingestion would impair their racing performances, not least by causing 
gastrointestinal symptoms (Paper 6). The full context of these historical ideas and our novel 
contributions are detailed between pages 239-248 and 251-265 of Lore of Running. More 
recently I have re-discovered British work from the 1950s which develops a theory, clearly 
also lost after 1969, that humans are unique in that they probably exist in a mildly
overhydrated state (compared to most other mammals) and have a fluid reservoir of about 
2.5 litres that does not need to be replaced during exercise. There is much in our own 
findings that could be explained by this old theory. 

Two events happened that made me uncertain that this new paradigm was correct. The 
first was our first description of cases of hyponatraemia during prolonged exercise. Since 
it is usually taught that hyponatraemia in healthy persons results from fluid overload and 
since the runners who developed this condition either recalled that they had drunk 
substantial volumes of fluid over many hours during very prolonged exercise or else they 
showed high rates of urine production during recovery (suggesting that they had finished 
such races in a state of positive fluid balance), we concluded that this condition likely 
occurred in athletes who simply drank too much during exercise (Paper 7). Indeed we 
concluded that athletes should be warned that: 

"The etiology of this condition appears to be voluntary overhydration with 

hypotonic solutions combined with moderate sweat sodium chloride losses ... 

Advice (on fluid replacement) should be tempered with the proviso that the 

intake of hypotonic solutions in excess of that required to balance sweat and urine 

losses may be hazardous in some individuals." 

My second moment of insight occurred during a study in which I measured the rectal 
temperature of the winner of an ocean paddling (kayaking) race and discovered that 
despite not drinking at all during a 4 hour stage in which he finished first (he had lost his 
bottles when paddling out through large surf at the start of the stage), his rectal 
temperature was barely elevated (Paper 8). It was clear that marked dehydration could be 
present without the inevitable increase in rectal temperature predicted by the Wyndham 
and Strydom hypothesis (Figure 4.9 on page 253 of Lore of Running). Hence there had to be 
some other confounding variable that produced what I suspected must be a spurious 
relationship that Wyndham and Strydom had detected and had assumed to be a causal 
relationship. Establishing that variable would clearly be important especially if this single 
finding was being used (i) as the scientific basis for a radical change in the way running 
races were to be conducted in the future so that future athletes would be encouraged to 

B-3 



drink "as much fluid as tolerable" during exercise in order to prevent even the slightest 

dehydration, and (ii) as the basis for the therapeutic protocols that were being developed 

for the treatment of athletes who collapsed during or after exercise. 

A series of experiments then followed in which we were unable to reproduce the classical 

WyndhamlStrydom linear relationship between the post-race rectal temperature and the 

level of dehydration that developed in competitive athletes during out-oj-doors competition. 

Since there also seemed to be no evidence that dehydration had a significant effect on 

athletic performance in out-of-doors competition (since the most dehydrated runners were 

usually the winners of these events as also reported by Wyndham and Strydom), I coined 

the term the "dehydration myth" to identify what I believed to be an unproven theory that 

dehydration is necessarily harmful for performance or dangerous for health during exercise 

(Paper 9). I was particularly concerned that the propagation of this mythical hypothesis 

would have undesirable practical consequences since it would encourage athletes to drink 

"as much as tolerable" during exercise and this might have fatal consequences for some 

who followed the advice to the letter, since they would develop water intoxication 

(hyponatraemia) (Paper 7). This new paradigm would also likely encourage clinicians to 

assume that all the problems that develop during prolonged exercise are the result solely 

of "dehydration" (next section). The full extent of this debate can be found in Box 4.4 on 

pages 254-258 in Lore oj Running. 

At the same time, our further studies of hyponatraemia established that the condition was 

not as uncommon as expected; it exists in symptomatic and asymptomatic forms and that, 

without exception (since confirmed), the symptomatic form is due to fluid overload (Paper 

10) to which any associated sodium deficit can play no part since the condition cannot 

occur but with fluid overload, most especially an absolute expansion of both the 

extracellular (ECF) and intracellular fluid spaces. Whilst any sodium deficit will exacerbate 

the degree of hyponatremia at any level of fluid overload, the sodium deficit is not the 

primary cause of the condition. Hence if sodium-containing drinks are ingested in excess 

of rates of fluid loss from the body during exercise, they will still cause hyponatremia to 

develop. (This is because the average sodium concentration of sports drinks is only about 

20mmol per litre whereas the ECF sodium concentration is 140 mmol per litre. Thus for 

each litre of ECF stored from an ingested sports drink, the ECF sodium content will be 

120mmoles (140-20 mmoles) less than it should be. If the ECF volume is 12 litres, this 

will cause the ECF sodium concentration to fall by 10mmoles per litre). 

It is important to point out that at the very time that our research had established beyond 

doubt that the hyponatraemia of exercise results from fluid overload, the opponents of this 

view were promoting the concept that drinking "as much as tolerable" is the only safe 

technique to reduce the risk of heat injury and to optimise performance during exercise. 

Note that, from that time, water and sports drinks were being prescribed as a medicine (to 

prevent a medical illness - heat injury) but had not been exposed to the usual practice of 

other therapeutic interventions in which the safe dosage range of the product must first be 

determined before the product is released for public use. The explanation is perhaps 

obvious: How could water or a sports drink be dangerous to health? Especially when these 

new guidelines enjoyed the absolute scientific credibility provided by the endorsement of 

the American College of Sports Medicine and its leading scientists. 
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As a result of these new theories, in 1989 the United States (US) Military introduced new 
guidelines for drinking during military activities out-of-doors. These new guidelines seem 
to have been occasioned by the Gulf War in which much was made of the role of water as 
a tactical weapon in desert warfare. Similarly at about the same time, the American 
College of Sports Medicine (ACSM) produced guidelines that promoted this same 
philosophy that the optimum strategy for fluid ingestion is to drink "as much as tolerable" 
both before and during exercise. 

As foreseen by our findings, these new guidelines had a sequence of predictable 
consequences. First, the incidence of hyponatraemia rose alarmingly in the US Military 
after 1989 with 19 hospitalisations for severe symptomatic hyponatraemia reported 
annually between 1989 and 1999. Thereafter the guidelines were revised with a return to 
the more conservative drinking policy of previous years. Revision of these guidelines 
occurred shortly after the first (avoidable and preventable) deaths from this condition were 
reported in the US Military. Fortunately the US Military came immediately to the correct 
conclusions about what was causing this condition; other influential organisations were not 
as expeditious in their capacity to accept the obvious. By 1998 it was also dear that this 
condition, which in other countries had been restricted largely to athletes participating in 
ultra endurance events lasting 8 or more hours, had suddenly begun to occur in much 
greater numbers in marathon runners in the United States, particularly in those who took 
5 or more hours to complete standard 42km marathon races. The first (avoidable) death 
from this condition in this group of athletes was reported in a married (with children) 
female US marathon runner in 1998 although it seems certain that at least one other death 
had occurred as early as 1993 in another female runner in the Valley of the Giants 
Marathon in California, USA. 

As such deaths occurred in persons who were likely in the peak of their physical condition, 
and since the deaths were self-inflicted, these cases were particularly disturbing, especially 
since I believed that we had already published the definitive study establishing why these 
deaths would occur (Paper 10) and how they could very easily be prevented (Papers 6 and 

10). 

The commercial sports drinks industry which became increasingly more powerful after its 
development in the mid-1970s, especially in the United States but also in Europe and the 
rest of the world about a decade later, is one possible external factor that may have 
contributed both to the evolution of this disease and to the scientific disinformation 
necessary to delay the acceptance of its solution. Included in this erroneous scientific 
information are the revised guidelines for fluid replacement during exercise produced by 
the American College of Sports Medicine (ACSM) in 1996. The gist of these guidelines is 
that athletes should drink "as much as can be tolerated" during exercise, specifically to 
prevent any degree of dehydration, since any dehydration will impair athletic performance 
and increase the risk of serious heat illness including death. 

Some very recent examples of the "scientifically endorsed" promotional hype that 
encourages this drinking approach are provided in Figures 11 to 15 and Paper 13. 

Interestingly, Figure 11 comes from the January/February 2002 New rork Runner magazine. 
This despite the fact that a special medical meeting was held the day before the 
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(November) 2001 New York City Marathon, specifically to address the problem of 
overdrinking during modern US marathon races. Figure 12 is from newspaper interviews 
published before the Ganuary) 2002 Houston Marathon and collected for me by a young 
scientist involved in that race whose research I have assisted and which has helped to 
establish that this information is totally incorrect. Not surprisingly, the Houston Marathon 
has the highest incidence of hyponatremia in any marathon race in the world. Only after 
research undertaken in the 2002 race showed the stupidity of this advice, did the "penny 
finally drop" so that from 2003, there will be fewer aid stations in the Houston Marathon 
and runners will no longer be encouraged to "drink as much as possible" during that race 
(Paper 13 - not my own work). Figure 14 appeared in the June 2002 issue of Runner's l%rld 

(US edition) whereas Figure 15 appeared one month later, in July 2002. 

This is an historical sequence since it establishes that between June and July 2002, there 
was a fundamental change in the advertising material produced by the Gatorade Sports 
Science Institute so that the July advertisement finally warns about the dangers of 
overdrinking anything (either water or sports drinks) since this practice could be fatal, in 
line with our conclusion drawn in 1985 (Paper 7 quoted earlier). 

Since (i) some of the scientists involved in the development of the ACSM guidelines also 
received support including research grants, from the sports drinks industry (as does our 
work in South Africa but only from a South African company that does not promote this 
"drink as much as tolerable" philosophy) and (ii) the sports drinks industry is one of the 
title sponsors of the programmes of the ACSM, there must clearly be some possible 
concerns that subtle, long term commercial interests might have interfered with the 
scientific process in this issue. Note for example the statement in the commercial advert 
in Figure 11 to the effect that this information is the result of "thousands of tests" 
conducted by scientists in the Gatorade Sports Science Institute. This statement is not 
evidence-based. 

The debate finally reached flash point with the publication in the past two years of a series 
of papers which finally link the rising incidence of hyponatraemia in the US Military and 
US marathon runners with this "drink as much as tolerable" philosophy. During this time, 
one of my own publications (Paper 16) was subject to bitter attack with the following 
comments being typical of the emotive nature of this debate: 

"We have spent months correcting damage among physicians, athletic trainers, 

coaches and athletes done by the article published last year by Dr Noakes on 

hyponatremia and similar comments by him in the October 2000 Runner's WOrld." 

"I am incensed by the article on hyponatremia by Flinn and Sherer and the 

commentary by Dr Noakes, both of which fail to address the consensus opinions 

of hyperthermia as relating to dehydration ... ". 

These statements are typical of the comments to which I have been subjected at times 
during the past 15 years, especially by US scientists involved in research of fluid balance 
during exercise. I have reason to believe that these were not the only ways in which these 
ideas were targeted by some members of the scientific community. But an editorial (Paper 

17 - not my work) that appeared with these articles and my rebuttal (Paper 18) lead me to 
conclude that this is a case of "abnormal" science in that what seems clearly to be the truth 
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was being subverted for reasons that exist beyond the confines of science. An editorial in 
the South Mrican Medical Journal (Paper 19) emphasized the frustrations that I felt at the 
time and again brought the issue to the attention of South Mrican clinicians. 

Subsequent research from the San Diego and Houston Marathons in the United States has 
produced the first papers from that country finally to acknowledge that excessive fluid 
consumption is the sole cause of the hyponatremia that has become an unfortunate 
feature, especially of those two marathon races in the past 5 years. Together with other 
studies from the United States Military which draw an identical conclusion, these papers 
have finally forced an acceptance of our tentative conclusions first drawn in 1985. Thus I 
foresee that there will be a complete revision of the advice given to marathon runners and 
that our ideas will finally be embraced as scientifically credible and well ahead of their 
time. 

[Note added in preparation of this publication in November 2003: As reported 
subsequently, this revision occurred in April 2003, much earlier than expected.] 

The full details of all this work are described in chapter 4 of Lore of Running. One result 
is that the ACSM has been forced to review the scientitic basis for their guidelines and that 
review process is now in progress. Part of that process is a paper I have recently completed 
for a new ACSM journal, Current Sports Medicine Reviews (Paper 20). In that paper I 
concluded that the death of even one athlete or military person from hyponatraemia is an 
indictment of the exercise sciences and the period of "pathological science" that has been 
allowed to divert the debate away from the truth. Not unexpectedly, that comment did not 
make it to the final published version of the paper! Furthermore, the editors of three 
important sports medicine journals, The British Journal of Sports Medicine, the Clinical 
Journal of Sports Medicine and the Physician and Sports Medicine have agreed to 
organise a consensus conference on hyponatremia in April 2003 under the auspices of the 
International Olympic Committee, finally to close this sad chapter in the exercise sciences. 

[Note added. in preparation of this document in November 2003: Events overtook even 
this optimistic prediction. As discussed subsequently, in April 2003 United States of 
America Track and Field (USATF) announced that as from that time the guidelines 
developed through the research programme described here would be adopted for all 
running races in the United States. These guidelines include the specific advice to avoid 
overdrinking in order to prevent hyponatraemia.] 

Included in chapter 4 is reference to another innovative contribution, which was to predict 
that the volume of fluid in the stomach is the most important determinant of the rate of 
gastric emptying (Paper 21). This has important implications for the optimum drinking 
procedure that athletes should adopt during exercise (Figures 4.12 and 4.13 on pages 282 

and 284 of Lore of Running). But somewhat paradoxically, if athletes do not need to drink 
"as much as tolerable" during exercise, then they have little need for this method. But it 
does explain why it is indeed possible for humans to drink at rates of up to 2 litres per hour 
and to empty that fluid into the intestine from where it is rapidly absorbed, setting up the 
necessary conditions for the development of hypo nat rae mia, as described in Paper 22. This 
paper appeared together with an editorial that also addressed the "dehydration myth" 
(Paper 19). 
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It may be of some interest that, on the basis of this work on fluid balance during exercise, 
I was awarded the Cannes International Grand Prix Award for Research in Medicine and 
Water for the year 2002. I receive that award at the Annual Congress of that organisation 
held in Cannes, France in June, 2002. 

Perhaps the relevant point is that my contribution was that I remained faithful to what I 
believed to be the truth despite what may yet prove to be an orchestrated programme to 
promote commercial interests despite the scientific evidence. In the end, it seems that 
scientific truth did eventually prevail. 

[Note added in preparation of this publication in November 2003: In April 2002, a 28-
year-old female collapsed during the Boston (USA) Marathon and subsequently died from 
hyponatraemic encephalopathy despite receiving medical care. Subsequently it was 
reported in the New York Times that she died because she had drunk a large volume ofthe 
sports drink, Gatorade. This death encouraged me to revise and re-submit an editorial on 
the dangers of overdrinking during exercise that I had first submitted unsuccessfully to a 
North American medical journal in 2000. Two further submissions to North American 
medical Journals in 2002 were equally unsuccessful. However in June 2003, the editorial 
was finally published in the British Medical Journal on July 19'" 2003 (Paper 23). The 
editorial was widely reported in the media around the world. This finding that 
overdrinking during exercise can be dangerous was also selected as one of the top 100 
scientific findings of 2003 by Discover magazine for their annual Oanuary 2004) 
publication - accessible at www.discover.com.] 

(iii) Development of a novel approach to the management of exercise-associated collapse in 

marathon and ultra marathon runners including the re-dejinition of the so-called "heat 
illnesses" of exercise. 

Since Wyndham and Strydom's publication established the belief that dehydration is the 
essential cause of heatstroke and the other forms of so called "heat illnesses" in athletes, it 
was natural to assume that athletes who collapsed in marathon and longer distance races 
were suffering from a condition, the optimum treatment of which would simply be to 
correct their associated fluid deficit. Hence the "dehydration myth" (Paper 9) spurned a 
specific approach to the treatment of athletes who collapsed in marathon and longer 
distance races. The standard practice became one in which the diagnosis was obvious 
("dehydration") so that there was no need to perform even a basic clinical examination 
before beginning the incontestably ideal treatment which was the correction, with 
intravenous fluids, of the sole aetiological factor which was always dehydration (Paper 24). 

During my early years as a doctor following my graduation in 1974, I was frequently asked 
to provide medical cover at the finish of those marathon or other races in which I was 
competing. Our approach was completely lackadaisical by modern standards, simply 
because we essentially never saw any athletes who required medical care at the end of those 
races. This despite the fact that the amounts of fluid ingested by runners in those races was 
very much less than has subsequently become the practice and was essentially negligible 
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as detailed on pages 251-254 of Lore of Running. For example, in my first 88km Comrades 
Marathon in 1973, I did not drink at all for the first 27km (2 hours) and probably drank 
a maximum of about 350ml per hour for the remaining 61km of the race for a total of 
about 1700ml. 

However with the boom in marathon running that began after 1976 (Figure 10.1 on page 

780 of Lore of Running), there was a sudden and very dramatic increase in the number of 
athletes who required medical care after those marathon and ultra marathon races. It was 
also at about this time that seconding (aid) stations, positioned at regular intervals of 2-3 
kilometres along the course, became a common feature of these races. At each of these aid 
stations, runners were implored not to pass up the opportunity to feast on the oceans of 
fluid and other culinary accoutrements that were on offer. It was also at this time that I 
became puzzled by the obvious discrepancy between a theory that predicted that this 
approach would reduce the number of athletes requiring medical care after these races and 
the opposite reality. I therefore initiated a series of studies to determine the likely aetiology 
of this novel running pandemic. 

There were 3 crucial findings from these studies. First, the vast majority (>99%) of 
athletes requiring medical care after these races could not be classified as suffering from 
heat illnesses (the popular international diagnosis) since (a) their rectal temperatures were 
no higher than were those of control runners who completed the same races without 
requiring medical care (Paper 25); (b) they did not require actively to be cooled (by being 
placed in an ice bath, for example) to insure their recovery. This contrasts with the 
outcome in the single true heat illness in athletes, heatstroke, for which death is the only 
probable outcome if active cooling is not initiated as a matter of some considerable 
urgency; (c) the vast majority (-75%) of athletes who collapse during marathon and ultra 
marathon races do so only after they cross the finishing line (Paper 25). This immediately 
suggested that dehydration cannot be the important aetiological factor since, if 
dehydration altered cardiovascular function such that the regulation of blood pressure was 
impaired, then this collapse should occur during the race when the cardiovascular 
demands are greatest and not after the athlete finishes the race, after which the 
cardiovascular demands are falling; and (d) postural hypotension deVelops after prolonged 
exercise in a majority of athletes (Paper 26). 

On the basis of these findings, we developed the concept that athletes collapse after 
completing exercise, not because they are dehydrated, but because they develop a postural 
hypotension that begins the moment they stop exercising (Papers 25 and 26). The proposed 
physiological basis for this hypotension is described on pages 313-315 of Lore of Running. 

Only more recently have I become aware of what I have termed the Barcroft/Edholm 
reflex, first described in 1944 and subsequently forgotten, it seems, in which a falling right 
atrial pressure causes a reflex vasodilatation in skeletal muscle, inducing fainting (Paper 27) 

and which is likely to be a major component of this condition. 

Using these ideas we have developed (Paper 28) and field tested a novel management 
approach for post exercise collapse (Papers 29 and 30; see also pages 318-323 of Lore of 

Running) and have used it successfully for the past four years in the management of 
athletes requiring medical care after the 56km Two Oceans ultra marathon foot race and 
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the 226km Cape Town Ironman Triathlon. During that time we have successfully treated 

a few hundred athletes without once reverting to the "standard" treatment, which is the 

use of intravenous fluids. This confirms that the ideas first proposed in 1988 (Paper 24) are 
likely to be correct. 

The result is that in November 2001, I was invited to present these ideas in New York to 

an international organisation of medical personnel involved in the care of marathon 
runners. A document, of which I am the first author, has since been submitted to the 

Board of Directors of that organisation for its review and has been published in the official 
quarterly journal of the International Association of Athletics Federations (Paper 31). 

Should the content of this document be accepted, these guidelines for fluid replacement 

during exercise and the manner in which collapsed athletes should be treated after 
exercise, will become the international standard. It is notable that these ideas, generated 

from our focused research over 20 years, have been preferred to those of the ACSM with 
which they are in conflict. 

Besides appearing at length in Lore of Running, these very novel ideas have also been 

published in two of the most influential current textbooks in sports medicine, namely 
Clinical Sports Medicine by Brukner and Khan (2000) and the International Olympic 

Committee publication, Endurance in Sport (Shephard, 2000), and have extended beyond 

the confines of sports medicine to be included in the most recent issue of Conn's Textbook 

of Medicine (Paper 32). 

[Note added in preparation of this publication in November 2003: On the weekend of the 
annual Boston Marathon footrace in April 2003, USATF announced that forthwith the 
guidelines described here for the medical management of running races including our 

guidelines for fluid ingestion during exercise (Paper 31) and which arose from the research 
programme described here (Paper 33, not my own work), would be applied to all running 

races in the United States. The important changes are that in future (i) athletes will be 

advised to drink according to the dictates of thirst rather than "as much as tolerable" and 
(ii) all collapsed athletes will no longer be presumed to be "dehydrated" and immediately 

treated with intravenous fluids. Rather they will be examined and treated selectively 
according to any specific medical conditions that may be diagnosed - as I had first 
suggested in 1988 (Paper 24) - seemingly confirming the general rule that it takes about 

15 years before a novel (correct) idea is accepted into the medical mainstream to replace 
an incorrect dogma. 

As a result in August 2003 I was invited to update Paper 31 to include a series of new 
studies completed between 2001-2003 and which further showed that the mania for 

overdrinking especially in the United States, is the principal factor causing hyponatraemia 
(Paper 34). Then in November 2003, I came across Papers 35-37 (not my own work) on a 

United States website for fist-time marathon runners. It is interesting how knowledge 
available in 1985 has now quite suddenly become the norm. It is also of interest that there 

is no reference to the source of these ideas; rather it appears as if only North Americans 
contributed to these ideas. Further, there is the commercial involvement by another 

company that manufactures non-steroidal anti-inflammatory drugs in the dissemination of 
this novel "health message". 
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Finally it is of some historical interest that in 1998 I was privileged to be invited to attend 

the 224km Hawaiian Ironman World Championships in Kona, Hawaii. Medical staff at 
that race, which had been sponsored by the manufacturers of the United States sports 

drink, Gatorade, almost from its inception (but which sponsorship had been withdrawn for 
the 1998 race, thereby allowing my attendance for the first time), had consistently argued 
that the hyponatraemia of exercise is caused by dehydration (Paper 38 - not my own work) 

and that intravenous fluid therapy is the cornerstone for the treatment of all collapsed 

Ironman Triathletes. There I presented the ideas detailed in Papers 31 and 34 and in 
particular, (i) the technique of treating all collapsed athletes in the head-down 
(Trendellenberg) position; (ii) the need first to make an appropriate diagnosis before 

instituting any therapy including the use of intravenous fluid and (iii) that hyponatraemia 
results from fluid overload. The ideas were not especially well received even though they 
seemed to work well in the management of those athletes in whom they were tested in that 

race. Shortly before returning to South Mrica after the race, one of the senior nursing staff 

informed me to the effect that "these ideas may well work in South Mrica, but they do not 
work in Hawaii". Paper 38 (not my own work) written by the medical director of that race 
indicates that 4 years later what works in South Mrica now seems also to work in Hawaii!] 

(iv) Challenging the scientific basis of the "plateau phenomenon" and the development of 
the Central Governor (Integrated Neuromuscular Recruitment) Theory of Exercise 

Physiology and Athletic Performance. 

A core teaching in the exercise sciences is that an oxygen deficit develops during especially 

maximal exercise and it is the resulting anaerobiosis that causes fatigue and the 
termination of exercise. This hypothesis stems from work undertaken by Nobel Laureate 
Archibald Vivian Hill between 1923 and 1925 at University College, London, following 

the work of another Nobel Laureate, Frederick Grover Hopkins at Cambridge University 
in 1907. 

It was whilst researching certain material for the first edition of Lore of Running that I was 
able to show with a retrospective analysis of his own data, that Hill's work had not ever 
established that an oxygen deficiency developed during exercise in his studies or that this 

explained what caused the termination of exercise (Paper 39; Figure 2). 

The further development of this argument is described in detail in Chapter 2 of Lore of 

Running. In brief, in 1996 I was invited to deliver the J.B. Wolffe Lecture at the annual 

meeting of the American College of Sports Medicine. For that lecture I chose to review 
what I considered to be a series of "creaking and ugly edifices" in the exercise sciences 

including the concept that muscles become anaerobic during maximal exercise and that it 
is the metabolic products of this anaerobiosis that causes a peripherally-based, metabolite
induced fatigue of skeletal muscle. At the conclusion of that lecture, I proposed 

" ... an alternate physiological model ...... in which skeletal muscle contractile 

activity is regulated by a series of central, predominantly neural, and peripheral, 

predominantly chemical, regulators that act to prevent the development of organ 

damage or even death during exercise in both health and disease and under 
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demanding environmental conditions." 

"Regulation of skeletal muscle contractile function by central mechanisms would 

prevent the development of hypotension and myocardial ischemia during exercise 

in persons with heart failure, of hyperthermia during exercise in the heat, and of 

cerebral hypoxia during exercise at extreme altitude" (Paper 40). 

This represented one of the first novel proposals on this topic in 75 years in the exercise 
sciences. 

Interestingly, the article from this lecture was, unbeknown to me before its appearance, 
published together with a rebuttal that presented the conventional Hill model of exercise 
physiology. That article concluded with the following two paragraphs: 

" ... When we weigh the scientific evidence on both sides of the issue, it appears 

that Hill's views were amazingly accurate. Scientific investigations in the 70 years 

since Hill have served mainly to reinforce his paradigm and confirm that his 

scientific "hunches" were correct. Only relatively minor refinements to his 

theories have been needed." 

"In contrast, Noakes' views are not supported by strong scientific evidence, and 

they raise numerous paradoxes and unresolved dilemmas." 

However when I again re-read Hill's work, I discovered two crucial component of his 
theory that had lain forgotten for 75 years. First, Hill had realized that if the active skeletal 
muscles do indeed become anaerobic during exercise as a result of a limiting blood flow, 
then the first organ to be affected by this inadequate blood flow would in fact be the heart 
itself. Hence Hill's model required that the heart first develop an inadequate blood supply 
(myocardial ischaemia) during exercise. Second, Hill understood that this ischaemia 
would be damaging to the heart. He therefore proposed that there would need to be a 
"governor" existing either in the heart or the brain that would reduce the activity of the 
heart so that the heart would be prevented from damage, especially during maximal 
exercise. 

When I read that article, I immediately realized that Hill's proposed "governor" would not 
be in heart but in the brain and that it would function, not to reduce the pumping capacity 
of the heart during exercise, but the work output of the active skeletal muscles. For any 
reduction in the work output of the muscles would also reduce the work of the heart 
thereby protecting the heart from damage (Papers 41 and 42). 

Accordingly I proposed the Central Governor Theory (Papers 43 and 44) to explain how 
the body functions during exercise. The importance of this novel interpretation is that it 
sees the function of the body during exercise as a regulated process, the aim of which is to 
prevent the development of bodily damage. In contrast, the traditional model is based on 
the belief that exercise terminates only after one or more limitations are reached, in other 
words, after the system has already failed. The "failure" models (Paper 42) that are 
especially popular are the failure of oxygen delivery to the exercising muscles causing a 
lactate and pH-dependant inhibition of muscle contraction during high intensity exercise, 
or the depletion of muscle glycogen stores causing an inability to generate ATP sufficiently 
rapidly during more prolonged exercise. Note that both these "limitations models" exclude 
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any possible role of the brain in the regulation of exercise performance. In contrast, the 

Central Governor Model opens the possibility that the brain is the central regulator and 
integrator of all the physiological processes that happen during exercise. 

At a special symposium organized at the 200 I Annual Congress of the American College 
of Sports Medicine, Professors Vicki Lambert, Alistair St Clair Gibson and I presented 
these novel ideas in a more complete form for the first time. The scientific papers based 
on that symposium are currently in the final stages of preparation. We have realized that 
the final test of the Central Governor Model will not be provided by any evidence that 
muscles do or do not become anaerobic during exercise but rather by the extensive 

evidence that it is not possible to recruit all the skeletal muscle motor units during any 
form of voluntary exercise. Since complete motor unit recruitment is not possible during 
voluntary exercise, the conclusion has to be that the final control of exercise performance 
resides in the brain. I have since presented this more complete theory as the Key Note 
Lecture in 3 international conferences in 2002; the Annual Congress of the Canadian 
Sports Medicine Association in Mount Tremblant; the Ninth World Symposium of 
Biomechanics and Medicine in Swimming in Saint-Etienne, France; and the Twelfth 
Commonwealth International Sport Conference in Manchester, England. 

If this theory is correct, it is a seminal contribution since it fundamentally alters the focus 

of research in exercise physiology from the traditional approach that has been followed 
ever since Hill's original and incorrect thesis was first developed in 1923. 

Some of the implications of these new ideas that I had already realized at the time of 
completing the book, are discussed in greater detail in Lore of Running. Pages that will be 
of especial interest are the following: 

Chapter 1 Pages 3-4 Box 1.1 

Chapter 2 Pages 30-44 

Chapter 3 Pages 11 9-122 Box 3.1 

Chapter 3 Pages 137-147 Box 3.3 

Chapter 3 Pages 182-186 Box 3.9 

Chapter 4 Page 225 Box 4.1 

Chapter 8 Page 687 Box 8.1 

Chapter 8 Page 701 

Chapter 13 Pages 951-953 Box 13.3 

Chapter 13 Page 965 Figure 13.3 

An obvious criticism at this time is that I have developed a theoretical model for which, at 
present, I have presented little firm scientific evidence myself. Rather I have used the 
published work of others to substantiate my theory. 

In fact at present we are involved in specific tests of this hypothesis by having athletes 
exercise to exhaustion in a chamber in which the fraction of oxygen in the inspired air is 
greater than normal (up to 66%). To our knowledge, this is the first time that such exercise 

B-13 



has been performed in a chamber; other experiments have had athletes inhale from a gas 
bag which contains the enriched oxygen. Our preliminary studies showed that this 
technique is invalid since the increased resistance to breathing from the gas bag introduces 
a spurious result which is the opposite of the result when the exercise is performed in the 
oxygenated chamber. The results of these studies suggest that, under these conditions of 
maximal exercise at sea level, the central governor is responding to something other than 
the oxygen tension of the inspired air or of a specific tissue. We are currently involved in 
the next series of experiments to test the theory that it is sensory feedback from the 
respiratory muscles, specifically related to the amount of work they are performing, which 
provides the signal to the brain to terminate progressive maximal exercise. 

But more to the point, we have published two other studies that, in my opinion, clearly 
establish the action of a governor during prolonged exercise since they provide further 
evidence that there is incomplete skeletal muscle motor unit recruitment at exhaustion. 
The research protocol used in Paper 45 was designed by myself as part of a research 
contract with an industrial partner. Although I did not personally conduct the study, there 
were 3 crucial methodological advances that were introduced in that study and to which I 
made a significant contribution. First we allowed the subjects to pace themselves 
throughout the time trial. Second we included repetitive bouts of all-out sprints in the 
body of the prolonged exercise (lOOkm) bout. Third we measured electromyographic 
activity in the vastus lateralis muscle for the duration of the exercise. The clear evidence 
from that study is that muscle recruitment by the brain falls progressively during the 
successive sprint bouts indicating central, not peripheral regulation of the exercise 
response. This is entirely compatible with my hypothesis first proposed in the 1996 J.B. 
Wolffe Lecture to the effect that: 

"... skeletal muscle contractile actlVlty is regulated by a series of central, 

predominantly neural, and peripheral, predominantly chemical, regulators that 

act to prevent the development of organ damage or even death during exercise in 

both health and disease and under demanding environmental conditions." 

However in reflection, it is not the skeletal muscle contractile activity that is regulated by 
the Central Governor, but rather the number of skeletal muscle motor units (mass of 
skeletal muscle) that are recruited during exercise. 

Equally importantly, these findings have been independently confirmed by our Australian 
collaborators who used a slightly different protocol but came to the same conclusion as 
had we (Paper 46). Both these papers can only be interpreted as evidence for the action of 
a central governor that regulates the amount of work that the body will be allowed to do 

throughout a bout of exercise. In addition are two recent publications from other 
laboratories showing the action of a central governor in explaining the fatigue that 
develops during exercise in the heat (L. Nybo, B. Nielsen. Hyperthermia and central 
fatigue during prolonged exercise in the heat. Journal of Applied Physiology 91; 1055-1060, 

2001) and another showing that high concentrations of lactate improve isolated skeletal 
muscle function rather than the opposite (0. Nielsen, F. de Paoli and K. Overgaard. 
Protective effects of lactic acid on force production in rat skeletal muscle. Journal of 

Physiology, 536, 161-166,2001). This latter study is especially important since it removes 
a final pillar of the traditional theory which holds that lactate acts as the peripheral 
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regulator or governor of performance by directly inhibiting skeletal muscle contractile 

function whenever muscle lactate concentrations increase above some specific value. 

[Note added in preparation of this document in May 2004: Three of our most recent 
papers addressing this question have recently been accepted for publication - Papers 

47-49. The first two (Papers 47 and 48) show that during exercise in the heat, the brain acts 
to regulate the rate at which body heat is produced and stored, specifically to ensure that 
dangerous hyperthermia does not result. This confirms that the brain acts "in anticipation" 
of an event, and does not wait until catastrophe occurs, before it acts. The second study 
(Paper 48) shows that the brain acts in this way by altering skeletal muscle motor unit 
recruitment, thereby altering the athlete's pace, exactly as predicted by the Central 
Governor Model. Another recently completed study shows that the same occurs during 
self-paced exercise in hyperoxia. The marginally increased power output in hyperoxia is 
associated with increased skeletal muscle recruitment, shown by increased 
electromyographic (EMG) activity in the existing muscles. The third paper (Paper 49) 

establishes that anticipatory pacing also occurs during maximal exercise lasting 30 
seconds.] 

It is an exciting time in the evolution of this theory and novel concepts are being developed 
very rapidly. The ideas that have been developed so far in Lore of Running are really only 
the most primitive, initial ideas. Perhaps an important advance is the understanding that 
fatigue is purely an emotion that is perceived in the brain not in the active muscles (Paper 

50, added in May 2004) and that as this sensation increases, the body responds by altering 
its pacing strategy during exercise (Figure 13.3 and Box 13.3 in Lore of Running). 

What is called fatigue historically in the "limitations" models of exercise physiology, is seen 
by us as a change in a predetermined pacing strategy, the specific goal of which is to insure 
that the body does not exceed the limitations set by any bodily system. That is, that the 
body does not ever venture out of homeostasis. Indeed one of the great paradoxes of the 
exercise sciences is that we teach that the key feature of resting human physiology is the 
maintenance of bodily homeostasis. Next we explain fatigue on the basis of a loss of that 
homeostasis during exercise; yet there is no published evidence showing that homeostasis 
is lost during exercise. Rather the remarkable feature is how well homeostasis is 
maintained during exercise, regardless of its duration, intensity or the environmental 
conditions in which it is undertaken. 

Thus our most current interpretation is that the sensation offatigue is in some way related 
to the neural effort required to maintain homeostasis; that is, that fatigue is the conscious 
expression of those subconscious integrative processes undertaken by the central governor 
in its attempts to insure that homeostasis is maintained during exercise. 

These ideas have fundamentally changed the focus of our future research from searching 
for limitations, to trying to understand how the central governor integrates prior 
knowledge with information coming from sensors within the body, most of which have still 
to be identified, and so to produce the pacing strategy during exercise that will optimize 
performance whilst protecting the athlete's body from irreversible harm. 

The historical value of this work may well be that it is the first since the work of A. V. Hill 
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in the early 1920s, fundamentally to change our understanding of whole body human 
exercise physiology. The critical changes that it suggests are the following: 

A change from the "limitations" models of exercise physiology to one that recognises the 
integrative role of a central governor, the function of which is to insure that homeostasis is 
maintained during all forms of human exercise. 

The proposal that fatigue is purely a sensation and not a physical event but that it is an 
alteration in the centrally-determined pacing strategy that we have erroneously called 
fatigue in the past. 

The proposal that the physiology of pacing rather than the development of fatigue is the 
more important characteristic of human exercise. 

Since humans pace themselves through every activity they perform throughout their lives, 
we can presently only guess at the ultimate importance of this novel insight. 

[Note added in preparation of this publication in May 2004: A series of five papers 
documenting the totality of these novel ideas that were first presented at the 2001 Annual 
Congress of the American College of Sports Medicine have been accepted for publication 

in the British Journal of Sports Medicine. The titles of the 5 papers in this series are the 
following: 

1. From catastrophe to complexity: A novel model of integrative central 

neural regulation of effort and fatigue during exercise in humans. 

Introduction. 

2. Logical limitations to the "Catastrophe" Models of Fatigue during 

Exercise in Humans. 

3. Evidence for complex system integration and dynamic neural regulation of 

skeletal muscle recruitment during exercise in humans. 

4. Complex systems model of fatigue: integral control and defence of 

homeostasis during exercise in humans. 

5. From catastrophe to complexity: A novel model of integrative central 

neural regulation of effort and fatigue during exercise in humans. 

Summary and conclusions. 

These papers reflect the final break with the past and are co-authored by Professors Vicki 
Lambert and Zig St. Clair Gibon who have been pivotal in the further development, 
expansion and refinement of this model from its uncertain origins in 1988 (Paper 39). The 
scope of these novel ideas has been well described in a recent article in New Scientist 
(Paper 51, not my own work). 

Finally, the letter to the Editor (Paper 52) raises the possibility that the perception of 
fatigue, quantified as the Rating of Perceived Exertion (RPE), is a measure of the duration 
of exercise that can still be sustained at that exercise intensity and in those specific 
environmental conditions by that specific individual, without risking failure of homeostasis 
(Paper 51).] 
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(c) One set of copies of work to be submitted for the degree 
(with additional papers added prior to publication 

in May 2004). 
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MEDICAL INTELLIGENCE 

AUTOPSY-PROVED CORONARY 
ATHEROSCLEROSIS IN MARATHON 

RUNNERS 
TIMOTHY D. NOAKES, M.B., LIONEL H. OPIE, M.D., 

ALAN G. ROSE, M.MED., 
AND PIETER H. T. KUYNHANS, M.MED. 

With the assistance of Nico]. Schepers, M.Med., and 
Roben Dowdeswell, M.B. 

T HE relation between coronary-artery disease 
and marathon running is controversial. In 1961, 

the Journal published an article in which Currens and 
White discussed the autopsy findings on "Mr. Mara
thon"; the diameter of the coronary arteries was de
scribed as two to three times normal, and there was 
only minimal atherosclerosis.' This description was 
adduced in support of the contention that athletes 
capable of covering the marathon distance (42 km. or 
26.2 miles) are immune to coronary atherosclero
sis.',' Two recent autopsy reports on marathon run
ners appear to support this hypothesis: in one, fatal 
myocardial infarction developed but the coronary 
arteries were normal'; in the other. ventricular hyper
trophy with histologic features of hypertrophic car
diomyopathy developed, but again the coronary 
arteries were normal.' Several other reports' purport
ing to show coronary atherosclerosis in autopsied 
marathon runners have been erroneous. 7,8 

On the other hand, we have described four mara
thon runners with myocardial infarction and angio
graphically proved coronary-artery disease.s Autopsy 
data were unavailable, and our conclusions have been 
challenged.' We now report on four cases of autopsy
proved coronary atherosclerosis in marathon runners. 
One runner with severe coronary atherosclerosis died 
during a 24-km road race. Another had an occlusive 
coronary-artery thrombus and died in hospital while 
awaiting coronary bypass for unstable angina. Of 
three other athletes, killed in an automobile accident, 
two had coronary atherosclerosis. Thus, marathon 
running cannot ensure protection from coronary 
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atherosclerosis or fatal coronary-artery disease, al
though our findings provide no information on 
whether coronary disease and cardiovascular death 
are more or less frequent in the overall group of mara· 
thon runners. 

CASE REPO.aT8 

c ••• 1 

A 44·year-old man had been running long-distance events for 14 
months. During Ihis period he completed eight standard 42-km 
marathons, a 56.krn race in live hours and 59 minules, and, on 
May 31,1978, the Comrades Marathon (90 km long and very hLUy) 
in to hours and to minules. In training, he ran from 48 to 80 km per 
week. He was a nonsmoker and a sodal deinker. There was no rele· 
vant history of seriou. disease. In 1970 he received life insurance 
from two companies at a normal premium indicating the ab
sence of any apparent cardiovascular abnormality. 

In July, 1978, he ran a 50·km race in four hours and 59 minutes, 
and on August ]3, 1978, a standard 42·km marathon in four hours 
and two minut .... At about that time. he visited a general practi
tioner and complained of a nonspecilic lack of energy. There were 
nO symptoms or signs of i.chemic heart disease. The blood pressure 
WaS d""cribed as nonnotensive, although the actual value waS not 
recorded, The fasting serum cholesterol level was 7.65 romol per 
liter (296 mg per deciliter), the high-density lipoprotein fraction 
0.43 g per liter (43 mg per deciliter), and the triglyceride level I 63 
mmol per liter (145 mg p<r deciliter), The blood count and eryth
rocyte sedimentation rate were normal. Electrocardiography was 
not performed. 

On September 16, 11178, the athlete compoted in the 24-km 

K:Na 
0.88 

K:Na 
0.51 

Figure 1, Transverse Slice of Both Ventricles from Case 1 
after I ncubation with Nitroblue Tetrazolium. 

The healed anteroseptal infarction is represented by the 
white scarred area in the lower portion of the picture. Note 
loss of enzyme staining throughout the anterior left ventric
ular wall and in the subendocardisl posterior wall, a small 
zone in the epicardial posterior wan at the site of the biopsy 
and the right ventricular posterior wall. The potassium· 

sodium ratiOS were reduced as indicated. 

Reprinted from tbe New England JOlUMI of Medicine 
301:86-8~ (July 12). 1979 
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Figure 2. Anterior Descending and Circumflex Branches 01 Left Coronary Artery Irom Case 1. 
In the left panel, the anterior descending branch 01 the lell coronary artery 5 mm Irom its origin shows Grade 4 (75 to 100 per 
cent) atherosclerotic narrowing (elastin stain by van Gieson, x 7.5). In the right panel, the lell circumllex coronary artery 
shows Grade 4 (75 to 100 per cent) eccentric atherosclerotic narrowing 3.5 cm from its origin (hematoxylin and eosin 

stain, X 7.5). 

Simba road race. He was running without distress at the 19·km 
mark, .... hen he stopped to adjust a loose shoelace. Bending down, 
he suddenl~' lost consciousness and feU to the ground. The rLfSI run
ner lO reach him noted Ihat he was immobile and pulse less and rhat 
facial pallor rapidly developed. All attempts al resuscitation failed. 

Ar autopsy 48 hours after death, there were no extracardiac 
findings to explain the cause of death. The heart and some skeletal 
muscle were removed from the body, placed in ice and flown di
rectly to us for further analysis. Fifty-six hours after death, drill
biopsy specimens were taken from the macro!copically normal left 
ventricular epicardium and from the ske1etal muscle for analysis or 
potassium-sodium ratios 10 

The heart weighed 357 g! and there was an extensive anlerosr.p
tal infarction (Fig. 1). This healed infarction appeared to be of at 
least three to six months' duration and consisted of a mature scar 
devoid of inflammatory cells. Sections for microscopical examina
tion were taken at 10-mm intervals along the course or the three 
arteries. About 5 mm from its origin the anterior descending branch 
of the left coronary artery showed Grade 4 (75 to 100 per cent) 
atherosclerotic narrowing of the lumen (Fig. 2, left panel), and 
15 mm from its origin the artery was occluded by a completely or
gafllzed thrombus, in which some recanalization had occurred. The 
ex rent of atherosclerosis in the circumflex coronary artery is shown 
in the right panel of Figure 2. Light microscopy revealed fibrosis of 
the papillar~' muscle. There was no evidence of coagulative necro
sis, but in the subendocardium of the left ventricular posterior wall 
cytoplasmic contraction bands, lOoP as well as focal fibrosis. were ob
sr.rved (n this portion of subendocardium no enzyme activity was 
detected with nitroblue tetrazolium" (Fig. I). Conlraction bands 
were also present in the posterior wall of the right ventriele, which 
likewise showed no dehydrogenase enzyme activity. The atrioven
tricular node and the bundle of His were microscopically normal. 
The sinoatrial node was not included with the heart received for ex
amination. 

In biopsy specimens from the macroscopically normal epicardial 
left ventricular waiL the potassium-sodium ratios were much re
duced (0.63±0.06, mean ± S.E.M. in six specimens), whereas 
values in the skeletal muscle we .. normal (2.40±0.19 in eight spec
imens) - a combination found in sudden cardiac death_ 14 

Case 2 

This 41-year-old man had been running marathons for two years 
when in March, 1976, he had an acute- myocardial infarction, 
as previously described.' In short, coronary angiography in July, 
19i6. confirmed inferior myocardial infarction and showed com
plete occlusion of the circumflex coronary artery, 50 per cent nar
rowing of the proximal portion of the right coronary and minor 
luminal irregularities of the anterior descending coronary anery. 
He was treated with propranolol, 40 mg twice a day, and clofibrate 
(or mild, Type lIb hyperlipidemia, with cholesterol 6.85 mmol per 
liter (265 mg per 100 mil and triglycerides 2.35 g per liter (235 mg 
per 100 ml). For exercise rehabilitation, he was advised to continue 
jogging but not to participate in marathon races. He had smoked 
three pipefuls of tobacco and two to three cigarettes per day for 20 
yean, but he stopped one month after infarction. He gradually in
creased his training and on March 5, 19i7, approximately a year 
after myocardial infarction, he completed a 50-km race in five hours 
and 36 minutes. Two weeks later he ran a 42-km marathon in four 
hours and 45 minutes. He ran additional marathons in April and 
September, 1977, and in August, 1978, he ran a 42-km marathon in 
four hour, and five minutes. In the 28-month period between his 
myocardial infarction and this race, he had run 3624 km and com
pleted five marathons, as documented in his running logbook made 
a ... ·ailable to us by his widow. The logoook also records numerous 
episodes of pain in the chest, jaws or left arm during training runs, 
but he did not seek medical advice. 

In September, 1978, he was readmitted to hospital for two epi
sodes of unstable ang-ina. In October, 1978, a repeat coronary an
giogram showed complete occlusion of the circumflex coronary 
artery (as noted before), total occlusion of the right coronary artery 
(progression from a 50 per cent lesion found in 19i6) and more than 
80 per cent slenosis of the anterior descending coronary artery (pro
gression from minor luminal irregularities found in 1976)_ On the 
evening of October 17, while awaiting coronary bypass, he began to 

have severe chest pain, and electrocardiography revealed 3;cute 
anterolateral ST-segment elevation with increasing size of the 
Q wa ... ·es in V 5 and V,. Despite therapy, the hearl stopped within 
1 Y2 hours, and resuscitation failed. Consent was given for only 
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a partial post-mortem examination undertaken 58 hours after 
death. 

The heart weighed 344 g. Drill-biopsy specimen. were taken from 
th< marrQSfopieally normal left vemrkular free wall and septum for 
analysis of potassium-sodium rados. The three major epicardial 
coronary arteries were sectioned transversely at 3-mm intervals, 
Tbe mainstem of the left coronary artery was free of noteworthy dis
e.;e. but Its anterior descending branch showed up to Grade 4 (75 
to \00 per cent) narrowing. Total ocdusion by a fresh thrombus 
superimposed on Grade 4 atherosclerotic luminal narrowlOg was 
seen SO mm from its oflgin {Fig. 3}. In the left circumflex artery 
there was up to Grade 4 narrowing. and 40 mm from its origin the 
yessel was totally occluded by a long-standing organized throm
bus. In the right coronary artery there also was up to Grade 4 nar
rowing, and 23 mm from its origin the vessel Wall totally occluded 
for (, mm by a recently organized thrombus. 

The healed infarct of the left ventricular inferior wall was com· 
posed of mature, hypocellular fibrous tissue. Numerous dilated, 
thin-walled blood vessels were present, but there were no inflam
matory cells. Th .. e appearances were in keeping with a healed in· 
farrtion of over two years' duration, Incubation of a transverse slice 
of the heart through both ventricles with blue tetrazolium" showed 
deficient enzymatic acttvity only in the scarred wall of the left ven· 
tricle. Although there were neither histologic nor enzymatic 
chan~es of fresh infarction, hyperacute infarction was strongly sug· 
gested by Ihe clmical feature. and the re~ent thrombus. The sino
atrial node was not present in the heart specimen submitted. The 
atrioventricular node showed mild interstitial fibrosis, but the bun
dle of His was normal. The descending thoracic aorta .howed mod· 
erate atheroscierosis, and lung sections revealed acute edema. 

Case 3 

A 36-year·old man began senous long.distance running in 
January, 1971, and in the seven years before his death had run ap· 
proximately 80 km a week. Each year he had competed in four or 
more standard marathons or longer races. including three 90-km 
Comrades !\1arathons and a 160-km track race. For the nine years 
up to 1969, he had smoked approximately 10 cigarettes per day, but 
had not smoked again after that date. In February, 1976, a routine 
medl{;(t) examina1ion revealed no symptoms or signs of cardiovas .. 
cular dLSeas •. His blood pressure was 130/80 mm Hg, and the rest· 
ing and submaximat-efTort electrocardiograms (to a heart rate of 
1;;0 beats per minute) were both normal. On April 30, 1978, while 

'. 

Figure 3. Anterior Descending Coronary Artery from Case 2. 
The artery is totally occluded by a fresh thrombus superim· 
posed on Grade 4 (75 to 100 per cent) atherosclerotic luminal 

narrowing 5 cm Irom its origin. 
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Figure 4. Diagonal Branch of the Left Anterior Descending 
Coronary Artery from Case 3. 

Severe luminal reduction tS Indicated by concentric intimal 
fibrosis. Scanty lipid is present. Note that this marathon run
ner was asymptomatic, had been running for seven years and 
was only 36 years old (hematoxylin and eosin stain, X 50). 

on a long training run in preparation for the 1978 Comrades Mara
thon, he and twO other runners {Cases 4 and 5} were irun.ntly killed 
by an automobile. Forensic autopsies were performed. 

The heart weighed 360 g, and the myocardium was normal. The 
anterior descending branch of the Idl coronary artery and one of its 
large diagonal branches (Fig. 4) showed advanced luminal narrow. 
in10l by concentric.. atheroscierQsilt of rhe lot'ma. The ~eft circumflex 
branch and the right coronary artery showed milder atheroselerot· 
ie na!Towing. The small coronary vessels were normal. Histologic 
study of the ventricular myocardium showed no evidence of infarc
tion or fibrosis. The only additional abnormality detected was a lo
calized area of fibrous thickening on the eontacl area of the anteri
or mitral leaflet 

Caae4 

A 27 .year-old man had been an active athlete at «haol and had 
e~celled at rugby, football and middle-distance running. In 
February, 1977, he began long-distance running, and in the fOLlow
ing 14 month. he completed three 42-km standard marathons or 
longer races. One week before his accidental death he completed a 
56-km marathon in five hours and 34 minutes. There was no im
portant medical history. For the previous three years he had 
smoked an average of 10 cigarettes per day. At autopsy, the heart 
wei~hed 350 g, and there was evidence of subendocardial intersti. 
tial fibrosis in the left ventricle. The right ventricle showed adipose 
infiltration and scanty sl1bend()("ardia' myofibriHar de~eneration. 
The left anterior descending branch of the left coronary artery 
showed 25 to 50 r .. r cent atherosclerotic na!Towing. The c"cum
nex branch, the mainstem of the left coronary artery and the right 
coronary artery had no appreciable narrowing. 

Case 5 

lIefore hi. accidental death, this 38-year-old man had been run· 
ning regularly for three years and had participated in one standard 
marathon and numerous shorter races. For the five years before his: 
death. he had smoked five to 10 cigarettes per day. The coronary ar· 
teries and myocardium were normal. 

DISCUSSION 

Bassler has stated that "until there is lutopsy evi· 
dence of fatal atherosclerosis among marathon run
ners, it seems prudent to advise this life-style for the 
prevention of this disease. '" We have described two 
autopsy-proved cases of fatal coronary atherosclero-
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sis in marathon runners. In the first runner cardiac 
death occurred during a road race and was shown by 
the abruptness of his death, the extensive coronary 
atherosclerosis together with a previous myocardial 
infarction (Fig. 1 and 2), the decreased potassium
sodium ratio in the myocardium in the presence of a 
normal ratio in skeletal muscle" (an especially note
worthy finding because the potassium-sodium ratio 
does not fall below 1 in the normal heart even many 
days after deeth IS ), the loss of blue tetrazolium stain
ing" in the subendocardial posterior left ventricular 
wall and the presence of contraction bands. lo- 12 

Contraction bands can be found in a variety of acute 
myocardial injuries," including sudden death 12 and 
early infarction 10; combined with a decreased potas
sium-sodium ratio and loss of blue tetrazolium stain
ing, these bands strongly suggest an early infarction. 
The blue tetrazolium staining is lost an hour or more 
after the onset of infarction and can be detected even 
in hearts stored for three days." The small area of the 
subendocardial zone involved (Fig. 1) may explain 
why this runner had no cardiac symptoms before his 
death. 

In the second athlete, inferior myocardial infarc
tion and angiographic evidence of circumflex coro
nary-artery occlusion developed despite marathon 
running' After recovery from his infarction, this run
ner continued to compete in long-distance races 
against medical advice. His symptoms wor,ened, and 
repeat angiography showed progression of the coro
nary-artery disease to complete occlusion of the right 
coronary artery and critical stenosis of the anterior 
descending coronary artery. He died in hospital with 
recent electrocardiographic evidence of acute antero
lateral transmural myocardial ischemia, and autopsy 
confirmed extensive coronary atherosclerosis with 
superimposed fresh and long-standing occlusive 
thrombi (Fig. 3). This case argues against another 
statement made by Bassler, that "it is biologically im
possible for atherosclerosis to progress in anyone 
capable of even walking the 42 km distance. "16 

Although our autopsy data provide firm evidence to 
disprove the "Bassler hypothesis," a number of im
portant reservations are involved. First of all, the 
wider hypothesis that marathon running could give 
partial protection against ischemic heart disease must 
still be considered. Secondly, we cannot prove that 
marathon running did not reduce the rate of progres
sion of coronary atherosclerosis in these or other ath
letes. Nor can we prove that if these men had not been 
marathon runners, they would not have died sooner. 
On the other hand, our data also do not exclude the 
possibility that marathon running hastened their 
deaths. In addition, coronary-artery disease has many 
causes, and undetected risk factors other than exercise 
could conceivably have had a role; Case 2 had mild 
hypertriglyceridemia, and Case 1 had a high-density 
lipoprotein fraction that was normal when compared 

with control values but low when compared with 
Wood's values for athletes." It should also be noted 
that the greater alcohol intake of Wood's athletes 
could account for part of the elevation in high-density 
lipoproteins." 

Our data also illustrate the problems of arguing on 
the basis of isolated autopsy reports. An isolated 
report can only disprove a dogmatic statement, such 
a, the assertion that marathon runners are immune to 
fatal atherosclerosis. But a single case report supplies 
little evidence for or against the more general thesis 
that marathon running or other prolonged exercise 
decreases the risk of fatal atherosclerosis. Indeed, the 
real weakness of the "Bassler hypothesis" ;s that it 
purports to establish epidemiologically valid conclu
sions from isolated autopsy data, whereas a proper 
epidemiologic survey would be required to settle the 
real relations between marathon running, coronary
artery disease and cardiovascular fatalities. 

We are indebted (0 the wives, friends and doctors of (he deceased 
runners for their ..... ilting co-operation in provlding the case histories. 
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Unforeseeing one! Yes, he fought on the Marathon day: So, when Persia was 
dust, all cried "To Akropolis! Run Pheidippides, one race more! The meed is 
thy due! "Athens is saved, thank Pan," go shout! He flung down his shield, 
And Athens was stubble again, a field which a fire runs through, 
Till in he broke "Rejoice, we conquer!" Like wine through clay, 
Joy in his blood bursting his heart, he died-the bliss! 

INTR.ODUCTION 

"Pheidippides" 
Robert Browning 

1879 

The marathon race commemorates the immortal run of an unknown soldier, 
fully armored and "hot from battle," to Athens to inform the Greek capital 
that the invading Persians had been defeated on the plains of Marathon. Had 
the Athenians in their unguarded capital remained ignorant of the Persian 
defeat, they might have surrendered without resistaJ1ce to a direct seaborne 
invasion; thus the reason for the run. 

Legend has it that, having delivered his news "R"joir.e, rejoice, Victory is 
ours!' , the messenger died suddenly from what Brown.ng considered to be a 
cardiac death. Thus, in legend at least, the marathon race links extreme physical 
exertion with sudden cardiac death. 

A recenl hypothesis suggests this relationship to be unproven because "there 
are no documented deaths from coronary heart disease among marathon 
finishers of any age." 1 Thus far this hypothesis has been characterized by 
repetitive statement 1-27 but without any published documentation. In addition, 

* This work was supported by the South African Medical Research Council and the 
Chris Barnard Fund. 
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it has not always been entirely clear what this "Bassler hypothesis" entails 28 
because marathon running has variously been described as providing immunity 
to coronary heart disease,1-1o to ischemic heart disease,!1. 12 to fatal myocardial 
infarction,13-15 to "loafers heart," 16 and to coronary atherosclerosisY-26 

In this paper we report six cases of myocardial infarction in highly-trained 
marathon runners. Four of these athletes had coronary artery disease demon
strated angiographically and considered indistinguishable from coronary athero
sclerosis. 

CASE REPORTS 

Case 1 

A 35-year-old man had been running for at least 10 years before his death 
in February 1974. His athletic achievements included a best standard marathon 
time of 2 hours 33 minutes in April 1973, a time of 3 hours 24 minutes in 
April 1972 for 33 miles, and in May 1971 he finished the 56 mile Comrades 
Marathon in 45th position out of 925 competitors in a time of 6 hours 51 
minutes. During 1972 and 1973 he ran a total of 4783 miles. 

There was no family history of heart disease. His running logbook records 
that he went running on 11 occasions during the first three weeks of January 
1974. On six of these runs reference is made to the presence of chest pain 
and/or pain between the shoulder blades. This was severe enough to force him 
to stop running on a number of occasions. During one 41h -mile time trial, at 
which his wife was present, she recalls that he was forced to stop running five 
or six times. A friend advised him to see a doctor but he declined attributing 
his problems to "unfitness." In this period he ran 27- and 40-mile training runs. 
During this longer run he had severe chest pain that frequently forced him to 
stop. 

On the day of his death, he went to work as usual but telephoned home at 
4 P.M. to say he was going surfing. However, he arrived home 50 minutes 
later saying that he was "too breathless" to surf properly. He went inside the 
house and 20 minutes later asked his wife to take him to the doctor immedi
ately as he had severe chest pain. His wife recalled that he looked pale but 
was not sweating and did not complain of nausea. During the car ride to the 
doctor he requested his wife to drive faster as the chest pain was getting worse 
and that it was now present in his left hand, which felt paralyzed. 

He was seen by a general practitioner who gave him an injection and 
informed his wife that he had had a heart attack. The patient was driven to 
hospital immediately where he was admitted to the Intensive Care Unit. A 
diagnosis of acute myocardial infarction was made on the clinical features and 
the absence of signs of rupture of aortic aneurysm or massive pulmonary 
embolus or other causes of acute severe chest pain. 

The patient died at 6:40 P.M. and the diagnosis on the death certificate 
was coronary thrombosis. No postmortem was performed and an incorrect 
report in a letter 29 was discounted on further investigation. 

An electrocardiogram was taken on admission to hospital (FIGURE 1) and 
later reported as showing changes of acute inferior subendocardial ischemia. 

In view of the clinical picture and the supportive evidence of the ECG, it 
is believed that this constitutes a fatal myocardial infarction occurring in an 
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active marathon runner. Scaff's claim 30 that the ECG was that of heat stroke 
could readily be discounted because the patient had not been running on the 
day of his death. Our case thus disproves at least one of Bassler's statementsP-15 

As no autopsy was performed, Bassler rejected this case as disproving his 
hypothesis. He modified his previously ambiguous statements by clarifying that 
marathon running provided immunity only to coronary atherosclerosis.23 • 27 

However, coronary atherosclerosis need not present only as sudden death. Thus, 
for his hypothesis to be epidemio]ogically valid, marathon runners who develop 
other clinical manifestations of coronary atherosclerosis such as exertional chest 
pain or myocardial infarction must be shown to be free of this disease. In four 

CASE 1 
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FIGURE 1. Case 1. ECG taken shortly before death showing ST changes compatible 
with acute inferior subendocardial ischaemia. 

marathon runners with myocardial infarction we have shown the presence of 
significant coronary artery disease considered angiographical1y indistinguishable 
from coronary atherosclerosis. A fifth runner who has sustained a documented 
myocardial infarction, has an ischemic response to submaximal exercise but 
declined coronary angiography. 

Case 2 

A 39-year-old White male participated in rugby football and amateur boxing 
in which he was nationally ranked until the age of 18, after which he became 
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physically inactive. Apart from occasional acute attacks of gout from 1963 
onwards (for which he took allopurinol), he had no cause to seek medical 
attention. In January 1974 he took up long distance running and in the course 
of the following 27 months completed two Comrades Marathons, a number of 
standard marathons and had run 4050 miles in training. By the end of March 
1975, he was in full training for the Comrades Marathon and was running more 
miles at a faster pace than at any previous time in his life. However, having 
completed his usual Sunday morning run of 26 miles uneventfully, he became 
aware of a sharp stabbing pain in his right elbow after he had run about 1 mile 
of a planned 8-mile training run on Monday, March 28. The pain persisted 
and after a further 2 miles was followed by the onset of moderately severe, 
cramping, anterior chest pain. These pains became progressively worse until 
he was forced to walk. Within a minute of walking these pains disappeared 
only to reappear immediately on jogging. The patient returned home and 
although he felt sluggish, he had no further chest pain. On the following 2 days 
the patient walked and ran a total of 18 miles and was again troubled by the 
same pains. On Thursday morning, the patient was awakened by severe, 
crushing precordial chest pain radiating to the right elbow. There was associated 
sweating and nausea. 

He was seen in Casualty at Bloemfontein National Hospital where the 
electrocardiogram showed a hyperacute inferolateral myocardial infarction 
with marked ST-segment elevation in leads II, III, AVF, V5, and V6, with 
pathological Q waves in III, AVF, and V6. On admission to the Intensive 
Coronary Care Unit, the only abnormal findings were a jugular venous pressure 
raised 2 cms above the manubrium sterni and a third heart sound. He was 
treated with digoxin, furosemide, and supplemental potassium for mild right 
ventricular failure. 

Cardiac enzymes were elevated the day after admission, creatine phospho
kinase 510 units/ml (normal up to 50); lactate dehydrogenase 283 units/ml 
(normal up to 90). Enzymes returned to normal values within 4 days. He was 
discharged from hospital on propranolol (40 mgs three times daily) and on 
sulphinpyrazone. 

On the day of his hospital discharge (against his physician's advice) he 
walked half a mile without chest pain and returned to work the following 
morning, 12 days after myocardial infarction. 

Over the next 3 weeks he increased his daily walking distance to 2 miles 
at which stage he resumed jogging. For a period he developed elbow and 
chest pain when jogging, but always walked immediately when any chest pain 
started. By the end of June he was jogging without symptoms up to a distance 
of 6 kilometers. In mid-July 1976 he was admitted to Groote Schuur Hospital 
for assessment of coronary risk factors and evaluation of the desirability of his 
continued marathon running. 

There was no family history of heart disease or hypertension, but one 
maternal aunt had died from diabetes in her forties. He abstained from alcohol 
but had smoked three pipefuls of tobacco and two to three cigarettes from the 
age of 18 until one month after his myocardial infarction. 

The patient was a small (5'6"), muscular White male (somatotype 2: 61h : 1 
Heath-Carter, percentage body fat 13.6%). There were no stigmata of hyper
lipidemia. The patient was normotensive (blood pressure 110170 mmHg) 
and the resting heart rate was 50 beats per minute. The apex beat was not 
displaced and there were no abnormal auscultatory findings. All peripheral 
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pulses were present. Other features, including urine and blood count were 
normal, and the ESR was 5 mm/hr (Westergren). 

The glucose tolerance test was normal, serum uric acid was greater than 12 
mgs per 100 ml, and a fasting lipogram was classified as a type lib hyper
lipidemia; cholesterol 265 mg/100 ml, triglyceride 235 mg/ 100 ml (normal up 
to 150 mg/l00 ml). chylomicrons 16 mg/l00 ml (normal up to 12 mg/l00 
ml), pre-beta-lipoproteins 177 mg/lOO ml (normal up to 150 mg/lOO ml). 
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FIGURE 2. Case 2. Resting ECG 3 months after acute myocardial infarction show
ing Q waves in leads 2, 3, and AVF. The tall T wave in V, and V. is normal for 
athletes.1II) Heart rate: S2/min_ 

and beta-lipoproteins 513 mg/l00 ml (normal up to 480/100 ml). Chest 
X ray was normal and a resting electrocardiogram showed an old inferior 
myocardial infarction (FIGURE 2). The effort electrocardiogram did not reveal 
any symptoms, arrhythmias or ST changes up to a heart rate of 130 per 
minute while on propranolol 40 mg b.d. 

The echocardiogram showed normal sizes and movement of heart chambers 
and no thickening of the posterior ventricular wall. The patient was Holter
monitored during a 30-minute jog, and no arrhythmias were found. 
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FIGURE 3. Left coronary angiogram in right anterior oblique (R.A.O.) showing 
complete occlusion of the circumflex artery (black arrow) and luminal irregularities 
in the anterior descending coronary artery (open arrows). 

Left heart catheterization showed an increased left ventricular end-diastolic 
pressure (20 mmHg). 

Angiography revealed complete occlusion in the distal circumflex artery just 
after the origin of the obtuse marginal branch (FIGURE 3), with a small seg
ment of the more distal vessel filling later by means of bridge collateral. The 
left anterior descending artery had minor luminal irregularities (FIGURE 3). 
There was a 50% narrowing of the right coronary artery, which involved the 
origin of the right ventricular branch; the rest of the vessel was of good 
caliber with some luminal irregularities (FIGURE 4). Cineangiography of the 
left ventricle showed good contraction except for an area of inferior and 
infero-basal hypokinesia. 

Treatment for the patient's gout and hyperlipidemia was instituted and the 
patient was advised against running extreme distances such as the 56-mile 
Comrades Marathon. 

Case 3 

A 48-year-old White male had been physically active throughout his life 
and was a nonsmoker. There was a family history of heart disease, his father 
had died suddenly at the age of 60 and a paternal uncle had died of "heart 
failure." 
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There was no past history of significance. He had been a long distance 
runner for 10 years and during this period had completed seven Comrades 
Marathons and more than 20,000 miles in training. After completing the 
1975 Comrades Marathon in 934 hours, he maintained a heavy training 
schedule until the end of October 1976 when he traveled to Greece to run the 
Sacred Marathon on the course over which the legendary Marathon was run. 
For 6 weeks prior to this event he had been training 80-90 miles a week, 
including 25 mile runs at the weekend. He had never trained as hard as this 
in his life. 

This Sacred Marathon was run in adverse environmental conditions, it 
being dry and hot, with the race starting at 1 PM. Facilities to supply the 
runners with fluid replacement were inadequate and in contrast to his usual 
practice, the patient was forced to drink very little fluid during the first 20 miles 
of the race. At about this point the patient began to feel nausea and was 
aware of a dull pain, feeling like a wind, in the epigastrium. The pain forced 
him to walk and he soon began vomiting. There was no chest pain. 

Despite this discomfort and the regular occurrence of vomiting, the patient 
insisted on completing the last 6 miles of the course, which he did in two hours. 

After the race the patient returned to his hotel where he continued to 
vomit and was unable to eat or drink. Four hours after finishing the 

FIGURE 4. Case 2. Right coronary angiogram showing stenosis of the proximal right 
coronary artery (black arrow). 
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marathon, the patient was pain free and was seen by a marathon-running 
physician (J.M.) who prescribed an antiemetic to control the vomiting and 
advised the patient to drink fluids as he was dehydrated. During the night he 
passed urine but remained ill. For the next 24 hours his condition remained 
unchanged, but on the evening of the following day the epigastric pain radiated 
up both sides of the chest and into the back. A cardiologist was called and a 
diagnosis of acute myocardial infarction was made; the patient was admitted 
to the Intensive Care Unit of a local Athens hospital where an ECG showed 
an anteroseptal myocardial infarction. The patient was given two liters of 
intravenous fluid rapidly as he was dehydrated and anuric; this treatment 
relieved both the epigastric and chest pains. His further course was uncom
plicated and he flew back to South Africa 4 days later in the company of 
J .M. From the plane he went to a hospital where he remained for 8 days. 

Four days after discharge (against medical advice) he began walking 4 to 
5 miles a day, and within a further 3 weeks he commenced jogging again. In 
January 1976 he was running 25 miles a week and by the beginning of March 
he had doubled this and thereafter continued at this level of activity. 

In August 1976 he was admitted to Groote Schuur Hospital for investiga
tion. Systemic interrogation did not reveal any additional features. On physical 
examination there were no stigmata of hyperlipidemia. The patient's somato
type was endo-mesomorphic (4:5Yz:2 Heath Carter) and he had an estimated 
22.5% body fat indicating more adiposity than is usually associated with 
marathon runners. The resting pulse rate was 52 beats per minute and the 
blood pressure 130/90 mmHg. While the apex beat was not displaced there 
was a palpable fourth heart sound and on auscultation at the apex, in the 
lateral decubitus position, a systolic click and a late systolic murmur were 
audible. Phonocardiography at the mitral area showed third and fourth 
heart sounds, and there was an intermittent nonejection click. No definite 
systolic murmur was recorded. 

The electrocardiogram showed the pattern of an old transmural anterior 
myocardial infarction with lateral T wave abnormality (FIGURE 5). The chest 
X ray showed mild cardiomegaly with a cardiothoracic ratio 52%. The lung 
fields were clear. A glucose tolerance test was within normal limits. The 
fasting lipogram showed cholesterol of 268 mg/100 ml and triglycerides of 
107 mg/100 ml. Echocardiography showed that the left ventricular internal 
diameter was increased; the percentage of fractional shortening was normal; 
and no increased thickening of the posterior left ventricular wall was detected. 

At cardiac catheterization, the left ventricular end-dia:;tolic pressure was 
markedly elevated (30 mmHg at rest). 

Coronary angiography showed a 2-cm area of 50%-75% narrowing in the 
mid-portion of the left anterior descending artery, but with good filling of the 
normal distal vessel (FIGURES 6a & b). The mainstem and circumflex vessels 
were free of disease. The right coronary artery was unobsttucted. dominant. 
and of large caliber. 

The left ventricular angiogram showed an enlarged left ventricle with an 
extensive akinetic area involving the apical. anterolateral. and inferior surfaces. 

The patient easily ran 18 miles with one of us (T. N.) without the develop
ment of symptoms or undue fatigue. In view of this. he was advised to maintain 
running up to 8 miles a day with a single run of up to 15 miles on weekends. 
He was advised how to avoid dehydration while running 31 and was dissuaded 
from running in competitive marathons. 
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Case 4 

A 50-year-old White male had been running for 10 years and had partici
pated in competitive long distance running since 1969. He had completed 18 
standard marathons and on average, had run more than 40 miles a week during 
this period. 

His best marathon time was 3 hours and 36 minutes and in October 1974 
he ran the Albuquerque, New Mexico Marathon in an attempt to qualify for 
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FIGUllF. S. Case 3. Resting ECG 9 months after acute myocardial infarction show
ing Q waves and loss of R amplitude in V leads. 

the 1975 BOlton Marathon (Qualifying Standard: 3 hrs 30 mins). After 15 
miles of this marathon he became aware of vague chest discomfort which he 
attributed to altitude and dehydration. Although he did not feel particularly 
ill, he was reduced to walking the last 7 miles of the race and finished in 5 
hours and 10 minutes. 

After the race he continued to feel ill and in the plane flying home, he again 
felt chest discomfort, which was not severe enough to cause him alarm. At 
work the next day he was troubled by a vague malaise and at noon on the 
following day, 48 hours after the marathon, he developed severe precordial 
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FIGURE 6a. Case 3. Left coronary angiogram in R.A.O. showing a 2-cm segment 
(arrowed) of the anterior descending coronary artery with 50%-75% narrowing and 
good distal filling. 

chest pain radiating down the left arm into the fingers, associated with marked 
dyspnoea. 

He went immediately to the local hospital where he was admitted to the 
Coronary Care Unit. On admission, the patient was normotensive (110/80), 
and except for a prominent fourth heart sound, a gallop rhythm, and a peri
cardial friction rub, the cardiovascular examination was normal. The chest X 
ray was normal and the electrocardiogram was compatible with acute inferior 
myocardial infarction. Serial enzyme and electrocardiographic changes con
firmed this diagnosis. Serum lipids were normal (cholesterol 216 mg/ml, 
triglycerides 114 mgt ml). The patient's hospital course was uncomplicated and 
he was discharged from hospital on the ninth day post-infarction. The follow
ing day, against medical advice, he recommenced jogging. 

In November 1974. one month after myocardial infarction, the athlete was 
admitted to the Good Samaritan Hospital for assessment of his cardiovascular 
status. Five years previously. the patient had been admitted to hospital with 
severe chest pain. but as the electrocardiogram and serum enzymes were normal, 
a firm diagnosis could not be established. 

Additional interrogation revealed that the patient was a nonsmoker. that his 
father had suffered from hyperlipidemia and had died from a heart attack; his 
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mother had suffered from hypertension and had died from a cerebrovascular 
accident. 

A maternal uncle suffers from diabetes. 
The patient was normotensive. On palpation at the apex a systolic bulge was 

noted, and on auscultation a third and fourth heart sound was heard. Phono
cardiography confirmed these findings. The remainder of the cardiovascular 
examination was normal. 

The electrocardiogram showed the pattern of an old transmural inferolateral 
myocardial infarction (FIGURE 7). The chest X ray was reported as normal. 
Echocardiography showed both the left ventricular internal diameter and the 
posterior wall thickness to be normal. 

At cardiac catheterization, the right atrial, right ventricular, the pulmonary 
arterial and pulmonary "wedge" pressure were all normal as was the left ven
tricular end-diastolic pressure. Parameters of left ventricular function, spe
cifically cardiac output and the tension-time index were all normal. 

Selective coronary angiography showed the left coronary artery to be normal 
(FIGURE 8). The right coronary artery was dominant with only minor seg
mental lesions in its proximal extent (FIGURE 9a), but there was an area of 
significant stenosis more distally (FIGURE 9b). 

FIGURE 6b. Case 3. Left coronary angiogram in left anterior oblique (L.A.O.) 
showing narrowed segment (arrowed). 
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FIGURE 7. Case 4. Resting ECG one month after acute myocardial infarction show

ing Q waves in leads 2, 3, and AVF and anterolateal T wave inversion. 

After nitroglycerin administration, there was no change in the luminal di
ameter of the coronary arteries. 

The left ventricular angiogram showed a normal-sized left ventricle, but a 
dyskinetic area was shown at the apex of the left ventricle (FIGURES lOa & 
lOb). 

In January 1975, two months after myocardial infarction, the patient com
pleted the Fiesta Bowl Marathon in 4 hours 13 minutes. He has subsequently 
completed a further five marathon races and has returned to his preinfarction 
training status. 

Care 5 

A 37-year-old White male, who was a nonsmoker and who had no family 
history of heart disease, began jogging regularly in 1967 in order to improve 
his health and to lose weight. At the urging of a friend, in late 1971, he in
creased his training mileage with a view to running the 1973 Comrades Mara
thon. In 1972 he ran approximately 1500 miles in training. 

During 1972 a routine medical examination for insurance purposes revealed 
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T-wave inversion in the inferior leads (leads 2, 3, & AVF). He received insur
ance only at a loaded premium and was told that he had the Billowing Mitral 
Leaflet Syndrome (Barlow's Syndrome). 

In 1973 and 1974 he completed the Comrades Marathon in 7 hr 17 min and 
7 hr 20 min, respectively. During this period he ran about 2000 miles in train
ing annually. His best time for the standard marathon was 2 hr 51 min. In the 
5 months before the 1976 Comrades Marathon he had run a further 1200 miles. 

During the race itself, he passed the halfway mark of the course in 3 hr 
19 minutes and was lying amongst the top 100 runners. He was feeling "strong" 
and considered it very likely that he would complete the distance in under 7 
hours. However, after a further 6 miles of running, he suddenly feIt very tired, 
nauseous and noted that he was sweating profusely. He chose to walk for a 
period of 20 minutes after which he was again able to run. This sequence 
recurred three times but there was no chest pain nor did he vomit. 

He completed the race in 7 hr 33 min but as he continued to feel ill after 
the race, he was referred for admission to a local hospital. Overnight he was 
treated with intravenous fluids and the following morning was found to be 
grossly edematous, with a jugular venous pressure raised 8 cm above the manu
brium sterni, a third heart sound, dullness to percussion at both lung bases, 
and a 3-cm hepatomegaly with gross abdominal ascites. An ECG at the time 
showed an acute inferior myocardial infarction and serial enzyme changes were 
compatible with this diagnosis. The patient responded welI to conservative 
therapy and was discharged from hospital 11 days later. 

FlGURE 8. Case 4. Left coronary angiogram showing a normal left coronary artery 
in R.A.O. view. 
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FIGURE 9a. Case 4. Right coronary angiogram in R.A.O. showing dominant right 
coronary artery with minor segmental irregularities in its proximal and middle thirds. 

FIGURE 9b. Case 4. Right coronary angiogram in L.A.O. showing a distal stenotic 
lesion in the late filling phase (arrow). 
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FIGURE lOa. Case 4. Ventriculogram during diastole. Part of the apex and inferior 
surface of the ventricle has been outlined in white. 

FIGURE lOb. Case 4. Ventriculogram during systole showing an area of inferior 
and apical dyskinesia (black arrows). 
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He commenced regular walking on discharge from hospital and two months 
later began jogging 3 to 5 miles, four times a week. 

He was seen at Groote Schuur Hospital 19 months after his initial hos
pitalization. An ECG confirmed an old transmural inferior myocardial infarc
tion (FIGURE 11). Clinical examination was entirely normal, there being no 
stigmata of hyperlipidemia; the patient's blood pressure was 130/90, the heart 
sounds were normal, and all pulses were present. The chest X ray was normal. 

Echocardiography revealed all the heart chambers to be of normal size. The 
movement of the mitral valve was also normal, and was not considered com
patible with Barlow's Syndrome. 

During the exercise stress test, segmental ST depression first appeared at a 
heart rate of 160 beats/min and became progressively more severe in the 
anterior lead up to a heart rate of 190. 

Immediately after exercise, sr depression was present in leads V4, V5, and 
V6 (FIGURE 12). Together with the inferior myocardial infarction, this could 
suggest diffuse coronary artery disease. 

The patient declined to have coronary angiography performed. 
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FIGURE 11. Case 5. Resting ECG, 19 months after inferior myocardial infarction. 
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CASE 5 

FIGUllE 12. Case 5. ECG 5 minutes after exercise showing ST depression in leads 
V4, V5, and V6. 

Case 6 

A 46-year-old White male athlete was first seen in 1972 with a complaint 
of pain in the left groin while running. He was fully examined, including an 
BeG (FIGURE 13) and no cardiovascular abnormality was reported. 

The patient was next seen in December 1974 with the complaint that while 
running 5 days previously, he had developed a severe pain across the front of 
his chest. On this occasion he had refused to stop and, despite chest pain, had 
run on 3 of the following 4 days, including a lo-mile time trial. An ECG at 
the time showed changes of anteroseptal myocardial infarction (FIGURE 13). 
The patient refused hospitalization. He was allowed to rest at home but per
sisted in physical activity, including mowing his lawn, for 5 hours, with severe 
chest pain. 

In February 1975, an effort electrocardiogram, a glucose tolerance test, a 
fasting lipogram, and serum uric acid estimation were all normal. The patient 
was allowed to start careful jogging but was advised against any future com
petitive running. However, in September 1975, he completed a 17-mile road 
race without difficulty and in April 1976 he ran 93 miles in a 3-day race. 

Two years after the original diagnosis of myocardial infarction, the patient 
was admitted to Groote Schuur Hospital for cardiac evaluation as he wished to 
run his 15th Comrades Marathon in 1977. 

Special interrogation revealed that the patient was known to have retinitis 
pigmentosa, leaving him with moderately impaired vision. There was a family 
history of heart disease, his father dying suddenly at the age of 51 from 

C-23 

Paper 2 



Paper 2 

610 Annals New York Academy of Sciences 

myocardial infarction. His mother had died at 53 from diabetes and was a 
carrier of an X-linked gene for retinitis pigmentosa. 

The patient was a teetotaler and had never smoked. He had always been 
extremely physically active, representing his Province at swimming while still 
a schoolboy. Failing vision forced him to tum to rowing, and in 1958 he was 
selected to represent South Africa as an oarsman at the Empire Games. In 
1960 he took up long distance running and between 1961 and 1974 had com
pleted 14 consecutive Comrades Marathons and had run more than 30,000 
miles in training. 

Systemic interrogation revealed only that the patient frequently developed 
exertional chest pain, particularly when running uphill or before he had 
"warmed up." When on the flat he was able to "run through" his chest pain, 
but was often reduced to a walk on the uphill. On physical examination, there 
were no stigmata of hyperlipidemia. The pulse rate was 65 beats per minute 
with the occasional irregular beat. The blood pressure was 130/90. The apex 
was impalpable and there were no abnormal auscultatory findings. All periphe
ral pulses except the dorsalis pedis on both sides were present and there were 
no bruits. 
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FIOURE 13. Case 6. Resting ECGs taken 2 years apart. The 1972 tracing shows 
diminishing R waves in Vl-V2 and narrow Q waves in V3 suggestive of old anterior 
infarction. The more recent tracing, taken 4 days after the onset of chest pain, shows 
Q waves with loss of R waves in V2-V4. 
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FIGURE 14. Case 6. ECG taken 4 minutes after exercise showing ventricular 
bigeminy. 

The chest X ray was normal and the resting ECG was unchanged from that 
shown in FIGURE 13. 

An effort electrocardiogram was unchanged up to a heart rate of 174 beats 
per minute but at 4 minutes postexercise, a run of ventricular bigeminy appeared 
lasting for 1 minute (FIGURE 14). 

Left heart catheterization showed all the pressures to be normal. 
Coronary angiography revealed a dominant right coronary artery with mild 

proximal disease and a 70% area of narrowing in the posterior descending 
artery (FIGURE 15). The distal left anterior descending coronary artery was 
seen to fill retrogradely. 

The mains tern left coronary artery was free of disease but the circumflex 
artery had mild, diffuse disease (FIGURE 16a). The left anterior descending 
artery was narrowed by approximately 80% in at least three areas of its proxi
mal and midportions with the distal vessel filling late (FIGURE 16b). A large 
diagonal branch, supplying a significant area of myocardium, was present (FIG

URES 16a and 16b). 
The left ventricular angiogram showed a large akinetic area involving the 

anterolateral, apical, and diaphragmatic segments with good contraction of the 
inferobasal and anterobasal segments (FIGURES 17 a and 17b). 

DISCUSSION 

Marathon Running and Immunity to 
Coronary Atherosclerosis 

Strong epidemiological evidence exists to suggest that regular physical ac
tivity may be beneficial in terms of favorably altering coronary risk profile,32 
in reducing the incidence of ECG abnormalities compatible for myocardial 
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FIGURE 15. Case 6. Right coronary angiogram showing the right coronary artery 
in L.A.O. with mild proximal disease and a 70% area of narrowing in the posterior 
descending artery (arrow). 

ischemia,33 and in reducing coronary mortality 3~. 35 and, in particular, the inci
dence of sudden death. 36 

This report of coronary heart disease amongst highly-trained marathon 
runners in no way refutes these important studies nor does it alter the belief 
stated previously by two of the present authors, in the benefits of regular physi
cal activityY· 38 However, neither the mechanism whereby exercise may pro
tect nor the amount of exercise required for protection has been established. 
The Bassler hypothesis has had the unfortunate effect of promoting marathon 
running as the method by which anyone, regardless of precursor pathology or 
risk factors for coronary heart disease, can achieve total immunity to coronary 
atherosclerosis. In addition, it has left many with the impression that other 
less vigorous sports may have no place in coronary heart disease prevention. 

We report six cases of myocardial infarction in highly-trained marathon 
runners. Four of these athletes had coronary artery disease demonstrated 

FIGURE 16b. Case 6. Left coronary artery in R.A.O. showing an area of stenosis 
in the circumflex branch (open arrow). The anterior descending coronary artery is 
narrowed by approximately 80% in at least three areas (black arrows). 
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FIGURE 16a. Case 6. Left coronary artery in L.A.O. showing a severely diseased 
left anterior descending artery (LA.D. in diagram), a large diagonal branch (D in 
diagram) and diseased circumflex artery. 
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FIGURE 17a. Case 6. Ventriculogram during diastole. 

FIGURE 17b. Case 6. Ventriculogram during systole showing a large apical akinetic 
area. 

C-28 



Noakes et al.: Coronary Heart Disease 615 

angiographically and considered indistinguishable from coronary atherosclerosis. 
All athletes developed myocardial infarction despite continued high levels of 
physical activity. This contrasts with Bassler's statement that "immunity to 
heart disease is synonymous with physical fitness" 1 and is in accord with the 
findings of Vouri and his colleagues 39 and 10kl·IO that high levels of physical 
fitness do not guarantee the absence of significant cardiovascular disease. 

Recently the sudden death of a veteran long distance runner has been re
ported. Although technically not a marathon runner, he had completed a 
23-mile training run the day before his death, he had been running regularly 
since his teens, he was a nonsmoker, and within the year before his death he 
had won the National A.A.D. Masters 25-kilometer race. The finding of signifi
cant coronary atherosclerosis of the anterior descending coronary artery at 
autopsy supplies additional evidence against the Bassler hypothesis:1l 

Exertional Symptoms 

All six athletes had warning symptoms. Four athletes developed exertional 
chest pain but in two the onset of predominantly gastrointestinal symptoms 
caused a delay in diagnosis. 

Despite symptoms, three athletes completed marathon races, one athlete 
ran more than 20 miles after the onset of exertional discomfort to complete 
the 56 mile Comrades Marathon. The athlete who died continued training for 
3 weeks, including a 40-mile run, with chest pain which he ascribed to "unfit
ness." Two other athletes continued to train with chest pain. 

It is possible that the exaggerated claims for the protective effect of mara
thon running, widely publicized in lay athletic journals, may have contributed 
to athletes continuing running despite symptoms. 

Competitiveness appeared to be a factor, in that four athletes were under
going particularly rigorous training in attempts to improve on their previous 
best marathon times. In a previous study of sudden death amongst sportsmen, 
both competitiveness and a denial of symptoms were apparent.42 Thus mara
thon runners, like other sportsmen,42 need to be warned of the serious signifi
cance of the development of exertional symptoms. It is possible that competi
tiveness and over-training may have contributed to the subsequent development 
of myocardial infarction in some of these runners. 

Marathon Running and "Normal Coronary Arteries" 

An over-emphasis of the role of marathon running might play in the preven
tion of coronary heart disease may have obscured important facts about the 
dangers of marathon running in persons with apparently normal or mildly 
diseased coronary arteries. Thus Green et al.4~ have reported a fatal myocardial 
infarction occurring during a marathon race in an athlete with normal coronary 
arteries at autopsy, while Frick and his colleagues 44 report a runner with an
giographically normal coronary arteries, ischemic electrocardiographic changes 
during exercise testing, and a demonstrable area of myocardial underperfusion. 
Cantwell 45 has recently described a veteran marathon runner who collapsed 
during exercise and required cardiopulmonary resuscitation. A subsequent exer
cise stress test provoked couplets of ventricular premature beats at a heart rate 
of 100 beats per minute. At angiography, the coronary arteries of this athlete 
were reported to be normal. 
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Myocardial Infarction during Marathon Racing 

The absence of coronary artery occlusion in two athletes (Cases 3 & 4) who 
developed infarction during marathon racing, raises questions regarding the 
mechanisms by which transmural myocardial infarction can occur without 
coronary artery occlusion. It has been argued 46 that recanalization of an 
occluding thrombus may occur in the period between infarction and coronary 
angiography; thus at angiography the vessels may appear patent. Case 4, who 
had mild coronary artery disease, underwent coronary angiography only 1 
month after infarction suggesting that if this was the mechanism, recanalization 
occurred rapidly. Case 3 first underwent coronary angiography three months 
after infarction and at that stage, his angiogram was unchanged from that re
ported here and done 6 months later. (We thank Professor E. Chesler of 
Durban for details.) 

Coronary artery spasm has been evoked to explain why some persons with 
angiographically normal coronary arteries can develop angina pectoris or even 
myocardial infarction 47,48 and this mechanism has been offered to explain this 
association in the Billowing Mitral Leaf Syndrome.49 

The third explanation postulates biochemical factors in the myocardium 
leading to an imbalance of adenosine triphosphate (ATP) supply and demand.50 

ATP production is dependent on an adequate oxygen supply to maintain oxida
tive phosphorylation (which is presumably normal in persons without coronary 
artery disease), but the rate of A TP breakdown (hydrolysis) may be influenced 
by factors other than the rate of mechanical work. Thus during marathon 
running a continual rise in heart rate, in body temperature, in circulating free 
fatty acids, and in catecholamines might all be expected to exert a deleterious 
effect on the myocardium or to increase myocardial oxygen consumption or 
to "waste A TP." 42, 51 

In addition, dehydration, which occurs to an alarming extent in marathon 
runners,52 might increase viscosity and decrease coronary blood flow, thus reduc
ing myocardial oxygen delivery or predispose to coronary thrombosis. 53 

Regardless of the mechanism, the finding of transmural myocardial infarc
tion occurring during marathon running in athletes without occlusive artery 
disease re-emphasizes the complexity of the relationship of exercise, coronary 
atherosclerosis, and sudden death or myocardial infarction. 

CONCLUSIONS 

Firm evidence for the benefits of marathon running in the prevention of 
coronary heart disease will only result, as has been suggested by Werko,54 from 
carefully controlled epidemiological studies that take into account all the factors 
discussed in this section of the Marathon Symposium. Only then will it become 
apparent whether it is marathon running by itself or the favorable alteration in 
the other coronary risk factors, simultaneously advocated by Bassler, that in
fluences coronary mortality. Until such time as this data is available, we 
strongly support Dayton 55 in calling for a moratorium on public assertions that 
marathon running prevents coronary heart disease. 

SUMMARY 

Six highly trained marathon runners developed myocardial infarction. One 
of the two cases of clinically diagnosed myocardial infarction was fatal, and 
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there were four cases of angiographically-proven infarction. Two athletes had 
significant arterial disease of two major coronary arteries, a third had stenosis 
of the anterior descending and the fourth of the right coronary artery. 

All these athletes had warning symptoms. Three of them completed mara
thon races despite symptoms, one athlete running more than 20 miles after the 
onset of exertional discomfort to complete the 56 mile Comrades Marathon. 
In spite of developing chest pain, another athlete who died had continued train
ing for three weeks, including a 40 mile run. Two other athletes also continued 
to train with chest pain. 

We conclude that the marathon runners studied were not immune to coro
nary heart disease, nor to coronary atherosclerosis and that high levels of physi
cal fitness did not guarantee the absence of significant cardiovascular disease. 
In addition, the relationship of exercise and myocardial infarction was complex 
because two athletes developed myocardial infarction during marathon running 
in the absence of complete coronary artery occlusion. We stress that marathon 
runners, like other sportsmen, should be warned of the serious significance of 
the development of exertional symptoms. 

Our conclusions do not reflect on the possible value of exercise in the pre
vention of coronary heart disease. Rather we refute exaggerated claims that 
marathon running provides complete immunity from coronary heart disease. 
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cessfully, have died within a year. After considering 
these data and the favorable results with the bypass 
operation, persons at the workshop decided that le
sions in the left main coronary artery do not seem suit
able for the procedure. Moreover, it was recommend
ed that investigators avoid lesions due to arterio-' 
spasm. 

As with all new "technics, the complications and 
risks. as well as the benefits, are difficult to quantify. 
However, if patients are carefully selected by the 
criteria listed above, and if surgical treatment is 
a"ailable if needed, the risk to life would seem to be 
low. :'>.10st investigators at the workshop felt that the 
risk would increase unacceptably if strict criteria were 
not used. 

The participants in the workshop, recognizing not 
onl~ the value but also the poorly defined risks of the 
procedure. unanimously agreed that it should be at
tempted only as an investigational procedure. Physi
cians who attempt percutaneous trans luminal coro
nary angioplasty should follow the guidelines es
tablished by pioneers in the field who have demon
strated its safety and efficacy only under certain cir
cumstances. 

Collection of data on patients and the results of 
treatment is essential. To make this information most 
useful, the workshop advised that a registry be con
tinued. However, the workshop participants felt that a 
randomized collaborative clinical trial would be 
premature at this time. This view was based on the 
rapid changes in the technic, the continuing modifica
tion of equipment and the small number of patients 
thought to satisfy the current criteria. It was es
timated at the workshop that less than 5 per cent of 
patients now undergoing coronary-bypass operations 
are potential candidales for this procedure. Whether a 
randomized clinical trial will ultimately be possible 
remains to be determined. For the present there is 
cleariy a need for careful collection and analysis of 
clinical experience and for prompt dissemination of 
this information to minimize adverse effects while tak
ing advantage of the "alue of the technic. The respon
sibility should be shared by investigators. institutions 
and their review boards and the manufacturers of the 
devices. 

The l'HLBI is read" to meet its responsibilities 
without interfering with the developments that have 
brought the technic to its present status and without 
imposing limitations on other activities for which it 
has responsibility. Thus, the ]\'HLBI will explore pos
sible sources of funding for the continued existence of 
a registry and will make every effort to stimulate lab
oratory and clinical research with this technic. 

When firsl reported two years ago,' percutaneous 
transluminal coronary angioplasty was greeted with 
amazement by investigators treating patients with 
cardiovascular disease, and it is still regarded as an in
novative approach. Its limitations are becoming in
creasingly apparent, but its promise remains consid
erable for a limited group of patients. Only through 

meticulously conducted and evaluated clinical stud
ies will the true value of this procedure be fully clari
fied and its potential utility in medical practice de
fined. 
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CARDIOMYTHOLOGY AND MARATHO~S 

Two questions about long-distance running are ad
dressed in this issue of the Journal.' If people who go in 
for protracted, strenuous exercise have healthier car
diovascular systems, is the exercise itself responsible 
or are other factors. such as a different constitutional 
endowment? Secondly. does the exercise involved in 
running marathons ~onfer immunity to death from 
coronary-artery disease 1 

Whether one compares railway switchmen with 
railway clerks, postal carriers with postal clerks, bus 
conductors with their companion drivers, college 
athletes with their more sedentary classmates or 
farmers and longshoremen with the rest of the com
munity, the active member of each pair will have less 
clinical evidence of coronary-heart disease. Paffen
barger has reasonably argued that vigorous exercise 
reduces the rate of fatal heart attack, i.e., that it is 
protective. I,' The association, he believes, is not due to 
a selective process that makes those with symptoms of 
cardiovascular distress more sedentary. Paffenbarger 
has, however, pointed out that what is missing in most 
studies is an analysis of the factors that go into work 
selection; it is surely reasonable to suspect that those 
who choose to be longshoremen, bus conductors or 
athletes d ifrer before they begin to work from those 
who select sedentary occupations, and that these con
stitutional factors have at least some role in shaping 
subsequent events, 

The paper by Siegel and his colleagues in this 
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week's Journal attempts to come to grips with this 
problem and provides at least some preliminary evi
dence that constitutional factors have a role: mara
thon runners reported a paternal history of coronary
heart disease less frequently than did matched non
runners. For a rigorous evaluation of such an impor
tant question, we would have liked some approach 
other than a lI1ailed questionnaire, which produced a 
mere 61 per cent return and a response that was never 
validated. Perhaps direct evaluation of the pairs for 
risk factors apart from age and a family history of di
abetes and a longitudinal study showing whether run
ning reduces known risk factors would provide more 
convincing evidence. Such detailed, prospective stud
ies are required before any final conclusion can be 
drawn. 

We still do not know, then, whether physical or psy
chologic attributes separate runners, before they take 
up running, from the indolent rest. Why some of us 
run and, especially, why some run marathons are also 
unknown, In 490 B.C., after the Athenians' inspired 
charge across the plain of Marathon had driven the 
Persians back into their ships, Miltiades had an 
urgent need to get a message to his city, lest it sur
render prematurely. The runner who was sent the 
35.1 km (21 miles, 1470 yards) to carry the news to 
the Athenian agora is said to have arrived, collapsed 
and died. None of us know the cause of death. Some 
believe that his name was Pheidippides, even though 
Miltiades had, a few days beforehand, dispatched this 
same man, "by profession and practice a trained run
ner,"l in a fruitless attempt to get help from the 
Spartans, Pheidippides had reached Sparta "the very 
next day after quitting the city of Athens," despite the 
distance (240 km, or t 50 miles), the rugged terrain 
and an encounter with the god Pan. 

Shortly afterwards the Athenians organized a 
"torch race" to celebrate all this in the name of Pan, 
but the world had to wait until 1896 when Michael 
Sreal thought up a "~1arathon" race for the modern 
Olympic games. In 1908, the British Olympic Com
mittee, taking a properly imperial view, redefined the 
distance between battle ground and agora as that dis
tance between the royal residence at Windsor Castle 
and the royal box at the White City Stadium: 42.2 km 
or 26 miles, 385 yards. 

Whatever its origins may have been, a marathon is 
an ordeal that goes on too long for comfort. The Athe
nians had good reasons for long-distance running, but 
why do so many of us do it now? There were 320 
marathons in the United States in 1978 and 60,000 
entrants. • We run for fun and for reasons ranging 
from the transcendental through the esthetic to the 
competitive. Some of us certainly run because of a 
modern-day myth - that marathon running provides 
complete immunity from coronary-artery disease.' 

As pointed out as recently as October, 1978, this 
notion is widely held; the evidence concerning this 
simplistic hypothesis has been debated most notably 
by Bassler (for) and Milvy (against),'" with more 
repetition than documentation being offered in sup-
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POrt,." The paper by Noakes and his colleagues, in 
this issue, unequivocally destroys it. 

Now we know what most have suspected: coro
nary-artery disease does develop in at least some 
marathon runners, We do not know, although we 
strongly suspect, that the frequency is reduced in run
ners, and we can only guess at the mechanisms 
responsible for the protection, Pickering'O has listed 
ways by which endurance training could improve our 
coronary lot. Surely, as ~fiIvy has pointed out, a 
reduced frequency would be anticipated from the fact 
that marathon finishers as a group tend to be skinny, 
young, nonsmokers. They may also have inherited a 
different constitution, as suggested by Siegel and his 
co-workers. 

Does this mean that the Journal is taking an anti
exercise stance? Far from it. We merely point out that 
physicians who recommend ambitious exercise pro
grams for their patients must remember that proof 
that this approach will prevent or even delay cardio
vascular death is not yet available, We suspect that 
Paffenbarger' ·

i is correct: everything else being equal, 
heart-attack rates decline with increasing activity. We 
also suspect that prospective, randomized trials of the 
prevention afforded by running will be practical only 
in those with coronary-artery disease. In a free 
society, how could adequate randomization of fit sub
jects be achieved? Unfortunately, even in highly 
motivated populations with advanced atherosclero
sis, dropout rates of about 50 per cent are being 
reported. 

The fundamental question of whether running does 
good things to the coronary arteries will not be 
answered simply by studying self-selected runners. 
Until the data are in, the exercisers' enjoyment of the 
activity and their pleasure in the way they feel and 
look should be sufficient. [n exercise, as in good deeds, 
the reward must lie in the act itself. 

DRUMMOND RE~NIE, M.D. 

NORMAN K. HOLLENBERG, M.D" PH.D. 

REFERENCES 

1. Pafl'enba'1cr RS Jr: Physical ""tivuy and ratal heart attlck; prot""tion 
or .. I""ion~. Cardiovascular He.lth and DiHase. Edited by EA 
Amsterdam, JH Wilmore. AN DeMaria. N .... York, Yorke Medical 
Boob. 1977 

2. Pafl'enbar.er RS Jr. W,n. Al. Hyde RT: PhYS'ClIlactivity as an indel 
of heart alllCk risk in collqe alumni. Am J Epidemio! 108: 161·175, 
1918 

3. Herodot ••. The history; th •• IAth book. entitled Erato. Grell Books of 
tlte We.,ern World. Vo16. Edited by RM Hut.:bin •. Chic.go, Encyclo· 
paedia Brit.nnica, 1952. p 205 

4. Mirkin G, Hoffman M; Th. Spartsm.diein. Book. Boston, L,ttl. 
Brown.l1: Company, 1918 

S. Bauler TJ: Marathon running and immunily to atherosclerosis, Ann 
NY Acad Sei 301;579-593, 1'J77 

6. Milvy P: Stltistlcal analysis of death, (rom coronary heart disease an· 
ticipa.ed In. cohort of marathon ruftn .... Ann NY Acad Sci 301:62()' 
626. 1977 

1. ld.",: S"'tiotics. m ..... thoning and CHD. Am Heart J 9S:53S-S39. 
1978 

8. ltkrrr: Sta'isti",. marathoning and CHD. Am Heart J 96:560-561, 
1918 

9. Nook .. T. Opi.l, Seck W. '" al: Coronary he." diaeas. ,n marathon 
runners. Ann NY Acad Sci 301:'93.616. 1971 

10. Pickering TO; Jouing, marathoft runninll and tho h.art. Am J Med 
66:117-119, 1979 



Paper 4 

24 CIRCULA nON VOL 67. No I, JANUARY 1983 

Physical Training Increases Ventricular Fibrillation 
Thresholds of Isolated Rat Hearts During 

Normoxia, Hypoxia and Regional Ischemia 
TIMOTHY D. NOAKES, M.D .. LOUISE HIGGINSON. AND LIONEL H. OPIE, M.D. 

SUMMARY The elTect of exercise training on cardiovascular mortality is controversial. The purpose of 
this study was to determine the elTect of a period of treadmill training on the ventricular fibrillation 
threshold of (he isolated rat heart. Trained hearts had higher threshold values during standard, control 
perfusion conditions, and when exposed to hypoxia, hypoxia plus isoproterenol infusion, or when subjected 
to coronary artery ligation. Myocardial metabolic studies failed to define the mechanism for the elTect of 
running training. However. In coronary ligated hearts, the content of the arrhythmogenic substance 3' ,5' 
cyclic adenosine monophosphate (cyclic AMP) was reduced in the ischemic zone or hearts from trained rats. 
Cyclic AMP levels were also lower in trained hearts during control perfusions. We conclude that running 
training increases the resistance of the heart to ventricular fibrillation by mechanisms that are largely 
unknown, although they may involve cyclic AMP. 

THE RELATION between exercise and ischemic heart 
disease remains controversial. Although even extreme 
exercise, such as marathon running, does not give total 
protection against coronary atherosclerosis or sudden 
cardiac death,1.2 there is strong epidemiologic evi
dence for an association between high levels of phys
ical activity either at workJ or in leisure time4-7 and a 
reduced incidence of coronary heart disease and, in 
particular, sudden death. Paffenbarger concluded that 
low levels of work energy output are a risk factor as 
powerful as cigarette smoking, a history of heart dis
ease and high blood pressure, and more influential than 
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obesity, abnormal glucose tolerance or high blood 
cholesterol. 

Another possibility is that exercise training specifi
cally protects against sudden coronary death. Thus, in 
the longshoreman studies reported by Paffenbarger and 
Hale, J, 8 high energy output at work provided greater 
protection against sudden death than against death oc
curring 6 hours after the onset of symptoms. Similarly, 
in studies of British civil servants, not only were the 
overall coronary mortality rates lower in those who 
reported vigorous leisure time activity, but sudden 
death mortality and mortality from the first and subse
quent heart attack were also lower. 4.5.7 These findings 
are compatible with a specific, training-related protec
tion against rapidly fatal heart attack. Indeed, Paffen
barger9 postulated that part of the myocardial adapta
tion to training may be a stabilization of cardiac 
rhythm, perhaps conferring a reduced risk of the devel
opment of that chain of events proceeding from ectopic 
ventricular activity to fibrillation and death. 

Additional epidemiologic studies are required to set
tle these controversial issues; but further information 
can be obtained from animal models designed to inves
tigate the effects of exercise training on the myocardial 
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electrical stability during experimental interventions 
believed to mimic conditions present during myocardi
al infarction. 

We chose the isolated perfused rat heart model to 
compare the ventricular fibrillation thresholds of 
hearts isolated from running-trained rats with those of 
hearts from control rats. We studied the effects of 
hypoxia and acute regional myocardial ischemia on the 
ventricular fibrillation threshold to determine whether 
exercise training could increase the myocardial electri
cal stability under these specified experimental 
conditions. 

Materials and Methods 
Three weeks after weaning, young male Wistar

Weissman rats were randomly assigned to either an 
exercising or a control group and were housed and fed 
under identical conditions. Rats assigned to the exer
cising group completed the following training pro
gram, which lasted at least 9 weeks. The rats exercised 
5 days a week on a Quinton Model 42-15 treadmill 
(Quinton Instruments) set at a 15° incline. On the first 
and second training days, the rats ran for 15 minutes, 
on the third day for 30 minutes, on the fourth day for 
45 minutes, and on the fifth day for 60 minutes. There
after, the running time was increased by 3 minutes 
daily until, at the end of the fifth training week. the rats 
were running for 2 hours daily. the first hour at up to 
0.8 mph and the second at up to I mph. This exercise 
level was maintained until the rats were killed. This 
training program significantly increases myocardial 
myosin ATPase activity and the degree of myosin P 
light chain phosphorylation, 10. " but does not cause 
myocardial hypertrophy.lo 

Untrained rats were kept at normal cage activity. All 
rats were exposed to a 12-hour day/night cycle and 
were fed rat cubes and water ad libitum. 

After 9 weeks of training, rats from either the con
trol or trained group were anesthetized with ether in a 
vacuum bowl and, when asleep, 10 ",I of heparin (Pu
larin, Giaxo-Allenbury (SA) (Pty) Ltd., 1000 U/ml) 
was injected into the femoral vein. The thoracic cavity 
was opened and the heart rapidly excised and immedi
ately placed in ice-cold (4°C) Krebs-Henseleit 12 buffer. 
As soon as the heart stopped beating. it was removed 
from the buffer and mounted on the isolated Langen
dorff-perfused heart system used in this laboratory. I) 
Hearts from trained and control rats were perfused 
alternatively so that an equal number of hearts from 
each group were studied on each experimental day. 

The perfusate was a modified Krebs-Henseleit buff
er solution" with a CaCl, concentration of 1.1 mM, 
aerated with either 95% O2 and 5% CO2 or with 95% 
room air and 5% CO, during studies of hypoxia. The 
perfusate substrate was 11.1 mM D( +) glucose 
(Merck) plus insulin (NUSO Neutral Insulin, Well
come Foundation) at a concentration of 2 Uil. The 
perfusion pressure was always 100 cm H,D. In experi
ments in which myocardial glycolytic rates were mea
sured, 3H-glucose (D-2-'H(N»-glucose (New England 

Nuclear) was added to the perfusate in a concentration 
of I 00 ",VI. 

Experimental Protocols 
Ventricular Fibrillation Threshold Measurements 
During Control Peifusions 

The technique for measuring the ventricular fibrilla
tion threshold in the isolated perfused rat heart has 
been described in detail. lJ After mounting the heart on 
the aortic cannula of the isolated perfusion system, thin 
platinum electrodes were inserted into the apex and 
base of the left ventricle with the anode at the apex, for 
the delivery of square-wave stimuli of 2 msec duration 
(Grass S88 physiologic stimulus generator). For hearts 
used in the studies of regional ischemia, a 5-0 silk 
suture with an atraumatic needle was passed deep to 
the left main coronary artery within 2 mm of where the 
artery emerges adjacent to the left atrium, according to 
the technique described by Kannengiesser et al. 14 The 
ventricular fibrillation threshold was measured by ap
plying a single train of 10 stimuli at 200-msec intervals 
across the T wave, starting 10 msec after the onset of 
the R wave. The heart was stimulated every 30 seconds 
unless ventricular fibrillation occurred, in which case 
the next stimuli were only applied after 60 seconds. 
The current strength was increased by increments of 
2.5 mA until ventricular fibrillation, consisting of six 
or more repetitive ectopic cycles with irregular form, 
developed. The ventricular fibrillation threshold was 
defined as the lowest current that produced ventricular 
fibrillation on three occasions, and that did not produce 
fibrillation at a current of 0.5 mA lower. 

The hearts stabilized for 15 minutes before measure
ment of heart rate. from the oscilloscope, and coronary 
flow rate by collection, in a graduated measuring cyl
inder, a timed sample of coronary effluent from the 
heated chamber below the heart. The ventricular fibril
lation threshold was then measured, which was taken 
to represent the value for the control perfusion. 

A separate series of nine trained and eight control 
hearts was frozen for biochemical analysis of A TP. 
phosphocreatine and cyclic AMP levels after 15 min
utes of Langendorff perfusion but before determination 
of their ventricular fibrillation thresholds. 

Ventricular Fibrillation Threshold Mea.mrements 
During Acute Regional Ischemia 

After the ventricular fibrillation threshold had been 
measured under control conditions, hearts from 12 
trained and 14 control rats were exposed to acute re
gional ischemia by abruptly tightening the ligature sur
rounding the left main coronary artery. Beginning 5 
minutes after ligation, ventricular fil:1r.illation thresh
olds were measured every 30 seconds for 10 minutes in 
hearts from six trained and seven control rats, and for 
15 minutes in another six trained and seven control rat 
hearts. 

In the group perfused for 20 minutes of regional 
ischemia, the experiments were terminated by remov
ing the hearts from the aortic cannula after injection of 
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disulphan blue dye into the perfusate through the aortic 
cannula. This technique differentiates the ischemic 
from the nonischemic zone of the left ventricle." The 
ischemic zone was then dissected out, weighed and 
recorded as a percentage of the total left ventricular 
wet weight. 

In the group of hearts perfused for 15 minutes of 
regional ischemia, the experiments were terminated by 
freeze-clamping the hearts in Wollenberger tongs'· 
precooled in liquid nitrogen. Hearts were then individ
ually stored in liquid nitrogen until biochemical 
analysis. 

Ventricular Fibrillation Threshold Measurements 
During Hypoxia and During Hypoxia with 
Catecholamine Stimulation 

After measurement of the control ventricular fibril
lation thresholds, a further series of hearts from eight 
trained and eight control rats was exposed to 15 min
utes of hypoxic perfusion, during which the ventricular 
fibrillation thresholds were measured every 30 
seconds. 

After the initial 15 minutes of hypoxic perfusion. I 
x lQ-sM isoproterenol (Isuprel, Winthrop laborato
ries) was infused for 15 minutes while hypoxia was 
maintained. Ventricular fibrillation thresholds were 
again measured. The experiments were terminated by 
frP,eze-ciamping the hearts in precooled Wollenberger 
tongs. 

In these experiments, coronary effluent was sam
pled every 5 minutes and its 'HP content was mea
sured to calculate myocardial glycolytic rates. 

Biochemical Measurements 

The tissue contents of ATP, phosphocreatine, gly
cogen, lactate and 3' ,5' cyclic AMP were measured in 
freeze-Clamped hearts homogenized under liquid nitro
gen by methods previously described." 

The coronary effluent JHp content of hearts per
fused with D-2-3H glucose was measured according to 
the methods of Neely et al. ,7 Ion exchange resin (Resin 
Dowex I x 4-200, Sigma Chemical Company) was 
prepared according to instructions provided by Profes
sor MJ. Rovetto of the Department of Physiology. 
Jefferson Medical College of the Thomas Jefferson 
University. Philadelphia. After preparation, the resin 
was placed over glass wool in Pasteur pipettes to a 
column height of 2.5 cm. The resin was thoroughly 
rinsed with distilled water before being dried with 
compressed air. A 0.5-ml aliquot of coronary effluent 
was then carefully washed through the resin with 3 
volumes of distilled water, 0.5 ml per passage, into 10 
ml of scintillation fluid (Insta-Gel. Packard Instrument 
Company). Standards and blanks were prepared from 
aJiquots of perfusate that had not passed through the 
heart. Standards were prepared by adding 0.5 ml of 
perfusate plus 1.5 ml of distilled water directly to the 
scintillation fluid without passage through the column. 
whereas blanks were prepared by the passage of the 
perfusate aliquot through the resin columns. 

After the perfusate or coronary effluent had been 
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washed through the column with distilled water, the 
resin columns were again dried with the passage of 
compressed air. The scintillation vials were then spun 
to ensure complete mixing. wiped clean. and their 
radioactivity was determined by counting in a liquid 
scintillation counter (Beckman Instruments). 

Stalistiall Methods 

Data are presented as mean :t SEM. An unpaired t 
test was used to compare means between groups. A p 
value of less than 0.05 was considered significant. 

Results 
Ventricular Fibrillation Thresholds 
During Acute Regional Ischemia 

Figure I shows the ventricular fibrillation thresholds 
in trained and control hearts before and after coronary 
artery ligation. At all times after coronary artery liga
tion, the ventricular fibrillation thresholds were sig
nificantly higher in hearts from trained rats (p < 
0.05). 

Table I is a list of additional observations made in 
these experiments. There were no differences in heart 
rates or coronary flow rates either before or after coro
nary artery ligation, and the infarct sizes expressed as a 
percentage of total left ventricular wet weights were 
similar in both groups. However, ventricular fibrilla-
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FIGURE I. E.ffect of acute regional ischemia caused by cora· 
nary artery ligation (m ventricular fihrillation thresholds of 
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TABLE I. Heart Rares. Coronary Flow Rates. Times TO Decrease in Ventricular Fibril/urian Thre.<holds and Infarer 
Sizes of Hearts from Trained and Control Rat.' Expo.fed to ACUfe Regional Ischemia 

Trained rats 

Control raL~ 

p 

Time to fall 
in VFT 
(min) 

11.5 
± 1.0 
(12) 

8.4 
±0.8 
(14) 

<0.05 

Control 
heart rates 
(beats/min) 

185.3 
±5.6 
(12) 

180.6 
±6.1 
(14) 

NS 

Heart rates Coronary flow 
after 20 min Control rates after 

regional coronary 20 min regional 
ischemia flow rates ischemia 

(beatslmin) (mllmin) (mllmin) 

172.5 7.9 5.3 
;: 8.4 ±0.4 ±0.4 
(12) (12) (12) 

172.4 
±6.1 
(14) 

NS 

8.4 
±0.6 
(14) 

NS 

5.1 
±0.5 
( 14) 

NS 

Infarct 
sizes 
(o/c) 

36.9 
± \.8 
(12) 

39.3 
±2.3 
(14) 

NS 

The heart ratcs, coronary flow rates and infarct sizcs arc not different between trained and control hearts. but the mean 
time to the initial fall in VFT is significantly longer in trained hearts. 

Values are mean ± SEM; numbers in parentheses indicate the number of measurements. 
Rats weighcd 230-330 g; fresh weights of perfused hearts were 0.50.6 g. 
Abbreviation: VFT = ventricular fibrillation thresholds. 
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tion thresholds fell significantly sooner after coronary 
ligation in control than in trained hearts. 

Table 2 is a list of the tissue levels of ATP, phospho
creatine, glycogen, lactate and cyclic AMP in trained 
and control hearts clamped after 15 minutes of regional 
ischemia, The only significant difference was that tis
sue cyclic AMP levels were lower in the ischemic left 
ventricular zone of hearts from trained rats (p < 
0.02). Tn hearts clamped after 15 minutes of Langen
dorff perfusion before detennination of ventricular fi
brillation thresholds, cyclic AMP levels were also sig
nificantly lower in trained hearts (0.21 ± 0.02 vs 0.28 
± 0,03 nmolfg, p < 0.03), whereas ATP and phos
phocreatine levels were not different. 

cantly higher in hearts from trained rats during the 
control perfusions, during hypoxia, and during hy
poxia combined with isoproterenol infusion (fig. 2). 

Ventricular Fibrillation Thresholds During Hypoxia 
and During Hypoxia with Catecholamine Stimulation 

The ventricular fibrillation thresholds were signifi-

Table 3 is a list of additional observations made 
during these experiments, There were no significant 
differences between trained and control rats in l'Ieart 
rates or coronary flow rates during either the CQ~rol 
perfusions or during hypoxia or during hypoxia com
bined with isoproterenol infusion. There were also no 
significant differences in any metabolic measurements 
between hearts from trained and control rats (table 4). 

Ventricular fibrillation thresholds in trained hearts 
were significantly higher during control perfusions in 
this, but not in the first experimental series (fig. 1). 
The rats used in this series of experiments had been 
trained for 12-16 weeks, whereas in the first study, the 
rats had been trained for 9-12 weeks. However, re
gression analysis failed to r.how a significant correla-

TABLE 2. Tinue ATP. Phosphocreatine. Glycogen. Lactate and Cyclic AMP Ln'els in Normal and Ischemic Zones of 
Hearts from Trained and Control Ratl' After J5 Minutes of Regional /.fchemia 

Glycogen 
ATP PCr (!Lmol glucose Lactate cAMP 

(!Lmollg) (!Lmol/g) Eq/g) (I-'mollg) (nmollg) 

Normal tissue 

Trained rats 4.0 5.8 21.0 1.4 0.36 
±O.I ±0.4 ± 1.1 ±0.5 ;: 0.1 
(6) (6) (6) (6) (6) 

Control rats 4.3 6.1 20.2 2.1 0.41 
±0.5 ±0.8 :+- 1.2 ±0.5 ±O.I 
(6) (6) (6) (6) (6) 

p NS NS NS NS NS 

Ischemic tissue 

Trained rats 2.9 2.5 18.1 15.1 0.~8 
±0.2 ±0.5 ± 1.5 ±2.0 ±O. 
(6) (6) (6) (6) (6) 

Control rats 3.5 2.7 17.4 16.6 0.48 
±0.3 ±0.6 :+- 1.7 ±3.2 ±O.I 
(6) (6) (6) (6) (6) 

p NS NS NS NS <0.02 

Cyclic AMP levels arc significantly lower in the i,chemic left ventricular lOne of trained he.ns. Valuc~ arc mean = 
~E"; numbers In parentheses indicate the number of measurement'. 

Abbreviations: PCr = phosphocreatine; cAMP = cyclic AMP. 
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tion between the ventricular fibrillation threshold mea
sured during the control perfusion, and the number of 
training sessions each rat had perfonned. Thus, the 
higher ventricular fibrillation thresholds of the trained 
hearts used in this series of experiments are probably 
not because they trained more. 

Discussion 
These studies show that ventricular fibrillation 

thresholds are increased in hearts from trained animals 

during control perfusions, during hypoxia and during 
acute regional ischemia. The only previous report that 
has relevance to this study is that of Ammann et aI.," 
who reported that in response to acute circumflex coro
nary artery ligation, eight of eight untrained dogs de
veloped ventricular fibrillation, whereas only eight of 
16 trained dogs did so. 

In this study, the increased thresholds in trained 
hearts during either acute regional ischemia or during 
hypoxia could not be explained on the basis of differ
ences in heart rates, in coronary flow rates, or in tissue 
levels of high-energy phosphates, glycogen or lactate. 
There was also no evidence that, in this model, exer
cise training caused reduced infarct sizes in response to 
coronary artery ligation, as reported by McElroy et 
al. ,'9 or increased coronary flow responses to hypoxia, 
as reported by Spear et aJ.2° 

Cyclic AMP accumulation in the ischemic left ven
tricular zone was, however, significantly less in 
trained hearts, a finding consistent with the work of 
Kleitke et al., 21 who reported that in response to acute 
global ischemia, hearts from swimming-trained rats 
had significantly lower cyclic AMP levels than those 
from control rats. In view of the hypothesis linking 
myocardial cyclic AMP levels and ventricular fibrilla
tion thresholds in this model," decreased fonnation of 
myocardial cyclic AMP in response to coronary artery 
ligation in trained animals would explain the beneficial 
effects on ventricular fibrillation thresholds caused by 
exercise training. 

Cyclic AMP levels were significantly lower in 
trained hearts during the control perfusion. Although 
in absolute tenns these changes were small, changes of 
a similar magnitude have been used to explain the 
antiarrhythmic effects of amiodarone in the same iso
lated heart preparation. I~ The possibility that cyclic 
AMP is compartmentalized within the heart ce1l 22 

could explain why relatively small changes in cyclic 
AMP might have relatively large effects. On the other 
hand, cyclic AMP changes could not explain the dif
ferences in ventricular fibrillation thresholds between 
trained and control rats when the hearts were exposed 
to hypoxia and isoproterenol infusion, although these 
values, measured after 30 minutes of hypoxic perfu-

TABLE 3. Heart Rates and Coronary Flow Rate .. of Heart"Jrom Trained and Control Rat.' During Control Perfu"ion" 
and During Hypoxia 

Coronary 
Hean rates flow rates 

during during 
Hean rate, hypoxia plu~ Control Coronary flow hypoxia plus 

Control hean during isoproterenol coronary rates during isoproterenol 
rates hypoxia infusion How rates hypoxia infusion 

(beats/min) (beats/min) (beats/min) (mllmin) (ml/min) (mffmin) 

Trained rats 187.4 198.3 274.8 7.5 15.7 21.7 
~6.9 :!: 12.4 ~ 17.7 :!:0.5 :!:0.8 :!:0.8 
(8) (7) (8) (8) (8) (M) 

Control rats 198.8 184.8 252.4 8.4 16.0 21.1 
~8.5 ~11.3 :!: 11.3 :!:0.5 ~ 1.7 ~ 1.2 
(8) (8) (7) (8) (8) (7) 

P NS NS NS NS NS NS 
Values are mean ~ SEM; numbers in parentheses indicate number of measurements. 
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TABLE 4. Tissue ATP. Phosphocreatine. Glycogen and Cyclic AMP Levels in Heartsfrom Trained and Control Rats 
After 30 Minutes of Hypoxic Perfu.ion, Combined with Isoproterenol Infusion" 

Peak glycolytic 
Glycogen rate 

ATP PCr (/Lmol glucose cAMP (/Lmol glucose 
(/Lmol/g) (/Lmol/g) Eqig) (nmol/g) Eqlmin) 

Trained rats 3.1 ±0.2 4.7 ±0.3 16.0±0.6 0.35±0.04 2.9 ±0.2 
(8) (8) (8) (8) (8) 

Control rats 3.3±0.1 4.7±1.4 14.3±0.7 0.41 ±0.03 2.5 ±0.3 
(7) (7) (7) (7) (7) 

P NS NS NS NS NS 

Values are mean ± SEM; numbers in parentheses indicates the number of measurements. 
·Heans were clamped for biochemical analysis after 30 minutes of hypoxic perfusion according to the protocol shown 

in figure 2. 
Abbreviations: PCr = phosphocreatine; cAMP = cyclic AMP. 

sion, may not have been representative of the levels 
that were present after 20 minutes of perfusion, when 
ventricular fibrillation thresholds were lowest (fig. 2). 

The mechanisms whereby exercise training reduces 
the resting levels of cyclic AMP and its accumulation 
during ischemia could include reduced catecholamine 
turnover at rest and in response to ischemia, increased 
parasympathetic activity, or alterations in the density 
of ,B-adrenergic receptors. Ostman et al. 2J found that 
the rates of myocardial noradrenaline turnover mea
sured both at rest and during exercise in hearts of 
swimming-trained rats were half those of control rats, 
but similar studies have not been performed under 
ischemic conditions. An increase in parasympathetic 
tone has been found in some athletes, to such an extent 
that varieties of conduction abnormalities have been 
reported. 24 Radioligand binding studies have shown 
that there is no alteration in either ,B-adrenergic or 
muscarinic cholinergic receptor numbers or affinities 
after swimming training;l3 no data are available on 
running rats. 

Whatever the mechanism for the reduced levels of 
cyclic AMP in trained hearts during ischemia, a conse
quence may be reduced calcium ion entry by the slow 
calcium current. l6 Thandroyen17 showed that calcium 
ions may be important in the genesis of ventricular 
fibrillation. Further investigations on the effects of 
running training on calcium ion flux in the ischemic 
heart are warranted. Under conditions of maximal 
heart work, we found indirect evidence for increased 
trans-sarcolemmal calcium entry to. tt in trained hearts. 

The finding that exercise training increased myocar
dial resistance to ventricular fibrillation in this model 
may not be applicable to man, in whom ventricular 
fibrillation occurs spontaneously and not in response to 
exogenous electrical stimulus. Nevertheless, these 
data from animal studies give experimental support for 
the epidemiologic data linking exercise training with 
decreased sudden cardiac death . .l-'. 7.' 
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Exercise Training Mter Experimental 
Myocardial Infarction Increases the 

Ventricular Fibrillation Threshold Before 
and Mter the Onset of Reinfarction in the 

Isolated Rat Heart 

David Posel, MB, ChB, Tim Noakes, MD, Paul Kantor, MB, ChB, 

Mike Lambert, MSc, and Lionel H. Opie, MD, PhD 

Previous work has shown that exercise training increases the ventricular fibrillation threshold 
of the isolated perfused rat heart. The aim of our study was to determine whether exercise 
training that begins after myocardial infarction can similarly increase the ventricular fibrilla· 
tion threshold. Rats that had suffered an experimental myocardial infarction were subject to a 
running training program. Thereafter, the ventricular fibrillation threshold was measured 
before and after the onset of acute reinfarction induced by a second coronary artery ligation. 
Ventricular fibrillation thresholds were significantly elevated in trained rats during normoxia 
(13.7:t2.2 vs. 4.7:t0.8 mA, p<O.OI) and during acute ischemia (6.8:tl.6 vs. 3.0±0.7 mA, 
p<0.02). The myocardial cyclic AMP level was lower in the nonischemic zone of the trained 
hearts (0.21 ±O.OI vs. 0.28±0.01 nmoVg, p < 0.05), which also had lower cyclic AMP levels after 
epinephrine challenge (0.50±0.OS vs. 0.73±0.09 nmoVg, p<O.OI; 1.41±0.11 vs. 1.8S±0.09 
nmoVg,p<0.02 after epinephrine 10-7 M and Sxl0-6 M injection, trained vs. untrained). Both 
propranolol 10-6 M and epinephrine 5X 10-7 M attenuated the difference in ventricular 
fibrillation thresholds before and after second coronary artery ligation and eliminated any 
difference in cyclic AMP content of both the nonischemic and ischemic myocardial tissue. We 
conclude that exercise training increases the ventricular fibrillation threshold of the previously 
infarcted isolated rat heart before and after the onset ofreinfarction and that the training effect 
may be mediated by a decrease in myocardial sympathetic tone, an increase in parasympathetic 
tone, or both. (Circullllion 1989;80:138-145) 

E pidemiologic evidence shows an association 
between exercise and a reduced incidence 
of sudden cardiac death.I~4 We have pre· 

viously shown that the exercise-trained rat heart 
has an increased resistance to ventricular fibrilla-

tion during normoxia, hypoxia, and acute regional 
ischemia,s suggesting that training may act directly 
on the myocardium to increase myocardial resis
tance to lethal cardiac arrhythmias. 

The aim of our study was to determine whether 
exercise training in the presence of an established 
previous myocardial infarction can also influence 
myocardial resistance to ventricular fibrillation. Epi· 
demiologic evidence3•6,7 suggests that exercise as 
part of a comprehensive rehabilitation program after 
myocardial infarction may reduce the incidence of 
subsequent sudden cardiac death:" In conscious 
postinfarct dogs, when further temporary myocar· 
dial ischemia is applied during exercise, the risk of 
ventricular fibrillation is decreased by prior exercise 
training, suggesting that post infarct training in humans 
could prevent sudden death.R However, the under· 
lying cellular biochemical mechanisms for the bene
fits of postinfarct training have not been clarified. 
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The purpose of our study was to determine whether 
exercise training after experimental myocardial infarc
tion influences the ventricular fibrillation threshold 
(YfT) of the isolated perfused rat heart. Groups of 
rats that had suffered a surgically induced acute 
myocardial infarction were randomly assigned to 
either an exercising or a nonexercising control group. 
After a lO-week period, isolated perfused hearts 
from both trained and untrained rats were subject to 
a second acute coronary artery ligation before and 
after which the VFf was measured. 

Previous studies5•8- 10 have suggested that the 
increased myocardial resistance to ventricular fibril
lation after exercise training might be related to 
altered autonomic nervous system activity. Myocar
dial biochemical studies were performed to deter
mine whether trained hearts had altered levels of 
cyclic AMP (cAMP). Myocardial cAMP concentra
tions served as an indicator of myocardial sympa
thetic activity. The additional effects of /:l-adrenergic 
antagonism and stimulation were also studied. 

Methods 

In VIVO Coronary Artery Ligation 
Male Long-Evans rats (250-300 g) were anesthe

tized with intraperitoneal Ketalar (ketamine HCI 
100 mg/ml, Parke Davis) (1 mg/g body wt). 
Lidocaine (10 mg) was sprayed onto the epiglottis to 
prevent laryngospasm during intubation. A modi
fied laryngoscope was used to intubate the rats, 
which were ventilated with a Harvard apparatus 
rodent respirator (Protea Holdings) on a 2: 1 oxygen
halothane mixture (Maybaker [SA]). 

A skin incision approximately 5 cm long was 
made from the sternum to the left shoulder. The left 
pectoral muscle was incised to expose the ribs. 
Next, an incision was made through the rib cage, 
care being taken to avoid damaging the underlying 
lungs. A chest miniretractor was used to expose the 
heart, and the thymus gland was held to one side 
with a fine artery forceps. The pericardium was 
gently dissected away and the left atrium elevated 
to establish clearly the origin of the left main 
coronary artery. A 6-0 Ti-Cron suture (Davis and 
Geck) was inserted into the left ventricle halfway 
down the course of the left anterior descending 
coronary artery. After ligation, the ventricular mass 
below the ligature became pale, corresponding to 
the area of acute ischemia, which represented 
approximately 25-35% of the left ventricular mass. 

The chest and skin were closed with 3-0 Ti-Cron 
(Davis and Geck). Ventilation was changed to 
room air, which was maintained until spontaneous 
breathing returned. Aseptic procedures were not 
used and postoperation sepsis was not noted. 
Neither antibiotic nor antiarrhythmic therapy was 
instituted, and preoperative ketamine provided 
adequate analgesia. 

A mortality of approximately 25% resulted from 
the acute coronary artery ligation. 
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Training Program 
After a I-week convalescent period, the rats were 

randomly assigned to either an exercising or non
exercising group. Exercising rats completed a 10-
week training program on a Quinton Model 42-15 
treadmill (Quinton Instruments, Seattle, Washing
ton). The rats exercised 5 days a week at a speed of 
1.3 km/hr (15% elevation) for an initial period of 10 
minutes increasing to a maximum of 60 minutes at 
the end of 2 weeks. This duration was maintained 
for the remainder of the training program. The 
treadmill is designed to provide electrical shocks 
via an electrical wire grid at the back of the running 
lanes to those rats that do not maintain their running 
speeds. In practice, the rats were shocked less than 
one shock every few minutes. 

The untrained rats were maintained at normal 
cage activity for the lO-week period. Both groups 
were housed under the same conditions and were 
given food and water ad libitum. 

As the trained rats were subjected to intermittent 
electrical shocks during the training program, an 
untrained group was placed on the electrical wire 
and prevented from running. These rats received 
intermittent shocks of the same frequency and 
intensity as did the trained rats for an identical 
period of time. After 10 weeks, rats from the 
untrained, untrained but shocked, and trained 
groups (three groups) were killed for the experi
mental studies. 

Experimental Protocols 
Measurement of' 'training effect. " MAXI MUM OXY

GEN CONSUMPTION (V01m",). Before the start of 
training and after 10 weeks of training, rats were 
subject to a running performance test using the 
apparatus and methods previously described from 
this laboratory .11 Rats ran in a bottomless Plexiglas 
chamber (9.5x32.5x 11.5 cm) that was suspended 
on a custom-built single-lane treadmill. Ambient air 
was drawn through the chamber at a flow rate of 
5.0-7.51/min (STPD), depending on the mass of the 
rat. The flow rate was calibrated before and after 
each test with a Tissot spirometer. Samples of the 
extracted air were directed to an O2 (Applied Elec
trochemistry S-3NI) and a CO2 (Applied Electro
chemistry P-61B) analyzer, which were interfaced 
with an Alpha microcomputer. Oxygen consump
tion was calculated every minute as previously 
described. I I Before and after each test, the O2 and 
CO2 analyzers were calibrated with gases of known 
O2 and CO2 composition. ~ 

Each V02m .. test was conducted after a day of 
rest according to the testing procedure previously 
described from this laboratory) I The test protocol 
involved increasing the treadmill speed and eleva
tion every 3 minutes until the rat could no longer 
maintain his position on the treadmill belt. The 
highest V02 measured was recorded as the V02mu-
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SUBMAXIMAL RUNNING ENDURANCE. The submax
imal running endurance was determined by running 
the rats at a speed of 20 mlmin with no inclination 
or, in a separate series, at an inclination of 15°. The 
time taken to reach exhaustion represented the 
submaximal running endurance. Exhaustion was 
determined as the inability of the rats to maintain 
their position on the treadmill belt. 

Measurement of ventricular fibrillation thresh
olds. VENTRICULAR FIBRILLATION THRESHOLD MEA
SUREMENTS DURING CONTROL PERFUSIONS. The rats 
were anesthetized with ether in a glass vacuum 
bowl. When adequately sedated, 10 ,u.1 heparin (1,000 
units/mt) was injected into the femoral vein. The 
thoracic cavity was opened, and the heart rapidly 
excised and immediately placed into ice-cold 
Krebs-Henseleit12 buffer. The perfusate was a mod
ified Krebs-Henseleit buffer solution with a concen
tration of 144 mM Na+, 5.9 mM K+, and 1.1 mM 
CaClz aerated with 95% Oz-5% COz. Insulin (NUSO 
Neutral Insulin Wellcome Foundation) was added 
at a concentration of 2 IU/1. Once the heart had 
stopped beating, the aorta was cannulated and 
retrograde perfusion was commenced within 90 
seconds via an isolated Langendorf! system at a 
perfusion pressure of 100 cm H20. 

The VFf of the isolated rat heart was measured 
as previously described. 13 The heart was mounted 
on the aortic cannula, and two thin platinum elec
trodes were inserted into the base and apex of the 
left ventricle. These electrodes recorded the elec
trocardiogram on an oscilloscope and delivered 
square-wave stimuli of 2-msec duration (Grass S88 
Physiologic Stimulus Generator). The VFT was 
measured by applying a single train of 10 stimuli of 
200-msec duration across the T wave starting 10 
msec after the onset of the R wave. The heart was 
stimulated every 60 seconds unless ventricular fibril
lation occurred, in which case the next stimulus was 
only applied after 120 seconds. The current strength 
was increased by 2 rnA every 60 seconds until 
ventricular fibrillation consisting of six or more 
repetitive ectopics of irregular form developed. The 
VFf was defined as the lowest current that pro
duced ventricular fibrillation on three occasions and 
did not produce fibrillation at a current of 0.5 rnA 
lower. 

The first VFf measurements were made after a 
15-minute stabilization period during which both 
coronary flow and spontaneous heart rate were 
measured. At the completion of the experiment, 
heart mass and size of the in vivo infarct were 
measured. 

VENTRICULAR FIBRILLATION THRESHOLD MEA
SUREMENTS DURING ACUTE ISCHEMIA. In a separate 
series of experiments, VFf measurements were 
made during acute ischemia. After cannulation (as 
previously described), a 6-0 Ti-Cron suture with an 
atraumatic needle was passed deep to the left main 
coronary artery as it emerges adjacent to the left 
atrium, according to the technique described by 

Kannengieser et al.14 This ligature was necessary 
for the development of acute ischemia (see below). 
Once initial control VFf measurements had been 
performed, acute regional ischemia was induced by 
abruptly tightening the ligature that had previously 
been placed around the left coronary artery. 

Beginning 2 minutes after ligation, VFf measure
ments were made for a period of 15 minutes. 
Thereafter, disulphan blue was injected into the 
aortic cannula to perfuse the coronary arteries. This 
dye distinguishes between oxygenated and non
oxygenated tissue and was, therefore, used to dif
ferentiate normal from ischemic or infarcted myo
cardial tissue. The hearts were then freeze-clamped 
with WoJlenberger tongs 15 that had been precooled 
in liquid nitrogen. The frozen tissue was separated 
into normal and ischemic/infarcted tissue and stored 
in liquid nitrogen pending cAMP and biochemical 
analysis. 

VENTRICULAR FIBRILLATION THRESHOLD MEA
SUREMENTS DURING ACUTE ISCHEMIA IN HEARTS 
PERFUSED WITH PROPRANOLOL 10-6 M AND EPINEPH
RINE 5 X 10-7 M. An identical protocol was used for 
two further sets of experiments. Hearts from trained 
and untrained rats were perfused separately with 
propranolol 10-6 M (Inderal, lCI Laboratories) and 
epinephrine bitartrate 5 x 10-7 M (Petersen Ltd). 
VFf measurements were performed as before and 
the hearts were freeze-clamped after 15 minutes of 
ischemia for cAMP and biochemical analyses. 

cAMP measurements after catecholamine stimu
lation. In these experiments, VFf measurements 
were not performed. Hearts from trained and untrained 
rats with previous myocardial infarction were mounted 
on the perfusion apparatus as previously described. 
After the 15-minute stabilization period, the aortic 
cannula was cross-clamped and a 1 ml bolus of epi
nephrine bitartrate was injected into the aortic perfus
ate over a period of 2 seconds. Epinephrine bolus 
concentrations of 10-8 M, 5 X 10-8 M, 10-7 M, and 
5 x 10-6 M were used. Ten seconds later, the hearts 
were clamped and the noninfarcted tissue segments 
were stored for cAMP analysis. 

Tissue Analysis 
Measurement of acute ischemic zone and infarct 

size. Hearts were removed from the aortic cannula 
after the injection of disulphan blue into the aortic 
perfusate. The ischemic and infarcted tissues failed 
to stain with dye. Assessment of ischemic tissue 
was made after the scar tissue from the in vivo 
infarct had been excluded, and a zone of apparently 
normal periinfarct tissue was also excluded. Mea
surements of in vivo infarct size were performed in 
a separate series of experiments where no second
ary ischemia was induced. The infarcted tissue was 
dissected out, and its mass was recorded as a 
percentage of the total left ventricular mass. 

Myocardial biochemical and cyclic AMP mea· 
surements. The tissue contents of A TP, phosphocre
atinine, glycogen, lactate, and cAMP were mea-
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T ""LI: I. Eifert of Tralaing on EllOrcise Program 

Test 

VOlmu 
(ml O,/kg/min) 

Run time to exhaustion 
during subma>Cimal test (min) 

Run time to exhaustion 
during maximal test (min) 

Mean±SEM. 
·p<O.OS. 
tp<O.01. 

Untrained 
(n E 6) 

6S.5±2.0 

19:!:4 

lS.0±O.6 

Trained 
(n~6) 

74.S±1.7· 

69±7t 

26.hO.St 

sured in freeze.c1amped hearts homogenized under 
liquid nitrogen by standard methods, as previously 
described in a report from this laboratory.s 

Statistical Methods 

Data are presented as mean±SEM. A 2x2x4 
factorial analysis of variance (three-way ANOV A) 
was used to analyze VFTs. A multifactorial analysis 
of variance with repeated-measures design and a 
Student's unpaired t test modified for multiple com
parisons were used for analysis of biochemical data. 

Results 
Effect of Training on Exercise Performance 

Exercise training significantly increased mean 
V02max in trained rats (Table 1). Running time to 
exhaustion also increased significantly with training 
during the maximal test. Similarly, exercise training 
Significantly increased the time taken to reach 
exhaustion during the submaximal running tests. 

Effect of Training on Rat Mass, Heart Mass, 
Infarct Size, Spontaneous Heart Rate, Coronary 
Flow, and Ventricular Fibrillation Threshold 

Trained rats had lower body mass than untrained 
rats (Table 2). Heart mass was not different between 
groups. True infarct size, spontaneous heart rate, 
and coronary flow were not affected by training. 

Exercise training significantly increased mean VFT 
in trained rats. There was no difference in VFT 
values between shocked and unshocked animals. 

14 
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FIGURE 1. Effect of acute regional ischemia caused by 
second coronary anery ligation on ventricular fibrillation 
threslwlds of previously infarcted trained and untrained 
rat heans perfused with no drug or propranolol /0-. M. 
Mean±SEM, n=8. *p <0. 05 trained vs. untrained with no 
drug. **p<O.Oltrained vs. untrained with no drug. 

Ventricular Fibrillation Threshold Measurements 
DUring Acute Ischemia 

At all times during coronary artery ligation, the 
VFT was higher in hearts from trained rats (Figure 
1). As in the previous experiment, trained rats were 
lighter but there were no differences in heart mass, 
spontaneous heart rate of the isolated heart, or total 
coronary flow (data not presented). 

Ischemia caused tissue ATP, phosphocreatinine, 
and glycogen levels to fall, whereas lactate levels 
rose. cAMP levels rose in the ischemic tissue, but 
this increase was not significant. Tissue levels of 
ATP, phosphocreatinine, glycogen, and lactate were 
not different between the trained and untrained 
groups after 15 minutes of regional ischemia (data 
not presented). 

Myocardial cAMP levels were lower in the nor
mal zone of the hearts from trained than untrained 
rats, but cAMP levels in the ischemic zone were 
unchanged by training. 

Ventricular Fibrillation Threshold Measurements 
During Acute Ischemia in Hearts Perfused With 
Propranolol 10-· M or Epinephrine 5xlO- 7 M 

Hearts perfused with propranolol 10-6 M. Pro
pranolol significantly elevated the VFT value prior 

TABU: 2. Measurement or Rat Mass, Infarct Size, Heart Rate, and Coronary Flow During Control Perfusion. of Hearts From Untrained 
Ligaled, Trained Ugaled, and Untrained Ligated Sbotked Rats 

Rat mass Heart mass 
Rats (n=S) (8) (8) 

In vivo infarct size
(% LV) 

Spontaneous heart rate 
(beats/min) 

Coronary How 
(mVmjo) 

VFT 
(rnA) 

Untrained, ligated S03±24t 2.0S±0.07 

Trained, ligated 462±19 2.1l±0.15 

Untrained, S12±16t 2.OS±0.04 
ligated, shocked 

Mean±SEM. 
-For limitations of method, see Anversa et al.)l 
tp<O.OS vs. trained, ligated. 
tp<O.01 vs. trained, ligated. 

27.3:±-3.2 

27.0±1.7 

2S.0±2.4 

C-46 

261:!:19.5 

274±S.O 

273± 11.0 

18±2.6 

17:!: 1.1 

19:!:2.5 

4.9±O.S:I 

13.7±2.2 

4.8±O.S:!: 
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FIGURE 2. Effect of acute regional ischemia caused by 
second coronary anery ligation on ventricular fibrillation 
thresholds of previously infarcted trained and untrained 
mt heans perfused with no drug or epinephrine 5 x 10-7 M. 
Mean±SEM, n=8. *p<0.05 trained vs. untrained with no 
drug. **p<0.01 tmined vs. untmined with no drug. tp<0.05 
tmined + epinephrine vs. untrained + epinephrine. 

to second coronary artery ligation of untrained but 
not of trained hearts (Figure 1). After coronary 
artery ligation, VFf during ischemia was elevated 
but not significantly in hearts from both trained and 
untrained rats. The net effect of propranolol was to 
attenuate the difference in VFT previously found 
between hearts from trained and untrained rats 
before and after second coronary artery ligation. 

Propranolol caused a reduction in spontaneous 
heart rate and an increase in coronary flow. As 
before, there were no differences in heart mass, 
spontaneous heart rate, or coronary flow between 
hearts from the trained and untrained rats (data not 
presented). 

Ischemia caused equivalent changes in ATP, phos
phocreatinine, glycogen, and lactate levels in both 

trained and untrained hearts. cAMP levels in either 
the nonischemic or ischemic tissue of the hearts 
from trained and untrained rats were also not dif
ferent (Table 2). 

Hearts perfused with epinephrine bitartrate 
5xlO-7 M. Epinephrine caused a significant reduc
tion in VFT values of hearts of both trained and 
untrained rats before and after second coronary 
artery ligation (Figure 2). Epinephrine attenuated 
the difference in VFT between the hearts from 
trained and untrained rats before ligation and after 
10 and 15 minutes of ischemia. After 5 minutes of 
ischemia, the VFT of the hearts of trained rats was 
higher, however (p<O.05). 

Epinephrine caused an increase in spontaneous 
heart rate and coronary flow. There were no differ
ences in heart mass, spontaneous heart rate, or 
coronary flow between the hearts from trained and 
untrained rats (data not presented). 

There were no differences in tissue levels of ATP, 
phosphocreatinine, glycogen, and lactate between 
the two groups of hearts after 15 minutes of regional 
ischemia. There were no differences in cAMP levels 
of either the nonischemic or ischemic tissues of the 
hearts (Table 3). 

cAMP Measurements After 
Catecholamine Stimulation 

cAMP levels were lower in the hearts from trained 
rats 10 seconds after epinephrine 5x 10-6 M and 
10-7 M stimulation (Figure 3). There were also no 
differences in cAMP concentrations between hearts 
from trained and untrained rats with epinephrine 
concentrations of 5 x 10-8 M and 10-8 M. 

Discussion 

The present study shows that the training proto
col used, although less vigorous than that used for 

TABLE J. r,,"ne ATP, Phospbocreatine, Glycogen, uclale, and Cyclic AMP in Noni.cbemic and Iscbemic Zone. or Hearts From Trained 
and Untrained Rats Wilh a Prior Myocardial Inrarct Perfused With no Drug, Propranolol 10-' M, and Epinephrine Sx10-7 M After IS 
Minules of Ischemia 

ATP Phosphocrealin ine Glycogen Lactate Cyclic AMP 
Group (/Lmol/g) (/Lmol/g) (/Lmol glucose Eq/g) (/Lmol/g) (nmol/g) 

Trained and no drug Nonischemic 2.46:,:0.26' 4.56:,:0.35' 24.23:':2.09' 4.35:,:0.46' 0.21:,:0.0It 
(n=8) Ischemic 1.19:':0.\3 2.24:,:0.28 14.70:':2.25 10.44:':2.07 0.26:':0.04 

Untrained and no drug Nonischemic 2.83:,:0.20' 4.61 :':0.36' 20.86:d.44 ' 3.73:':0.60' 0.28:':0.0\ 
(n=8) Ischemic 1.29:':0.25 I. 77:':0.22 10.31:':1.37 9.79:':2.22 0.29:':0.02 

Trained and propranolol Nonischemic 3.91:':0.17' 4.46:,:0.19' 23.38:': 1.63' 5.22:':0.57' 0.28:':0.01 
10-0 M (11=8) Ischemic 2.64:':0.\3 1.19:':0.22 15.44:,:1.16 10.62:':1.24 0.29:':0.13 

Untrained and propranolol Nonischemic 3.90:':0.18' 4.43:':0.37' 23.56:,:: 1.39' 6.11:':1.48' 0.28:':0.01 
10-6 M (11=8) Ischemic 3.04:,:0.32 1.38:'::0.\3 15.63:':1.45 \3.51:,::3~0 0.32:t0.02 

Trained and epinephrine Nonischemic 3.00:':0.16' 4.59:':0.25' 17.16:':2.00' 6.00:'::0.27' 0.71:':0.03' 
5xlO- 7 :1.1 (n=8) Ischemic 1.37:'::0.15 1.68:'::0.40 5.31 :,:1.09 15.14:,:2.09 0.52:,::0.04 

Untrained and epinephrine Nonischemic 2.81:'::0.13' 5.14:':0.63' 11.57:': 1.50' 6.39:':0.65' 0.71 :,::0.07' 
5xlO- 7 M (11=8) Ischemic 1.18:':0.18 1.24:,:0.18 4.43:':1.05 15.10:':2.54 0.46:'::0.06 

'p<0.05 ischemic vs. nonischemic. 
tp <0.05 trained non ischemic vs. untrained non ischemic. 
Mean:,:SEM. 
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rats without myocardial infarction,S was sufficient 
to produce a training effect. This was shown by the 
increased V0lmu and increased running times to 
exhaustion during sub maximal and maximal exer
cise in trained rats (Table 1). More important, this 
study establishes that training of rats after previous 
experimental myocardial infarction elevates VFfs 
before and after the onset of acute regional ischemia 
produced by a second coronary artery ligation. 
Trained hearts also had lower cAMP levels in the 
non ischemic left ventricular zone and in the normal 
myocardium after catecholamine stimulation. Both 
propranolollO-~ M and epinephrine 5 x 10-1 M atten
uated this difference in VFf before and after second 
coronary artery ligation and eliminated any differ
ence in cAMP content of both the nonischemic and 
ischemic myocardial tissue. 

The present study, therefore, extends our previ
ous work~ in which we showed that exercise train
ing increased the VFT of isolated hearts from 
normal rats. Our data are in agreement with two 
additional animal studies. Verdouw and Schaffer lO 

found that exercise-trained non infarcted pigs had a 
reduced incidence of ventricular fibrillation after 
acute myocardial ischemia during an open-chest 
anesthetized procedure, whereas Billman et alH found 
that conscious dogs who were exercise trained after 
a previous myocardial infarction had a reduced 
incidence of ventricular fibrillation during subse
quent acute ischemia, also in the conscious state. 

In combination with ours, these studies provide 
strong experimental evidence that in very different 
experimental systems, exercise training increases 
myocardial resistance to lethal arrhythmias that 
occur either spontaneously8,10 or in response to 
electrical stimulation either before or after coronary 
artery ligationS or after reinfarction as shown by this 
study. 

It should, however, be noted that there are some 
apparent differences between the findings of our 
present and the previous study.~ In the present 
study, there is a lower level of cAMP in the non
ischemic tissue of the trained rats, whereas the 
previous study showed lower concentrations of 
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FIGURE 3. Myocardial cyclic AMP concentrations 10 
seconds after epinephrine stimulation. Mean~SEM, 
n=8. ·p<O.Ol. "p<O.02. 

cAMP in the ischemic regions. Possible interpreta
tions of these findings might relate to the difference 
in protocols in the two studies. In the present study, 
the rats were trained after myocardial infarction, 
whereas in the previous study healthy' rats were 
trained. However, in both studies, mean cAMP 
levels are lower in both regions of the myocardium 
of trained rats, although not all values are signifi
cantly lowered. Furthermore, in the previous study, 
cAMP rose significantly in the ischemic zone in 
untrained rats, whereas in this study it did not (the 
increase was not significant). Because cAMP had 
not risen in the ischemic zone, training could not 
have been expected to reduce it. 

Our findings of the effect of propranolol and 
epinephrine on the VFf also support the hypothesis 
that exercise training decreases myocardial sympa
thetic drive with a consequent increased resistance 
to the development of ventricular fibrillation. Trained 
and untrained hearts perfused with either propran
olol or epinephrine had similar ventricular fibrilla
tion thresholds and similar myocardial cAMP lev
els. Possibly the effects of propranolol or of 
epinephrine were to eliminate training-induced dif
ferences in myocardial sympathetic balance. 

Lubbe et a(l6 also found that propranolol attenu
ated the decrease in the VFf of the isolated per
fused rat heart during ischemia. Vulnerability to 
ventricular fibrillation in early myocardial ischemia 
was related to changes in cAMP content of the 
ischemic myocardium and appeared to be indepen
dent of the depletion of myocardial high-energy 
phosphate stores. Additional studies support this 
conc1usion.l7, IH Nonetheless, propranolol acted with
out decreasing myocardial cAMP levels. 

In addition, hearts from trained rats had lower 
myocardial cAMP concentrations~in non ischemic 
tissue after an epinephrine challenge. However, 
there was no difference in cAMP concentrations in 
the non ischemic tissue between hearts from trained 
and untrained rats subject to epinephrine stimula
tion and acute myocardial ischemia. It, therefore, 
appears that while exercise attenuates the increase 
in myocardial cAMP after catecholamine stimula-
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tion, this effect is not present during both epineph
rine stimulation and acute myocardial ischemia. 

Possible Role of Altered Autonomic Function 
The mechanism for this protective effect of exer

cise is presently unclear. One possibility is that 
exercise training alters the myocardial response to 
sympathetic stimulation. Enhanced sympathetic 
activity increases myocardial predisposition to ven
tricular fibrillation}9-21 Acting at a cellular level, 
high circulating catecholamine concentrations are 
considered to be potently arrhythmogenic and to 
cause lowering of the ventricular fibrillation thresh
old in the: isolated rat heart. J3 The proposed intra
cellular messenger of the arrhythmogenic effect is 
cAMP.22 The chronic effects of exercise on the 
sympathetic nervous system are well documented. 23-

25 In particular, there is decreased activity of the 
sympathetic nervous system, so that at comparable 
workloads the heart of a trained subject is exposed 
to lower levels of sympathetic stimulation.M •2? A 
training-induced reduction in myocardial catechol
amine "sensitivity" is, therefore, a possible expla
nation for the higher VFT measured in hearts from 
trained subjects. 

In this and our previous study,5 training was 
associated with a reduced concentration of cAMP 
in the non ischemic myocardium. In the present 
study, we also show that hearts from trained rats 
had lower myocardial cAMP levels after catechol
amine stimulation. Lower cAMP levels could be 
explained either by chronically reduced whole-body 
catecholamine levels at rest or by alterations in the 
density or sensitivity of the l3-adrenergic receptors. 
Although the isolated rat heart was used without an 
intact autonomic nervous system, the decreased 
levels of cAMP in the hearts from trained rats could 
indicate decreased myocardial sympathetic tone. A 
training-induced alteration in baroreceptor reflex 
control of heart rate and in autonomic actions 
paralleled the increased protection against ventric
ular fibrillation. 8•211•29 

The training effect found by Billman et al~ could 
be explained by an increase in parasympathetic 
activity, a decrease in sympathetic activity, or both. 
The importance of changes in baroreflex control is 
emphasized by two recent studies. In one, mortality 
in postinfarct patients was associated with decreased 
baroreflex sensitivity.28 In the other study, dogs 
with a prior myocardial infarction were subject to 
acute ischemia during exercise; ventricular fibrilla
tion developed more easily in dogs with a low 
baroreHex sensitivity.29 We did not assess barore
flex sensitivity but measured myocardial cAMP 
levels as an end-point of cardiac autonomic activity. 
The level of cAMP, the second messenger of adren
ergic stimulation, is influenced by additional hor
mone systems, in particular, the parasympathetic 
nervous system in which acetylcholine may coun
teract the catecholamine effect both before and after 
the adrenergic synapses. Postsynaptic acetylcholine 
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may act both directly and indirectly via raised cGMP 
levels to reduce cAMP levels.30 Increased parasym
pathetic activity could, therefore, decrease cAMP 
levels. An alternative interpretation of the above 
findings would be that training elevates VFf by 
increasing parasympathetic activity. However, this 
conclusion would not explain the reduced cAMP 
response to epinephrine infusion (Figure 3). 

Limitations to Study 
There are three important limitations to this study. 

First, we used the rat model of electrically induced 
ventricular fibrillation rather than the development 
of spontaneous ventricular fibrillation. Limitations 
inherent in the Langendorff model of retrograde 
perfusion include a denervated isolated heart with 
low afterloads and coronary artery perfusion pres· 
sures that are not in the physiologic range of an 
intact preparation. 

A second limitation concerned the inaccuracies 
inherent in the measurement of the ischemic zone, 
the infarct size, and coronary flow. Although coro
nary flow rates were similar in hearts from trained 
and untrained rats, the smaller reduction in VFT 
during acute ischemia in the trained rats could 
possibly reflect an improved collateral circulation 
so that the ischemic insult was smaller. Accurate 
measurement of infarct size in the rat model requires 
careful morphometric techniques, similar to those 
developed by Anversa et a1.31 We cannot exclude 
that exercise training altered ultimate infarct size. 
Third, the measurements of cAMP on freeze
clamped hearts could have been on a mixture of 
infarcted and noninfarcted tissue, as well as of 
ischemic and nonischemic tissue. Hence, the differ
ences shown in Table 3 could have been influenced 
by a considerable sampling error. It remains true 
that a comparison of the values of ATP, phospho. 
creatine, glycogen, and lactate found between isch
emic and nonischemic tissue shows that the sepa
ration technique was at least sufficiently adequate 
to achieve major differences. 

Conclusions 
The data obtained support the hypothesis that 

altered autonomic activity occurs with training, 
specifically, that the reduced sensitivity of the myo
cardium to catecholamines could improve the myo
cardial resistance to ventricular fibrillation. These 
data, therefore, provide experimental support for 
the possibility that exercise training after myocar
dial infarction might be associated with a reduced 
incidence of sudden death in humans.32 
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Fluid Replacement During Exercise 
TIMOTHY DAVID NOAKES, M.B. Ch.B., M.D., F.A.C.S.M. 

HISTORICAL INTRODUCTION 

Included among the "Don'ts" in a 1909 monograph titled "Marathon 
Running" [152] was the admonition: "Don't get in the habit of drinking 
and eating in a Marathon race; some prominent runners do, but it is not 
beneficial." The advice of Arthur Newton, a leading ultramarathon 
runner of the first half of this century, who held world records for 
running distances from 50-130 miles [117] was similar: "Even in the 
warmest English weather, a twenty-six mile run ought to be manageable 
with no more than a single drink, or at most two" [115]. 

In 1957, the then holder of the world's four fastest times for the 42-km 
marathon footrace wrote: "There is no need to take any solid food at aU 
(during a marathon race) and every effort should be made to do without 
liquid, as the moment food or drink is taken, the body has to start dealing 
with its digestion and in so doing some discomfort wit! almost invariably 
be felt" (135]. Another famous ultra-distance runner who set world 
records at 30, 40, and 50 miles in 1954 confirmed that this advice was 
widely accepted: "In those days it was quite fashionable not to drink, 
until one absolutely had to. After a race runners would recount with 
pride 'I only had a drink after 30 or 40 kilometres.' To run a complete 
marathon without any fluid replacement was regarded as the ultimate 
aim of most runners, and a test of their fitness." (J. Mekler, 1991, 
personal communication). This athlete, who once competed in a 
100-mile race in which he first drank only after 75 miles, confirmed that 
this approach was still popular when he had run his last competitive 
ultramarathon race in 1969. 

That these ideas could ever have held credence, let alone so recently, 
may seem absurd to the modern exercise physiologist. But the fluid 
requirements of athletes has attracted scientific interest only since the 
early 1970s. Virtually all of the textbooks of exercise physiology and 
sports medicine published before 1970 contain little or no reference to 
this topic [2, 12,44,52,57,89, 164]; one of the first to include a section 
on fluid replacement during exercise was the monograph by Cost ill [31]. 
Yet many studies showing the importance of adequate fluid replacement 
especially during industrial and military activities in the heat had already 
been published. 
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The building of the Hoover Dam near Boulder City, Nevada in the 
1930s stimulated the first systematic studies of fluid (and electrolyte) 
requirements during work in temperatures ranging between 90-120°F. 
One early study described the clinical and biochemical features of 
so-called "heat cramps" in seven workers on this project [157]. Another 
study measured fluid intake and urine output during both work and rest 
[156] and concluded that construction work could be undertaken 
without major health risks even in these severe environmental conditions 
provided subjects were accommodated in air-conditioned lodgings [46]. 
Yet another early study showed that sweat sodium concentration fell 
within days of exposure to extreme heat becoming so low that "10 litres 
per day may be secreted without the necessity of an abnormal salt intake" 
[46]. 

More detailed studies by Adolph and Dill [7] showed that the daily 
fluid intakes of construction workers averaged about 41iters/day but rose 
as a linear function of increasing maximum daily temperature. Sweat 
rates increased from a resting value of 400 mllhr when sitting in shade, 
to maximum rates of 1500--1700 mllhr during 1-2 hr of exercise in the 
heat. Subjects showed relatively little desire to drink during exercise; 
fluid ingestion was greatest immediately after exercise and with meals. 
In the absence of food ingestion, drinking stopped when approximately 
one-half of the fluid loss had been corrected. The authors suggested 
that: " .. since some solute as well as water was lost, only enough water 
was required by the subject to render the concentration of the body 
fluids equal to their previous state." They also noted that all the water 
ingested an hour before exercise was lost in urine before the onset of 
exercise. But if the fluid contained sodium chloride "the water was 
retained for several hours before it was required for the formation of 
sweat." Subsequent studies suggested that 1 or more liters of fluid with a 
sodium chloride content of 0.5-0.9% (80-140 mmolliiter) ingested 2-3 
hr before exercise would· increase body fluid content [5). 

Despite the clear reluctance of dehydrated subjects to replace their 
fluid losses fully during and immediately after exercise, their daily 
fluctuations in weight were no greater than those measured in winter 
climates, indicating that fluid imbalances were corrected diurnally: "All 
the deviations from water balance were on the negative side; water was 
expended and a debt built up, which was later paid off." In contrast, Dill 
[46] found that within minutes of being given water, the dog and the 
donkey (burro) replaced exactly all the fluid they had lost during 
exercise. In one case, a burro drank 12 liters in 5 minutes [46). Among 
the mammals studied by then, therefore, dehydrated humans were 
unique in this inability to replace all the fluid lost during exercise, as soon 
as water was provided. 

The demands of desert warfare during the Second World War 
stimulated the next and, possibly, the truly classic early studies of fluid 
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replacement during exercise [5]. These magnificent studies established 
for the first time, many of the concepts that continue to intrigue modern 
physiologists. Interestingly, at the time the studies commenced, it was 
believed that men, like marathon runners, should be "trained to do 
without water." Among the classic findings were the following: 

1. Maximal sweat rates during exercise under the most severe environ
mental desert conditions were of the order of 1.7 liters/hr; much 
higher rates were reported during exercise in conditions of high 
humidity Gungle heat}. Sweat rates during exercise in desert heat rose 
as a linear function of body weight and, hence, metabolic rate and 
environmental temperature. 

2. Sweat rates during exercise were not influenced by the level of 
dehydration. Thus, the capacity for evaporative heat loss during 
low-intensity exercise was not impaired by progressive dehydration. 
Despite this, the rectal temperature rose dur~ng exercise as a linear 
function of the level of dehydration. 

3. Urine flow was reduced when levels of dehydration exceeded 3% but 
did not increase dehydration levels of 7%. Thus, progressive 
dehydration did not induce fluid conservation by decreasing urine 
output. Anuria was not detected in any subject under any conditions. 
The constant urine output was needed to excrete the solutes 
contained in urine. 

4. Chloride was present in virtually all urine samples measured. Thus, 
"salt deficiency in the desert was not common." 

5. Even when given free access to adequate fluids during exercise, subjects 
developed a progressive weight loss, termed "voluntary" dehydration. 
Food ingestion greatly increased fluid intake; at least one-half of the 
fluid ingested daily was taken with meals. Conversely, without an 
adequate fluid intake, food intake during meals was also reduced. But 
body weight was usually restored after the evening meal. 

6. Unless corrected, the progressive dehydration that developed during 
exercise in the heat impaired physical performance. At low levels of 
dehydration. physical performance was impaired only during high
intensity exercise. Subjects became syncopal, however, and were 
unable to exercise even at low exercise intensities when their levels of 
dehydration exceeded 7%. Feelings of well-being and the ability to 
walk returned within minutes of the resumption of drinking. 
Maximal levels of dehydration compatible with life were of the order 
of20%. 

7. The fluid lost in sweat did not originate equally from the different 
fluid compartments but came predominantly from the extracellular 
compartment. This would impair cardiovascular function. 

8. Heart rate and rectal temperature increased and stroke volume fell as 
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a linear function of increasing levels of dehydration. Rectal tempera
ture rose 0.3°C for each 1 % increase in the level of dehydration. 

9. The level of dehydration correlated most accurately with the rise in 
rectal temperature, the standing heart rate, and the reduction in sal
ivary flow. Salivary flow ceased at dehydration levels greater than 8%. 

lO. Sodium ingestion during exercise tended to increase the amount of 
fluid ingested and reduced the urine output. 

These studies, which clearly established the value of fluid ingestion 
during exercise, made little immediate impact on the athletic commu
nity. The studies of Pugh et a1. [138] and Wyndham and Strydom [169] 
finally drew attention to the need for fluid ingestion also by athletes 
during prolonged exercise. 

Pugh et al. [138] showed that competitors drank only 400 ml during a 
marathon race (0.12Iiters/hr) and developed a mean weight loss of2.9 kg 
(5.9% of initial body weight). As fluid loss, sweat rate, and postrace rectal 
temperature were highest in the race winner, Pugh et al. r 138] concluded 
that "a high tolerance to fluid loss" seemed to be an important 
requirement for success in distance running. But they did not propose 
any role for fluid ingestion during exercise. 

In their study, Wyndham and Strydom [169] found that athletes who 
became dehydrated by more than 3% during a series of 32-km foot races 
had elevated postrace rectal temperatures. As also found by Adolph [5], 
there was a linear relationship between the athletes' levels of dehydration 
and their postrace rectal temperatures, at least for levels of dehydration 
greater than 3%. The authors concluded that: (a) the level of dehydra
tion was the most important factor determining the rectal temperature 
during prolonged exercise so (b) the avoidance of dehydration would be 
the critical factor preventing heat injury during prolonged exercise [168, 
169]. Interestingly, the authors did not speculate that dehydration might 
influence running performance. Their finding that the race winners had 
the highest rectal temperatures and were the most dehydrated [119], 
may have dissuaded them. 

Although the basis for some of their conclusions has been challenged 
[119, 121, 125], there is no doubt that it was especially the study of 
Wyndham and Strydom [169] that stimulated the modern interest in the 
role of fluid replacement during exercise. 

MODERN STUDIES OF FLUID LOSS AND FLUID INGESTION 
DURING EXERCISE 

There are two experimental models that have been used to study the 
effects of fluid loss and fluid intake on the physiological responses 
during exercise. 
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As emphasized by Coyle et al. [35, 36], fluid loss (hypohydration) 
induced either by the administration of diuretics, or exposure to sauna, 
or fluid restriction before exercise, produces physiological effects that are 
more marked than those that result from the form of dehydration that 
develops voluntarily during exercise when the rate of fluid loss exceeds 
the rate of fluid ingestion. In particular, the reduction -in plasma volume 
and in physical performance for a given level of dehydration is greater 
with hypohydration [22, 35, 107]. 

For this reason, the result of the hypohydration studies that are 
reviewed in detail elsewhere [147] are perhaps most relevant for 
activities in which subjects deliberately dehydrate themselves before 
exercise, usually to make a specific competitive weight. These studies will 
not be considered further in this review; we will focus principally on 
studies of exercise-induced dehydration. 

Effect of Exercise-induced Dehydration on Physical Peiformance 
At least six studies [5,15,49,91, 136,151] have evaluated the effects of 
progressive exercise-induced dehydration on physical performance. 
Most have compared the performance of a group of subjects, usually 
military personnel, who either ingested fluid or restrained from fluid 
ingestion during prolonged exercise of relatively low intensity (walking) 
in dry heat. The measure of physical performance was the number of 
subjects in each group able to complete the prescribed exercise task. 

Although few of the studies were subject to rigorous statistical analysis, 
the trend in all was for fewer subjects to complete the exercise task when 
they did not ingest fluid. Furthermore, performance was least impaired 
in subjects who maintained fluid balance during exercise. Fluid ingestion 
reduced rectal temperatures and heart rates during exercise; this effect 
was greatest when the rate of fluid ingestion equalled the sweat rate. In 
general, sweat rates were not influenced by fluid ingestion and fell only 
when the fluid deficit exceeded 2.5 liters [91]. Fluid ingestion also 
prevented the development of postural hypotension on cessation of 
exercise [49]. 

Most researchers observed that fluid ingestion had more obvious 
effects on the psyche than on the soma. The description of Bean and 
Eichna [15] is typical for subjects who did not ingest fluid during 
exercise: "An important change which the chart does not show was the 
actual condition of the men, their low morale and lack of vigor, their 
glassy eyes, their apathetic, torpid appearance, their 'don't-give-a-damn
for-anything' attitude, their uncoordinated stumbling, shuffling gait. 
Some were incapable of sustained purposeful action and were not fit for 
work. All they wanted to do was rest and drink" (p. 155). Eichna et al. 
[49] reported that dehydrated subjects were "reduced to apathetic, 
listless, plodding men straining to finish the same task" that they 
completed "energetically and cheerfully" when fully hydrated. Similarly, 
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Strydom et al [151] reported that the fluid restnctlon caused their 
subjects to become morose, aggressive, and disobedient toward their 
supenors. 

Since 1966, there have been relatively few studies that have looked 
specifically at the effects of fluid ingestion alone on athletic performance. 
Rather, the evaluation of carbohydrate ingestion has been emphasized [30, 
36, 74, 75J. These studies generally show that carbohydrate ingestion 
enhances performance [30, 36J and the assumption is that this is due only 
to a metabolic effect. However, the addition of glucose to the ingested 
solution increases fluid absorption [66, 67]; hence, a part of the 
beneficial effect of carbohydrate ingestion during exercise could theo
retically be due to an influence of the added carbohydrate on fluid 
balance. 

Four modern studies have compared the exercise performance of 
subjects when they either ingested or did not ingest fluid during 
exercise. Maughan et al. [10 1] found that ingestion of either water or 
concentrated carbohydrate solutions did not increase endurance time at 
70% \'02max' which exhausted subjects in 70-75 minutes. Endurance was 
prolonged, however, in subjects who ingested a dilute carbohydrate! 
electrolyte solution. 

In contrast, Barr et al. [14] showed that subjects who did not ingest 
fluid during prolonged exercise at 55% \'02max terminated exercise 
approximately 90 min earlier than when they ingested fluid. Levels of 
dehydration at exhaustion were >6%. Montain and Coyle [108] also 
found that, when they did not ingest fluid, subjects were less likely to 
complete exercise in the heat at 65% \'02max. 

Two studies have assessed the effects of fluid ingestion or infusion at 
higher exercise intensities. Deschamps et al. [43] reported that intrave
nous saline infusion did not enhance performance at 84% \'02max' which 
exhausted subjects in approximately 21 min. Walsh et al. [163], however, 
found that subjects were able to exercise significantly longer during a 
subsequent exercise bout at 90% \'02ma¥ when they ingested fluid during 
a preceding I-hr exercise bout at 70% V02max in the heat. This effect was 
not because of differences in any measured physiological variable 
including rectal temperature, and occurred despited a difference in 
fluid balance of only 1. I kg between dehydrated and fluid-repleted 
subjects. Ratings of perceived exertion were significantly lower when 
fluid was ingested. 

In summary, the balance of evidence indicates that the ingestion of 
water enhances performances during both very prolonged exercise of 
low intensity and during exercise of somewhat higher intensity but 
shorter duration. However, this effect may be somewhat less than that 
achieved when the fluid contains carbohydrate either alone [166J or with 
electrolytes [30, 10 1]. Possibly the most consistent finding is that fluid 
ingestion markedly reduces the perception of effort during exercise of 

C-56 



Fluid Replacement During Exercise I 303 

both low [5] and high-intensity exercise [163]. It is also probable that 
exercise performance during high-intensity exercise is impaired at levels 
of dehydration that do not influence performance at lower exercise 
intensities [5]. 

Physiological Effects of Progressive Dehydration During Prolonged Exercise 
The physiological effects of exercise-induced dehydration have been 
studied by comparing the physiological responses of athletes when they 
replace either none, some, or all of their fluid lost during prolonged 
exercise. More recent studies have infused fluid intravenously during 
exercise to reverse any dehydration-induced fall in plasma volume. 
These latter studies have attempted to differentiate the physiological 
effects caused by reduction in plasma volume from those caused by 
dehydration-induced changes in serum osmolality. 

PLASMA VOLUME. Plasma volume falls at the initiation of exercise. 
This fall is influenced by the type and intensity of exercise, and by the 
posture adopted [35]. 

Thereafter, a progressive exercise-related fall in plasma volume is 
reduced in proportion to the amount of fluid ingested during exercise 
[14, 24, 100, 107, 108]. The change is least when most fluid is ingested 
[108] and can be prevented if the rate of fluid ingestion equals the rate 
of fluid loss [73]. 

There is some evidence that the ingestion of sodium-containing 
solutions during exercise may prevent the fall in plasma volume more 
effectively than the ingestion of pure water [23]; as discussed subse
quently, water ingestion tends to reduce serum osmolality. 

SERUM OSMOLALITY AND SERUM ELECTROLYTE CONCENTRA
TIONS. Serum osmolality rises if no fluid is ingested during prolonged 
exercise [24, 100, 10 1]. This rise is reduced by fluid ingestion [24, 100] 
and is least when the rate of fluid ingestion approximates the rate of 
fluid loss [l08]. 

Changes in serum sodium concentrations parallel changes in serum 
osmolality because the serum sodium concentration is the major 
determinant of the serum osmolality. Hence, serum sodium concentra
tions rise with exercise-induced dehydration but are maintained when 
fluid is ingested [117, 120]. Interestingly, serum sodium concentrations 
and serum osmolality fall only when water is ingested during exercise [14, 
23, 116]. This is a fundamental observation that invites explanation. No 
studies have yet reported that serum sodium concentrations fall in the 
absence of fluid ingestion during exercise; this would be unlikely as 
sweat is a hypotonic solution [32]. 

The rise in serum osmolality and serum sodium concentration 
correlates with the rise in esophageal temperature [108] and may be the 
stimulus for the reduction in sweating tha~develops at the higher levels 
of deh ydration [91]. This suggests that an important goal of fluid 
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ingestion during exercise may be to prevent changes in serum osmolality 
or serum sodium concentrations, as originally proposed by David Dill 
[46]. 

SWEAT RATE DURING EXERCISE. Some studies have shown that the 
sweat rate falls with increasing levels of dehydration [53, 71, 91, 149] 
whereas others have failed to show this effect [14, 24, 65, 73,107,108]. 
An early study found that sweat rate falls only above a certain level of 
dehydration [91]. 

Hypohydration studies indicate that sweat rate over the trunk but not 
the head may be selectively reduced by prior dehydration [25]. There 
may also be considerable individual variability in the effects of dehydra
tion on sweat rates during exercise [149]; perhaps this explains the 
variable results reported in the literature. H yperhydration prior to 
exercise increases sweat rate during subsequent exercise [110]. 

RECTAL OR ESOPHAGEAL TEMPERATURES DURING EXERCISE. The 
exercise-related rise in rectal temperature is attenuated by fluid 
ingestion during exercise [5, 14,24,33,53,65, 71, 73, 107, 108]. The rise 
is reduced in proportion to the amount of fluid ingested and is least 
when the rate of fluid ingestion approximates the sweat rate [71, 108]. 
Hence there is a linear relationship between the rise in esophageal 
temperature and the level of dehydration [107, 108] as also reported in 
some of the original field studies [5, 169]. 

Fluid ingestion reduces the rectal temperature response only after a 
minimum of 60-80 min of exercise [14, 73, 107, 108, 149, 150]. No effect 
of fluid ingestion on rectal temperature was found in a study of shorter 
duration but higher intensity [163]. possibly because exercise terminated 
before 80 min. 

The magnitude of this effect of fluid ingestion on the rise of rectal 
temperature is relatively small [122] so its real physiological relevance 
may be questioned. Most studies indicate that levels of dehydration of up 
to 5% (equivalent to a weight loss of 2-4 kg) usually increase rectal 
temperature by less than 1°C [14, 65,73, 107, 108, 121]. Hyperhydration 
before exercise also decreases rectal temperature during subsequent 
exercise [Ill]. 

HEART RATE AND STROKE VOLUME. Heart rate is increased [5,24,71, 
100, 149] and stroke volume reduced in proportion to the fluid deficit 
that develops during exercise [108]. Cardiac output and stroke volume 
do not fall when the rate of fluid ingestion is sufficient to prevent 
dehydration [73]. But heart rate is elevated even when dehydration is 
prevented by adequate fluid ingestion during exercise [73]; hence, 
dehydration is not the sole cause of the progressive increase in heart rate 
during prolonged exercise. Heart rate is also reduced by hyperhydration 
before exercise [110]. 

SKIN BLOOD FLOW. Fluid ingestion maintains higher rates of forearm 
blood flow during exercise [107, 108] and of forearm and calf blood flow 
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at rest during prolonged heat exposure [S2]. The reduction of forearm 
blood flow is proportional to the level of dehydration [lOS]. Hence, fluid 
ingestion during exercise may attenuate the development of hyperther
mia by maintaining skin blood flow [107]. 

PERCEPTION OF EFFORT. The perception of effort during exercise is 
increased in proportion to the fluid deficit [108]. Even partial fluid 
replacement has a significant effect on the perception of effort during 
exercise of high intensity [163]. The major psychic effects of fluid 
restriction during prolonged exercise of low intensity and their rapid 
reversal with fluid ingestion, have been described. 

HORMONAL CHANGES. Plasma concentrations or activities of the fluid 
and electrolyte-regulating hormones, specifically, atrial natriuretic pep
tide (ANP), antidiuretic hormone (ADH-also arginine vasopressin
A VP), aldosterone, and renin, increase during prolonged exercise [9, 17, 
64, 162]. With the exception of ANP, these concentrations may remain 
elevated for up to 31 hr after exercise [9]. In general, ADH activities rise 
in response to increasing serum osmolality [159, 162], whereas plasma 
renin activity may follow changes in either plasma or extracellular fluid 
volumes. 

There is also a paradoxical increase in the plasma activity of the 
diuretic and natriuretic hormone ANP during prolonged exercise when 
plasma volume is reduced [9, 162]. The diuretic effects of ANP are 
probably inhibited by the increased activity of the renin-angiotensin
aldosterone axis and the increased serum ADH concentrations [9, 161]. 

Fluid ingestion during exercise reduces the hormonal activities and 
concentrations during exercise; concentrations are further reduced 
when subjects hyperhydrate before exercise [17]. Of these, the rise in 
plasma ADH activity is most affected by either hyperhydration before or 
fluid ingestion during exercise; this effect may be relatively independent 
of the nature of the fluid ingested. In contrast, the increased activity of 
the renin-angiotensin-aldosterone axis is reduced more by the ingestion 
of sodium-containing solutions compared with pure water [17]. Thrash
er et al. [159] reported essentially the same findings in dehydrated dogs; 
water ingestion reduced plasma ADH activity, whereas ingestion of an 
electrolyte solution with the same composition as the extracellular fluid 
volume reduced plasma renin activity. 

As described, water ingestion, especially during exercise, causes serum 
osmolality either to remain the same or to fall; this would reduce ADH 
secretion. Why the ingestion of sodium-containing solutions specifically 
reduces plasma renin activity and aldosterone concentrations is not 
known. Possibly, the effect is because of the maintenance of higher 
plasma volumes when electrolyte-containing solutions are ingested [17, 
23]. 

FLUID INGESTION AND RENAL FUNCTION. Renal function during 
prolonged exercise like marathon running is unaffected by levels of 

C-59 

Paper 6 



Paper 6 

306 I Noakes 

dehydration less than 4% [86-88] and is enhanced during recovery in 
those who retain fluid during exercise [85]. The classic studies also found 
that renal function was not influenced by levels of dehydration less than 
7% [4]. Anuria has been reported in one runner who drank inadequately 
and lost 11 % of her body weight during an 88-km ultramarathon [88]. 

Renal fluid and electrolyte excretion may be influenced by the nature 
of the fluid ingested during exercise, but this has been infrequently 
studied during exercise [14] or even at rest [20]. The renal response to 
the ingestion, during exercise, of fluids with different electrolyte 
contents will be influenced by a number of factors including the relative 
amount of sodium and water lost in sweat, the extent of the sodium 
movement from the interstitial space into the intestinal lumen [66, 67] 
and the relative rates of sodium and fluid absorption from the ingested 
solution. As yet, there are no studies that have addressed these issues, 
either singly or collectively. 

GASTRIC EMPTYING AND INTESTINAL ABSORPTION. Dehydration im
pairs gastric emptying [113] and could theoretically limit fluid replace
ment during prolonged exercise. In contrast, intestinal absorption may 
increase when blood volume falls [148]. 

But gastric emptying should not limit fluid replacement during 
exercise as high rates of gastric emptying can always be achieved with the 
appropriate drinking patterns [127]. It is more probable that fluid 
absorption by the small bowel could limit fluid replacement especially 
when only plain water is ingested at high rates during prolonged exercise 
(see later). 

INFLUENCE OF EXERCISE-RELATED FALLIN PLASMA VOLUME ON PHYS
IOLOGICAL RESPONSES DURING EXERCISE. An important question is 
whether changes in serum osmolality or in plasma volume regulate the 
physiological responses to exercise-induced dehydration. The infusion 
of isotonic fluids that maintain plasma volume without altering serum 
osmolality can differentiate between these possibilities [62]. 

BODY TEMPERATURE, SKIN BLOOD FLOW AND SWEAT RATE. Fortney 
et al. [62] showed that the infusion of an isotonic saline solution reduced 
both the core temperature and total sweat output during exercise. The 
authors concluded that the maintenance of plasma volume increased 
skin blood flow thereby increasing convective heat losses. Hence, 
evaporative heat losses were reduced. In contrast, increased serum 
osmolality raises the temperature threshold at which skin blood flow 
increased and delayed the onset of sweating, thereby favoring heat 
retention [62, 63]. 

Montain and Coyle [107] infused a 6% dextran solution to increase 
plasma volume above the level maintained by fluid ingestion during 
exercise. Serum sodium concentrations and serum osmolality increased 
when subjects did not ingest fluid during exercise but were maintained at 
pre-exercise concentrations by saline infusion. Unlike the findings of 
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Fortney et al. [63], plasma volume expansion alone did not influence 
either the esophageal or rectal temperature response to exercise, or 
forearm skin blood flow. Nor did fluid infusion prevent the rise in the 
rating of perceived exertion as effectively as did fluid ingestion. 

Thus, maintaining or increasing plasma volume by fluid ingestion 
does not explain the temperature-lowering effect of fluid ingestion 
during exercise. Rather, fluid ingestion may influence thermoregulation 
by preventing the rise in serum osmolality or serum sodium concentra
tions [107] with maintenance of forearm blood flow [128]. These 
findings support Dill's [46] proposal that the goal of fluid ingestion 
during exercise should be the maintenance of serum osmolality and 
serum sodium concentrations. 

Cardiovascular Drift 
Compared with the findings when no fluid was ingested, cardiac output 
and stroke volume were higher with intravenous infusion; but this effect 
was less than that achieved by full fluid replacement (107]. 

The authors concluded that the cardiovascular drift shown by an 
increase in heart rate and a fall in stroke volume and cardiac output 
during prolonged exercise is not solely caused by the fall in plasma 
volume. Thus, the beneficial physiological effects of fluid ingestion 
during exercise cannot be due solely to the maintenance of plasma 
volume and central cardiovascular function. 

Hamilton et al. [73] have also shown that ingesting fluid at rates that 
prevent dehydration maintains cardiac output and stroke volume during 
prolonged exercise. Other components of cardiovascular drift, in 
particular the rise in heart rate and in oxygen consumption, were 
prevented only by the addition of a glucose infusion. They have 
proposed that especially the rise in oxygen consumption during 
prolonged exercise results from a catecholamine-mediated stimulation 
of metabolism that is prevented by glucose infusion. 

OPTIMUM RATES OF FLUID INTAKE DURING EXERCISE 

The evidence so far presented suggests that the principal aim of fluid 
ingestion during exercise is to prevent any rise in serum osmolality or 
serum sodium concentrations. A secondary goal is also to prevent any 
change in plasma volume. Few studies have considered the interacting 
influences of the rates of fluid loss and fluid ingestion, and the 
composition of the ingested solution on changes in these variables during 
exercise. Rather, it has been assumed that the optimum rate of fluid 
ingestion is always that which equals the rate of fluid loss. It is clear, 
however, that most subjects do not voluntarily replace all the fluid lost 
during exercise [5]. Therefore, it is appropriate first to discuss the 
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factors that influence the rates of fluid loss and fluid ingestion during 
exercise as this may identify those exercising conditions when the 
development of voluntary dehydration is more likely. The possible 
effects of the nature of the ingested fluid on changes in serum osmolality 
and plasma volume under these conditions will also be briefly consid
ered. 

Rates of Fluid Loss During Exercise 
The rate of sweat loss, which is the principal determinant of fluid loss 
from the body during exercise, is determined mainly by the metabolic 
rate [32, 39, 40, 69, 70, 125, 171]. At least in running, the metabolic rate 
is determined by the body mass and the running speed; in nonweight
bearing activities like cycling, the velocity of movement becomes the 
principal determinant of the metabolic rate. Barr and Costill [13] have 
predicted sweat rates for subjects of different masses running at 
different speeds. Figure 10.1, drawn from their data, shows the 
interaction of body mass and running speed on sweat rate and predicts, 
for example, that heavier athletes running quite slowly can have sweat 
rates equal to those of smaller runners running much faster. 

FIGURE 10.1 

Predicted sweat rates of athletes of different masses running at different speeds. 
Drawn from the data of Barr, S.l., and D.L. Costill. Water: can the endurance 
athlete get too much of a good thing? J. Am. Diet. Assoc. 89:1629-1632, 
1989. 
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The prediction of this figure is that sweat rates will seldom be greater 
than 1.2 liters/hr in runners weighing less than 70 kg. Such high sweat 
rates are probable only in runners weighing 80 kg or more running 
faster than 12 km/hr. Heavier runners probably achieve these racing 
speeds only infrequently, at least for prolonged periods, for example, in 
marathon races. 

The finding that sweat rates measured in runners during longer 
distance races are seldom greater than 1.2 liters/hr (for review, see [125]) 
confirms the general accuracy of these predictions. Higher sweat rates 
are usually recorded only when the environmental conditions are more 
severe (dry bulb temperature> 25°C) or when the activity is held indoors 
without the benefit of adequate convective cooling. For example, 
compared with sweat rates measured at the same metabolic rate in 
wind-still conditions indoors, sweat rates of cyclists are reduced by up to 
38% during outdoor exercise [20]. 

Therefore, it seems probable that the reports of much higher sweat 
rates measured in the laboratory [10,105] could possibly be explained, in 
part, by the absence of adequate convective cooling during exercise 
indoors. 

Rates of Fluid Ingestion During Exercise 
Table 10.1 lists the reported rates of fluid intake in both competitive and 
experimental studies both outdoors and in the laboratory, in runners, 
cyclists, and triathletes competing over a wide range of distances. Table 
10.2 lists the absolute and relative exercise-induced weight changes in 
subjects competing in the same or similar events. 

Table 10.1 shows that the rates of fluid intake during exercise vary 
considerably but are seldom more than about 500 ml/hr except in 
subjects cycling in the laboratory when forced to ingest fluid at higher 
rates. One conclusion might be that subjects voluntarily choose to drink 
about 500 mllhr during exercise with little likelihood that rates > 1 
liter/hr will be achieved except under laboratory conditions. 

Because these rates of fluid ingestion are less than sweat rates, 
voluntary dehydration develops (Table 10.2), at least during those 
activities lasting less than about 6 hr. In longer events, especially those 
lasting many days, there is a tendency for body weight to increase during 
exercIse. 

A striking feature of Table 10.2, not previously noted, is the 
remarkable constancy of the weight loss (2-3 kg) experienced by athletes 
during prolonged exercise. This appears to be relatively independent of 
either the type or duration of the activity. It is as if total weight loss 
during exercise is a regulated variable. 

Athletes develop symptoms of discomfort when they attempt to drink 
at rates equal to the higher sweat rates. Thus, both runners [33] and 
cyclists [106] develop symptoms of "fullness" when ingesting fluid at 
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TABLE to.! 
Reported Levels of Dehydration Developing in Athletes Competing in Running, 
Triathlon, and Cycling Races of Different Distances 

Race Distance 
(11m) % WI Loss Kg Loss/Gain* Reference 

Running 
32 3.8 2.4 169 
42 4.3 2.9 29 
42 2.4 1.8 87 
42 3.7 2.6 97 
42 4.3 2.8 98 
42 2.9 2.1 99 
42 1.~3.1 1.1-2.3 121 
42 2.0 2.5 125 
42 5.2 2.9 138 
42 3.4 (male)t 2.5 (male) 140 

'2.6 (female) 1.5 (female) 140 
42 2.1 2.9 165 
56 2.7 2.0 86 
56 2.~3.1 1.9-2.0 121 
67 3.3 (male)t 2.4 (male) 139 

2.3 (female) 1.0 (female) 139 
80 +0.3 +0.2 145 
90 5.1 3.5 37 
90 3.5 2.7 90 
100-160 0.6 0.5 114 
24-hr race 3.6 2.3 61 

(132-188 km) 
24-hr race 3.2 2.1 60 

(121-242 km) 
24-hr race 3.6 2.7 123 

(160-199 km) 
960km 0.8 0.5 143 

(5 days) 

Triathlon 
52 4.0 2.9 105 
52 1.7 1.2 134 
110 3.3 2.3 158 
113 2.8 2.1 134 
160 4.5 3.2 160 
174 3.2 2.2 61 
226 4.1 (male)t 3.2 (male) 58 

2.4 (female) 1.4 58 
226 3.6* 2.8 59 
226 3.7 2.8 134 

Cycling race 
4800 km +3.5 +2.8 96 

*Weight gain during exercise. 
tNote that weight loss is greater among males than females. 
*Most of weight loss in the triathlon occurred in the run section (1.6 kg vs. 0.7 kg in cycle 
section) despite the shorter duration of the run (04:34 vs. 06:08). 
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TABLE lO.2 
Reported Rates of Fluid Intake of Athletes Competing in Running, Triathlon, 
and Cycling Races of Different Distances 

Distance!Intensity/DuTaJion Mean Rate of Fluid Intake 
(Iem) (% Vo2max)* (hT:min) (lilers! hT) Reference 

Running 
25 0.05 140 
32 0.15 169 
42 0.40 29 
42 0.41 97 
42 0.19 98 
42 0.38 99 
42 0.45-0.49 121 
42 0.4&--0.59 121 
42 0.60 125 
42 0.12 138 
42 0.15 140 
56 0.49-0.62 121 
56 0.40-0.46 121 
67 0.40 (male) 139 

0.31 (female) 139 
80 0.50 145 
90 0.48 37 
960 0.83 143 

Runnin~ (Laboratory) 
70% 02max x 02:00 0.0&--0.12 16 
70% Vo2max x 04:00 0.21 41 
71% Vo2max x 02:00 0.88 33 
75% Vo2max x 02:00 0.60 65 
76% Vo2max x 30 km 0.48 166 

Triathlon 
52 0.6 105 

Cycling (Competition) 
8800 km 0.62 96 
55% Vo2max x 06:00 1.2 14 
60% Vo2max x 03:00 0.9 26 
60% V ~max x 03:00 1.1 144 
70% V ~max x 02:00 0.8-1.6 106 

Rest 
00:40 1.5 48 

*Vo2max = maximum oxygen consumption. 

rates equal to or greater than 800 mllhr. Runners were unable to sustain 
these high rates even for 2 hr [33] whereas cyclists reported increasing 
levels of discomfort when ingestion rates were greater than 800 mllhr 
[106]. One-half of the cyclists ingesting 1200 mVhr and all subjects 
ingesting 1600 mVhr were "visibly uncomfortable." Interestingly, 25% of 
subjects developed diarrhea when ingesting l.6 liters/hr [106] indicating 
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that this rate of fluid ingestion exceeded the combined maximum rate of 
fluid absorption of both the small and large bowels. 

Brouns et al. [18] showed that the rate of fluid ingestion of subjects 
encouraged to drink as much as possible during a simulated triathlon, 
was two to three times higher in the cycling leg (600-800 mllhr) than in 
the running leg (100-300 mllhr). This suggests that running reduces the 
desire to drink more than does cycling [19]. 

Hence, peak rates of fluid ingestion under ideal conditions are seldom 
greater than 800 ml/hr. Feelings of abdominal fullness seem to prevent 
higher rates of ingestion, especially during running. 

Whereas this upper limit of voluntary fluid ingestion during exercise 
may be set by progressive gastric distension due to impaired gastric 
emptying [106], another possibility is that fluid ingested at such high 
rates may also accumulate at other sites, including the colon. The 
assumption that the small bowel has an unlimited capacity for both fluid 
and energy assimilation is currently under review [45]. Indeed, Bud
dington and Diamond [21] have suggested: " ... the intestine never 
possesses an enormous excess absorptive capacity. Instead, just enough 
intestine and transporters are synthesized to absorb the expected 
nutrient loads so that biosynthetic energy is not wasted on unneeded 
tissue and molecules but ingested nutrients are not wasted either. The 
intestine exemplifies the motto, 'enough but not too much.' " 

Their suggestion is that the maximum absorptive capacity of the small 
bowel at least for glucose is approximately twice the usual carbohydrate 
intake. If this holds also for fluid absorption, and if the usual fluid intake 
in humans is 180-200 mllhr [56], then the maximum rates of small bowel 
fluid absorption might be approximately only 360-400 mllhr. Interest
ingly, this value approximates the voluntary rates of fluid ingestion of most 
subjects during exercise (Table 10.2), but is well below both their average 
sweat rates [12l] and the maximum rates of fluid ingestion of some 
athletes who develop fluid retention during prolonged exercise [85]. 

At present, the maximum rates of small bowel fluid and glucose 
absorption either at rest or during exercise are not known. There is 
sufficient information however, to suggest that these rates may be 
sufficiently low to limit optimum fluid and carbohydrate replacement 
during exercise. 

Thus, a number of studies [74, 75, 109, 139, 141] have shown that less 
than about 40% of the carbohydrate ingested during exercise is oxidized 
by the muscles, possibly because intestinal glucose absorption is limiting. 
Peak rates of exogenous glucose oxidation by muscle are approximately 
I g/min regardless of the type of carbohydrate ingested [75]. This rate is 
equal to that given historically as the maximum rate of glucose 
absorption from the small bowel [1, 72]. As glucose absorption stimulates 
water absorption [65, 66], such low rates of glucose absorption might 
indicate that water absorption also occurs relatively slowly. Indeed, 
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Gisolfi et al. [66J have also calculated that only 37% of fluid infused into 
the duodenum and jejunum at rates of 900 mllhr was absorbed; others 
have reported that the maximum rate of water absorption from an 
isotonic solution with a sodium concentration of 110 mmoi/liter was only 
800 ml/hr [42]. 

Similarly, studies in which fluid replacement either during [14] or 
after exercise [34J equalled fluid losses found that not all the ingested 
fluid could be accounted for by its appearance in the extracellular or 
intracellular fluid pools, suggesting that not all was rapidly absorbed 
[116]. Indeed, Costill and Sparks [34] suggested that: "a large fraction of 
the ingested water remained in the gastrointestinal tract or was shifted to 
the extravascular compartment." 

In summary, the maximum rates of fluid absorption by the small 
bowel during exercise are not known but could be less than either the 
highest rates of fluid loss incurred by some athletes during more 
intensive exercise, or the highest rates of fluid ingestion of some less 
competitive runners especially during prolonged exercise [85]. Any 
unabsorbed fluid would accumulate in the large bowel where its 
presence might: (a) explain the symptoms of fullness experienced by 
some athletes ingesting large fluid volumes during prolonged exercise, 
and (b) lead to a potential "third space" effect that could be a factor in the 
etiology of the hyponatremia of exercise (see later). 

Clearly, unless the maximum rates of fluid absorption by the small 
bowel are known, it is difficult to prescribe how much fluid should be 
ingested during exercise [116]. But, if intestinal absorptive capacity is 
regulated by demand and can increase when demand increases chroni
cally [45], it follows that the chronic ingestion of large volumes of fluid 
either during or after exercise might increase intestinal absorptive 
capacity. 

Influence of Changes in Serum Osmolality, Plasma Volume, and Other Factors on 
Drinking Behavior in Humans 
In contrast to dogs [4, 159], the donkey (burro) [46J, the monkey [U], 
and the Bedouin goat [27J, only humans develop voluntary dehydration 
when given free access to fluid either during or after exercise in the heat; 
other mammals immediately replace all their fluid losses as soon as water 
is provided. The volume ingested by the dog appears to be regulated by 
receptors in the oropharynx [6, 159]. Drinking rapidly inhibits ADH 
release, probably in response to an orophanryngeal reflex [11]. 

Dill [46] proposed that humans develop voluntary dehydration during 
exercise because only they lose sodium chloride in sweat. As a result, 
serum osmolality rises less during exercise-induced dehydration in 
humans. But, as all mammals seemed to drink sufficiently to maintain a 
constant serum osmolality, Dill [46] postulated that the fluid intake of 
humans would always be inadequate to replace their sweat losses. 
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Nose et al. [130] have shown that the drinking behavior of dehydrated 
humans is regulated by changes in both serum osmolality and plasma 
volume. Hence, dipsogenic drive in dehydrated humans ceases when 
either osmolality or plasma volume is corrected by the ingestion of either 
plain water or a sodium-containing solution, respectively. Thus, the 
ingestion of plain water prematurely inhibits drinking by causing serum 
osmolality to return to isotonicity before either fluid or sodium losses are 
replaced; sodium chloride ingestion also terminates drinking prema
turely by restoring plasma volume prematurely. But changes in osmolali
ty and plasma volume during exercise-induced dehydration in humans 
are not independent of each other; the rising serum osmolality with 
dehydration acts to maintain plasma volume and to reduce the volume
dependent drive for fluid replacement [130]. The result is that whether 
or not they ingest plain water or sodium chloride solutions, dehydrated 
humans stop drinking before they are fully rehydrated. 

In addition, water ingestion increases free water loss [130] whereas 
selective restoration of plasma volume with sodium-containing solutions 
inhibits secretion of sodium-retaining hormones [131], increasing osmotic 
diuresis. 

Perhaps it is these complex interactions that also explain why humans 
are unable to prevent the development of voluntary dehydration during 
exercise. Others suggest that it is the rapid alleviation of the symptoms 
that initiate drinking including, among others, dryness of the mouth, 
which causes the premature cessation of drinking before full rehydra
tion has occurred [84, 146]. Indeed, subjects can be classified as either 
"reluctant" or "avid" drinkers [153, 154] on the basis of the volume of 
fluid they ingest during exercise. Fluid ingestion during exercise is 
enhanced by drinking cold, sweet fluids [56, 84, 146]. Simultaneous food 
consumption also increases fluid consumption [5,84]. 

There is a need to establish factors that will enhance fluid ingestion 
during exercise, thereby limiting the extent to which voluntary dehydra
tion develops. 

Role of Sodium Chloride Ingestion 
The predictions of Adolph and Dill [7] that the fluid deficit that develops 
during exercise is corrected only when the sodium chloride deficit has 
been corrected so that "water cannot be held until the missing osmoles 
are made good" [92] has been confirmed by the detailed studies of Nose 
and colleagues [112, 129-131, 133]. The essential conclusion from these 
studies is that the sodium content of the extracellular space must 
regulate the extracellular fluid volume [112, 129]. As a result, the 
extracellular fluid volume must contract whenever a sodium deficiency 
develops. This explains why serum sodium concentrations remain 
constant (or increase slightly) during prolonged exercise when both 
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sodium and water are lost, even if plain water in limited amounts is 
replaced [1201. 

There are two exceptions to this general rule that the extracellular 
fluid volume is regulated by its sodium chloride content so that serum 
sodium concentration will remain within a narrow range regardless of 
the degree of fluid or sodium deficit. The first is the condition of true 
sodium chloride deficiency [102-104]; the other is the hyponatremia of 
exercise [120]. These are discussed in subsequent sections. In both 
conditions, the volume of the extracellular space is increased out of 
proportion to its sodium chloride content. 

Nose et al. [129] also found that, at any level of dehydration, the less 
sodium chloride lost in sweat, the greater the loss of fluid from the 
intracellular compartment. Thus, a reduction of sweat sodium losses 
with protection of the circulating volume is an important benefit of heat 
acclimatization and training. 

It follows that an important benefit of ingesting sodium chloride 
during or after exercise might be better maintenance and more rapid 
restoration of the extracellular volume and possibly also the plasma 
volume [17, 23, 34, 116] although this is not always found [100, 137]. 
This effect would be enhanced by the addition of carbohydrate, which 
further increases the rate of fluid absorption from the solution ingested 
during exercise [67]. 

Figure 10.2 shows the rates of water, sodium, and carbohydrate 
absorption from different solutions ingested at rest. It shows that 
optimum fluid absorption occurs from isotonic carbohydrate/electrolyte 
solutions, whereas rates of absorption from water and electrolyte
containing solutions are not greatly different. Sodium absorption, 
however, is enhanced from electrolyte-containing solutions. This latter 
finding would explain why sodium-containing solutions are more likely 
to maintain plasma volume whereas the ingestion of water is more likely 
to influence plasma osmolality. 

On the other hand, carbohydrate absorption is most rapid from 
concentrated (10%) carbohydrate solutions. But these solutions induce 
net water movement into the small bowel and could, therefore, be a 
factor contributing to the hyponatremia of exercise (see later). 

APPLIED MEDICAL ASPECTS 

"Salt-Deficiency" vs. "Water-Deficiency" Heat Exhaustion 
An original classification of the heat illnesses distinguishes "salt
deficiency heat exhaustion" from "water-deficiency heat exhaustion" 
[28]. This distinction has persisted in the literature [83, 94]. Salt
deficiency heat exhaustion is considered to develop when fluid replace-
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FIGURE 10.2 

Rates of water, sodium, and carbohydrate absorption (secretion) from different 
solutions infused into the small bowel. Note that sodium and water absorption are 
greatest from the isotonic solution with modest sodium (25 mmoilliter) and 
carbohydrate (6%) content whereas carbohydrate absorption is greatest from the 
high (10%) carbohydrate solution; this solution causes net water secretion into the 
small bowel. Redrawn from data of Gisolfi, C. V., KJ. Spranger, R. W. Summers, 
H.P. Schedl, and T.L. Bleiler. Effects of cycle exercise on intestinal absorption in 
humans. J. Appl. Physiol. 71:2518-2527, 1991; and Gisolfi, C.V., R.W. 
Summers, H.P. Schedl, T.L. Bleiler, and R.A. Oppliger. Human intestinal water 
absorption: direct vs. indirect measurements. Am. J. Physiol. 258 :G216-G222, 
1990. 
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ment is adequate but replacement of salt is inadequate; water-deficiency 
heat exhaustion is believed to result from the converse. But if body 
sodium content regulates the extracellular fluid volume [112, 129-131], 
it is difficult to understand how there could be these distinct conditions. 
:"Jor do the accepted descriptions of the two conditions provide robust 
guidelines for their differentiation on either clinical or biochemical 
ground [83, 94]. 

The original distinction was made on the basis of an experimental 
model developed to induce salt deficiency in animals. In this model [38, 
54, 81, III], true sodium chloride deficiency was induced by injecting a 
5% glucose solution into the peritoneal cavity of experimental animals; 
the solution that was withdrawn 4-5 hr later had a high sodium chloride 
content but a low protein content. The characteristics of this salt
deficiency syndrome were the following: hypotonic hyponatremia; a 
large fluid shift from the extracellular to the intracellular fluid 
compartments causing intracellular overhydration; and extracellular 
dehydration with a disproportionate reduction in plasma volume. The 
fall in plasma volume wa~ greater than that developing in pure water loss 
and was associated with a large reduction in the total circulating protein 
content. Circulatory changes were more severe in salt-deficiency than in 
water-deficiency dehydration; animals with salt depletion were incapaci
tated whereas animals with pure water deficiency remained "vigorous 
and healthy" with no evidence of peripheral vascular collapse. 

Elkinton et al. [54] concluded that the greater loss of circulating 
plasma protein content probably explained the larger fall in plasma 
volume and the more severe circulatory collapse with salt depletion than 
with water depletion. They concluded that "whenever there is any salt 
loss to the external environment or temporary segregation of salt by 
pooling in the gut (author's emphasis), peritoneum, or in the traumatized 
region, shock will be produced with greater ease than would otherwise be 
the case." It is understandable why these original researchers considered 
that subjects with more severe heat injury must be suffering from 
salt-deficiency heat exhaustion whereas those with less severe circulatory 
abnormalities had water deficiency alone. 

It is extremely difficult, however, perhaps impossible, for healthy 
humans to develop salt deficiency regardless of the environment in 
which they live and the amount of exercise they perform [47, 56, 170]. 
Indeed, their inability to discover a single case of salt deficiency either in 
the literature or in their personal experience of 20 yr work in 
environmental physiology led Epstein and Sohar [56] to suggest that the 
mythical condition of "salt deficiency heat exhaustion" is another 
example of "christening by conjecture." "Such a syndrome" they 
conclude "has never been proven to exist." 

Rather, sodium chloride deficiency has only ever been induced in 
healthy humans by combining a salt-free diet with daily exercise or sauna 
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FIGURE 10.3 

Changes in body weight and body sodium content of subjects eating a sodiumJree 
diet for 11 days (days 1-11) and during 5 days (days 11-16) of sodium repletion. 
Note that the rate of sodium loss is greater than the rate of weight loss between days 
2 and 11. Hyponatremia developed during this period. Redrawn from McCance, 
R.A. The changes in plasma and cells during experimentally human salt 
deficiency. Biochemistry 31 :1278-1284,1937. 
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exposure to increase sodium chloride losses [102-104]. A cardinal 
feature of the syndrome was severe physical incapacitation that prevent
ed any desire or attempt to exercise. 

Figure 10.3 from McCance [102] depicts mean water and sodium 
balance in subjects from one of their studies. It shows that for the first 2 
and the last 4 days of the experiment, water balance follows sodium 
balance, but from days 3-12, relative water conservation occurred 
despite a continuing sodium deficit. Hyponatremia developed during 
this period and became progressively more severe despite a contraction 
of the extracellular fluid volume by up to 38% [104]. 

These findings can be explained if the initial response to human salt 
deficiency is a contraction of the extracellular fluid volume with 
maintenance of a normal or elevated serum sodium concentration (days 
0-2 on Fig. 10.2); thereafter there is relative conservation of the 
extracellular fluid volume despite increasing sodium deficit. During this 
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period, hyponatremia develops. McCance [102] concluded: " ... the 
human body comprised between (a) maintenance of its total osmotic 
pressure at the expense of anhydraemia, a reduction of blood volume. 
rise of haemoglobin, proteins and colloidal osmotic pressure in the 
serum, and (b) maintenance of its plasma and extracellular fluid volumes 
at the expense of a reduction in the concentrations of sodium and 
chloride in the serum. with a fall in its total osmotic pressure." The 
important point is that because the extracellular sodium content 
determines the extracellular fluid volume in health [112, 129. 130]. any 
fall in serum sodium concentration can occur only if this interdependent 
relationship is lost so that the normal regulation of the extracellular fluid 
volume is disturbed. 

The particular relevance of these studies is that they add important 
insights into the condition of the hyponatremia of exercise. This 
condition. which is reviewed in detail elsewhere [120]. occurs typically in 
persons involved in very prolonged exercise during which they ingest 
large volumes of fluid. frequently containing 5-10% carbohydrate. 
Although it has been argued that large sodium chloride losses in sweat 
contribute to the pathogenesis of this condition [76-79]. studies of 
runners with this condition have established that abnormal fluid 
retention, and not sodium deficiency, is the sine qua non for the 
development of the serious symptomatic form of this condition [85]. 

One proposal is that a third space effect similar to that produced in the 
experimental model of salt deficiency, may be operative. A large (± 2 
liters) volume of unabsorbed fluid in the gut could, particularly if it has 
a high carbohydrate content, induce a sufficiently large sodium move
ment from the extracellular space into the unabsorbed fluid r66, 67, 139] 
to produce the changes found in experimental sodium chloride deficien
cy with hypotonic hyponatremia, intracellular overhydration, and a fall 
in plasma volume and in circulating protein content [120]. It is possible 
that sustained high rates of fluid intake (> 1 liter/hr), achieved uniquely 
only by some athletes during prolonged exercise [85] could exceed the 
fluid-absorbing capacity of the small bowel leading to this third space 
effect in the large bowel. 

In summary, the hyponatremia of exercise appears to be due to the 
combination of at least three abnormalities: abnormal fluid retention, 
possibly on the basis of inappropriate ADH secretion; disturbed 
regulation of the extracellular fluid volume so that the normal relation
ship between its volume and sodium chloride content is lost, and possibly 
a third space effect with movement of sodium into unabsorbed fluid in 
the large bowel. 

The sequence in which these abnormalities develops is not known. But 
the similarities between the hyponatremia of exercise and the experi
mental model of salt deficiency cannot be ignored [120]. This suggests that 
a third space effect may be crucial for the development of this condition. 
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Exercise-associated Collapse 
After it had been found that rectal temperature rose as an apparently 
linear function of dehydration in marathon runners [169], it took only a 
small leap of faith to conclude that athletes who collapse after prolonged 
exercise must be suffering from a heat disorder caused by dehydration. 
As a result, it became fashionable to treat all athletes who collapsed 
during or after prolonged exercise with intravenous fluids [3, 51, 76-79, 
93,95, 132, 167]. 

But recent studies have shown that runners with this condition of 
exercise-associated collapse (EAC) [142] are not more likely to be 
hyperthermic than are control runners who do not collapse; indeed, a 
significant proportion may be hypothermic (Holtzhausen L.M., and 
Noakes, T.O. Unpublished observations). Nor is there any evidence that 
subjects with EAC are more dehydrated than are noncollapsed controls 
[lIS, 122]. In addition, intravenous fluid therapy retards rather than 
expedites the recovery of these subjects [SS]; this form of therapy may 
also induce iatrogenic hyponatremia and hyperglycemia [122] and can 
be life-threatening in those with symptomatic hyponatremia due to fluid 
overload [SS, 126]. 

On the basis of the evidence that: (a) the majority (> SS%) of subjects 
with EAC collapse after the cessation of exercise (Holtzhausen, L.M., 
and Noakes, T.O. Unpublished observations), and (b) that postural 
hypotension, often severe, is present in virtually all runners who 
complete ultramarathon races [SO], we have proposed that postural 
hypotension probably caused by fluid displacement to the compliant 
veins of the lower limb, is the most likely cause of EAC [SO, liS, 119]. 
This is not a novel proposal. For nearly 70 years it has been known that 
postural hypotension occurs frequently during exercise in the heat and 
is the principal abnormality in the condition incorrectly termed "heat 
exhaustion" [S, 49, SO, ISS]. 

As the degree of postexercise postural hypotension is unrelated to the 
level of dehydration developed during exercise [SO], it follows that 
intravenous fluid therapy is not the most rational form of therapy for 
EAC. Rather, therapy should aim to expedite return of blood from the 
peripheral pools in the lower limbs [19, lIS]. This can be achieved by 
elevating the pelvis and legs; a form of therapy that has proven effective 
[6S]. Failure to respond to this form of therapy may indicate the 
presence of dehydration. 

Two additional points require emphasis. First, the most severe levels 
of exercise-induced dehydration yet reported [S] did not cause sudden 
collapse with circulatory failure, at least in the recumbent position. 
Rather, severely dehydrated subjects chose to lie down, possibly because 
they developed postural hypotension on standing. Hence, the develop
ment of postural hypotension could perhaps be the safety mechanism 
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that prevents dehydrated subjects from continuing to exercise to levels 
of dehydration that would induce irreversible circulatory failure. 

Second, Adolph [5] observed that blood biochemical markers were 
poor indicators of the level of dehydration, as also recently confirmed by 
us [80]. Adolph therefore proposed that the level of dehydration should 
be determined by conventional clinical parameters. In particular, intense 
thirst, a change in the timber of the voice, a dry mouth, and an inability 
to produce sputum indicated more severe dehydration. 

In our experience, these are extremely uncommon findings in subjects 
whether or not they collapse after prolonged exercise. This observation 
is compatible with the finding that more severe levels of dehydration 
occur uncommonly in endurance athletes (Table 10.1). 

SUMMARY 

Current evidence indicates that adequate fluid ingestion during exercise 
enhances athletic performance, prevents a fall in plasma volume, stroke 
volume, cardiac output and skin blood flow, maintains serum sodium 
concentrations and serum osmolality, lowers rectal temperature and the 
perception of effort, and prevents a progressive rise in heart rate. Rates 
of sweating and urine flow are not influenced by fluid ingestion. The 
evidence suggests that the maintenance of serum osmolality and serum 
sodium concentrations at pre-exercise levels is the important determi
nant of these beneficial effects of fluid ingestion on cardiovascular 
function and thermoregulation. The provision of glucose in the ingested 
solution may be necessary to optimize performance; glucose ingestion 
that enhances fluid and sodium absorption in the small bowel may also 
prevent a progressive rise in oxygen consumption during exercise. 
Sweetened carbohydrate-containing drinks may also increase fluid 
intake during exercise, thereby minimizing voluntary dehydration. 

Hence, the optimum solution for ingestion during exercise should 
provide carbohydrate, probably at rates of about 1 g/min and electrolytes 
in concentrations that, when drunk at the optimum rate, maintain serum 
osmolality and plasma volume at pre-exercise levels by replacing exactly 
the water and electrolyte losses from the extracellular space. At present, 
the composition of the fluid that will optimize electrolyte and fluid 
replacement of the extracellular space is not established. Neither are the 
optimum rates of fluid ingestion during exercise known. At low sweat 
rates « 1 liter/hr), it is probable that all of the lost fluid can and should 
be replaced; rates of fluid ingestion needed to offset higher sweat rates 
may exceed the maximum intestinal absorptive capacity for water. 
Furthermore, high rates of fluid intake (> 1 liter/hr) are achieved 
with difficulty during exercise, especially when running, and are likely 
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to lead to feelings of abdominal discomfort, possibly due to the 
accumulation of unabsorbed fluid in the small bowel or colon. Practicing 
to drink regularly during training might reduce the severity and 
frequency of these symptoms, possibly by increasing intestinal absorptive 
capacity. 

Most athletes are "reluctant" drinkers during exercise and do not 
ingest fluid at rates equal to their rates of fluid loss; hence, they develop 
progressive (voluntary) dehydration during prolonged exercise. Surpris
ingly, the level of voluntary dehydration that develops during exercise is 
relatively independent of the duration or intensity of the activity. The 
factors that explain these phenomena remain elusive. Fluid consumption 
during exercise is enhanced by the ingestion of cold, sweet fluids. 
Simultaneous food consumption also stimulates fluid ingestion. 

Despite the modest sodium losses in sweat, the serum sodium 
concentration remains relatively unchanged during exercise. This 
results from a regulated contraction of the extracellular volume, which 
develops in proportion to the sodium deficit. As its sodium content 
regulates the volume of the extracellular space, correction of any fluid 
loss incurred during exercise requires that electrolyte losses, especially 
sodium, also be corrected. 

Failure of adequate contraction of the extracellular volume in 
response to sweat sodium losses is characteristic of the hyponatremia of 
exercise in which there is also abnormal fluid retention in subjects who 
sustain very high rates of fluid intake (> 1.3 literslhr) for prolonged 
periods (> 6 hr). These subjects exhibit the extreme of "avid" drinking 
behavior during exercise. 

It is frequently assumed that severe dehydration is the critical factor 
explaining the development of both exercise-induced heatstroke and the 
apparently related condition of EAC. Yet there is no evidence that 
dehydration plays an essential role in either condition. EAC, in 
particular, is not a heat disorder and appears to be caused by the rapid 
onset of postural hypotension with the cessation of exercise. Elevation of 
the lower limbs, rather than intravenous fluid therapy, is the initial 
treatment of choice. 

Future research needs to establish (a) techniques that will increase the 
fluid intakes of "reluctant" drinkers during exercise so that the extent of 
the voluntary dehydration can be reduced or prevented; and (b) the 
nature of the ingested solution that will optimize maintenance of serum 
osmolality and plasma volume during exercise under different exercise 
conditions and in different individuals whose sweat sodium and water 
losses, and rates of intestinal absorption of electrolytes and water may 
differ substantially as a result of individual variability and levels of 
training. Indeed, the complex interrelationship between all of these 
diverse variables remains to be clarified. 
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ABSTRACT 
NOAKES. TIMOTHY D., NEll GOODWIN. BRIAN L. RA YNER, 
TREVOR BRANKEN. and ROBERT K.N. TAYLOR. Water intox
Ication: a possible complication during endurance exerdse. Med. Sci. 
Sports Exert· .. Vol. 17. No.3. pp. 370-375. 1985. Four athletes 
developed. water intoxication (hyponatremia) during endurance 
events lastmg more than 7 h. The etiology of the condition appears 
to be volumal")< hyperhvdration with hypotonic solutions combined 
with moderate sweat sodium chloride losses. The reason whv the fluid 
excess in these runners was not corrected by increased uri~arv losses 
is unknown. When advised to drink less during prolonged e~erclse. 
three of the athletes have subsequently completed prolonged endur
ance events uneventfully. 

WATER INTOXICATION. HYPONATREMIA. 
ULTRA-MARATHON. TRIATHLON. HYPERHYDRA TlON 

Sweat is a hypotonic solution which in heat-accli
matized distance runners has a low sodium chloride 
content (3,6). For this reason. it is generally held that 
sodium chloride losses during prolonged ellercise are 
relatively minor (3,4,6) and do not pose as great a threat 
to health as does the dehydration that attends the sweat 
losses (20,21). Thus. Costill and Miller have stated that 
~during prolonged, heavy sweating the need to replace 
body water is greater than any immediate demands for 
electrolytes" (6. p. 10). The finding that muscle sodium 
levels are not reduced after 2 h of ellercise and that 
blood sodium levels are either normal or elevated after 
prolonged ellercise. such as 42-km standard marathon 
(2.15) or longer ultra-marathon races of90 (II) or 160 
km (12). further supports the belief that sodium chlo
ride replacement during marathon or ultra-marathon 
racing is unnecessary. This argument is further strength
ened by evidence that salt ingestion during prolonged 
ellercise may either be detrimental or may be no better 
than water. 

First. the addition of any electrolytes to water causes 
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increased osmolality which may reduce the rate of 
gastric emptying (6). thereby increasing the likelihood 
that dehydration will occur during ellercise. Second, 
ellercising heart rates may be increased during pro
longed ellercise if salt is ingested (9.14), and serum 
sodium levels and osmolality are increased (9). Third, 
the ingestion of hypertonic saline solutions inhibits 
sweating and may impair heat-losing mechanisms. at 
least at rest (17). Finally. five separate studies have 
shown that the addition of sodium chloride to the 
optimum fluid replacement regimens fails to improve 
either work performance during ellercise (5.9.14.18) or 
the rate of heat acclimatization (22). 

For all these reasons. most authorities have advised 
that only hypotonic solutions with low or no sodium 
chloride content be ingested during prolonged ellercise 
(1,2.6,16). It is therefore of interest to report four cases 
of hyponatremia. two severe. in athletes competing in 
prolonged endurance events. Their condition was al
most certainly aggravated by the ingestion of ellcessive 
amounts of hypotonic fluids with low sodium chloride 
content during and after ellercise. 

CASE REPORTS 

Case 1. A healthy 46-yr-old female (body weight. 49 
kg) who had been running for 3'1z yr (best ultra-mara
thon performance: 55 km in 4 hand 47 min; best 
standard 42-km marathon time: 3 hand 55 min) 
trained a total of 1700 km in the 5 months before the 
1981 88 km Comrades Marathon (number of finishers, 
3665) and was well at the start of the race. After she 
had run about 30 km of the race, she developed watery 
diarrhea. The diarrhea persisted and in the nellt 40 km 
she passed a further four stools. During the race sh~ 
drank an estimated 250 ml fluid at every aid station, 
which were situated approllimately every 3 km. Her 
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estimated fluid intake to that point was therefore ap
proximately 6 I. The fluid she drank consisted of a 
mixture of Coca-Cola and water mixed in equal vol
umes (estimated total sodium chloride intake during 
the race equalled 20 mmol), 

After 70 km, the athlete was removed from the race 
by her husband. whom she did not recognize. She was 
exhausted and mentally confused. She was taken to a 
hospital in Pietermaritzburg. where she received a I-I 
intravenous electrolyte solution and was then dis
charged. However. during the 9O-km drive to her hotel 
in Durban. she had a grand mal seizure and was rushed 
to the hospital. 

On admission. she was comatose and responded non
purposefully to painful stimuli. There was also random 
twitching of the limb muscles. The pulse was 60 bpm 
and regular. and the blood pressure was I 10/70 mm 
Hg. With the upper body at 45". the jugular venous 
pressure was raised to the angle of the jaw. The heart 
was clinically of normal size. On auscultation of the 
chest. the heart's sounds were normal. but there were 
crepitations at both lung bases, Palpation of the abdo
men showed that the liver was palpable 2 cm below the 
costal margin. 

Examination of the central nervous system showed 
marked neck stiffness and generalized muscular hyper
tonia. All limbs moved equally. the tendon reflexes 
were symetrically increased. and the plantar reflex was 
normal on both sides. Both pupils were deviated to the 
left, and the right pupil was dilated. Both responded 
sluggishly but equally to light. Opthalmoscopy showed 
bilateral papilledema. 

The electrocardiogram showed sinus bradycardia 
only. The chest X-ray showed enlargement of the car
diac shadow (cardiothoracic ratio. 60%). There was 
bilateral perihilar shadowing with numerous septal 
lines, changes that are in keeping with acute pulmonary 
edema (Figure I). 

The striking finding on blood analysis was hypona
tremia and hypochloremia. both of which normalized 
only after 3 d. Serum potassium, bicarbonate, urea, and 
creatinine levels remained within normal limits for the 
entire duration of hospitalil.3tion. Hemotological pa
rameters measured on admission showed a normal 
hemoglobin level (14.2 g,dl-') and hematocrit (43.1 %) 
but with an elevated white cell count of 17,500/ml, in 
keeping with an acute exercise effect (18). Arterial blood 
gas levels and pH were normal. 

The initial differential diagnosiS was either water 
intoxication or subarachnoid hemorrhage. A central 
venous pressure line was inserted into the right axillary 
vein, and a pressure of 13 cm H20 was recorded. An 
intravenous infusion of 0.9% saline was commenced 
and, after a lag phase of about 12 h. the patient's 
condition began to improve: she developed a dilute 
diuresis. passing about 4 I of urine per 24 h. After 48 
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1 June 1981 

5 June 1981 

Figure l-'rhe ch""l X-ray taken 00 I June 1981 (upp!r pict",.,,) 
sho"" evlliomeply (tardiothoracic ralio. 68%) and bilaleral perihilar 
shado",ing with numerous septal lines, changes thaI are in keeping 
wllh acule pulmOllary edema. With the exception or the iocreased 
heal1 size which had newertheless reduced somewhat (amllOIhoracic 
ratio. 53%). all or Ihese realu ... had cleared in lhe chrst X-ray "'ken 
5 II laler (lowr piau,.,,). 

h. her mental state was normal, and there were no 
abnormal neurological signs. The jugular venous pres
sure was normal, the chest X-ray showed that the heart 
size was reduced (cardiothoracic ratio. 53%), and the 
perihilar patchy shadowing had resolved (Figure I). Her 
condition continued to improve, and she was dis
charged in good health after 6 d in the hospital. She has 
no apparent neurological or renal sequelae, and she has 
returned to work. is running again, and has completed 

C-86 



372 

subsequent standard 42-km and longer marathon races. 
including the Comrades Marathon. without incident. 

Case 2. A 37-yr-old anesthetist (body weight. 75 kg) 
who had been running marathon and ultra-marathon 
races (best standard 42-km marathon time: 3 hand 48 
min) for only 3 months and who trained between 60 
and 80 km pcr wk completed the 1981 Comrades 
Marathon in 10 hand 10 min. 

During the race. he had meticulously monitored his 
fluid intake by running with a 500-ml fluid container 
which he filled 2-3 times an h with the same fluid as 
that drunk by the female athlete (Case I): Coca-Cola 
diluted with an equal volume of water. In this way. he 
was able to calculate that his fluid intake duri ng the 10 
h that he ran had been approximately 12 I (estimated 
total sodium chloride intake during the race equalled 
41 mmol). He passed little urine during the race. 

During the last 1'12 h of the race. he developed mild 
muscle cramp which he considered might indicate an 
electrolyte imbalance. He therefore decided to drink 
electrolyte-containing fluids for the remainder of the 
race. He completed the race feeling well and immedi
ately drank 500 ml of tea and about 70 ml of beer. 

Five h later. he noted that he had persistent muscle 
twitching and that his consciousness was lapsing pe
riodically. He admitted himself to the hospital for cor
rection of what he considered to be an electrolyte 
imbalance. 

On admission. examination of the cardiovascular 
system showed that the pulse rate was 80 bpm and 
regular. and the blood pressure was 120/90 mm Hg. 
The jugular venous pressure was not raised. On auscul
tation of the chest. the cardiac and respiratory sou nds 
were normal. No other abnormalities were apparent on 
clinical examination. 

Blood biochemical results. measured on hospital ad
mission. showed an initial hyponatremia and hypo
chloremia. Serum levels of potassium. bicarbonate. and 
urea were normal. The patient was treated with a 0.9% 
saline/5% dextrose infusion. After 2'/] I of fluid had 
been infused, he had passed 2.8 I of urine, and his 
serum sodium and chloride concentrations had in
creased. Overnight, the saline infusion was continued, 
and there was a marked net output of urine (exact 
figures not available). The following day, the patient's 
serum electrolyte levels had normalized and he was 
discharged. There have been no sequelae, the patient is 
well and. when told to drink less during races, he has 
since completed long-distance races without incident. 

Case 3. A 20-yr-old university student (body weight, 
73 kg) was admitted to the hospital after suffering a 
grand mal seizure approximately I h after completing 
the 1982 Comrades Marathon (number of race finishers 
equalled 4618). There was a history of encephalitis in 
childhood, but no previous seizures. He had been run-
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ning for 6 months. during which time he had run about 
60 km a week in training. and had completed a standard 
42·km marathon without complication. He had not 
previously run more than 60 km in a single run. 

As he had been warned of the danger of becoming 
dehydrated during the Comrades Marathon, he drank 
about 150 ml at each of the aid stations situated every 
3 km along the route. He drank either an electrolyte
containing sport drink or the same Coca-Cola/water 
mixture ingested by Cases I and 2. His estimated fluid 
intake during the 9 h that he ran was 10 I (estimated 
total sodium chloride intake during the race equalled 
34 mmol). He felt well immediately after completing 
the race. but while taking a bath I h after the race, he 
had a grand mal seizure and was rushed to the hospital. 

On admission. his level of consciousness fluctuated 
from semi-conscious to restless and aggressive. He was 
sweating profusely, his neck was supple, and there was 
no gross neurologic deficit. On examination of the 
cardiovascular system. the pulse rate was 92 bpm. The 
jugUlar venous pressure was not raised. the heart sounds 
were normal. and the chest was clear. Blood analysis 
revealed hyponatremia and hypochloremia. normal po
tassium. bicarbonate. and urea levels. and elevated 
blood glucose (7.2 mmol.I-'). calcium. and inorganic 
phosphate (2.3 mmol.I-') levels. 

The patient was sedated with etomine and given an 
intravenous infusion of isotonic (0.9%) saline, receiving 
approximately 4 1(640 mmol NaCl) over the following 
12 h. Within 2 h. his level of consciousness was normal. 
Duri ng the first 24 h after admission. his urine output 
exceeded his fluid intake by 2.2 I (3.8 vs 1.6 I); the 
urinary osmolality was 257 mosmol·I-' and the sodium 
content was 115 mmol·I-'. On the second and third 
days. urinary osmolality fell to 87 and 141 mosmol·I-' 
and urinary sodium content to 18 and 39 mmol·I-', 
respectively. On the second day. the patient's urinary 
output exceeded his intake by 3.9 I. Thus. during the 4 
d in the hospital, the patients urinary output exceeded 
his intake by 5030 ml. 

The patient has since been lost to follow-up. 
Case 4. A 29-yr-old female (body weight. 57 kg) with 

a best 42-km standard marathon time of 3 h 2 min, 
completed the 1983-km Comrades Marathon in 7 h, 
29 min. At the finish she felt "bloated" and unwell but 
was not short of breath. Ten wk later, she competed in 
the Durban Triathlon, comprising a 6-km swim which 
she completed in I h, 29 min, a iOO-km bicycle ride (3 
h, 46 min), and a 42-km marathon run in 4 h, 41 min 
(total time = 9 h, 56 min). There were 54 finishers in 
the event. 
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On the last 14-km lap of the marathon run, she found 
that she was unable to run. as she became short of 
breath at any pace faster than a walk. She finished the 
race and was taken directly to the hospital. 
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Weight checks done during the race indicated that 
she had shown a progressive weight increase of 41/2 kg 
from the end of the swim to the end of the run. She 
estimated that she had ingested approximately 8 I of 
fluid, mainly water, during the race and had urinated 
only once, early in the run. Her estimated total sodium 
chloride intake during the race was 27 mmol. 

On admission to the hospital, she was fully conscious, 
her pulse rate was 80 bpm, and her blood pressure 100/ 
70 mm Hg. The jugular venous pressure was not noted 
to be raised. On auscultation of the chest, crepitations 
were heard scattered throughout both lung fields. 

The heart sounds were normal. The electrocar
diogram showed ST-segment elevation in leads V2 and 
V 3, and the chest X-ray showed pulmonary edema with 
bilateral effusions. Blood analysis revealed hyponatre
mia and hypochloremia, normal potassium and urea 
levels, and elevated blood glucose (8.4 mmol·I- I

) and 
serum creatine kinase levels (II 19 U .1-1; normal up to 
110 U·I- I

). 

A diagnosis of water intoxication was made, and the 
patient was treated with a diuretic and a slow intrave
nous infusion on 0.9% saline. Her condition rapidly 
improved, and she was discharged from the hospital 4 
d later. 

A week after discharge, she resumed training for the 
Hawaiian Iron Man Triathlon to be held in October. 
During training, she monitored her weight losses during 
swimming, cycling. and running and found that, on 
average, she lost about 100,300, and 500 g.h- I during 
these respective events. She was therefore advised to 
drink less (a maximum of 450 mi· h- I

), during the 
cycling and running stages of the Hawaiian Triathlon, 
and she completed the event in 12 hand 19 min in 
30th place in the women's division. She did not expe-
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rience any symptoms of water intoxication during the 
race, and her total fluid intake during the 12-h event 
was about 51/2 I (compared to 8 I during the 10 h of the 
Durban Triathlon). 

DISCUSSION 

Hyponatremia is considered to occur when salt is lost 
from the body in excess of water or when water is 
retained in excess of salt (19). Conventional calculations 
( 19) suggest that if the hyponatremia in these cases had 
been solely caused by sodium chloride losses, they 
would have had to lose between 445 (Case 4) and 1007 
(Case 3) mmol of sodium chloride (Table I). Alterna
tively, if the hyponatremia had been due solely to 
excessive fluid ingestion, the runners would have had 
to be overhydrated by between 3.6 (Case 4) and 8.8 
(Case 3) I (Table I). 

Although exact data on fluid and electrolyte balance 
in all of these runners before and after the race are not 
available, information on Cases 3 and 4 clearly indicate 
which of these mechanisms was most likely. Case 3 
excreted an extra 5 I during the 4 d following the race, 
suggesting that he had been overhydrated by the same 
amount during the race. Case 4's body weight increased 
41/2 kg during the Triathlon, indicating that she had 
been overhydrated by at least the same amount. If data 
on fluid intake are correct, this would indicate that Case 
3's sweat loss was only 5 I during the Comrades Mara
thon, whereas Case 4 lost only 3 I during the Durban 
Triathlon (Table I). 

Assuming a sweat sodium content of 60 mmol·I-1 

(3), the attendant sodium chloride losses would have 
been 300 and 210 mmol, respectively. Some of these 

TABLE 1. Estimated water and sodium chloride baiMce n four athletes who de~ water Ifltoxication during prolooged exer«5e. 

S 
Predicted 10 12 
Sodium 6 Eatimaled 11 Eatimated 

4 Cbforide Prediclld TOIII Estimated Post..flace 
Post..flace Lo_to Elcn, Fluid 8 9 SaciunI Sodium Chloride Serum 

Setum Explain Intake to 7 Predicted Ellimated Chloride Intake Requinld Sodium 
1 2 Elerci .. Sodium DegrHot Explain EIIimaIIId Total Excna Loss .. to CorAICI the Concenlnltion 

ca .. Body WL Duration Concentration Hypollllrelllia HyponaIIIIIIIia Fluid Snat Fluid S-'" Hyponallemill'" (mmof· 
No. (kg) (h:min) (mmoI.l-') (mmol) (I) Intake (I) Loss (I) Intake (I)' (mmol) (mmol) 1-') .... 

1 (E,S,)t 49 ±7:00 115 676 5,4 6 4tt 2 240 722 122 
2 (RG,)t 75 10:10 118 900 7,6 12 9ft 3 540 960 118 
3 (P,B,)t 73 ±9:00 124 1007 8,8 10 5 5ttt 300 683 118 
4IM,H,j 57 9:56 125 445 3,6 8 3", 4Mtt 210 S03 117 

-- ._--- -- .. ------
All calculations were made using conventional calculations (Ref. 19) and are sub,ect to the many assumptials that ~ nece55a1'/ for their COO'4lIItation. 
t Although exact enVll'ormentai data for the 1981 and 1982 Comrades Marathoos (Cases 1-3) iIIe not available, data from the 1983 and 1984 races indicate that the average 
WBGT during this race ranges between 15 and 23°C. Envirorwrental conditions dunng the Durban Tnatl1lon (Case 4) were sanilar. 
tt Esbmated 00 baSis 01 7D-kg man losing 9 lof sweat during the 9O-I<m Comrades Marathon and 5O-I<g woman loSing 4 I in 70 km (Ref 7). 
ttt Estimated on basis of excess HUJd losses during period of I'ospitalization (case 3) and body weight gain during exerase (case 4). See text. 
• Calculated as estimated f100 ntake (Column 7) - predicted total sweat loss (Coltml 8) . 
.. CalcUated on the iISSlIllPtlOl1that the average sweat sodun content is 60 mmol·,' (Ref. 3) 
'" Calculated 00 the baSIS of estimated lola! body water at the end of the race (0.6 X body weight in kg (Colurm 2) + estimated excess fluid intake (Colurm 9) and the measured 
post·race serum sodum chlonde con<l9l1tration (Column 4) . 
.... Calculated 00 the basis of estimated excess flt.id intake (Column 9) and estimated sweat sod .... (ct1oride) losses (Colurm 10). 
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losses would have been corrected by sodium chloride 
intake during the race. Analysis of a Coca-Cola/water 
mixture similar to that ingested by the runners revealed 
a sodium content of 3.4 mmol·I- I. When drunk in the 
amounts estimated by these runners, they would have 
ingested only about one-tenth those drinks required to 
correct their sweat sodium chloride losses (Table I). 
However. their total predicted sodium chloride losses 
in sweat of 300 and 210 mmol would be less than one
half those necessary to cause hyponatremia by sodium 
chloride losses alone (Table I, Column 5). But when 
combined with the estimated fluid intake excesses of 5 
and 41h I in Cases 3 and 4, respectively, this degree of 
sodium loss would have dropped their serum sodium 
chloride levels to 118 and 117 mmol.I- I, respectively 
(Table l. Column 11)-a figure not greatly different 
from the values actually measured. 

However, if account is taken of the additional fluid 
load caused by the approximate 1.5 I of metabolic water 
release4 by the breakdown of glycogen, the predicted 
post-race serum sodium levels for Cases 3 and 4 would 
be 115 mmol·l- I. The discrepancy in Case 4's predicted 
post-race vs her actually measured value (115 vs 125 
mmol· I-I) could be explained by her actually overesti
mating her weight gain during the race. If her weight 
gain had been only 2 kg, her predicted post-race serum 
sodium level would have been 125 mmol.I- I, identical 
to the value actually measured. Possibly Case 3 also 
overestimated his fluid intake during the race. It should 
also be noted that higher (or lower) sweat sodium 
contents would produce hyponatremia at lower (or 
higher) levels of overhydration. 

:--Ievertheless. the general accuracy of the estimations 
in Table I suggests that the overall assumptions are 
correct. The postulate that these two athletes were 
overhvdrated raises the question of whether it is possible 
to dri~k too much during ultra-marathon racing. as it 
is usuallv held that dehvdration is universal among 
maratho~ runners (20.2 i) and other endurance ath
letes. However. a weight gain of 2.5 kg in one Comrades 
Marathon runner has been measured (10). indicating 
voluntary hyperhydration during the race. A previous 
studv has shown that total sweat loss during the Com
radc~ Marathon is independent of the runner's age or 
time taken to complete the race. but is related to his or 
her weight (7). Runners over 72 kg were found to lose 
an average of 9 I. whereas those below 60 kg lost less 
than 11 I. Cases 1-3. therefore. all drank more than 
required. although for Cases I and 3 the excess was not 
great. One must presume that. for whatever reasons. 
these two had either lower-than-predicted sweat rates 
or thev drank more than they estimated or. less likely, 
they ~ere salt-deficient before they started the race. On 
the other hand. the fact that Case 2's predicted and 
measured post-race serum sodium levels were the same 
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suggests that his total sweat loss was probably 9 I, as 
predicted by the data of Dancaster and Whereat (7). 

Thus, it would seem that a very strong case can be 
made that the etiology of the hyponatremia in these 
runners was due to overhydration. The reason why this 
excess Iluid was not excreted in urine is not clear. but 
may relate to the sodium- and water-conserving mech
anisms which are activated by prolonged exercise (3) 
and which probably last for at least 48 h after exercise 
(8). The high urine osmolality measured in Case 3 for 
the first 24 h after the race is compatible with this 
interpretation. 

PRACTICAL IMPLICATIONS 

On the basis of this evidence, we would suggest that. 
while the advice that sodium chloride intake should be 
restricted during marathon and ultra-marathon races is 
basicallv sound. this advice should be tempered with 
the pro~iso that the intake of hypotonic fluids in excess 
of that required to balance sweat and urine losses may 
be hazardous in some individuals. 

It would appear that slower runners are the more 
likely to develop hyponatremia. As these athletes run 
at lower intensities than the top competitive runners, 
they (i) produce less heat and therefore sweat less and 
(ii) may experience less nausea and less inhibition of 
gastric emptying (3) and therefore may be more likely 
to drink and absorb larger volumes of Iluid during the 
race. They are also running for a much longer time. 
But, as total sweat losses during an ultra-marathon like 
the Comrades Marathon may relate to body weight, not 
to running time (7), a runner of the same weight as the 
race winner but who took II rather than 51h h to 
complete the race could be overhydrated by as much 
as 51h I at the end of the race if encouraged to drink at 
the same rate of I I per h as the race winner. whose 
body weight is usually less than 60 kg. In combination 
with the normal sweat sodium chloride losses. this 
degree of overhydration is sufficient to cause marked 
hyponatremia (Case 2). Similarly, the much lower sweat 
rates in events like swimming and cycling (Case 4) and 
canoeing (13) must be appreciated. as a fluid intake 
appropriate for running may be greatly excessive for 
these events (20). 

Thus. advice on the Iluid and sodium chloride re
quirements of endurance athlete~ should probably be 
specific to the event and to the different classes of 
athletes and should stress the importance of II'eight, not 
speed. as the determinant of fluid losses during the race. 
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biochemical Physiological and 
measurements during 
surf-ski marathon 

a 4-day 

T. D. NOAKES, M. NATHAN, R. A. IRVING, R. VAN ZYL SMIT. P. MEISSNER. 
G. KOTZENBERG. T. VICTOR 

Summary 

We studie<1 competitors in the 1983 Texan Challenge 
surf-ski paddte marathon to detennine the effects of 
4 days' prolonged paddling on sweat rates, rectal 
temperatures, renal function, serum glucose, free 
fatty acid, porphyrin and C-reactive protein levels 
and serum creatine kinase activity. Sweat rates during 
the race varied from 0,5 to 1,0 IIh, and peak rectal 
temperatures did not exceed 3S·C, even in the most 
dehydrated subjects. Renal function was unchanged 
during the race. Plasma renin activity ramained low 
during the race but C-reactive protein levels and 
serum creatine kinase activity were elevated. SeYenty 
per cent Of the subjects had immediate post-exercise 
blood glucose levels below 3,9 mmolll after the 1st 
and 4th days. B'nd 27% had values below 3,0 mmoili. 
one competitor requiring Intravenous glucose therapy 
on the beach. 

Sur1~ski paddling is ttwefore associated wlth low 
sweat rates, low levels of dehydration, low body 
temperature and unchanged renal function. The low 
post-exercise blood glucose levels indicate that 
competitors must eat high-carbohydrate diets for the 
duration of the event and must either eat carbohydrate
containing foods or drink concentrated carbohydrate 
solutions while paddling. 

S Alrlh<! J 1_:." 212·218. 

The Texan Challenge, a 244 km surf-ski paddle marathon, is 
contested biennially in four stages between Port Elizabeth and 
East London, South Africa (Fig. I). The race, which originated 
as a challenge to see whether a surf-ski paddler could reach 
East London before a runner, has now been held four times. It 
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is open only to registered lifesavers, and in 1983 102 paddlers 
competed in th~ race, including the first-ever female entrant. 

As little is known of the physiological and biochemical 
demands that the race places on the compditors, we decided 
to study a group of participants during the 1983 race. Particular 
attention was paid to fluid and energy requirements, and to 
the effects of the race on serum enzyme and fuel levels and 
renal function. 

Subjects and methods 

At the briefing held the day before the race, the competitors 
were informed of the project and a request for volunteers was 
made. A total of 30 subjects agreed [0 participate in the 
project, and they were divided into five different study groups. 

The race was scheduled to be paddled in four stages of 80, 
46,68 and 50 km. However, conditions on the 3rd dav were so 
atrocious that that day's stage was abandoned after the ';mpetitors 
had been afloat for about 2 hours and had covered about 10 
km. The actual race distance was therefore 186 km. 

Fluid balance 
A group of 6 subjects (group 1) were weighed each morning 

between 04hOO and 04h30 on a digital-reading Seca 77 
electronic scale (Vogel and Halke, Hamburg, West Germany) 
accurate to 100 g and again immediately after they had 
completed the day's paddling. During each day's paddling 
they were asked to calculate the amount of fluid they had 
drunk, and they were encouraged not to pass urine during the 
race. This information, together with their paddling time, was 
collected immediately after each day's paddling. For the 
purpose of calculating sweat rates it was assumed that those 
subjects who had passed urine had passed 200 ml with each 
micturition, although in reality few subjects passed urine while 
paddling. 
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These data were used to calculate sweat rates (ml/h) 
according to the following formula: 

weight loss (g) + urine loss (ml) + fluid int,ake (ml) 

paddling time (h) 
Dehydration (%) was calculated as: ~. 

early morning (pre-exercise) wt - post-exercise wt " 100 

pre-exercise wt 

Rectalternperatures 
On the 4th (final) day. 6 of the better paddlers (group 2) 

were weighed before and after the race, as for group I, and 
their post-race rectal temperatures were measured with a 
rectal thermometer. 
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Fig. 1. Map of the coaat along which the biennial 244 km, 4-day T e.an Challenge race is held. 

Renal function 
Five subjects (group 3) participated in a study of changes in 

renal function during the race. They were each given two 1-
litre plastic flasks protected from the lighr by a covering of 
silver foil and were asked to collect 24-hour urine samples for 
the duration of the race, ending 24 hours after the completion 
of the last stage. As it was impossible to rollect urine samples 
while at sea, these subjects were asked not to micturate while 
paddling. Should this prove impossible, they were asked to 
note very accurately the time of the last micturition, and the 
timing of their urine sample rol1ection was adjuSted accord
ingly. 

Immediately after each day's paddling, a venous blood 
specimen was drawn from each of these subjects and allowed 
to clot before being spun, separated, and stored deep-frozen 
for later analysis. Each morning the volume of the 24-hour 
urine samples was measured, and two separate a1iquots were 
placed in 80 mI bottles, wrapped in tin foil, and stored deep
frozen for subsequent analysis. 

The blood specimens were analysed for serum sodium, 
potassium, creatinine, urea and C-reactive protein levels, serum 
osmolality, plasma renin activity and plasma porphyrin levels 
by conventional methods. The urine specimens were analysed 
for sodiwn, potassium, protein, creatinine, porphyrin, por
phyrin precursor and urea levels and osmolality, also by 
ronvenrional methods. Porphyrin levels were measured because 
these have been related to renal function. ' 

Serum creatine kinase activity 
Blood samples were drawn on the day before the start of the 

race and after each day's paddling from another group of 13 
subjects (group 4). These samples were analysed for total 
serum creatine kinase (CK) and iso-cnzyme activity by methods 
previously described.' 

Blood glucose and free fatty acid levels 
At the end of the first and last stages, blood was drawn from 

IS of the subjects participating in the various studies (groups 
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I - 4) for estimation of blood glucose levels by the glucose 
oxidase method as previously described.' There was usually a 
delay of between 2 and 10 minute~ before blood could be 
drawn. Nine of these group 5 subjects paddled in double surf
ski's and 6 in single ones. Additional samples from 7 double 
and 5 single paddlers were analysed for serum free fatty acid 
(FF A) levels by thin-layer chromatography as previously 
described.' 

Statistical methods 
Only paired data were evaluated. A P value of < 0,05 using 

the Student's paired t-test was considered to be statistically 
significant. 

Results 

Fluid balance 
There was a significant fall in early-morning body weight on 

the 2nd and 3rd days, but by the 4th day the early-morning 
weight had returned to control levels (Table I). This can 
probably be explained by the short distance paddled on the 
3rd day. 

Paddling speeds varied quite considerably on the 3 days for 
which they were calculated and were highest during the first 
and longest stage, when there was a strong following wind 
(Table I). Mean weight losses of about I kg and dehydration 
of about I % were recorded on all 3 dtlYs; mean fluid intakes 
varied from 400 to 540 ml/h and mean sweat rates were 
between 520 and 750 mllh. The highest sweat rate was 960 
mllh and the lowest 490 mllh. Sweat rates were highest on 
the last day, which was also the hottest day, with dry-bulb 
temperatures of 22 26°C. 

Rectal temperatures 
Rectal temperatures at the end of the last stage in the group 

2 subjects ranged between 37,5°C and 38°C, with a mean of 
37,7°C (± O,I°C). These 6 subjects had paddled considerably 
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TABLE I. FLUID BALANCE 

Early-morning weight (kg) * 
Distance paddled (km) 
Paddling speed (km/h)* 
Weight loas (g)* 
Dehydration ('Iil)* 
Fluid inlake (mllh)* 
Sweat rate (mllh)* 

·Values expressed as mean ~ SO for B subjects 
tP<O.05v.day1. 

84,1 == 3,4 
80 

10,2:!: 1,0 
950 ± 44 
1,1 ± 1,3 

400 ± 14 
520 ± 23 

2 

83,1 ± 3,6+ 
46 

7,9 ± 0,6 
1000 ± 31 

1,2 ± 0,8 
520 ±7 
700 ± 11 

Day 

3 4 

83,7 ± 3,5 84,7 ± 3,5 
± lOt 50 

8,8 ± 1,0 
920 ± 38 
1,1 ± 1,0 
540 ± 21 
750 ± 15 

!The third stage of the event (68 km) was cancelled after about 2 hours' paddling (see text). 

faster than the group I subjects (10,8 ± 0,3 kmlh v. 8,8 ± 1,0 
kmIh) and were also considerably more dehydrated (3,0 :':: 
0,3% v. 1,1 ± 1,0%). The highest degree of dehydration was 
4,1%, measured in the winner of the race, who lost his 
drinking bottles at the start of the day's paddling and sweated 
at a rate of 0,96 I/h. Despite this quite marked level of 
dehydration, his rectal temperature reached only 38°C. 

Renal function 
Biochemical values measured in the serum and urine of the 

5 group 3 subjects are listed in Tables II and III. Urine flow 
and creatinine clearance rates and electrolyte excretion 

remained within normal limits and urine osmolality did not 
diminish. Plasma and urinary porphyrin and urinary porphyrin 
precursor levels remained normal. The serum urea concen
tration and urinary urea and protein excretion were all in the 
high-normal range for the duration of the competition. 

I t should be noted that the first blood sample was drawn 
after the paddlers had completed the first stage of the race and 
that no urine collections were made in the resting state. 
Although these biochemical values did not change during the 
course of the event, they may therefore have been different 
from those measured at rest. However, as all values were 
within the normal range, any changes must have been small 
and of no physiological significance. 

TABLE II. SERUM BIOCHEMICAL CHANGES* 

Day 

2 3 4 

Sodium (mmolll) 140 ± 1,4 139 ± 1,1 140±1,5 141 :i 1,1 
Polauium (mmolll) 4,6 ± 0,2 4,5 ± 0,2 4,8 ± 0,2 4,7 ± 0,1 
Creatinine (I'molll) 97 ± 5,8 93 ± 4,7 92 ± 7,1 89 ± 5,9 
Urea (mmolll) 7,2 ± 0,7 6,8 ± 0,5 6,0 ± 0,9 7,0 ± 0,7 
Osmolailly (mmol/kg) 287 ± 3,1 291 ± 7,2 290 ± 2,9 289 ± 1,8 
C-reactive prolein (mg II) 8±4 11 ± 3 9±6 5±5 
T olal plasma porphyrins 0,06 ± 0,02 0,12 ± 0,05 0,09 ± 0,05 0,08 ± 0,04 
(g/dl) 

·Values expressed Btl mean ± SE: lor 5 !lubjects IOf the duraiion 01 lhe CompeliliOf1 Note thai blood ",as first dra."n on day 1 aller the sublects had 
8x8fCi$ed, 50 that no control (inac\lve) data are available (!lee texQ 

Urine lIow (mil min) 
Sodium excretion (mmoll d) 
Polasslum excreHon (mmol/d) 
Protein excreHon (g I d) 
Creaunine excretion (mmolld) 
Urea excreHon (lIIIIIoI/d) 
Osmolality (mmollkg) 
Creatinine clearance (ml/mln) 
Urinary porphyrin precursor 
excrelion (mg/d) 
Urinary porphyrin excrellon 
(I'g/d) 

TABLE III. RENAL FUNCTION* 

Day 

1,2 ± 0,2 
183 ± 35,5 
89 ± 14,8 

0,2 ± 0,1 
13,9 ± 2,2 
594 :l:: 91,2 
768 ± 88,2 

102,8 ± 11,9 
6,4 ± 2,8 

56,2 ± 16,9 

2 
0,9 ± 0,2 
122 ± 28,4 
53 ± 13,6 

0,2 ± 0,1 
12,9 ± 1,7 
446 ± 61,5 
783 ± 100,7 

99,3 ± 16,0 
5,77 ± 3,3 

52,1 :!: 17,7 

3 
0,8 ± 0,2 
155 ± 42,5 
50 ± 11,2 

0,1 :i 0,1 
16,3 ± 3,2 
415 ± 80,6 
819 ± 86,5 
120 ± 18,4 
4,6 ± 1,1 

44,1 ± 15,8 

*Values expreased aa mean ± SE lor 5 IUbt8C1$ for the duration or the competillOn faee tootr'101. to Table 11). 
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4 

0,8 t 0,1 
127 ± 33,7 
80 ±1<19,4 
0,1 ± 0,1 

14,7 ± 2,2 
481 ± 76,7 
850 ± 59,9 
121 ± 12,3 
3,9 ± 0,9 

36,0 ± 13,4 
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CK activity, glucose, FFA and C-reactive 
protein levels and plasma renin activity 

Fig. 2 shows that serum CK activity rose markedly after the 
1st day's paddling and then fell progressively but was still 
signifICantly elevated after the 4th day. Electrophoresis showed 
that only the MM iso-enzyme fraction of CK was present. 
Plasma renin activity was significantly elevated when measured 
after the second and fourth stages (but nevertheless low). 
Serum C-reactive protein levels were slightly elevated above 
normal resting levels of 3 mg/I.' 

KEY 
• p< 0.02 (vs day!) 
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Fig. 2. Changes in serum CK and plaama renin acOvlll .. and In 
serum FFA and blood glucose levels during the 4 days of ilia 
compalltlon. Note lIIe marked elevatiOn in • .,um CK and plasma 
renin aclivHles. 

After the 80 km first stage, 11 of the 15 subjects (73%) had 
blood glucose levels below 3,9 mmolll; the lowest value was 
2,4 mmoVI in a competitor who collapsed on the beach and 
required resuscitation with intravenous glucose. After the last 
stage, 10 of the 15 subjects (67%) had blood glucose levels 
below 3,9 mmoVI. Blood glucose levels were lower in single 
than in double paddlers after the first stage but not after the 
last stage (Fig. 2). 

Discussion 

The significant fmdings of this study were that: (J) the subjects 
developed trivial levels of dehydration and hyperthermia, their 
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sweat rates were low, and their renal function was essentially 
unchanged; and (il) the majority had low to very low post
exercise blood glucose levels. In view of the dangers that 
hypoglycaemia could pose to paddlers in the open sea, this 
laner finding is cause for concern. 

The relatively low sweat rates of between 490 and 960 mllb 
and the fact that the highest rectal temperature was only 38°C 
contrast with sweat rates of up to 2000 mlth and rectal 
temperatures in excess of 40°C measured in marathon runners.· 
It must be concluded that the ski-paddlers investigated in this 
study were exposed to less thermoregulatory strain than are 
most marathon runners. Possible reasons for this are the lower 
intensity of effort and smaller muscle mass used in paddling 
than in running and the more favourable environmental con
ditions, particularly when paddling in the open sea early in the 
morning. It seems likely that the low levels of dehydration 
explain why renal function was essentially unchanged, although 
this cannot explain the elevated plasma renin activity. 

The persistently elevated serum CK activity 'and C-reactive 
protein levels suggeSt low-grade muscle damage.'" In contrast 
to findings in marathon runners,2 .• the CK activity and C
reactive protein levels were lower and only the CK MM iso
enzyme was present. In runners, CK BB and MB iso-enzyme 
fractions are present,' total CK levels may reach 3000 IUtl24 
hours after races of 88 km, and C-reactive protein levels of up 
to 62 mgtl have been reported.· The reasons for these 
differences are not known, but they probably indicate less 
severe muscle damage in ski-paddling, in which the active 
muscles do not also bear the weight of the body. 

Probably the most important finding was the very high 
incidence of low blood glucose levels, including a case of 
clinical hypoglycaemia in a competitor who collapsed shortly 
after landing on the beach. Of the sampled blood glucose 
values 70% were below 3,9 mmolll and 27% below 3,0 mmolll. 
Values in this range are sufficiently low to produce symptoms 
of hypoglycaemia, induding impaired performance and 
judgement, in maratbon runners. to Furthermore. we have 
subsequently found that blood glucose levels can rise by as 
much as 1,5 mmoVI within minutes of the termination of 
prolonged exercise (data in preparation). As these blood samples 
were usually drawn 2 - \0 minutes after the subjects had 
finished exercising, it is possible that their blood glucose levels 
may have been even lower while they were actively paddling. 
In this situation hypaglycaemia poses the particular danger 
that, after a hard day's paddling, competitors frequently nave 
to negotiate heavy surf on returning to the beach. Impaired 
judgement or physical weakness places them at risk should 
they capsize and be forced to swim. 

The low blood glucose levels in our subjects probably relate 
to inappropriate dietary practices both before and during tbe 
competition and to the relatively small muscle mass used in 
paddling. Our observation was that the diet provided for the 
competitors had a low carbohydrate content, and that most 
paddlers drank fluids with a low carbohydrate content during 
the competition. 

As glycogen resynthesis on a low-carbohydrate diet occurs 
first in the muscles and only later in the liver,",11 the risk of 
liver glycogen depletion during subsc!ttuent exercise is high. 
Furthermore. the small muscle mass used in paddling could 
also predispose to hypoglycaemia. Recent srudies have shown 
that the rate of glucose uptake by muscles during exercise is 
inversely proportional to their glycogen content." As muscles 
become progressively glycogen-depleted during prolonged 
exercise, their uptake of glucose from blood increases. The 
likelihood of hypoglycaemia increases during exercise utilizing 
small muscle groups because these museles will become glyeo
gen-depleted more rapidly and therefore have a greater need 
for exogenous glucose than would occur if exercise was per
formed utilizing a larger muscle mass. 
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Synopsis and recommendations 

This study emphasizes that the avoidance of hyperthermia, a 
critical factor determining the choice of fluid replacement in 
marathon running. is not a factor in surf-ski paddling, at least 
under the mild environmental conditions experienced in this 
study. The avoidance of hypoglycaemia during paddling would 
seem to be far more important. Ski-paddlers must be en
couraged to eat a high-carbohydrate diet for the duration of 
the race and to ingest carbohydrate-containing drinks and 
foods while paddling. The optimal concentration of the carbo
hydrate-containing drink is not known but should probably be 
as high as can be tolerated without producing nausea during 
paddling. 

This work was supported by the United Tobacco Company, the 
Staff Research Fund of the University of Cape Town, and the 
South African Association for Sport Science, Physical Education 
and Recreation. The assistance of the South African Surf Life
Saving Association. in particular Dr Peter Schwanz, who co
ordinated medical services during the competition, and the race 
organizer, Mr Tony Mote. is gratefully acknowledged. Sincere 
thanks are due to F. Abrahams. P. Camacho and M. J. Levey for 
[echnical assistance. 
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Dehydration During Exercise: What Are the 
Real Dangers? 

Timothy David Noakes, M.B.Ch.B., M.D. 

MRC/UCT Bioenergetics of Exercise Research Unit. Department of Physiology. University of Cape Town Medical 
School, Observatory. South Africa 

Abstract: The belief that dehydration poses significant health risks for endur
ance athletes, especially marathon and ultramarathon runners, stems from the 
classical 1969 study of Wyndham and Strydom entitled "The Danger of an 
Inadequate Water Intake During Marathon Running." The subsequent influ
ence of the paper relates more to its incorrect title than to its scientific content. 
For the authors did not study nor did they identify any dangers resulting from 
an inadequate water intake during marathon running. In fact, the most dehy
drated runners in their studies were also the most successful. as they won the 
competitive races that were studied. The positive result of the study was to 
influence international rule changes to allow increased fluid intake during com
petitive running races. The less desirable effect was to induce a dogmatic zeal 
among sports medicine practitioners who began to extol the dangers of dehy
dration during exercise. The (il)logic spurring this zeal seems to have been the 
conclusion that progressive dehydration during exercise will cause heatstroke, 
which is the most important cause of collapse during exercise. Hence, (i) 
heatstroke during running can only be avoided if dehydration is prevented. and 
(ii) all persons who collapse in association with exercise will have a heat 
disorder. which must be treated with intravenous fluid therapy. This article 
reviews the evidence which shows (i) that the levels of dehydration commonly 
measured in endurance athletes (1--4% of body weight) cause measurable phys
iological change and impair exercise performance in the heat but are not as
sociated with health risks such as heatstroke or acute renal failure; (ii) that 
most athletes collapse after exercise and have rectal temperatures that are no 
higher than values measured in control runners; and (iii) that no study has yet 
shown that collapsed runners are more dehydrated than controls. It is pro
posed that postural hypotension. unrelated to levels of dehydration. is the most 
common cause of the exercise-associated collapse that occurs after the athlete 
stops exercising. Clinicians treating athletes with exercise-associated collapse 
should initiate treatment only after a thorough clinical evaluation has produced 
rationale differential diagnoses. Intravenous fluid therapy should be reserved 
only for those patients with clear clinical evidence for dehydration which con
tributes to their clinical presentation. Key Words: Exercise-associated col
lapse-Postural hypotension-Dehydration-Marathon running. c/in J Sport 
Med 1995;5(2): 123-8. 

Historically. athletes and their coaches have pro
moted the value of fluid restriction during both ath
letic training and competition. For example. the Ox
ford University rowing crew of 1860 were restricted 
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to a maximum of 2 pints of fluid each day during 
training. But "outraged human nature rebelled 
against it; and although they did not admit it in pub
lic, there were very few men who did" not rush to 
their waterbottles for relief, more or less often, ac
cording to the development of their conscientious
ness and their obstinacy" (26). 

A popular book on marathon running published in 
1909 advised that prospective competitors in that 
race should be careful to avoid eating or drinking 
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during the race: "Don't get in the habit of drinking 
and eating in a Marathon race; some prominent run
ners do, but it is not beneficial" (45). 

Although some famous athletes of that era, most 
especially multiple Boston marathon winner, Clar
ence de Mar, drank fluids more freely during com
petition (12), the general practice was to restrict 
fluid ingestion during competition to an absolute 
minimum. Arthur Newton, who in the 1920s and 
1930s held world records for running distances of 
8{}-221 km and who competed in the Professional 
Trans America races of 1928 and 1929, wrote: 
"Even in the warmest English weather, a twenty
six mile run ought to be manageable with no more 
than a single drink, or at most two" (32). 

Similarly. English marathoner, Jim Peters, who 
lowered the world record in the standard 42-km 
marathon by more than 91/2 min between 1952 and 
1954 and who is arguably the greatest marathoner of 
all time (35), believed: "There is no need to take 
any solid food at all (during a marathon race) and 
every effort should be made to do without liquid, as 
the moment food or drink is taken, the body has to 
start dealing with its digestion and in so doing some 
discomfort will almost invariably be felt" (43). 

Peters is also remembered as the athlete who col
lapsed with heatstroke within 200 m of the finish of 
the 1954 Empire Games Marathon in Vancouver, 
British Columbia, thereby ending his competitive 
athletic career. The race was run in the early after
noon in stifling heat. Unacclimatized to such con
ditions and unwilling to reduce his speed to suit the 
environmental conditions, Peters raced at a suicidal 
pace (30,43). Hence, many factors contributed to 
this tragedy, and speculation that dehydration was 
an important factor must also acknowledge that all 
his world marathon records were set in races in 
which Peters drank little if anything. 

Another world record holder at ultramarathon dis
tances and who, because of his greater experience 
in hot weather marathons, had successfully com
pleted the 1954 Empire Games Marathon in second 
place, would later reflect: "In those days, it was 
quite fashionable not to drink, until one absolutely 
had to. Mter a race runners would recount with 
pride, 'I only had a drink after 30 or 40 kilometres'. 
To run a complete marathon without any fluid re
placement was regarded as the ultimate aim of most 
runners, and a test of their fitness" (30). 

This conventional wisdom was enshrined in the 
rules of the International Amateur Athletic Feder
ation (IAAF) governing the conduct of long dis
tance races at that time. Thus the rules in force at 
that time (1953) stated that "refreshments shall 
(only) be provided by the organizers of a race after 
15 km or 10 miles, and thereafter every 5 km or 3 
miles. No refreshment may be carried or taken by a 
competitor other than that provided by the organiz
ers" (22). Water was the only drink available to 
runners at the official refreshment stations despite 
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evidence that carbohydrate ingested during exer
cise could aid performance (9,16). 

This historical introduction is relevant because it 
establishes that at least until 1969, competitors in 
endurance events, most especially marathon run
ning, were actively discouraged from drinking dur
ing exercise. Indeed the first text which actively 
promoted fluid ingestion during exercise was pub
lished as recently as 1979 (10). Despite universally 
inadequate fluid replacement during exercise, there 
is no evidence that the endurance athletes of the 
first 70 years of this century were at noticeably 
greater health risk during exercise than are modern 
runners. 

It was into this intellectual vacuum that one of the 
most influential studies in the modern exercise sci
ences exploded (48). The study was completed as 
an adjunct, perhaps as an afterthought, to a larger 
study funded by the sugar industry and which was 
designed to measure the effects of a high carbohy
drate, specifically a sucrose supplemented, diet on 
running perfonnance in 30-km footraces (29). The 
authors were unable to measure any ergogenic ef
fect of the high sucrose diet. But their efforts were 
not completely in vain. For they had also measured 
the rates of fluid ingestion and the levels of dehy
dration that developed in the runners during those 
races. It was those findings that would become so 
infl uen tial. 

Their principal findings were that the athletes 
drank less than they sweated; hence, all lost weight. 
More specifically, there was a linear relationship 
between levels of dehydration of >3% and the ath
letes' postexercise rectal temperatures. Hence, the 
authors concluded that the level of dehydration that 
develops during exercise is the principal determi
nant of the rectal temperature during exercise so 
that avoidance of weight Joss (dehydration) must be 
the most important factor preventing heat injury 
during exercise. 

But to reach this conclusion, the authors had to 
ignore their own published findings (49), which es
tablished that the metabolic rate is (also) a major 
determinant of the rectal temperature during exer
cise (36). 

But the real influence of the study came not so 
much from its findings but from its provocative ti
tle: "The Danger of an Inadequate Water Intake 
During Marathon Running." This title delights in a 
capacious degree of artistic license. 

For the research neither studied nor did it identify 
any dangers of an inadequate fluid intake during 
marathon running. Rather the IiIlOSt dehydrated run
ners won the races. Given this unexpected finding 
and the low rate of reported cases of heatstroke and 
other health disorders in marathon runners at that 
time despite their hopelessly inadequate fluid in
takes, a more appropriate title might perhaps have 
been: "Remarkable Resistance of Marathon Run
ners to the Detrimental Effects of Dehydration." 
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The immediately beneficial effect of this study 
was to cause a review of the IAAF rules governing 
the conduct of international distance races. As a 
direct result, rule changes were introduced in 1977 
that allowed fluid ingestion every 2.5 km after the 
first 5 km of long distance races. In 1990 the rule 
was again modified to allow the ingestion of water 
and carbohydrate every 3 km after the first 2.5 km 
of long distance races. The origin of all these rule 
changes is unquestionably the stimulus provided by 
Wyndham and Strydom's classic study (48). 

But the less desirable effect of this study was to 
induce a dClgmatic zeal amongst sports medicine 
practitioners who began to extol the dangers of de
hydration in endurance athletes. Attempts to ques
tion thi~ dogma (34,37-39) have not been univer
sally popular (I], 19). Those who were influenced 
by the article's title without digesting its contents 
seem to have adopted the following (incorrect) logic 
(38): Progressive dehydration during exercise 
causes heatstroke (48,50); hence, the most impor
tant method to prevent heatstroke during exercise is 
to ensure that athletes ingest as much fluid as pos
sible (6,48,50). But heatstroke is also the most im
portant cause of collapse during exercise. Hence, 
all persons who collapse after exercise have a heat 
disorder and must necessarily be dehydrated. 
Therefore, intravenous fluid therapy is the logical 
treatment of choice for "all" athletes who collapse 
during or after exercise (1,19,23,24). The illogic in 
this argument should be apparent, but is not always 
appreciated. Hence, it is appropriate to look more 
carefully at the (lack of) evidence for each of the 
steps leading to these conclusions. 

First, no study has yet shown that dehydration of 
the levels present in endurance athletes (1-4% of 
body weight) (41) exercising under more moderate 
environmental conditions poses any major health 
risks or that it even predisposes to heatstroke. 
Given the historical evidence it would seem un
likely. 

Indeed the classic studies of exercise dehydration 
performed during the Second World War (2-5) 
found that military personnel forced to exercise 
without fluid replacement would continue to exer
cise in hot, desert conditions until levels of dehy
dration of >7-10% were reached. "Dehydration ex
haustion" (8), characterized by circulatory instabil
ity with, in particular, tachycardia and postural 
hypotension and psychological alterations, includ
ing heightened aggression and a loss of discipline, 
terminated exercise. Subjects were neither mark
edly hyperthermic nor did they show significant al
temtions in renal function. All recovered quickly 
when they lay down and ingested fluid. Recovery 
occurred even before any physiological effects 
could have resulted from the fluid ingestion. Brown 
(8) concluded that dehydration posed significant 
health risks only at levels of dehydration of 15-20%. 
These levels of dehydration are two to three times 

greater than those normally measured in endurance 
athletes (41). Perhaps "dehydration exhaustion" acts 
to prevent athletes continuing to exercise to levels of 
dehydmtion that cause medical complications. 

Second, no study has yet shown that the majority 
of persons who collapse during or after exercise are 
"hotter" than noncollapsed runners and hence are 
suffering from a diagnosable heat disorder. For ex
ample, Holtzhausen et at. (25) have shown (i) that 
the rectal tempemtures of athletes who collapse in 
ultramarathon footraces are not abnormally ele
vated, nor are they higher than the temperatures of 
control runners who do not collapse after exercise 
and (ii) that 85% of these athletes collapse after they 
have completed the race. Paradoxically a propor
tion of subjects who collapse after prolonged exer
cise may be hypothermic (25,44). It is difficult to 
imagine how a heat disorder should cause an athlete 
to collapse immediately after exercise, when the 
metabolic rate is beginning to fall. 

Third, no study has yet shown that collapsed run
ners are more dehydrated than are control runners 
who do not collapse after completing the same 
races. As already argued, levels of dehydration in 
endurance athletes are not in the range known to 
induce pathophysiological changes. Furthermore, it 
is again difficult to explain how dehydration alone 
can cause collapse after the athlete has already 
stopped exercising, when heart rate, stroke volume 
and cardiac output are all falling from the higher 
levels sustained during exercise. Logic demands 
that dehydration should induce collapse during ex
ercise when the stroke volume is highest and there
fore most likely to be affected by a reduced circu
lating blood volume. 

More likely, perhaps, is that the sudden cessation 
of exercise is an important aetiological factor ex
plaining this collapse, which is probably due to the 
sudden onset of postural hypotension. This would 
be due to a fall in central (rather than circulating) 
blood volume and hence, atrial filling pressure, due 
to pooling of blood in the dilated, capacitance veins 
in the lower limbs. Indeed the historical studies of 
collapse in persons exposed to exercise in hot en
vironmental conditions, so-called "heat exhaus
tion," emphasized that all had postural hypotension 
(2,4,17,46) but that rectal temperatures were not ab
normally elevated. The cardiovascular instability 
and associated symptoms disappeared as soon as 
the subjects lay prone and without the need for in
travenous fluid therapy. 

Adolph (2) noted that patients with "heat exhaus
tion" were "still producing sweat tind keeping 
cool" but that they showed evidence of postural 
hypotension. Adolph and Fulton (4) concluded: 
"The peripheral blood vessels are greatly dilated 
during exposure to high temperatures, and this di
lation continues indefinitely. The lack of a high re
sistance in the peripheral blood vessels prevents 
blood from returning to the heart. The heart rate 
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increases steadily and rapidly, and is even able to 
increase the systolic blood pressure. In spite of this 
compensating activity on the part of the heart, the 
blood flow back to the heart finally becomes inad
equate. At this point circulatory collapse or shock is 
complete, with faintness." Adolph (2) also noted 
that patients with this condition usually needed 
"merely to lie down to feel better. The shock-like 
circulatory failure appears to be the crucial element 
in this condition." 

Talbott et al. (46) also concluded that "heat pros
tration is associated with vasomotor collapse. It is 
known that peripheral dilation of blood vessels and 
tachycardia accompany exposure to high tempera
ture. During muscle activity in high environmental 
temperatures, the peripheral dilatation with vaso
motor collapse may approach pathological propor
tions. " 

Similarly Eichna et al. (17) showed that 58% of 
subjects developed syncope on their first exposure 
to "exhausting" exercise in the heat. Despite the 
finding that the rectal temperatures were not greatly 
elevated «38°C)' and were similar to those mea
sured in our subjects with EAC, those authors la
belled the condition "heat exhaustion." Others had 
also noted that the rectal temperature was either 
"submaximal or slightly elevated" in heat exhaus
tion (13). In common with the other early workers. 
Eichna et al. (18) proposed that postural hypoten
sion explains the syncope present in their subjects 
with "heat exhaustion." The concluded that this 
postural drop in blood pressure resulted from pool
ing of blood in the lower extremities on cessation of 
exercise due to a work-induced venodilatation in 
the lower limb muscles and inactivation of the mus
cle pump that aids venous return during exercise. 

Thus the conclusion from these early studies 
must be that, historically, the terms "heat exhaus
tion," "heat prostration," or "heat syncope" were 
used only to describe a condition of collapse due to 
postural hypotension that develops in persons ex
ercising in the heat. The terminology should not be 
misinterpreted to indicate that the collapse is caused 
by an elevated body temperature and is therefore a 
mild form of heatstroke. But ever since these early 
studies the possibility that postural hypotension 
could explain EAC has been overlooked (33), 

These same features, in particular, hypotension 
and tachycardia, which are rapidly reversed on ly
ing supine, are seen in athletes with exercise
associated collapse (25). Hence, we (38) have pro
posed that most athletes who collapse after exercise 
have postural hypotension and should be managed 
by lying supine with legs and pelvis elevated above 
the level of the heart. This treatment has proved 
particularly effective and, in our hands, has essen
tially removed the need for intravenous fluid ther
apy from the management of the vast majority of 
athletes who collapse after completing marathon 
and ultramarathon races. 
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What then is the current state of knowledge about 
the dehydration that develops during exercise? 
First, there is no doubt that dehydration causes im
portant and mostly detrimental physiological 
changes during exercise. For example, heart rate 
and rectal temperature are higher and stroke Vol
ume and skin blood flow lower in proportion to the 
level of dehydration that develops during exercise 
(31). These changes are reduced by adequate fluid 
ingestion (31). Furthermore, performance during 
more prolonged exercise in the heat may be im
paired even at quite low levels of dehydration (47). 

Hence, it is entirely appropriate that competitive 
athletes should be encouraged to drink fluid during 
exercise. especially in the heat. in order to optimize 
performance and to reduce the detrimental physio
logical changes that develop with increasing levels 
of dehydration. Hence, fluid ingestion during exer
cise can be safely promoted to aid performance. But 
for reasons described below. it may not always be 
possible to replace all fluid lost during exercise and 
some degree of dehydration may be inevitable when 
sweat rates are sustained in excess of 1 IIh. 

But whether optimum fluid ingestion will neces
sarily prevent some of the more important medical 
complications of prolonged exercise. including 
heatstroke, acute renal failure. or postexercise col
lapse is not established. Indeed there is growing 
evidence that both heatstroke and acute renal fail
ure may occur in persons who are genetically pre
disposed. perhaps by the presence of a muscle dis
order. to the development of malignant hyperther
mia and rhabdomyolysis in response to a variety of 
stresses including prolonged exercise (15). This 
would perhaps explain why true heatstroke (i) oc
curs so infrequently even when large numbers of 
subjects compete in endurance events held in unfa
vorable environmental conditions and conversely 
(ii) why heatstroke frequently occurs during exer
cise in mild environmental conditions (7). 

Second, there is no good evidence that dehydra
tion is either an important or a necessary compo
nent of the common form of exercise-associated 
collapse (25) that occurs on the cessation of exer
cise. Hence. treatment with intravenous fluids is 
not necessarily the most appropriate form of ther
apy for this condition (39). 

Rather. we have proposed that the first step in the 
management of persons who collapse especially 
during. or after prolonged exercise, is to establish a 
reasonable working clinical diagnosis. This will in
clude an assessment of the patient's level of dehy
dration. From his classic stu4ies of military person
nel exercising in desert heat in the Second World 
War, Adolph (3) suggested that symptoms charac
teristic of more severe (>8%) dehydration included 
severe thirst, a dry mouth, and an inability to spit 
because of absent salivary flow. To this we would 
add measures of cardiovascular function, including 
heart rate, blood pressure, and peripheral color 
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measured with the patient in the supine position 
with legs and pelvis elevated to exclude any contri
bution of peripheral blood pooling to cardiovascular 
instability. If the cardiovascular system is stable 
and if the symptoms of marked dehydration are not 
present, then it is difficult to justify intravenous 
fluid therapy if no additional indications are 
present. 

Indeed, because intravenous fluids can induce 
iatrogenic hyponatraemia (37,39) with potentially 
fatal results. it behooves physicians treating col
lapsed runners to be absolutely certain of the de
fensibility of their choice either to use or restrict the 
use of intravenous fluid therapy in collapsed ath
letes. 

Third, it is apparent that athletes can drink too 
much during exercise causing the hyponatraemia of 
exercise (40). This condition occurs more fre
quently than classical heatstroke in endurance ath
letes (37,41) and is potentially more dangerous as 
the diagnosis is made only if there is a high degree 
of clinical suspicion, and the treatment is more 
complex. As this is purely an iatrogenic condition, 
its prevention should be relatively simple. 

We have proposed that the ultimate cause of the 
hyponatraemia of exercise is a limited rate of fluid 
absorption by the intestine during exercise (40,41). 
This hypothesis is compatible with the belief that 
intestinal function is not infinite. but is limited
"enough, but no more" (14). We estimate that the 
maximum rate of intestinal water absorption espe
cially during exercise, is of the order of 75~1 ,000 
mUh (41.42). The hypothesis predicts that when 
fluid is ingested at rates faster than 1,000 ml/h. the 
unabsorbed fluid accumulates in the intestinal lu
men; sodium would then move from the extracellu
lar fluid into the intestinal fluid to a concentration of 
4~ 100 mmolll (21,27). In a 50-kg woman runner
the condition is more common in women. perhaps 
because of their smaller size-the movement of 
-180 mmoles of sodium from the ECF into 2 I of 
unabsorbed intestinal fluid would cause the serum 
sodium concentration to fall from 140 to 125 mmol/1. 

Studies performed during both exercise (20) and 
at rest (42) show that hyponatraemia can be induced 
by high rates of fluid intake and that the hypona
tremia develops in proportion to the fluid retention 
(20,42) and can be explained if the sodium "lost" 
from the ECF moves into the unabsorbed intestinal 
fluid to a concentration of approximately 45 mmolll 
(42). 

An alternate argument is that the peak rate of 
urine production is < 1,000 mllh (28) so that inges
tion of fluid at higher rates causes fluid retention in 
all the body fluid compartments and hence a dilu
tional hyponatraemia. 

Regardless of the mechanism causing the hy
ponatraemia, the conclusion is that fluid intake can
not always equal the rate of weight loss during ex
ercise as the rate of weight loss is determined prin-

cipally by the sweat rate [which is proportional to 
the metabolic rate (36)] whereas the rate of fluid 
replacement is probably limited by the rate of intes
tinal fluid absorption. Attempts to ingest fluid at 
rates higher than -1,000 ml/h are unlikely to be 
beneficial if they lead only to fluid retention either 
in the intestine (if the rate of intestinal fluid absorp
tion is limiting) or in the body fluids (if the rate of 
urine formation is limiting). 

In summary, the assumption that dehydration is 
the underlying cause of heatstroke and all cases of 
collapse in endurance athletes is not supported by 
firm scientific evidence. This review has traced the 
evolution of the (iJ)logic that led to the widespread 
propagation of this belief. However, there is good 
evidence that quite mild levels of dehydration im
pair exercise performance; but levels of dehydra
tion much greater than have ever been measured in 
endurance athletes are necessary to produce acute 
renal failure and death. Hence. athletes can safely 
be encouraged to maintain low levels of dehydra
tion by drinking "enough but not too much" during 
exercise. But they should be warned that very high 
rates of fluid ingestion (> 1.5 I/h) sustained for many 
hours can lead to hyponatraemia with a potentially 
fatal outcome (40). 

Finally, clinicians must be discouraged from as
suming that all complications found in endurance 
athletes are heat-related and are due to a severe 
dehydration that should be corrected immediately 
by intravenous fluid therapy even before a reason
able working diagnosis has been made. Rather, like 
all patients, the collapsed athlete first deserves a 
rational diagnosis before initiation of the most ap
propriate therapy for the specific diagnosis (33). 
There is no evidence that, if the diagnosis is not 
readily apparent, withholding therapy for a few 
minutes, will have any detrimental consequences. 

We also propose that the majority of athletes who 
collapse after the cessation of exercise will recover 
rapidly if treated for postural hypotension by ele
vating the pelvis and lower limbs. 

In contrast. those who collapse before complet
ing these events and who show significant alter
ations in their level of consciousness, are likely to 
have one or more significant medical problems (25) 
that will require expert medical treatment. The dif
ferential diagnosis for such patients should include: 
heatstroke or alternatively hypothermia, hypona
traemia, hypoglycaemia, or other major cardiovas
cular or medical conditions. 
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IRVING, R. A., T. D. NOAKES, R. BUCK, R. VAN ZYL SMIT, E. 
RAINE, J.GODLoNTON,ANDR. J. NORMAN. Evaluation of renal 
function and fluid homeostasis during recavery from exercise
induced hY]XYIUltremia. J. App\. Physio\. 70(1): 342-348, 1991.
Renal function including fluid and electrolyte balance was 
studied during recovery in eight su bjects who developed symp
tomatic hyponatremia (HN; plasma sodium concentration 
<130 mM) during an 88-km ultramarathon footrace and com
pared with results for normonatremic runners [NN; n = 18, 
mean postrace plasma sodium concentration, 138.2 ± 1.2 (SE) 
mM]. Estimated fluid intake during the race for HN was 
12.5 ± 1.6 (SE) liters over 9 h 41 min (±28 min). HN excreted a 
net fluid excess of 2.95 ± 0.56 (range 1.2-5.9) liters compared 
with a fluid deficit of 2.7 ± 0.3% body weight in NN. The so
dium deficit was 153 ± 35 mmol in HN and 187 ± 37 mmol in 
NN. Despite the fluid overload, plasma volume was decreased 
by 24.1 ± 5.0% in HN compared with 8.2 ± 2.6% in NN. Serum 
renin activity (5.1 ± 2.0 ng· ml-I • h -I), aldosterone concentra
tions (410 ± 34 ng/\), creatinine clearances (174.8 ± 28.2 mil 
min), and urine output (6.4 ± 1.0 ml/min) were markedly ele
vated in HN during recovery. Thus the hyponatremia of exer
cise results from fluid retention in subjects who ingest 
abnormally large fluid volumes during prolonged exercise. 

prolonged exercise; plasma volume; fluid compartments; argi
nine vasopressin 

RECENT REPORTS have described the development of hy
ponatremia in participants in ultradistance running 
and triathlon events lasting ~8 h (5,8-11, 14, 17,24-27). 
The condition, which has also been reported after a 
shorter 42-km marathon footrace (21, 34), has been as
sociated with life-threatening complications including 
grand mal seizures resulting from increased intracra
nial pressure, pulmonary edema, and respiratory arrest 
(21,24). 

Because the pathogenesis of this condition is not es
tablished, its treatment and prevention remain largely 
empirical. One postulate is that the hyponatremia of 
exercise is caused by large sweat sodium chloride losses, 
which are not replaced by athletes who ingest only so
dium-free hypotonic solutions during exercise (8-11, 14, 
17,27). Accordingly, this form of hyponatremia would 
be associated with either a reduced or a normal extra-

cellular fluid volume. Others (5, 21, 24, 34) have proposed 
that the condition results from fluid retention in ath
letes who ingest excessive fluid volumes during pro
longed exercise. Elevated antidiuretic hormone (ADH) 
secretion induced by exercise has been suggested to lead 
to excessive free water retention in these athletes, re
sulting in hyponatremia and hypotonicity (21). This pro
posal does not explain why counterregulatory mecha
nisms fail to prevent the development of hyponatremia. 

The most accurate method of determining the patho
genesis of this condition would be to study renal func
tion and fluid and electrolyte balance in athletes as they 
develop hyponatremia during prolonged exercise. How
ever, the extreme infrequency of the condition [<0.03% 
of 20,000 ultramarathon runners in 1 study (25)] negates 
this approach. 

Accordingly, we chose the more practical approach in 
which renal function and fluid and electrolyte balance 
were studied during recovery in eight runners who devel
oped hyponatremia during and after the 1988 88-km 
Comrades Marathon footrace, the event in which the 
condition was first described (24). We reasoned that a 
study of these parameters during recovery would estab
lish which hypothesis was correct. For comparison, we 
studied the same variables in a group of normonatremic 
runners over a similar time period after their ultramar
athons. 

MATERIAL AND METHODS 

All runners who collapsed during or after the 1988 
Comrades Marathon (run annually between Durban and 
Pietermaritzburg, South Africa) had blood drawn for 
the estimation of serum electrolyte levels and hemato
crit by a Novastat Profile 1 analy!!er (Nova Biomedical, 
Waltham, MA). Five of -300 collapsed runners were 
found to be hyponatremic (serum sodium levels <130 
mM) and were referred, according to a prearranged pro
tocol, to a local hospital for evaluation and treatment. 
One runner's plasma sodium concentration was initially 
132 mM. Her condition deteriorated, and a repeat mea
surement showed a serum sodium concentration of 128 
mM. Accordingly, she was included in the study. Sera 
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from these runners were stored frozen at -20°C for sub
sequent analysis of osmolality and serum creatinine, 
urea, chloride, total protein, and albumin concentra
tions by conventional methods_ Renin activity was mea
sured by use of a radioenzyme assay (Biodata, Serono, 
Switzerland) and serum aldosterone concentration by 
radioimmunoassay (Biodata). Three additional runners 
admitted themselves directly to the hospital later the 
same day and were found also to be hyponatremic. They 
were included in the study and treated according to the 
predetermined protocol. 

The protocol required that the nature and volumes of 
all fluids administered to the patients intravenously or 
orally were recorded and that all urine passed was col
lected and measured. Urine aliquots were retained and 
stored frozen for subsequent analysis. Blood samples 
were drawn at regular intervals with minimal stasis 
while the patients were supine and were analyzed imme
diately for hematocrit with a model ZF Coulter counter. 
Plasma and urine electrolytes were determined by use 
of a flame photometer (Instrumentation Laboratory 
model 543). Osmolality was measured by depression of 
freezing point with an automatic osmometer (Gonotec 
Osmomat 030). Creatinine was determined by the Jaffee 
reaction measured on an Instrumentation Laboratory 
model 919 spectrophotometer and chloride by use of 
CMTlO chloride titrator. Serum albumin and total pro
tein were measured by a Technicon SMAC Auto Ana
lyzer. 

During the period of the sodium balance study, the 
patients received only intravenous fluids of which the 
sodium content was known. Patients received food by 
mouth only when their serum sodium concentrations 
had normalized, at which time their participation in the 
sodium balance component of the study was terminated. 

During hospitalization, a detailed medical and ath
letic history was taken from each subject. Particular 
care was taken to determine the volumes of fluid the 
subjects ingested and urinated during the study as accu
rately as possible. 

As a comparison. and to assist in understanding the 
similarities and differences between these subjects and 
runners who did not develop hyponatremia, we include 
selected data from 18 experienced runners who took 
part in three ultramarathons, one of which was a 
previous Comrades Ultramarathon (12, 13). In these 
runners we measured the same variables over a similar 
time period. 

Calculations. Fluid excess was estimated as the differ
ence between urine output and fluid intake (mainly by 
intravenous fluid). No account was taken of respiratory 
and sweat water losses during recovery, even though 
they can be as high as 50 mllh (6). Our estimations of 
fluid excesses, therefore, are conservative. Sodium defi
cit was estimated as the difference between in travenous 
sodium intake and urine sodium excretion. The sodium 
deficit in the normonatremic runners was taken as the 
difference between the mean 24-h urine sodium excre
tion during five prerace days and the urine sodium ex
cretion during the 24 h including the race. Although the 
runners' diets were not controlled during this period, it 
was assumed that their sodium intakes had not altered. 
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Percent changes in plasma volume, serum total pro
tein content, and serum albumin content for both hy
ponatremic and normonatremic runners were calcu
lated according to the formulas of van Beaumont et 
al. (32). 

Free water clearance was calcUlated as the difference 
between the osmolal clearance and urine output. 

Statistical analyses. Statistical analysis was per
formed by use of Student's t test for paired data and 
analysis of variance with Dunnett's post hoc test for 
unpaired data. Significance was determined at the 0.05 
level. 

RESULTS 

Subject descriptive data. The subjects were four males 
of mean height 1.80 (range 1.74-1.83) m and melln body 
weight 78 (range 73-84) kg and four females of mean 
height 1.58 m (range 1.52-1.64 m) and mean body weight 
53.5 (range 50-59) kg. The average age of all the runners 
was 41 yr (range 35-56 yr). All were experienced long
distance runners who had run 15 ± 7 (SE) marathons 
and 6 + 2 ultramarathons. Only su&ject 4 (Table 1) had 
not previously run an ultramarathon. Six runners com
pleted the fu II 88-km distance; su&jects 4 and 7 ran 68 and 
61 km. respectively (Table 1). The runners conserva
tively estimated their fluid intakes at between 0.8 and 
1.85 IIh (mean 1.3 ± 0.1 IIh) of a cola-water mixture 
(sodium concentration 3.4 mM) (24) or a total of 12.5 ± 
1.6 liters of fluid and 42.5 ± 5.6 mmol of sodium. The 
subjects urinated between one and eight times during 
the race (mean 5 ± 1). 

Three of the runners (subjects 3, 4, and 6) took nonste
roidal anti-inflammatory agents during the race; subject 
7 was on 0.1 mg L-thyroxine sodium salt (Eltroxin) daily 
for hypothyroidism, and subject 1 was taking one tablet 
of Adelphane-Esidrex (reserpine 0.1 mg, dihydralazine 
S0410 mg, hydrochorothiazide 10 mg; Ciba) daily. None 
of the subjects consumed caffeine during the study pe
riod. 

Clinical presentation. Suhjects 1-3 developed grand 
mal convulsions and coma. Symptoms in the remainder 
of the subjects included weakness, confusion, incoordi
nation, and nausea. 

Su&ject 1 was the most severely affected. He remained 
in the Intensive Care Unit for 24 h ood suffered one 
episode of respiratory arrest. Pulmonary edema was 
confirmed radiographically. 

All subjects were discharged from the hospital fully 
recovered within 9-68 h. 

Renalfunctian andjluid and electrolyte balance during 
recovery. During recovery, the results shown by subjects 
1-8, whose mean plasma sodium c()lflcentration at the 
end of the race was 122.4 ± 2.2 mM, were significantly 
different from those of runners who were normonatre
mic at the end of their ultramarathons (n = 18; mean 
plasma sodium concentration 138.2 ± 1.2 mM). 

Table 1 shows that subjects 1-8 excreted a fluid excess 
of 2.95 ± 0.56 (range 1.22-5.92) liters during the 15.6 ± 
2.1 h of study, and their sodium deficit was 153 ± 35 
(range 24-307) mmol. This can be compared with the 
normonatremic runners. who completed their races in a 
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TABLE 1. Fluid and electrolyte balance during recovery from exercise-related h'lflXYOOtremia 

Total Sodium Postrace Plasma 
Subject Duration or Total Fluid Total Urine Fluid Exce •• , Total Sodium Urine Losses. Total Sodium Sodium Concentration. 

No. Study, h Intake, ml Output, ml ml Intake, mmol mmo] Deficit, mmol mM 

1 27 6,000 10,105 4,105 780 579 201 113 
l! 19.5 (13.5) 4,100 7,430 3,330 630 323 307 122 
8 16 (10) 3,450 9,370 5,920 390 145 245 113 
4 9 2,000 3,520 1,520 260 62 198 124 
5 12 2,000 3,460 1,460 260 162 98 127 
6 11 1,000 3,760 2,760 130 58 72 124 
7 18 (12) 1,300 4,610 3,310 130 106 24 128 
8 12 1,000 2,220 1,220 130 52 78 128 

Mean ± SE 15.6±2.1 2,606±628 5,559±1057 2,953±563 339±87 186±64 153±35 122.4±2.2 
(13.1±2.0) 

n ~ 8 runners. Subjects 1-4 are males and 5-8 are females. Values in parentheses are durations of sodium study when different from fluid 
study durations. 

state of mild dehydration (with a weight loss of 2.08 ± 
0.25 kg or 2.7 ± 0.3%) and with a sodium deficit of 187 ± 
37 mmol. 

Figure 1 compares urine output and creatinine, osmo
lal, and free water clearance as well as urine osmolality 
in the two groups during the recovery period (15.6 ± 2.1 
h for the hyponatremic runners, 17.7 ± 0.5 h for the 
normonatremic runners). There are significant differ
ences in all these parameters, with subjects 1-8 showing 
greatly increased urine output and creatinine, osmolal, 
and free water clearances and a decreased osmolality 
compared with the normonatremic runners. 

Figure 2 shows the mean serum sodium, chloride, and 
potassium concentrations and serum osmolality in the 
eight subjects when they were first examined (in the 
medical tent or, in 3 patients, on admission to the hospi
tal) and again on completion of the study (recovery). 
These results are compared with those from normona
tremic runners at the beginning and end of a similar 
time period. The data from the subjects show that 
serum sodium and chloride concentrations increase dur
ing recovery (from 122.4 ± 2.2 and 85.6 ± 3.2 to 138 ± 0.7 
and 104.4 ± 1.8 mM, respectively), whereas serum potas
sium concentration falls (from 4.0 ± 0.15 to 3.55 ± 0.1 
mM). There were no significant differences between the 
race end and the recovery serum chloride and potassium 
concentrations in the normonatremic runners. In con
trast to the finding in the hyponatremic runners, serum 
sodium concentrations fell during recovery in normona
tremic runners. 

Figure 3 shows the mean hematocrit, serum creati
nine, and urea concentrations. The hyponatremic sub
jects were the five runners who were first examined at 
the finish of their races. The subjects' mean hematocrit 
decreased from 48.2 ± 0.8 to 41.2 ± 1.6% on recovery, 
whereas the mean hematocrit of the normonatremic 
runners decreased from 41.7 ± 1.3 to 39.6 ± 1.0%. The 
subjects' mean serum creatinine concentration at the 
end of the race was 89.8 ± 8.3 11M, compared with 104.2 ± 
5.6 11M in the normonatremic runners. However, the 
subjects' serum urea concentration of 5.7 ± 0.8 mM did 
not differ from the value of 5.7 ± 0.3 mM measured in 
the normonatremic runners. 

Serum renin activity and aldosterone concentrations 

were measured in the five runners seen immediately 
after the race. All the runners had elevated serum aldo
sterone concentrations. The mean serum aldosterone 
concentration was 410 ± 34 (range 303-507) ng/l. How
ever, only two of the subjects had increased serum renin 
activities (11.1 and 8.7 ng· ml- ' • h-t, respectively; mean 
5.1 ± 2.0 ng· ml-' · h-' ). 

Figure 4 shows calculated percent changes in plasma 
volume serum total protein and serum albumin contents 
in the five subjects who were examined immediately 
after the race and can be compared with changes in 
eight runners who remained normonatremic after an 
ultramarathon. 

When data collected during recovery were compared 
with those collected immediately after the race, the sub
jects' plasma volumes had decreased by 24.1 ± 5.0% at 
the end of the race compared with an 8.2 ± 2.6% de
crease in the normonatremic runners. Serum total pro
tein and albumin contents were decreased by 11.2 ± 4.5 
and 9.6 ± 3.4%, respectively, in the hyponatremic run
ners compared with 2.8 ± 3.8 and 2.4 ± 3.9%, respec
tively, in the normonatremic runners. 

DISCUSSION 

The hyponatremia of exercise is a life-threatening 
condition (21, 24) the etiology of which has yet to be 
established. Two conflicting theories are in vogue. Some 
authors have postulated that this condition is caused by 
large sweat sodium chloride losses (8-11,14,17,27) often 
associated with dehydration (9, 11); others have pro
posed that the condition results from fluid retention 
after the ingestion of excessively large fluid volumes 
during prolonged exercise (5, 21, 2<\, 34). 

This study conclusively resolves this issue. It shows 
that each of eight subjects who collapsed with the hy
ponatremia of exercise (mean plasma sodium concen
tration 122.4 ± 2.2 mM) were fluid overloaded by an 
amount ranging from 1.22 to 5.92 liters (Table 1). These 
fluid volumes are conservative because no allowance 
was made for insensible water losses during recovery 
(6). The subjects conservatively estimated that their 
fluid intakes during exercise ranged from 0.8 to 1.3 IIh, 
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FIG. 1. Urine output, creatinine, osmolal, and free water clearance, 
and urine osmolality (means ± SE) in 8 hyponatremic subjects over 
study period. Results are compared with 18 normonatremic runners 
who were studied over a similar period .•• P < 0.01 between hypona
tremic and normonatremic runners. 

compared with maximum values of 0.6 IIh in normona
tremic runners (22, 23). 

We also found that the subjects' sodium losses (153 ± 
35 mmol, Table 1) were not larger than those of runners 
who maintained normonatremia during exercise. The 
normonatremic ultramarathon runners lost 183 ± 37 
mmol of sodium, whereas other subjects undergoing 
prolonged exercise in the laboratory have lost 154.8 
mmol of sodium in 4.11 liters of sweat (3). Even higher 
sweat losses (7.7 ± 0.4 liters) have been recorded in nor
monatremic Comrades Marathon runners (4), suggest
ing that sodium losses equal to or greater than those 
measured in the hyponatremic runners in this study 
may occur commonly in ultramaralhon runners without 
the development of hyponatremia. Thus sodium chlo
ride losses alone cannot explain the hyponatremia of 
exercise. 

Our third finding was that the renal response during 
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the recovery phase in the hyponatremic runners was 
normal as indicated by the elevated urine output and 
creatinine clearance. Therefore it would seem unlikely 
that exercise-induced renal damage prevented the ex
cretion of the excess fluid during the race. 

Finally, hyponatremic runners initially showed a 
large postexercise reduction of up to 24% in plasma vol
ume, compared with normonatremic runners who either 
maintain (12) or show only a modest reduction in 
plasma volume (18, 19, 33) during prolonged exercise. 
Associated with lhe marked reduction in plasma volume 
were large reductions in total plasma protein and albu
min contents (Fig. 4) and increased serum aldosterone 
concentration in all runners and increased serum renin 
activity in two runners; these latler findings provide 
additional evidence for a reduced plasma volume in 
these subjects. 

Thus we conclude that the hyponatremia found in 
marathon runners results from excessive fluid retention 
with only mild sodium chloride losses and with no evi
dence of exercise-induced renal damage. Renal function 
during the race was, however, clearly inappropriate, as 
indicated by the volume of retained fluid. The retained 
fluid appears to be distributed mainly into the intracel
lular volume while there is a reduction in plasma vol
ume. Others have also measured elevated hematocrits in 
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FIG. 2. Serum sodium, chloride, and potassium concentrations 
(means ± SE) ofhyponatremic and normonatremic runners measured 
at the end of the race in "runners, on admission to hospi tal in another 
3, and in all again on recovery. Significantly different between race 
and recovery in hyponatremic runners: • P < 0.05; •• P < 0.01. tt P < 
0.01 between race and recovery in normonatremic runners. 
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FIG. 3. Hematocrit and serum creatinine and lIrea concentrations 
(means ± SE) in hyponatremic subjects examined at the end oC the 
race and again on recovery compared with normonatremic runners 
over 8 similar period. Significantly different between race and recov
ery in hyponatremic runners: .p < 0.05; "P < O.ot. ttP < 0.01 be
tween race and recovery in normonatremic runners. 

hyponatremic athletes (27), indicating a reduction in 
plasma volume. 

However, it is unclear why the subjects were unable to 
excrete the excess water consumed during the race. 
There are several possibilities. 

First, although creatinine clearance was elevated 
during the recovery stage, during the race glomerular 
filtration rate (GFR) may have been unusually de
creased. Marathon running does not neeessarily reduce 
GFR when this is measured over the duration of a mar
athon (13), but the renal response of these subjects may 
have been different. However, the serum creatinine and 
urea concentrations measured in the subjects after the 
race were not greater than those in normonatremic run
ners in this study (Fig. 3) or in other studies (4, 12, 13, 
29). A reduced GFR during the race is therefore un
likely. 

Second, three of the subjects took nonsteroidal anti
inflammatory agents. These can cause a decrease in 
renal prostaglandin production, which can lead to a de
cline in GFR and accentuate the effects of ADH (2). 
However, there were no significant differences in renal 
function or fluid balance between this subgroup and the 
remainder of the hyponatremic subjects. 

Third, in normonatremic runners plasma volume 
usually decreases moderately (18, 19, 33) or not at all 
(12). Despite gross fluid overload, the subjects in this 

study failed to maintain a normal plasma volume (Fig. 
4). The reduced plasma volume would act as a nonosmo
tic cause for both increased fluid intake and arginine
vasopressin (ADH) release; the latter would prevent 
free water clearance, thereby compounding fluid reten
tion in athletes stimulated to ingest hypotonic fluids in 
excess. That ADH secretion was appropriately sup
pressed in these subjects during recovery is shown by 
the positive free water clearance and reduced urine os
molality during recovery (Fig. 1), which is the opposite 
of the response in normonatremic runners. The time 
course of this response followed the rapid normalization 
of hematocrit and therefore presumably of plasma vol
ume within the first few hours of collapse (Fig. 3). It is 
of interest to speculate why hyponatremic runners were 
unable to maintain plasma volume during exercise. 

The most important variable besides extracellular so
dium content that influences plasma fluid shifts during 
exercise is probably transcapillary colloid osmotic pres
sure (20, 30, 31). Ingress of protein into the plasma space 
during exercise acts to maintain plasma volume; thus 
the reduced plasma volume of hyponatremic runners 
may have resulted from an inability to mobilize inter
stitial protein into the vascular space (Fig. 4). Under 
these conditions the excess volume of ingested fluid 
would be redistributed mainly into the intracellular but 
also partially into the interstitial space. An expanded 
interstitial volume would lead to a further reduction in 
the protein concentration in this space and in the lymph; 
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nG. 4. Calculated percent changes in plasma volume, serum total 
protein content, and serum albumin content (means ± SE) in 5 hypon
atremic and 8 normonatremic runners measured immediately post
trace and during recovery .•• P < 0.01 between hyponatremic and nor
monatremic runners. 
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the latter is believed to be a major source of the intravas
cular protein influx during exercise (30). 

Nonsteroidal anti-inflammatory agents have been 
shown to increase protein loss from the vascular com
partments of exercising subjects (28), and this may have 
been a factor in the three runners who ingested these 
drugs during the race. The protein losses in these sub
jects were, however, no greater than in the other hypon
atremic runners. 

Atrial natriuretic peptide (ANP) increases during ex
ercise (1) and may be associated with increased urine 
sodium losses in normal subjects (15). Whether ANP is a 
factor in the genesis of the hyponatremia of exercise is 
unknown but would not seem to be of importance in view 
of the increased serum aldosterone concentrations in 
the five subjects. The sodium deficits in these subjects 
would also not seem to have been excessive. ANP may 
also increase capillary membrane permeability to 
;llasma proteins (16) and may have been a factor in 
these subjects either because of increased rates of ANP 
;ecretion or an increased sensitivity to its actions. Fur
:her work is necessary to establish levels of both ADH 
md ANP in hyponatremic subjects. 

The final question that needs to be addressed is why 
:he subjects drank to excess. We suggest that there are 
both physiological and behavioral reasons for this. On 
questioning, all the subjects expressed surprise that 
they had collapsed because they had drunk so much and 
could therefore not be dehydrated. Paradoxically, the 
three subjects who developed grand mal convulsions 
and coma (subjects 1-3) reported the highest fluid in
takes during the race. 

This would seem to confirm that the potential 
dangers of severe dehydration and the need to drink 
adequately during prolonged exercise have been so well 
publicized (23) that, as a result, some individuals may 
choose to ingest dangerously large fluid volumes during 
prolonged exercise. In addition, it is possible that, dur
ing the later stages of the race, a reduced plasma volume 
would induce volume-dependent dypsogenic drive, 
thereby sustaining the high rates of fluid intake. 

Finally, despite the moderately low sodium losses in 
these runners, we would include the hyponatremia of 
exercise as a form of hyponatremia caused by a low total 
body sodium content according to the Goldberg classifi
cation (7) but would emphasize that, without the excess 
fluid intake, hyponatremia would not have developed. 
Empirical evidence suggests that a reasonable intake of 
fluid while exercising prevents the recurrence of hypon
atremia in predisposed subjects (24). Further work is 
required to determine whether sodium replacement 
during endurance events will, in addition, assist in the 
prevention of this condition as has been suggested (9). 
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2002 Compaq Houston Marathon Medical Report 

Research 

Research was conducted on a group of approximately 40 runners. The runners were 
divided into two groups, those that consumed fluids on the course as per usual and 
those that were given an additional electrolyte supplement to boost their sodium 
levels. Runners were weighed and had their vital signs check. A small sample of blood 
was taken from each runner prior to the start of the race. Those receiving the additional 
fluids were given their first 5-oz. sample at the medical area. Subsequently they were 
given samples at mile 7, mile 13 and mile 20 for a total of 20 ounces. Afterwards all 
research subjects reported to the Brown where weight, vital signs and a blood sample 
were drawn. A two-sided medical questionnaire was filled out regarding their hydration 
habits on the course. Preliminary inspection of this data reveals that there were no 
significant differences between the electrolyte levels of those that used typical hydration 
and those that used the supplemental beverage. Additionally, equal numbers in both 
groups became clinically hyponatremic. Both groups had several runners that had lower 
sodiums at the finish than they did at the start indicative of over-hydration. 

Based on the data that was collected this year and previous years, it has become very 
clear to the Medical Committee that hyponatremia is a behavioral phenomena that is 
almost certainly caused by over-hYdration. Climatic conditions will influence the severity 
of those cases of hyponatremia. Based on our findings, it is recommended that a 
significant educational effort be utilized to inform runners to hydrate less aggressively 
while on the course, particularly those that are slower. Additionally, it will be 
recommended to the Board of Directors of the Marathon that fewer water stations be 
supplied on the course. One possibility for enactment of this recommendation would be 
to alternate water stations with power aid stations. This would probably have the effect of 
reducing the amount of water and/or Power Aid consumed by anyone runner during the 
race. It is thought that this would Significantly reduce the incidence of hyponatremia, as 
has been demonstrated in research done in other races. 
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2002 Compaq Houston Marathon Medical Report 

RECOMMENDATIONS 

1. It is recommended that serious consideration be made towards reducing 
the amount of water and/or Power Aid available on the course. This could 
significantly improve the safety for runners, particularly In hot weather who 
have been shown to be regularly over-hydratlng. The Implementation of 
this recommendation should be subject to further review and discussion. 
One possibility would be to alternate water stations with Power Aid 
stations every other mile. 

2. Consideration be given to the purchase of canopies for every aid station on the 
course. These ideally would be red and would allow greater visibility for each aid 
station. Additionally, the use of red t-shirts might be advantageous for all medical 
volunteers. This would improve visibility of every volunteer and diminish any 
confusion on the part of runners with respect to medical care. 

3. Continue the current layout for the medical area in subsequent years. The flow 
and setup of this year's medical area was deemed to be optimal. The setup 
should be accomplished Saturday afternoon after Buildings Band C are set up. 
The medical area will be contained entirely in the A Building. The use of tables 
and chairs as well as fencing and drapes will remain as has been in the past 
years. The use of a larger ICU area should be employed next year to allow for 
more room in taking care of such patients. Additionally, the purchase of 
vacutainers to make blood draws and IV starts more efficient. 

4. Maintain the current level of security provided by the Houston Police Department. 
This year's police staff was much improved over the past wittl respect to 
vigilance and execution. 

5. Medical supplies needed for next year will include additional Mylar blankets and 
IV fluids. A full review will be done later in 2002 to make complete updates for the 
2003 race. 

6. Increase the amount of data entry personnel andlor computers utilized within the 
medical area. If more race casualties are seen, additional staff will need to be 
utilized to keep up with the input of data to allow adequate tracking of ill runners. 
This might be best accomplished with the use of additional laptops in the major 
medical area or with the use of wireless IPAQ-type devices for practitioners in the 
medical area. 

7. Continue using the passes employed this year for the family waiting area. These 
proved to be a significant improvement over past methods of credent/aling for 
family members. 
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IMPORTANT flUID GUIDEUNES FROM THE 
GATORADE SPORTS SCIENCE INS~ 

1. Drink earlv and often. Two hours before a run, drink 
16 to 20 ou nces of water or sports drink. Take 10 

between 7 and 10 ounces every 10-20 minutes 
during the run 

2. Always drink sports drinks on long runs. Performance is 
significantly improved when sports drinks are Ctlnsumed 
during hour or longer workouts. Easily absorbed 
carbohydrates provide fuel. while the electrolytes help 
reduce the rISk of musde cramps, fatigue, and hyponatremia 

3 . 00" . :. !,' ; Il)rl' '.'ou '".,' ,,", You don't often feel 
thirsty early In a run, but thars exactly when you need 
10 start drinking. Proper hydration helps maintain muscle 
and skin blood lIow, promotes body cooling, and aids In 

the deliverv of carbohvdrales and electrolytes, 

4. Rehvdrate after the run. Drink between 20 and 24 
ounces of sports drink for every pound of body weight 
lost during exercise. Calculate your weight loss by 
weighing yourself before and aher exercise. 

5. e n 
Into)(lcatlDn," could happen dUring long, hot runs. 
when a runner loses a lot of sodium through sweat and 
consumes a great deal of water This can dillJle sodium 
levels In the blood, causing an electrolyte Imbalance 

Warning signs mimic those of dehydratIOn, Including 
confUSIOn, dlsorientatlOn, muscle weakness, and vomiting 
To help maintain blood sodium levels, consume sports 
drinks, rather than plain water, on runs over an hour 
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Paper 16 

OMMENTARY 

Hyponatremia in Distance Athletes 
Pulling the IV on the 'Dehydration Myth' 

TImothy D. lloakes, MB ChB, MD 

T
he strength of modem medicine is its re
lentless quest for an elusive perfection. 
That quest requires that we examine our 
errors even more closely than our success
es. It is for this reason that the case report 

of Flinn and Sherer ("Seizure After Exercise in the Heat: 
Recognizing Life-Threatening Hyponatremia," page 
61) is so important. For it records a potential tragedy 
that was prevented by expeditious and appropriate 
medical care1-care that conflicted with popular dog
ma. The timeworn understanding is that collapse dur
ing or after prolonged exercise is caused by heat ex
haustion; heat exhaustion is caused by dehydration; 
both are prevented by inordinate fluid ingestion; and 
immediate treatment sho\Jld be intravenous fluids. I 

Photo: CI 2000. AI.l.SPORT 
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have termed this traditional litany the "dehydration 
myth."2.3It has been relentlessly perpetuated, always in 
the guise of good science. 

Drinking (Water) to Death 
Flinn and Sherer conclude that their recruit devel

oped the complications of hyponatremia as a result of 
drinking too much plain water during a series of exer
cises that included a lO-lcm hike with an IS-kg pack. 
He had been actively encouraged by his military lead
ership to drink water, presumably in copious amounts, 
to prevent exertional heat injury. 

The debate of whether exercisers drink too little, too 
much, or the correct amount during endurance 
exercise-and whether such fluid ingestion actually 

continued 
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dehydration myth continued 

influences the risk of heat injury-has been contested 
with vigor in the pages of this journal for more than a 
decade ... • In addition, the journal has previously re
ported a case of water intoxication in a marathon run
ner.'· Despite drinking copiously during and after the 
race, that runner (whose case was also described in the 
American Review a/Respiratory Disease) received 1.5 L 
of intravenous fluids because "the emergency room 
physicians assumed that the patient was suffering from 
volume depletion, as they had observed repeatedly that 
day in other marathon runners."" The illogic in such 
assumptions has been repeatedly argued.'->.· .. 2-15 

A characteristic of this debate has been the inability 
of some to comprehend the obvious. Whereas there are 
no case reports or clinical trials that unambiguously link. 
exercise-induced dehydration with specific, life-threat
ening, exercise-related disorders,'",l3 the evidence that 
iatrogenic fluid overload can have very serious conse
quences is absolute and irrefutable. Indeed, there are 
now at least 21 publications describing the life-threaten
ing consequences of fluid overload in runners, 'nll,'6-2. 

niathletes,'6J5-27 army personnel,28-:'Il and even recreation
al hikers. 31-33 How is it possible that this evidence can be 
so long ignored and that athletes can rontinue to be en
couraged to "consume the maximum amount that can 
be tolerated" during exercise," without any cautionary 
reference whatsoever to the dangers of drinking too 
much? It is a scientific paradox, for which any logical ex
planation rontinues to elude me. 

Moderate Dehydration Not Hazardous 
Compared with this irresistible proof, the evidence 

is nonexistent that the modest levels of dehydration in 
endurance athletes-body mass losses of2% to 8%12-
have any health consequences during exercise. Z 

Consider first the definitive series of studies under
taken in the Nevada desert during World War II." 
There, in one study.'" groups of army conscripts exer
cised during the day in desert heat for as long as they 

Dr NOlkes is the Discovery Health professor of exercise and sport science 
at the University of Cape Town and the Sports Science Institute of South 
Africa in Newlands, South Africa. 
Address con'.p,nd,nce to Timothy 0, Noakes. MB ChB. MD, Sports 
Science Institute of South Africa, Boundary Rd. Newlands 7700, South Atrica; 
e-mail totdnoakes@sports.uct.iIC.za. 
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could, usually up to 8 hours, without any fluid inges
tion whatsoever. During this time they would cover up 
to 34 lan. At the point of fatigue, caused by "dehydra
tion exhaustion," subjects exhibited the following 
symptoms and signs: They "grew peevish and in
tractable; others walked in silence and were unrespon
sive." All developed marked physical fatigue and ulti
mately became "incapable of even mild physical 
effort." Yet "there were no obvious aftereffects of dehy
dration .... We do know that man can suffer a water 
deficit so incapacitating that he can neither walk nor 
stand; yet he recovers his walking ability within a few 
minutes of water ingestion, and his feelings of wen-be
ing within half an hour or less after he begins drinking. 
With a meal or two intervening, his recovery is practi
cally complete in 6 to 12 hows." 

If these army subjects, who developed levels of de
hydration twice as great as those usually measured in 
modem endurance athletes, were able to recover with
in minutes of drinking fluids orally, where did the idea 
arise that much lesser degrees of dehydration are (1) 

life-threatening and (2) must be treated immediately 
with intravenous fluids?· 

The second body of evidence--aIso conveniently 
ignored--is that up to 1969, endurance athletes were 
encouraged not to drink during exercise.2

,12 Yet there 
are almost no documented case reports of complica
tions experienced by these athletes. Thus, the impres
sively titled review article "Heat Stroke and Hyperther
mia in Marathon Runners"" mentions only one case of 
heatstroke in a competitive marathon runner, that of 
Jim Peters in the 1954 Empire Games Marathon in 
Vancouver. The reasons other than dehydration that 
explained Peters' only conapse in a remarkable com
petitive career have been described.'" Generations of 
competitive distance runners were, Iilce Peters, able to 
set world records at a wide range of running distances 
without ever consuming anything (let alone maximal 
quantities) and without apparently suffering life
threatening complications (as is now frequently re
ported in those who drink too much). 

Perpetuated Error 
The first error identified by the case reported in this 

issue may well be the perpetration and perpetuation 
of the dehydration myth within the United States 
Army28.29 (and among other groups) despite an ava-
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~ehydration myth continued 

lanche of conttadictory evidence. So ingrained is this 
myth that attempts by a local Chicago columnist" to 
warn runners about the dangers of overhydration fol
lowing the death of a runner in the 1998 Chicago Mar
athon were met with howls of indignant protests from 
runners, doctors, and exercise scientists (Eric Zorn, 
personal communication, October 1999). 

I suggest that the resulting desire to administer intra
venous fluids to collapsed exercisers, commendably 
avoided by Ainu and Sherer, has developed because the 
physiologic term dehydration has become established 
as a specific medical diagnosis encompassing almost 
any form of collapse in endurance athletes." But dehy
dration is not a diagnosis of a specific medical condi
tion, and there is no proven relationship between dehy
dration and any condition associated with collapse in 
distance athletes.'J In my view, intravenous fluids are al
most never required in the management of postexercise 
collapse, for the simple reason that they have no effect 
on the physiologic abnormality that is most usually pre
sent: postural hypotension secondary to peripheral 
blood pooling and inadequate peripheral vasoconstrlc
tion immediately on the cessation of exercise.,,,,I5'" 

Diagnose, Then Treat 
To return to the specifics of this case report, two 

points are of note regarding overall management. First, 
definitive treatment was not begun until diagnosis was 
complete. An inttavenous line was placed at the field 
aid station only to provide inttavenous access (not to 
treat a presumed dehydration with rapid infusion of a 
large volume of fluids), and the blood sodium concen
tration was measured as an immediate priority. Sec
ond, an appropriate treatment algorithm, presented in 
their figure 1, page 66, was followed. 

Diagnosis first. Diagnosis before treatment, in my 
view, identifies the kernel of solution. These authors 
avoided the usually uncontrollable urge to treat with 
inttavenous fluids any exerciser admitted to a medical 
facility regardless of symptoms and clinical signs. 
Rather, they followed good medical practice, which is 
to establish a reasonable working diagnosis before ini
tiating any therapy. This practice is especially impor
tant if that (unnecessary) therapy can also cause a fatal 
outcome in an otherwise healthy person." 

My colleagues and I have shown that two factors 
predict the lilcely diagnosis in exercisers who are admit-

THE PHYSICIAN AND 8PORTSIIEDICIliE • Vol 28 • No, 9 • September 2000 

C-117 

Photo: C 2000. David Madison 

Although alhletes Ire ollen encouraged to consume IS much 
fluid as they can tolerate durill1l exercise, Bvldence hal shown 
thatlluid overload can be liIe-threatening. 

ted to the medical facilities at endurance events. ",41 The 
first is whether collapse occurs before the finish of the 
race or after the athlete completes the event; the sec
ond is whether or not the athlete is fully conscious or 
has an altered level of consciousness, however subtle. 
Athletes who collapse after finishing the race are almost 
always fully conscious and are suffering from the sud
den onset of posrural hypotension, so-called exercise
associated collapse. Fonnerly, this condition ~ called 
heat exhaustion, but that term is inappropriate for rea
sons previously described."" The patient described 
here did not finish the exercise bout; hence, the differ
ential diagnosis excludes exercise-associated collapse, 

continued 
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dehydration myth continued 

which should be diagnosed only in persons who col
lapse after finishing the race. As the patient had been 
exercising in the heat, the moment he lost conscious
ness, the initial differential diagnosis included hypona
tremia, a cerebrovascular accident, and heatstroke, 
probably in that order: The initial distinction is made by 
measuring the rectal temperature,15 as was done in this 
case. As it was in the normal range of 37°C to 40°C, a 
diagnosis of heatstroke was excluded. The next most 
probable diagnosis then becomes the hyponatremia of 
exercise, 1.15.19 confinned by prompt measurement of the 
serum sodiwn concentration 

Although the authors report that the recruit was 
alert and oriented when first seen, the mental changes 
in hyponatremia are subtle. It is improbable that his 
very low serum sodiwn concentration (113 mrnollL) 
did not cause an altered level of consciousness, how
ever elusive. Subtle mental changes without other clin
ical evidence of a defined medical condition, and with 
a normal body temperature, must always alert the clin
ician to a probable diagnosis ofhyponatremial.l5 in any
one who has exercised for a prolonged period with 
ready access to D.uid--especially if the patient has been 
encouraged to "force fluids" to prevent heat injury. 

Radonul treatment. For the majority of collapsed 
athletes, then-ie, those with exeocise-associated col
lapse-the sole treatment required is nursing in the 
head-down, Trendelenburg position." (See also ''A 
Guide to Treating Ironman Triathletes at the Finish 
Line," August, page 35.) Since adopting this technique, 
we have essentially removed the need. ever to give in
travenous fluids to these athletes, regardless of the in
tensity or duration of the effort they had sustained. For 
example, in the recent 226-kIn Cape Town 2000 Iron
man Triathlon, we intensively evaluated in the medical 
tent at the race finish all the athletes who completed 
the race. This included 290 triathletes and approxi
mately 100 athletes who had either run the 42-lcm 
marathon or who had cycled the ISO-kIn course as in
dividual members of relay teams also participating in 
the race. It was not necessary to treat any athlete with 
intravenous fluids, despite the fact that the race was 
held in midswnrner temperatures that approached 
30°C at midday, the time the marathon race began. 
Treatment in the other exeocise-related conditions, hy
ponatremia and heatstroke, is descnbed ably by Flinn 
and Sherer and eIsewhere.'·.I~"'·",25,32 
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Hyponatremia vs Heat Illness 
Regarding the c1~ification of exeocise-related col

lapse, the only very minor quibble I have with Flinn 
and Sherer is their (albeit updated) definition of heat 
exhaustion. These authors suggest that heat exhaus
tion is a form of heatstroke in which there are only mi
nor changes in mental status and function. As this dis
tinction can only be made retrospectively, I would 
prefer that all patients with an elevated rectal tempera
ture and mental changes at the time of collapse be di
agnosed with heatstroke and the severity ~igned on
ly when the patient has recovered. 

The danger in the novel definition proposed is that 
subjects with the subtle mental changes characteristic 
of hyponatremia-which, as this case report shows, 
can progress to convulsions and coma with frighten
ing rapidity-may be diagnosed as cases of heat ex
haustion and treated inappropriately. perhaps with in
travenous fluids. Rather, I argue that, if the rectal 
temperature is not elevated to 40°C at the time of col
lapse, the patient does not have a heat illness, and an
other cause for collapse must be sought!·"·1S 

We have found that athletes who are fully con
scious, and whose rectal temperatures are below 40° C. 
do not require active cooling because their body tem
peratures will normalize without intervention Nor are 
their symptoms of collapse caused by their (normally) 
elevated body temperatures. Rather, they are likely to 
be suffering from postural hypotension and will recov
er rapidly when treated in the head-down position. 

Introducing a new definition for heat exhaustion can 
only lead to more confusion and further hamper the 
general acceptance of a concise and logical approach to 
the assessment and management of the collapsed exer
ciser. Mental changes in an exeociser whose rectal tem
perature is less than 40°C should only be ascribed to a 
heat injury if hyponatremia and hypoglycemia have 
been excluded by appropriate blood testing. 

Too Much Fluid Can Hurt 
To summarize, once the recruit convulsed and 

lapsed into coma. the most likely diagnosis was the hy
ponatremia of exercise. Heatstroke was excluded by 
the expeditious measurement of the rectal tempera
ture, and the correct diagnosis of this case was imme
diately established by the equally rapid measurement 
of the serum sodium concentration. The condition 

continued 
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dehydration myth continued 

was caused by a fluid intake that was, at the very least, 
6.5 L in excess of requirement during 9 hours of moder
ate military exercises. Such inappropriate fluid replace
ment was caused by the promotion of the twin dogma<> 
that hold that heatstroke is caused by dehydration,z.:w 

REFERENCES 
1. Noakes TO: The hyponatremia of exercise. Int I Sports Nutr 

1992;2(3):205-228 
2. Noakes TO: Dehydration during exercise: what are the real 

dangers? Oin I Spon Med 1995;5(2):123-128 
3. Noakes TO: Hypenhermia, hypothermia and problems of 

hydration in the endurance performer, in Shephard RI (ed): 
Endurance in Sport, ed 2. London, Blackwell Science, to be 
published 

4. Roos R: Medical coverage of endurance events. Phys 
Sportsmed 1987;15(11):140-146 

5. Noalces TO: Why endurance athletes collapse. Phys Sports
med 1988;16(9):23-24 

6. Sandell RG, Pascoe MD, Noalces TO: Factors associated 
with collapse during and after ultrarnarathon footraces: a 
preliminary study. Phys Sportsrned 1988; 16(9):86-94 

7. Noalces TO, Berlinlcsi N, Solomon E, et al: Collapsed run
ners: blood biochemical changes after IV fluid therapy. 
PhysSportsmed 1991;19(7):70-81 

8. Eichner ER: Sacred cows and straw men. Phys Sportsmed 
1991;19(7);24 

9. Noalces TO: Sacred cow revisited, letter. Phys Sportsmed 
1991;19(11):49 

10. Nelson PB, Robinson AG, ](apoorw, et al: Hyponatremia in 
a marathoner. Phys Sportsmed 1988;16(10):78-87 

11. Young M, Sciurba F, Rinaldo I: Delirium and pulmonary 
edema after completing a marathon. Am Rev Respir Dis 
1987;136(3):737-739 

12. Noakes TD: Fluid replacement during exercise. Exerc 
Sports Sci Rev 1993;21:297-330 

13. Noalces TO: Auid and electrolyte disturbances in heat ill
ness. Int I Sports Med 1998;19(2 suppl):SI46-S149 

14. Noalces m: Why marathon runners collapse. S Afr Med I 
1988;73(10):569-571 

15. Holtzhausen LM, Noalces TO: Collapsed ultraendurance 
athlete: proposed mechanisms and an approach to man
agement OinI Sport Med 1997;7(4):292-301 

16. Noalces TO, Goodwin N, Rayner BL, et al: Water intoxica
tion: a possible complication during endurance exercise. 
Med Sci Sports Exerc 1985;17(3):370-375 

17. Frizzell RI, Lang GH, Lowance DC, et al: Hyponatremia and 
ultramarathon running. lAMA 1986;255(6):n2-n4 

18. Noalces TD, Norman RI, Buck RH, et al: The incidence of 
hyponatremia during prolonged ultraendurance exercise. 
Med Sci Sports Exerc 1990;22(2):165-170 

19. Surgenor S, Uphold RE: Acute hyponatremia in ultra-en
durance athletes. Am I Emerg Med 1994;12(4):441-444 

20. Wolfson AB: Acute hyponatremia in ultra-endurance ath
letes. Am I Emerg Med 1995;13(1):1I6-117 

21. Qark 1M, Gennarl FI: Encephalopathy due to severe hy
ponatremia in an ultramarathon runner. West I Med 
1993;159(2):188-189 

22. Irving RA, Noalces TO, Buck R, et al: Evaluation of renal 
function and fluid homeostasis during recovery from exercise
induced hyponatremia I Appl Physiol 1991;70(1):342-348 

23. Davis 0, Marino A, Vilke G, et al: Hyponatremia in mara-

76 

C-119 

and that it is prevented by copious fluid ingestion dur
ing exercise." There is no scientific evidence whatsoev
er for either belief'>"·13 Rather, as this recruit and these 
authors discovered, "Too much fluid can hurt." 
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We place a great deal of faith in the results of experimentation, for it is from research data 
that medical innovations are born and medical practice is changed. As the volume of 
biomedical publications continues to increase, it is important to recognize that somewhere, 
buried in all that infonnation, are studies that represent the seedbeds of change. Filtering 
through the data requires an understanding of the nature of research and its ability to 
change practice, but it also requires that we understand what produces resistance to 
change. New infonnation may be unexpected and alanning. Dogma is a fact of life and of 
medicine. 

Thomas Kuhn is widely regarded as coining the term "paradigm shift." Kuhn (I) described 
"revolution" as the abandonment of one theoretical structure and its replacement by 
another incompatible one. In this way "normal" science (a paradigm) inevitably produces 
crisis and revolution that leads to "new" normal science (a paradigm shift) and, ultimately, 
a new crisis. Puzzles that resist solution are seen as anomalies, and failure to solve the 
puzzle is seen as an inadequacy of the scientist rather than the paradigm. "Normal" 
scientists must be uncritical of the paradigm so as to concentrate on its detailed articulation 
and to perfonn the esoteric work of probing nature in great depth. 

One reality is that during the crisis/revolution phase, professional insecurity sets in, 
followed by a change in professional allegiance. There is then no single reason to abandon 
a paradigm. Change occurs through persuasion rather than compulsion. A scientific 
revolution corresponds to the abandonment of one paradigm and the adaptation of a new 
one. not by an individual scientist but by the relevant scientific community as a whole. 
Thus, the revolution is only successful if the majority shifts allegiance. 

A current sports medicine discussion relevant to science and medicine as a whole co~cems 
fluid balance, dehydration, and hyponatremia during exercise. Last September, Senior 
Associate Editor Tim Noakes, MBChB, MD, wrote a commentary questioning what he 
calls the "dehydration myth." His observations elicited a heated response. We present both 
sides of the issue in our Letters to the Editor department. The emotion that characterizes 
this debate is complicated by the influence of research supported by the sports drink 
industry. When an entire industry is based on a single paradigm, additional resistance is 
encountered. If the medical profession purporting to uphold the virtue of science and its 
processes benefits substantially from a commercial interest whose desire is to maintain the 
status quo, then medical science misses its higher calling. 

http://www.physsportsmed.comlissues/2001/07_01/juI0Ied_notes.htm 
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Our role at this stage is not to take sides but to give the debate a forum, which we are in a 
unique position to do as an independent journal. Many previous dogmas have since been 
refuted. An example is the change in ideas about gastric ulceration and the effects of 
bacterial infection (2). Let's not have it said of us in the history books that our reluctance to 
embrace new infonnation or points of view prevented the advancement ofthe science of 
sports medicine, particularly as we go about protecting our beliefs in the very same name 
of that science. We should embrace discussion in the fullest sense of the word and in the 
spirit of science in much the same way that Francis Bacon described new knowledge: 
"Read not to contradict and confute, nor to believe and take for granted, nor to find talk 
and discourse, but to weigh and consider." 

Best, 
/' 

i_ If .. J _._ 
'V~~ 

Gordon O. Matheson, MD, PhD 
Editor-in-Chief 
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LETTERS TO THE EDITOR 

Letters to the Editor gives readers a chance to comment on articles we publish and on other 
issues important to sports medicine practitioners. Illustrative figures are welcome. Send 
lerters to Editor, THE PHYSICIAN AND SPORTSMEDICINE, 4530 W 77th St, Minneapolis, MN 55435; 
e-mail topsmletters@mcgraw-hill.com. 

Hyponatremia or Hype? 
We have spent months correct

ing damage among physicians, ath
letic trainers, coaches, and athletes 
done by the article published last 
year by Dr Noakes on hypona
tremia! and similar comments by 
him in the October 2000 Runner's 
World.' While the article in TIiE PHYSI
CIAN AND SPORTS MEDICINE contains 
useful information about the poten
tially serious medical condition of 
hyponatremia, it contains this inac
curate statement on page 72: " ... the 
evidence is nonexistent that the 
modest levels of dehydration in en
durance athletes-body mass losses 
of 2% to 8%-have any health con
sequences during exercise." 

It may be true that endurance 
athletes and other athletes who par
ticipate at very low exercise intensi
ties (eg, most of the athletes com
peting in ultra events) would be at a 
low risk (but not no risk) of adverse 
medical effects associated with the 
stated degrees of dehydration. How
ever, this statement is not true for 
endurance athletes and other ath
letes who participate in shorter 
events where the intensity is great 
enough to overwhelm the ther
moregulatory system, especially in 
the presence of extreme environ
mental conditions. Further, 8% de
hydration should never be deemed 
"a modest level of dehydration." 
When a 200-lb athlete loses 16 lb of 
sweat, that is a significant or severe 
level of dehydration. 

Noakes' observations of ultra
marathoners may exist because de
hydration does not affect heat stor
age and rectal temperature (Tre) if 

the exercise intensity is low. A study 
by Montain et al' demonstrated 
this fact in healthy males who exer
cised at 25%, 45%, and 65% of 
Vozmax. However, the follOWing 
physiologic and clinical facts pro
vide strong evidence that the risk 
and likelihood of serious hyper
thermia (above the 39° to 40°C 
threshold for heatstroke) increases 
when athletes are dehydrated: 
• A high exercise intensity increases 
heat production and storage in the 
deep tissues of the body. Thus, run
ners who run fastest are at greatest 
risk ofhyperthennia ,., 
• Exercise in a hot (35°C) versus 
moderate (22°C) environment can 
result in a spiraling increase in Tre at 
arunningpaceof6.3min/mile.' 
• When a small level of dehydration 
(1 % to 1.5%) exists in someone run
ning at moderate-to-strenuous 
speeds in a very hot (41"C) environ
ment, obvious signs and symptoms 
of heat exhaustion may occur. These 
include the presence of Hushed skin 
on the athlete's head and chest, 
chills, abdominal cramps, piloerec
tion, vomiting, dizziness, and hyper
irritability.' When more severe dehy
dration (6% to 8%) exists in someone 
who runs or cycles in the heat, dizzi
ness, faintness, fatigue, dyspnea, tin
gling, indistinct speech, headache, 
and spasticity have been reported.' 
• During 90 minutes of brisk walk
ing in the heat (33°C), each 1 % loss 
of body weight as sweat may result 
in a Tre increase of 0.4°C versus a 
similar test with nonnal body water. 
At this rate, 8% dehydration would 
increase Tre by 3.2°C and result in 
frank hyperthermia.' 
• When 7% dehydration exists, the 
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rate of sweating decreases 25%, and 
the onset of sweating is delayed.!o.ll 
Skin blood flow, another avenue of 
heat dissipation, decreases by more 
than 50% when 3% dehydration 
exists during exercise-related heat 
stress. 12 

Therefore, we conclude that ath
letes who exercise at high intensities 
and wear uniforms in hot environ
ments are at great risk for dangerous 
hyperthemtia, especially when de
hydrated to 8%. The average person 
reading Noakes' article, however, 
could easily conclude that dehydra
tion has no influence on heat stor
age during any exercise-related heat 
stress. In fact, one of us (DJ.C.) an
swered numerous telephone calls 
from athletic trainers who, after 
reading this article, questioned 
time-honored teachings regarding 
the need for adequate Huid intake. 

We believe that the recent posi
tion statements by the American 
College of Sports Medicine'3 and the 
National Athletic Trainers' Associa
tion14-which stress the importance 
of minimizing fluid losses by en
couraging fluid replacement that is 
equal to fluid losses-are better ap
proaches to the issue of dehydration. 
(We were closely involved with both 
statements.) If the medical staff ad
vocates individualized rehydration 
protocols, based on sweat rates, that 
properly maintain a normal hydra
tion status, the problems associated 
with improper fluid replacement
such as dehydration and hypona
tremia-will be eliminated, or at 
least dramaticaIly diminished. 

DOUGLAS J. C4SA, PHD, ATe, CSCS 

LAWRENCE E. ARMSTRONG, PHD 

STORRS, CONNECJ1Cur 
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I am incensed by the anicle on 
hyponatremia by Flinn and Sherer' 
and the commentary by Dr Noakes.' 
both of which fail to address the 
consensus opinions of hyperther
mia as relating to dehydration and 
vascular shifts as outlined by Dr Carl 
Gisolfi and Dr David Costill_ Their 
extensive and thorough evaluations 
refute Noakes' hypothesis. Noakes 
refers to his articles extensively with
out one reference to opposing 
views. For Noakes to ignore this lit
erature implies that people treating 
hyperthermic athletes should ig
nore the words of Gisolfi and Costill, 
which is most inappropriate. Also, 
to state that hypothermia can exist 
at 102°F but possibly not at 106°F 
and above is a misstatement of facts. 

I am the medical director of one 
of the top 25 races in the country, 
the Crim 10-mile Road Race. The 
race has been run in Flint, Michi
gan. in August heat and humidity 
for 24 years without one death 
from hyperthermic effect. Each 
year we treat 60 to 150 cases of mild 
or moderate-to- severe hyperther
mia We have done this on the basis 
of hydration, and we will continue 
to do so despite Noakes' comments. 
In theory, I am familiar with hy
ponatremia, but hyperthermia 
should be largely addressed as fluid
volume depletion. 
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JON L SCHRINER, DO 
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The articles on hyponatremia by 
Flinn and Sherer and Noakes bring 
up a very good clinical reminder 
not to treat a collapsed athlete auto
matically with intravenous (IV) flu
ids. The mechanism for hypona
tremia during endurance events 
has been suggested by these au
thors and others to be related to 
overhydration with hypotonic flu
ids, increasing the loss of sodium 
through sweating or inappropriate 
ingestion of sodium during a long 
distance event. 

In my experience and in some 
brief studies done on ultrama
rathoners, I have the suspicion that 
inappropriate ADH (vasopressin) 
syndrome may be a significant fac
tor to add to the causes ofhypona
trernia in some of these athletes. It 
is my feeling that certain suscepti
ble individuals. when subjected to 
the stress of long distance events, 
may develop inappropriate ADH 
clinical syndrome stimulated by 
the hemodynamics of long endur
ance activities. We know this can 
happen in other clinical "stress" sit
uations in susceptible individuals, 
and I believe it might be associated 
with some of the case reports we 
have seen in the literature. 

It is not easy to get levels of anti
diuretic hormone done inexpen
sively by a laboratory, but it may be 
worthwhile in athletes who experi
ence this syndrome to !J:t more data 
and infonnation regarding this hor
monal possibility. 

Paper 18 

BARRY D. MINK, MD 

ASPEN. COWRADO 
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-=----------------------------
The recent anicles on hypona-

tremia in 1HI! l'fftSIOAN AND!lI'I:IffflMEI) 

{CINE underscore the anention this 
topic is receiving-forgood reasons. 

Overhydration. both orally and Iv. 
with hypotonic (relative to sweat) so
lutions Is being nailed as the culprit 
in most of these cases, with some in
dividuals reported to have been 
overhydrated by as much as 6 to 7 L 
of free water. I am in full agreement 
with the opinions of Dr Noakes, and 
others. outlining the absolute im
portance of confirming the diagno
sis prior to treatment. The injudi
cious use of IV fluids. especially 
hyPotonic (relative to serum) 1Iuids, 
can only lead to worsening of hy
ponatremia, if present, with aD of its 
potential consequences. 

However. from an initial preven
tion standpoint, I believe that over
hydration with hypotonic (relative to 
sweat) fluids is notthe primary prob
lem. The primary problem is under
replacement of relevant electrolyte at 
the mre at which they are lost. 

Renal physiology Is certainlycom
pIex. but the human Iddney is more 
than able to excrete plentyoffree wa
ter, up to 15 Uday. according to most 
renal physiology texts. Certainly the 
rate of free water accumulation dur
ing endurance events may over-
whelm the Ic:idney's ability to excrete 

it Hawewl; we must also ask what 
process in the kidneys might lead to 
water accumulation. The same renal 
physDo&ytexlll tell US that: 
• Dehydration triggers ADH re
lease. and this stimulates free water 
resorption from the Jddneys. Dehy
dration Is still the No. 1 concem with 
exercising in the heat. and much ev· 
idenee supports the fact that dehy
dration alters one's ability to man
age "internal heat." 

• Free water dearance requires ad
equate serum electrolyte levels. es
pecially sodium. The farther serum 
sodium levels fall. the more difficult 
it is for the Iddneys to excrete water. 
• Dehydration reduces renal perfu
sion. whk:hdrops theglomerularfll
tratio n rate. 
• In the face of all these physiologic 
challenges, ingesting hypotonic flu
ids. typical of many spans drinks 
and certainly typical of water. results 
in eventual hyponatremia. 

Sodium and fluid are two inde
pendently regulated processes. 
Therefore. if I am losing 1 Uhf of 
water via sweating. I must replace it 
at this nlte fur optimal performance 
(and survival!). If I am losing sweat 
sodium at 1.000 mg/L of sweat, 1 
must replace it at this mte. 

Increasing the ingestion of rele
vant electrolytes includes sodium 
and potassium. and possibly others 
1ike calcium. magnesium. and zinc. 
The problem of "over hydration· and 
hyponatremia will certainly be re
duced. if not eliminated. if we advise 
athletes about the importance of 
electrolyte replacement at the rate 
at which it is lost. 

IX1UGLAS Ii( S1ODllAAD, MD 

TOROMO 

I found both articles on hy
ponatremia of high standard, 
thought-provoldng. and pridewor
thy. No expert, I have the following 
observations: 

Heat exhaustion (not heat hyper
pyrexia) is prevalent in nonacclima
tized persons. Acclimatization is a 
graduated exposure to increasing 
loads of exertion over a period (typi
cally 3 weeks) under "hot8 condi· 
tions expected to be encountered at 
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a scheduled event. I believe this al· 
lows ~ glands to conserve sodi
um. thus predud.ing hyponatremia 
from drinIdng water, the most com
monly allllilable soun:.e. 

Further. conwlsions are known 
to occur in the hyponatremic. 
Trans·urethral removal of the 
prostate associated with concurrent 
Iluid overload has in fact resulted in 
just such incidents. 

SHYAM M.JIm':CM; MD 

IIJCHPrBU}, 0Hl0 

DR NOAKES RESPONDS: It is a 
pleasure to respond to this series of 
letters, as it allows an opponunity to 
clarify some important issues. Per
haps there are three reasons for this 
unnecessary confusion of the rela
tionships between dehydration, flu
id replacement. and exercise-related 
heat illness.. 

Confounder II. The first reason 
is that popular concepts on this top
ic have changed incrementally over 
the past 25 years independent. in 
my ~ of sufficient new scientific 
information to justify some of those 
changes. For example, during that 
time, the AmeriCan College ofSpons 
Medicine (ACSM) has produced 
(our different position stands per
taining to fluid ingestion and the 
prevention of heat injury during ex
erdse.I " Each is somewhat different. 
particularly concerning the nature 
of the claims made lbr the benefits 
of such tluid replacement and the 
volumes of1luid that should be in
gested during e:mJ:cise. 

[n 1975, the simpJt! adVice was 
that athletes should "be encouraged 
to frequently ingest fluids during 
competition."' Frequently was con
sidered to be eve:tyS to 4 Ian in races 
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of 16 km or longer. suggesting that 
fluid ingestion was of lesser impor
tance in races less than 16 kIn. This 
advice was entirely appropriate in 
1975 since. for the previous 100 
years, athletes had been advised to 
avoid fluid ingestion during 
exereise.' The rationale for Iluid in· 
gesdon was to ~reduce rectal tem
perature and prevent dehydration. " 
No specific reference was made to 
the possibility that fluid ingestion 
alone would influence the risk of. 
much less prevent, heat illness dur
ing exercise. 

The subsequent position stand 
of 1981' introduced two additional 
statements of relevance to this de
bate: First, "Fluid consumption be
fore and during the race will reduce 
the risk of heat injury, panicuJarly in 
longer runs such as the marathon 
[emphasis added].- ... The three ref
erences cited., however. do not sup
port that conclusion because all of 
them studied only the etJecrs offtuid 
ingestion on rectal temperature dur
ing exercise. None studied the inci
dence of heat injury in marathon 
runners. nor the inlluence of differ
ent rates of fluid ingestion on that 
incidence. So none could conclude 
that fluid ingestion reduces the risk 
of heat injury. however defined, in 
marathon runners. Hence, this posi
tion stand. which introduced a fun
damentaIly novel concept not pre
sent in the 1975 position statement, 
was not based on newevidence. 

The second statement was: 
·Such dehydratlon will subsequent
ly reduce sweating and predispose 
the runner to hyperthermia. heat 
stroke, heat exhaustion, and muscle 
cramps." Nor is this statement evi· 
dence-based since the cited refer
ence did not study the incidence of 

hyperthermia, heatstroke. heat ex
haustion. or muscle cramps in mar
athon rulUler8 or the effects of dif
ferent rates of fluid ingestion on 
those incidences. Rathet the study 
reponed a relationship between the 
postexercise recta1 temperature and 
the extent of weight loss in competi
tors in 32-km running races. The 
conclusions that have been applied 
to that study have been criticized in 
detail elsewhere, including argu
ment that any apparent relationship 
between weight loss and the postex
ercise recta1 tempeISture may have 
been spurious.'" Of interest was the 
finding that the winners of those 
races were also the most dehydmted 
and hyperthermic. a finding at vari
ance with the theory that deh-ydra· 
tion impairs athletic performance 
and increases the risk of heat illness. 

The position dtand of 1996' pro
posed that dehydmtion can "predis
pose the rwmer to heat exhaustion 
or the more dangerous hyperther
mia and exertional heatstIol<e:,··n 
However, this statement is not evi
dence·based since the two refer
enced articles are literature that 
which do not provide any new find· 
ings available since the 1987 posi
tion stand. which supports the con
clusion that dehydrated runners are 
at increased risk of "dangerous hy
perthermia- or heatstroke. Indeed. 
the 1996 position stand appears to 
be contradictory since it later states 
that "excessive hype/thermia may 
occur in the absence of significant 
dehydration- especially in short dis
tance races when the ISte of beat 
production is high. That statement 
is evidence-based. 

The 1996 position stand also in
cludes the statement. "Adequate flu
id consumption before and during 
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the race can reduce the risk of heat 
illness. including disorientation and 
irrational behavior, particularly in 
longer events such as a maNlhon 
[emphasis added):'" But the state
ment is not evidence-based since 
the same three references from the 
1987 position stand are again cited. 
and none measured the effects of 
different rates of ftwd ingestion on 
the incidence of heat illness. disori
entation, or irrational behavior in 
any running races, including mara
thon races. The statement also pro
poses that athletes should be en
couraged to "replace their sweat 
losses or consume 150 to 300 mLev
ery 15 minutes (600 to 1,200 mL pet 
hour)-. No scientific rationale for 
that proposal is provided. 

The position stand also includes 
the statement, «Intravenous (IV) flu
id therapy facilitates rapid recovery 
[in runners with heat exhaus
tlon].n ...... But that statement is also 
not evidence-based since it cites 
two review articles that do not con
tain evidence from controned dInl
cal trials pmYing that navel claim. 

The related 1996 position stand 
on exercise and fluid replacement' 
extends these new claims by stating 
that the Hmost serious effect of de
hydmtion resulting li:om the failure 
to replace fluids during exercise is 
impaired heat dissipation, which 
can elevate core temperature to 
dangerously high levels (Ie, >4O"C.l .• 
Later the statement is made that de
hydmtion during exercise ·presents 
the potential for the development of 
beat-related disorders ._. including 
the potentially life-threatening heat
stroke. ..... It is therefore reasonable 
to surmise that fluid replacement 
that offsets dehydmtion and exces
sive elevation in body heat during 

continued 
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exercise may be lnstnunental in re
ducing the risk of thennaI injury.R,O 

Once again. these conclusions are 
not evidence-based. as aJl the mate
rial dted to suppon these new ideas 
are review articles that represent the 
individual beliefs of the authors. FlU'
thermore none. provides specific da· 
ta showing either that athletes who 
are dehydrated are at greater risk of 
heatstroke during exercise ort.hat flu· 
id ingestion during exercise can reo 
duce that risk. My criticisms of the 
flaws in the paper of Wyndham" 
and the related paper on which it is 
based,. are detailed elsewhere." 

The position stand on exercise 
and fluid replacement confirms the 
belief thai: the rate of fluid ingestion 
during exercise should equal the 
SlIIIeat rate and that "ftuid and carbo
hydIate requirements can be met si
multaneously by ingesting 600 to 
1,200 mL/br of solutions oontaining 4" to 8" carbohydrate." In addi
tion. runners are encouraged to 
·consume the maximal amount that 
can be tolerated." l\Ithough there is 
substanlial evidence supporting the 
proposal that ingesting carbohy· 
drate at rates of about 60 g/m can 
enhance performance during pro· 
longed exeJdse by preventing hypo
glycemia. there is no published evi
dence to prove that fluid should be 
ingested at rates equal to sweat rates 
in oIder to prevent heat injury. 

To summarize. OWI'the COW'5e of 
four revisions. the ACSM position 
stands have become progressively 
more strident in promoting the be
lief that high rates of lluid ingestion 
during exercise are necessary to pre
vent heatstroke and other heat ill· 
nesses. But this advice is not evi
dence-based. since none of the 
Position stands refers to specific 

prospective studies from which 
such definite conclusions can be 
drawn. Furthermore. not even one 
published cross-sectional study 
shows that runners with heat ill
nesses are more dehydrated than 
are those who do not develop heat 
injury during exercise. 

Hence, the conclusions ofthe 
four ACSM position stands are 
based on a "reasonable-to-sunnise" 
doctrine. Furthermore, they pro
mote high rates oflluid replacement 
during ex:ercise, suJfident to replace 
sweat losses (withatrt ever referring 
to urine losses), but without provid
ing a scientific validalion for that 
conclusion. Again. the doctrine of 
·potential for preventionH is in
voked. The position stands ac
knowledge that high exercise inten
sities are more likely to produce 
heatstroke regardless of the levels of 
dehydIation that develop. 

QmCounder M2. The second fac· 
tor tha1. In my personal view; has in· 
creased the confusion of the role of 
fluid ingestion during exercise, has 
been the growing academic influ· 
ence of certain sports-related indus
tries. For the reality is that nothing 
will convey a message more power
fully than commercial advertising, 
which is more likely both to reach 
the athletes and to have a more last
ing impreSSion than are the more 
cautious and less widely distributed 
statements of the scientists. 

I1:lr ex:ample. Gatoradek'll'kb site 
repeats one of the key ACSM guide
Jines: "The goal «fWd replacement 
dwing exercise should be to Cully re
place sweat losses. The physiOlogical 
and performance benefits of doing 
so are well documented.»" Another 
publication from the Gatorade Insti· 
tute states, "Oeh)dration can imperil 
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health by increasing the risk of heat 
illnesses such as heat exhaustion 
and heatstroke:" 'The Conner docu
ment" also includes a Slatement that 
impUes that the ACSM guidelines. 
which specificaJly promote the in· 
gestion of sports drinb. are the rea.
son why heat injuries have become 
less common: "Although athletes 
and others continue to fall prey to 
exertional heatstroke, the frequency 
of such deaths has been dramatica1-
ly reduced aver the years. .. in large 
part because the necessity of ade
quate fluid replacement has become 
well recognized." 

This statement can have no tac
tual basis since neither the historical 
nor the current incidence of heat
stroke in "athletes- is known. Nor is 
this conclusion supported by any 
specifu: data In the reference cited. .. 
This apparently informed opinion 
can only entrench the belief
among a much broader audience of 
IUhJetes and coaches withotrt access 
to the ACSM position stands-that 
complete replacement of sweat 
losses during exercise is essenlial to 
avoiding heat injury. 

Indeed. as J have argued in the 
disputed article." the hyponatremia 
of exercise is always either a self-in
tlicted, or, less commonly; an iatro· 
genic condition. that occurs when 
affected athletes and the physicians 
who treat them CoUow this infonned 
opinion to its literal conclusion. 1 
have been unable to undentand 
why the guidelines for fluid replace
ment during exett:ise* fail to include 
the warning that drinIcing too much 
is dangerous. ThIs II particularly 
surprising since the most recent p0-

sition stand' includes the statement 
that: "Excessive consumption of 
pure water or diltrte 8uid during ex:-

amttnUlid 
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----------.-------------------ercise may lead to a harmful dilu
tional hyponatremia." but the mes
sage is distorted in the position 
stand on exercise and tluid replace
ment .. which concludes only that 
"One major rationale for inclusion 
of sodium in rehydmtion drinks is to 
avoid hyponatremia." 

A probable result of this subtle 
distortion is to promote the un
proven concept that the ingestion of 
sports drinks during exercise is more 
beneficial than water because, unlike 
water, any sodium-containing fluid 
ingested during exercise will prevent 
the development of hyponatremia. 
In contrast, these position stands 
should really warn that it is the gross 
OWIlXInsumption of any Iluid-even 
those containing sodium in the rela
tively low concentrations found in 
popular sports drinks-that causes 
hyponatremia. 11-21 

Confounder #8. The final possi
ble reason for confusion is that the 
diagnostic features of the different 
exercise-related heat illnesses in
clude just about anything anyone 
ever wants to include."""" In particu
lar, those with special expertise in 
laboratory research but who may 
not treat athletes with beat illnesses 
describe diagnostic criteria that. in 
my clinical experience, are not par
ticularly helpful for managing col
lapsed athletes. For example, in their 
letter. Drs Casa and Annstrong list 
what they consider the "obvious 
signs and symptoms of heat exhaus
tion: But their "obvious" signs and 
symptoms are so nonspecific that 
they are without any clinical value 
whatsoever. If one were to diagnose 
heat exhaustion on the basis of their 
extensive list of nonspecific signs 
and symptoms. the condition would 
be overdiagnosed. and conclusions 
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of the effects of tluid ingestion on the 
incidence of heat exhaustion, so de
fined, would be quite meaningless. 
Later in their letter. Casa and Arm
strong extend their definition bysug
gesting that any degree of-beat stor
age" during exercise should be 
considered a heat illness. 

In contrast. the view of a clinician 
treating collapsed runners might be 
that a rise in body temperature to 
above 4O"C during exercise is, by it
self. not abnormal since such values 
are frequently measured in the top 
finishers. u .... Furthermore. rectal 
~ratures in excess of 400C can 
be induced quite readily by vigorous 
l'UIll'lihg in hot conditions for short 
durations'" so that dehydration can
not be a factor. 

Thus. unless the core tempera
ture is raised above 40.5 "C and is as
sociated with specific symptoms. 
most particularly a change in cere
bral function that persists when the 
patient is lying prone with the legs 
elevated. I would caution that a di
agnosis of heat illness. specifically 
heatstroke. is not appropriate.""" 
Nor would It1lII1y who measure rec
tal temperatures frequently in 
healthy athletes compLeting short 
distance races agree with Casa and 
Armstrong's suggestion that the 
threshold for heatstroke is 39· to 
40°C. My personal Impression is 
that rectal temperatures become a 
concem only when they are above 
41"C in ath.lete.s who exhibit the oth
er diagnostic features of heatstroke. 

Because the classically defined 
symptoms of the so-called beat ill· 
nesses are. with the clear exception 
of heatstroke, nonspecific and are 
not associated with rectal tempera
tures even close to those measured 
in patients with heatstroke,'" I have 
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proposed that patients with these 
nonspecific symptoms should not 
be diagnosed as suffering from 
"heatW illnesses."""" Rather. any defi
nition should consider that postural 
hypotension may be the important 
pathophysiologic abnormality 
common to all these so-called 
"heat" illnesses.""""" 

The definition of what exactly 
conslitutes the heat illnesses has 
been further confused because 
some physicians who provide medi
cal care at endurance events have 
not been exposed to the more subtle 
complexities of the research find
ings in this field. Rather. they as
sume that the opinions of the labo
ratory-based experts are directly 
applicable to the clinical conditions 
that they treat. as does Dr Schriner 
in his letter. As a result, the diagnos. 
tic classification of the heat illnesses 
and the related treatment protocols 
are seldom challenged by those clin· 
icians who provide medical care at 
endurance events. 

I have been fortunate to experi
ence the three sides of thls debate. 
first as an endurance athlete, next as 
a clinician. and finally as a laborato
ry-trained scientist. I began mara
thon running in 1972 in the era 
when runners were still being ad· 
vised notto drink dwing exercise.' At 
that time. watering stations were 
provided at one or occasionally 1.WJ 
points during marathon races.. and 
there were usually no medicaJ fadIi
ties to treat coDapsed athletes. My 
first published articles"'" empha
sized the need to provide more fluid 
during such races. By Jg76. I was in
volved in the medical care of athletes 
after marathons and ultramarathons 
in South Mrica. This led, over the 
next two decades. to a series of stud-
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i~ of the etiology of postexer
cise coUapse in endurance athletes. 
These studies have. at least in my bi
ased opinion. helped to develop a 
rational. more scientifically based 
approach for the management of 
collapsed endurance athletes.""" 

These management principles 
are followed at the 226-kIn South 
African lronman 1\iathIon, ofwhich I 
am currently the medk:al director. In 
me inaugwa! (2CXXl) race. the weights 
of all competitors were recoroed be
fore and after the race, as were their 
blood sodium concentrations and 
their pos1r.ICe R!CtlI.I temperatures. In 
addition, all competitors were exam
ined medlcally after the race to ewI
uate the efficacy of the preventive 
measures introduced to safeguard 
the health of the athletes. 

The results suggest that. perhaps 
because the triathletes were advised 
to drink no more than between 500 
to 800 mL per hour during exercise. 
the race was one of the safest iron
man triathlons on record. The per
centage of finishers requiring medi
cal care, all for trivial conditions, was 
7%. compared with a more com
mon frequency of2O% to 30% in the 
Hawaiian'" and New Zealand'" iron
man triathlons. Furthennore, only 3 
triathletes (I%) finished the race 
with serum sodium concentmtions 
below 135 mmol/L. diagnosed as 
asymptomatic hyponatremia. This 
is the lowest reported incidence in 
any ironman )liathlon of which we 
are aware and compares with val· 
ues of 2SCJf. and 18% in the Hawai
ian" and New Zealand" ironman 
races. respectlvely. 

I emphasize these points to indi
cate that I have at least some practi
cal experience about the scientific 
issues about which I write. I return 

._----------

-_._--------,---------
now to the exact issues raised in the 
different letters. 

What is particularly remarkable 
about the letter from Calla andAnn
IIIrOng is that. from my entire article, 
they select just one sentence that 
they consider Inaccurate and have 
apparently spent months trying to 
correct. Yet they actually agree with 
what I haw written. To quote: ~It 
may be true that endurance athletes 
who participate at very low exereise 
intensities (most of the athletes 
competing in ultm. events) would be 
at low risk (but not no risk) of ad
verse medical effects associated with 
the stated degrees of dehydration': 

Their acceptance of the truth of 
my staIement is especially important 
because Armstrong is listed as one of 
the principal authors of two ACSM 
position stands.~. My understanding 
is that the ACSM position stands f0-
cus principally on endurance lM!I1ts. 
especiaUy races of 10 to 42 kIn in 
which the exercise intensity will be 
lower than in short distance races 
that last less than 30 minutes. in 
which significant dehydration is also 
wilikely so that dehydration cannot 
be a factor influencing the risk of 
heat i11ness. If my arguments are ac
cepted. then future ACSM position 
staIements should acknowledge that 
dehydration of up to 8% (at least) 
may have no medical consequences 
during more prolonged exercise 
when the exercise intensity is appro
priate for the duration of the exercise 
and the environmental conditions 
are within those prescnbed as of ei
ther low or moderate risle acconling 
to the ACSM gWdeHnes.' 

Indeed. I offer data (table 1) that 
strongly support the correctness of 
this new interpretation of Drs Casa 
andArmstrong. These data are from 
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all athletes whose rectal tempera
tures and body weight changes were 
measured in the 2000 South African 
Ironman 1liathlon. Thble 1 Includes 
data from Individual athletes who 
completed either the running or the 
cycling Jegs as part of relay tearns, 
which competed at the same time 
as individual triathlon competitor&. 

A total of 201 athletes. to our 
knowledge the largest such group 
yet reported. in the different disci
plines {triathletes. cycllsts, runners} 
are grouped according to the per
centage of weight lost during the 
race. a surrogate measure of dehy
dration. Thus. athletes in group 1 
lost between 12% and 8% of their 
starting bcKiyweight during the race 
(mean. -8.4%); group 2105t from 8% 
to 4% - (means, -5.0% to -5.6%); and 
group 3 lost from 4% to 1% (means, 
-2.8% to -2.6%). Seven triathJetes 
but no cyclists or runners (group 1) 

reached levels of dehydration in ex· 
cess of 8%. Yet regardless of their 
sporting discipline or the Ievel of de· 
hydration during the race, there 
were no differences in the rectal 
temperatures measwed within 2 to 
3 minutes of the athletes' crossing 
the finish line between group 1. 2, 
and 3. Indeed. mean rectal tempera
tures were low in all groups of ath
letes; the highest value of 4O.5"C was 
measured in the athlete who fin
ished second in the individual 
triathlon after he had led the race 
until the last Idlometer. That athlete 
developed profound postural hy
potension (85/50 mm Hg) at the fin· 
ish line but was discharged fully re
covered. within 20 minutes of lying 
supine in the head-dawn. position 
with appropriate cooling. H1s data 
are not included in table 1 as he 
chose not to participate in the 

CX11ltinued 
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weighing section of the trial. 
Hence, whatever the findings in 

the laboratory, in cross-sectional 
srudies in actual competition, there 
Is no relationship between the Jevel 
of dehydration reached during the 
race and postrace rectal tempera· 
ture. This confirms our previous 
conclusion from earlier field stud· 
ies'P' in1lDMng many fewer athletes. 

34 

In fact, the rectal temperatures 
reached by even the most dehydrat
ed ttiathletes. runners, and cyclists 
were no higher than those of the 
least dehydrated athletes despite 
the fact that. in each sporting disci· 
pline. the most dehydrated group 
finished the race faster than those 
who were less dehydrated (data not 
shown). The finding that the more 
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dehydrated athletes are also the 
faster finishers is frequently ob
served. Nor were postelCeJCise rectal 
temperatures anywhere near the 
range that might suggest risk of 
heatstroke as also fdbnd, but not 
recognized, in the study of Wynd· 
ham and Stlydom.·" 

Thus, these data do not suppon 
the conclusion, now also included in 

continued 
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the recent position statement of the 
National Athletic nainers' Associa
tion. that all ashIetes involved in pro
longed exercise should, or need to, 
"minimize fluid losses by encourag
ing tluid replacement equal to fluid 
losses. ~ This may Indeed by a "time
honored" dogma, but it has no sci
entific basis-at least if it is advoca/.
ed on the grounds that this pmctice 
is necessary to prevent hyperther
mia. heatstroke, or exerclse-associat
ed collapse during prolonged exer
cise. including marathons and 
lronman triathJons. run at usual in
tensities and in the environmental 
conditions considered safe accord
Ing to the ACSM guidellnes.l submit 
that if we wish to ensure that ACSM 
position stands do no harm, then 
the authom of future position stands 
should. at the outset. ensure that 
their conclusions are first evidence
based. Then, if they become time
honored. they are at least more likely 
also to be correct. 

The gist of Ca.sa and Armstrong's 
criticism is that my conclusions. 
here conlirmed (see table n, are not 
relevant to higher exereise intensi
ties or when the exereise is under
taken in severe environmental con· 
ditions, "where the intensity is great 
enough to overwhelm the ther
moregulatory system:' especially if 
the efficiency of that system is im
paired bywhar they consider are the 
detrimental effects of dehydmtJon. 
These specified condltions-high
intensity exercise of short duration 
in extremely hot environmental 
conditions-are, ofcourse, precisely 
opposite to those favoring the devel
opment of hyponatremia, which 
was the focus of the original article." 

But to "prow" that my conclu
sions are "daroaging" if applied to 

events of short distanee and high in
tensity. they are furced to introduce 
two variables that have no relevance 
in the real sporting world and that 
destroy their argument, thereby nul
lifying their aiticisms. 

First. they argue that labomtory
based studies ~ that high Ierels of 
dehydration are dangerous during 
exercise in extreme environmental 
condilions. The specific environmen
tal temperatures needed to ptt::llle this 
effect in two separate studies were 
35"<: and 42"<:. But the ACSM guide
lines do not condone competitM:! ex
ercise under such conditions. Rather, 
the guidelines indicate that the risk: of 
heat Injury would be "very highq, at a 
dry-bulb tempemrure of 42oC. even 
when the relative humidity is only 
15%. Similarly at any humidity 
greater than 50%, a dry-bulb temper
ature of 35"<: would also constitute 
"very high" risk. 

Hence, casa and Armstrong are 
guilty of trailing a red herring by 
quoting those Iahomtory studies as 
their "proof" that dehydration in
creases the risk: of heatstroke during 
exen:ise-lor the simple reason that 
athletes should never be allowed to 
compete under those extreme envi
ronmental conditions without the 
potential risk: oftegal consequences. I 
assume that Casa and Annstrong do 
not wish to promote participation In 
exercise under conditions that are 
unacceptable to the guidelines es
tablished by a committee of which 
Armstrong was a member. What 
their diversionary argument effec
tively confirms is that it is the envi
rorunental conditions. not the level 
of dehydmtion. that determine the 
risk of heat injury during exereise. 

The second reason why the criti· 
cism of Casa and Armstrong has no 
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practical validity Is bec:ause. a1tbougb 
they now acknowledge that Ieveis of 
dehydxation of up to n, are not ass0-

ciated with documented medical 
rIsb duJing proIOIlglld exercise, they 
argue that those leveJs of dehydm
don would be of dire consequence 
during exercise when the exercise in
tensity is "great.' But the pmctical rel· 
evance of that claim completely es
capes me. For example, a 70-leg 
athlete could only become 8% delly· 
dmted if he WI:'re to I!lCereise in usual 
environmental conditions at a sum· 
clently high intensity to sustain a 
swmt mteof 1.6 Uhrwbile ingesting 
no lluid ror at least: 3.5 hours. None of 
the runners or cyclists in the South 
African lronman lIiathlon was able 
to reach Ierels of dehydration of 1m, 
ror example, despite exercising ror up 
to 6 hours. although some of the 
faster triathletes achieved that level 
(see table 1). 

I doubt that there is any athlete 
in the world able to sustain a ~great" 
exercise intensity fur 35 hours (and 
without drinking) in order to reach 
the point where his or her level of 
dehydration would be sufficient to 
place the athlete at theoretical risk 
of heatstroke. Surely after the 3.5 
hours of exercise necessary to intro
duce a ·significant" or ·sewre~ lew1 
of dehydration, his or her previously 
"greatW exercise intensity would 
have dropped to approximate that 
of the athletes reported in table 1 
and in whom no "dangerousw effects 
of sewre levels of dehydration were 
apparent, since postrace rectal tem
peratureS were Independent of the 
leIIeI of dehydmtion. ~ 

Their additional statement that 
-athletes who exercise at high inten
sities and wear uniforms in hot en
vironments are at great risk for dan· 

continued 
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gerous hyperthermia" is obvious. 
Wheilier being dehydrated to "-8%" 
alters that risk Is not established but 
is irrelevant fbr the very reasons de
tailed above. The danger in those 
circumstances is posed by the envi
ronmental conditions and the 
cloc:hing that Is worn. not by the ex
tent of any dehydration. Prevention 
of risk requires that the exercise and 
the clothing, not the dehydration. 
be avoided until more usual envi
ronmen1al conditions again prevail. 

Casa andAnnstrong are also guilty 
of incorrect and selective quotation 
from theclasslc studies of Adolph, cit
ed in Brown." Theyuse thai: reference 
to support their argument that 
"someone who nms or qdes in the 
heat" at "a larger dehydration level" 
will develop the nonspecific symp
toms of heat illness that they list. 
However, Adolph did not study cy
clists and runners but army person
nel who walked for B or more hoUlS in 
desert heat while they were denied 
access to Iluid..· Furthermore. there 
were two Important features of that 
study that are never quoted because 
they are so dettimen1al to the argu
ment that dehydration is especially 
dangerous because it increases the 
risk specilicaJly of heatstroke during 
prolonged exercise. 

First, the common physiologic 
abnormality that the subjects devel
oped was not hyperthermia, but 
postural hypotension. Rectal tem
peratures at ~austion were sel
dom higher than those we mea
sured in our healthy triathletes at 
the completion of the Ironman (see 
table I). The other signs and symp
toms listed by Casa and Annstrong 
are nonspecific and by themselves 
woukl not explain the physical inca
pacitation of the military personnel 
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when they became dehydrated by 
more than 8%. 

Second, the really telling conclu
sion from that study and one that 
can never be quoted because it 
makes a mockery of the entire argu. 
ment that "significant" dehydration 
carries grave health risks. was that 
"there were no obvious after effects 
of dehydration .... W! do know that 
man can suffer a water deficit so in
capacitating that he can neither walk 
nor stand; yet he recovers quickly 
within a few minutes of water inges
tion. and his feelings of well-being 
within half an hour or less after he 
begins drinking. With a meal or two 
Intervening. his recovery is practk:al
ly complete in 6 to 12 hours."" 

A final comment regarding that 
letter is appropriate. I have consid
ered why carefully conducted labo
ratory studies by expert scientists 
consistently show that the rectal 
temperature rises in proportion to 
the degree of dehydration' ..... dur
ing exercise in the heat. yet as 
shown in our other studles- and 
conlirmed in the data presented in 
table 1, no such relation is found in 
field studies. 

One key difference is that rates 
of body cooling by convection may 
be different in laboratory studies 
and field trials performed out of 
doors. In addition. most of those 
laboratory studies were performed 
in environmental conditions that 
would be rated «bigh risk" by the 
ACSM guidelines. 

For example. the facing wind 
speed. the main determinant of con
vective heat loss. in those fOur labo
ratory studies was either 03 km/ht' 
3.6 kID/hr," 5.7 IcrnIhr," or 9 kIn/hr," 
and it is not cJearwhether such cool
ing affected the whole body. All of 
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these are weU below the wind speeds 
generated by athletes, espedalIy cy
cJists, exercising at the "great" inten
sities necessary to cause heat injury 
according to the theory of Casa and 
Armstrong. furthennore it Is known 
that convective heat loss Increases 
with increasing wind speed." Thus, 
the convective cooling provided in 
those laboratory studies was less 
than that found in usual exercise 
conditions and would have substan
tially affected the athlete's ability to 
lose heat normaJJy: 

Furthermore. the environmental 
conditions present in the two stud
ies that most clearly establish a pr0-
portional effect of dehydration on 
the elevation of rectal temperature 
were performed in environmental 
conditions (334C, humidity 5()'lf," 
and 33"C. humidity 64,*,'") that con
stitute "borderline very high" and 
"very high" risk. respectively. of heat 
injury, according to the ACSM 
guidelines.> Exercise physiologists 
are welcome to study physiologic 
phenomena under environmental 
conditions in the laboratory that 
have little practical application to 
competitive sport. But they shoukl 
exhibit sufficient clinical judgment 
not to extrapolate their data to the 
quite different environmental con
ditions under which competitive 
sportcanbesafelyconducted.~ 

Hence, it malees no sense to 
quote these studies as proof of the 
"dangers" of dehyd.ration when they 
were perfonned under the very en
vironmental condidons that the 1£
SM guidelines describe as unsafe fbr 
competitive sport. !urely there 
should be a consistency of logic in 
the pronouncements of the ACSM? 

Perhaps these criticisms explain 
why, when exercise is performed 

continued 
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under more usual. competitively 
safe environmental conditions in 
the laboratory (2S·C. relative hu
midity 55%, and facing wind speed 
13 to 15 km/hr in a properly con
structed wind tunnel so that the 
athlete's entire body was subject to 
rapidly mOving air), dr:inki.ng ftuid 
acconting to the ACSM guidelines 
did not olfur any performance ad
vantages over ad libitum ingestion. f1 

Rectal temperatures were not mea
sured because the emphasis in that 
trial was on athletic performance. 
Indeed,. two other studies- have 
failed to sbowthat high rates of litlid 
ingestion during exercise are better 
than "ad libitum" intakes or those 
that either replace sweat rates or are 
"as much as can be tolerated'" 

Dr Sc:brtner is quite at libeny to 
be incensed by my article. but he 
should be wary lest his hoslil.lty af
feet his sdentlfic and clinical judg
ment. Points that might assuage his 
anger include the toHowing: 

First. I suspect that Drs Costill and 
Glsolfi seldom ventured near medi
cal tents at the finish of sporting 
events and most certainly were not 
qualllied to treat patients with heat
stroke in those medical tents. I am 
unaware of any of their "consensus 
opinions of hyperthermia as relating 
to dehydration and vascular shifts.. 
nor of any oftbelr articles refening to 
the management of heatstroke. It is 
for this reason that I was unable to 
quote their (nonexistent) studies. 

As indicated earlier in this article, 
the scientlfic contributions of Costin 
and Clsolfi that are quoted in the 
ACSM position stands were labora
tory-based and showed only that in
gesting 8uid during prolonged exer
cise in hot conditions in which 
convective cooling was inadequate 

caused the rectal temperature to be 
reduced by about 0.7oC during 2 
hours of exercise."" Mean rectal 
temperatures at the termination of 
exercise were below 40 ·C in both 
studies; no athletes developed any 
medical complaints during exen:lse 
regardless of whether or not they in
gested fluids. I was unable to find 
reference to the words "heat irljw:); 
heat cramps. or heatstroke" in either 
article. Therefore it is not clear to me 
exactly how these studies relate to 
the prevention or management of 
heatstroke in competitive athletes 
racing out of doors. Nor were the 
studies ever designed to measure 
the effects of fluid ingestion on the 
incidence of heat injury; 

Had I been able to llnd any stud
ies that established that connection, 
I am sure I would have quoted those 
studies and any others that contest 
my previous conclusion.' However. 
as detailed allow. there are no such 
studies, so the ACSM guidelines-et 
least as they relate to ftuid ingestion 
and the prevention of heal injury in 
runners competing In usual envi
ronmental conditions-are not evi
dence-based. 

Second. Schriner is at IIbeny to 
treat heatstroke as a "fluid volume 
depletion" condition. but he must 
do so at both his own risk and that of 
his patients. The wotX of Costill and 
Gisolli-bawever certain he may be 
of their tindings-will provide him 
no legal comfort should he require it 
because their work has no bearing 
whatsoever on the treatment of 
heatstroke. Perhaps he would be 
better advised to foUow the ACSM 
guidelines' and others" that advo
cate rapid whole-body cooling as the 
treatment of choice in heatstoke. In
te~ the ACsM guidel.ines are 
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silent on the role of IV fluids in the 
management ofheat.stroke. which is 
particularly surprising if dehydration 
is considered to be such an impor
tant cause of heatstroke. 

Dr MInk is correct that the physi
ologic abnonnality causing the hy
ponatremia of exercise Is an inade
quate renal response to high rates of 
fluid ingestion during very pro
longed exercise. leading to fluid re
tention.' ..... 1ndeed. the remarJcable 
finding is the inability of affected 
athletes tD excrete what in some is a 
massive fluid 0\Ierl0ad of up to 6 L 
(8% of body Wl!ight).'" Their inability 
to excrete this ftuid excess continues 
for some hours after exercise. The 
logical conclusion is that there must 
be an inappropriate secretion of 
hormones that prevents the normal 
renal response to fluid overload 

We suspect that this is indeed 
due to a dn:uIating ~ the blood 
concentradons ofwhlch must decay 
quite slowty after exercise. Our clini
cal experience is that patients with 
rhls condition pass urine relatively 
slowly for the first few hours after 
exercise, and ewn their peak rares of 
diuresis durins recovery are lilc.ely to 
be less than 600 mlJhr. In contrast, 
when tested under resting condi
tions. athletes with a history of exer
cise-related hyponatremia can 
reach peak rates of diuresls of up to 
900 mUhr in response tD lester de
grees of ftuid overload" But plasma 
ADH concentrations have not been 
shown to be elevated in athletes 
with the hyponatremia of exer
cise.- Hence. we propose thai: the 
most likely explanatlbn is that an
other hormone or honnones-per
haps as yet unidentified or when 
acting in concert-cause the abnor
mal renal response that leads to the 

amtinued 
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abnormal fluid retention that causes 
the hyponatremia of exercise. 

Perhaps the important clinical 
point is that, whereas at rest athletes 
can maintain nonna! fluid balance 
provided that their fluid intake is 
less than 900 mUhr," during exer
cise the peak rates of urine produc
tiOll fall in some individuals. If they 
then ingest fluid at rates that exceed 
their combined rates of sweat and 
urine production, they will develop 
symptomatic hyponatremia if their 
totallluid excess en:eeds about 4% 
ofbodyweight 

Dr Stoddard argues the ~puJar 
belJef that it is the failure to ~lace 
sodium losses, rather than fluid 
overload, that causes the hypona
tremia of exercise. The ambiguity in 
the ACSM position stand,' de
scribed above, contributes to that 
incorrect conclusion. 

In fact. all the scientific evidence 
suggests that sodium losses are not 
increased in athletes who develop 
symptomatic hyponatremia during 
exercise."'" With regard to sodium 
replacement during exercise, there 
appears to be little benefit if only 
half of the fluid loss is repJaced," as 
is the usual pmctice. If there is full 
fluid replacement during exercise, 
partial sodium replacement reduces 
the extent. but does not completely 
prevent a faI.I. in the serum sodium 
concentration during exercise." Fur
thermore in that study. the extent of 
the diuresis produced by high rates 
of ftuid ingestion during exercise 
was the best (inverse) predictor of 
the extent to which the serum sodi
um concentration fell during exer
cise, and not the relatively small 
amounts of sodium ingested from 
the sports drink. UnfortunatelY; this 
important distinction was not re-
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flected in the title of that aniele," 
which continues to reflect the bias 
of the ACSM position stand.' Hence, 
it is the ability to mount an appro
priate diuretic response in the face 
of a high rate offluid intalce that pro
tects against hyponatremia. 

But if there is full replacement of 
both sodium and water losses dur
ing exercise, the serum sodium con
centration increases and the plasma 
volume expands." As yet there are 
no studies of full sodium replace
ment with excessive fluid replace
ment; therefore, the possible role of 
full sodium replacement in the pre
vention of hyponatremia due to Iluid 
overload is not established, despite 
the misleading inference in the AC
SM position stand on exercise and 
fluid replacement. described earlier. 

However, subjects in the South 
African Ironroan Triathlon who in
gested sodium in quantities approx
imating their losses generally re
ported positive effects. Thus, the 
ingestion of higher doses of sodiwn, 
especialJy during very prolonged ex
erose. may yet prove to be of some 
benefit even if not through purely 
physiologic effects on fluid and 
sodium balance. We are actively 
studying this possibility. 

Stoddard repeats the popular be
lief that dehydration is still the "No. 
1" concern during exercise in the 
heat and that dehydration alters the 
body's ability to maintain heat bal
ance. The contrary evidence has 
been presented at the beginning of 
this response, including the data re
ported in table 1. Rather, the clear 
evidence is that fluid overload is the 
real potential Idller in modern en
durance sports.'·'" For example, 
Speedy et BP' have reviewed 57 eas
es of exercise-associated hypona-

tremia reported in the medical liter
ature since 1985. These do not in
clude at least 3 more recent fatal 
cases. ..... I have been unable to lo
cate, anywhere in the published sci
entific literature, a similar body of 
evidence showing a greater number 
of equally serious cases resulting 
solely from "dehydration" during the 
same period of observation. 

On behalf of all the authors, I 
thank Dr Pathak for his compli
mentary comments. Certainly; lack 
of preacclimatization to heat is rec
ognized as an important ri&k factor 
for heatstroke and is so identified in 
the ACSM position statements.u 

Such preacclimatization does in
deed reduce sodium losses in sweat 

and would therefore theoretically 
influence the risk of developing hy
ponatremia during exercise. How
ever, the evidence is that the hy
ponatremia of exercise Is due to 
fluid overload mther than sodium 
losses. so that any elIect of acclima
tization on sodium losses during 
exercise would not likely prevent 
hyponatremia in athletes who 
chose to follow Inappropriate 
guidelines and to drink to excess 
during prolonged exercise. 

Pathak's point that hyponatremic 
convulsions are well recognized in 
medical conditions associated with 
fluid overload is well taken. lWo 
points are relevant. First, that high 
rates of IV fluid therapy are some
times given to patients undergoing 
certain surgical conditions in the 
belief that such fluid assists in the 
maintenance of cardiac function 
and systolic blood pressure. The 
same logic explains why IV fluids 
were introduced early as the treat
ment of choice for the management 
of postexercise collapse. II Yet it is the 

continued 

1jo1290 No. 7 ° July 2001 .,... __ _ 

C-133 

Paper 18 



)aper 18 

LETT.... I'D .". IIDITOR continued 

reduced peripheral vascular resis· 
tance, rather than an impaired car· 
diac filling secondary to fluid loss. 
that more probably explains the hy
potension in both conditions. 
Hence. the more logical medical In· 
tervention in both conditions 
should be to offset the cardiovascu
lar effects of reduced peripheral vas· 
cular resistance. 

Second. perhaps ifuro\ogists had 
been involved In the early manage· 
ment of cases of postexercise col
lapse, Including those due to symp
tomatic hyponatremia, they would 
have alerted sports physicians earli
er to the dangers" of giving IV fluids 
to collapsed or unconscious pa
tients whose serum sodium con
centrations are not known .... 
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EDITORIAL 

Eon ORI ,\1 

RUNNING, THE KIDNEYS AND 

DRINKING TOO MUCH - THE 

HYPONATRAEMIA OF EXERCISE 

Dehydration, you will have been taughl, is the single greatest 
danger 10 the health of the exercising athlete'" - except for the 
minor intellectual incom'enience that there is no scientific basis 
whatsoever to support this univers,111y pervasive dogma:'" 
Rather, the unambiguous evidence is that drinking too much 
during exercise, leading to self-induced water inloxication (the 

symplomalic hyponatraemia of exercise), has become Ihe 
greater threat to the heahh of modern athletes during 
prolonged exercise:' 

In the past 15 years alleasl70 cases'"'' of significant illness 
including disorienlalion, grand mal epileptic seizures, coma, 
respiratory arrest and e\'en dealhs"" have been described in 
ultra-distance Irialhletes and runners, army recruits and even 

desert hikers who drank 100 much during or after prolonged 
exercise. This includes perhaps as many as four deaths, some 
of which may have been ialrogenic since Ihe usual hislory of 
this condilion is spontaneous recovery if Ihe existing fluid 
overload is not compounded by Ihe administralion of large 
volumes of intravenous fluids. Such dealhs are especially sad 
since they involve physically fil individuals who nol only 
began exercise withoul significant illness, bul who oilen 
epilomised consummale 21sl-century good heahh. 

In conlrast 10 Ihe hyponalraemia of exercise, olher 
complicalions of exercise including heatstroke and acule renal 
failure are reporte<!. far less frequenlly, and Ihen usually in 

persons with othe't predisposing medical condilions or traits."'" 
Nor is Ihere any reputable scienlific evidence 10 even suggest 
thai fluid imbalance, specifically dehydration, contribules 
meaningfully 10 Ihe cause of these latter condilions.'···,e 

The firsl reporled modem case of Ihe hyponalraemia of 
exercise occurred in a 46-year-old 49 kg woman competing in 
the 1981 90 km Comrades Maralhon." Ailer running 70 km, she 
was removed from the race by her husband on the grounds 
Iilat she had not recognised him! II was the correct decision, 
for on Iheir celurn drive 10 Durban she suffered a grand mal 

seizure. On hospilal admission Ihis lady, who less Ihan 10 
hours earlier had been fil enough 10 slarl one of the most 
challenging ullra-dislance footraces in the world, a right she 
had earned because she was appropriately trained and in 
perfect heallh, was close to death. She was in a coma, wilh 

marked pulmonary oedema, radiographic evidence of 
cardiomegaly, and a serum sodium concenlration of 115 
mmol/l. Treatt'd approprialely with fluid restriction, 

promotion of diuresis and sodium supplementation, she 

recovered fully and was released from hospital 6 days laler. 

The earliesl reports of the hyponatraemia of exercise 
specula led Ihal iI occurred in athleles who sustained 

inappropriately high rates of fluid ingestion for many « 7) 
hours during prolonged exercise.'" '" Bul a contemporary and 
unfortunately titled article suggested the reverse - that the 
hyponatraemia of exercise was caused by dehydration'" and 
hence occurred in those who drank too little during exercise. 
This specula lion was published in a peer-re\'iewed journal 
even though the arlicle did not include measurements of 
changes in whole-body fluid balance during exercise in athleles 

who developed the hyponatraemia of exercise. More than a 
decade later, review articles publiShed even as recently as Ihis 

year conlinue 10 quote that article as evidence thai Ihe 
hyponatraemia of exercise can occur in those who drink 100 

little during prolonged exercise." 

This particular controversy should have been laid to rest 10 
years ago when another Soulh African sludy" established that 
eight comatose and desperalely ill Comrades Marathon 
rurmers with symplomatic hyponatraemia were all suffering 
from profound fluid overload. In addition, there was no 
e\'idence that abnormal losses of sodium in their sweat and 
urine had contribuled significantly 10 their hyponalraemia. 
Since then, a series of additional studies"'" confirm that patients 
with the symptomatic hyponalraemia of exercise, and whose 

serum sodium concentrations are less Ihan 129 mmol/L all 
have a whole-body fluid excess of at least 2 - 3 Iitres and 

sometimes up 106 litres. The suspicion exists lhal Ihe main 
reason why this now incontrovertible conclusion has yello be 
enlhusiastically embraced, especially in the USA, is because it 
conflicls with commercial interesls based on Ihe deceptive 
paradigm thai the unreslricled consurnplion of sports drinks 

under all circumstances is uniquely beneficial and scientifically 
proven." 

Importantly, these sludies of the hyponatraemia of exercise 
also show Ihal il takes a fluid excess of as little as 2 - 3 lilres 10 
produce significant illness, including the risk of morlality, 

whereas we frequently measure body weighllosses of up 108 
kg in lOp finishers in Ihe South African Ironman Trialhlon who 
are oUlwardly complelely asymptomalic and wilhoul any 
clinical evidence thai such high levels of dehydralion carry any 
risks whalsoever (K Sharwood et al. - manuscript in 
preparalion). 

However, if whole-body fluid con lent can rise dangerously 

during prolonged exercise, Ihen the physiological question l1li 
requiring attention is how this OCcurs. The logical assumption 
is that inappropriate secretion of the waler-<onserving 
hormone, antidiuretic hormone (ADH), musl be involved. But 
why should the secretion of ADH, the hormone of water lack, 
be increased when the body has fluid in abundance? In facl 
there is nO evidence that increased serum ADH activily plays 
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any role in this condilIon.'" Yet the clear clinical observation is 
that the return of adequate diuresis in patients who are 

profoundly fluid-overloaded occurs only many hours after the 

termination of exercise, suggesting the presence of a Circulating 
antidiuretic factor other than ADH. 

The other possibility is that the healthy kidneys have a 
limited capacity to excrete fluid that accumulates in the body at 

a rapid rate. Textbooks of renal physiology state that the 

maximum daily rate of urine production is about 24 l/day (I 

l/h)," but this conclusion appears to be rooted in theoreticaL 
albeit probably correct, calculations based on the known 

maximum rates of glomerular filtration and renal tubular 
function, and not on directly measured values. 

As reported in this issue of the Journal (p. 852 ), we have 
established a model of fluid overload at rest specifically to 

determine the most likely mechanism by which such fluid 

overload induces hyponatraemia. The study establishes that 
the human capacity for int<'Stinal fluid absorption may exceed 

a maximal capacity for renal free water clearance that appears 
to be about 900 ml/h. Hence when fluid is ingested at rates 

higher than about 900 ml/h, the total body water must expand 

and tissue osmolality must fall, leading to a generalised whole

body oedema, the most dangerous component of which is a 
potentially fatal cerebral oedema. 

Hence this study provides the physiological explanation as 
to why it is never safe to consume fluid without restriction or 

'the ma~imum amount that can be tolerated' according to the 

American College of Sports Medicine fluid replacement 
guidelines for exercise:'" The simple reason is that the kidneys 

do not have an infinite capacIty to prevent a fluid excess when 

exogenous flUId enters the body at high rates (in e~cess of 1 
I/h) through either the gut or the veins. 

This study will have been even more helpful if it draws 

attention to the Widespread ignorance of the potentially mortal 
complications of the condition of water intoxication that is 

neither benign nor uncommon during prolonged exercise."'" It 
exists because of: (i) a fallacious dogma which holds that even 

mild dehydration during exercise will have potentially 

catastrophic consequences - what has been termed the 
'dehydration myth'; " (ii) the resulting hysteria that 

dehydration must therefore be prevented at all costs~ and (iii) 
our confirmation that the kidney, like the gut, has an 'enough 

but not too much' capacity." 

Often it is only when humans adopt bizarre behaviour 

patterns, in this case aided and abetted by a science gone 

lID mad," that these apparent limitations in human design become 
apparent. 
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Since its first description in 1985. two opposing theories 
have eYOlved to explain the etia/Qgy ci SYllf'CXll'liItic 
hyponatremia ci exerdse. The first holds that the condition 
occurs only in athletes ....no lose both water and sodil.lll 
during e<erdse, and fall to fully replace their sodlllliosses. 
The second theory holds that the ~dc form ci this 
condIt:ion occurs in athletes ....no generate a whole body 
fluid CNerfoad as a result ci an mecessille f11id il'ltil.ke during 
prolonged exercise. It Is argued !:hat the pn::motion ci the 
idea that athletes should drink: as m.x::h as possible during 
exercise has produced, rather than pnNented. the ~ 
increase in the incidence ci this condition. A series ci case 
reports and laboratory sttdes reported in the past 2 ~ 
'-established that it is a whole body fluid CNerfoad. 
resulting from SUSQined hi&h rates ci fluid intake. !:hat 
causes the sYllipcolliatk: ~ ci exerdse. There is 
no I!¥idence that. in the absence ci ftuid <MII'Ioad. the usual 
sodillll deficits generated during exercise can cause this 
cordtion. These findings confinn that the potenI:iaIly fatal 
rondition ci ~c hyponatremia wtlUId be elim
nar.ed &om spon: iI. IrJII!diateIy if all athletes were acMsed ci 
the dqers ci ingesting as nuh fluid as possible <bing any 
I!lCI!I'dse that lasts more than <4 hours. 

Introduction 
The symptomatic hyponatremia of exercise 
The symptomatic hyponatremia of exercise, described as a 
clinical condition in which altered cerebral function is 
associated with very low serum sodium concentrations, 
usually below 127 mmol.L· 1• was first reponed in the 
modem literature in a 46-year-old woman of 49 kg who 
developed the condition during the 198] 9O-km Comrades 

• 
Marathon foot race between Pietennaritzburg and Durban. 
South Africa [1]. The condition became more prevalent in 
the 1980s, especially in those ultra distance (> 42 km) run
ning and 226-km (ronman Triathlon events, which usually 
require more than 9 to 11 hours to complete [2]. But in the 
past ]0 years, almost exclusively in the United States, there 
has been a dramatic increase in the prevalence of this con
dition in the military [3,4,5-,6], in runners who take 5 or 
more hours to complete standard 42-km marathon races 
because they run at speeds slower than 9 kmjh [7",8"j, 
and in recreational hikers, often when walking in the 
desen [9,101. Despite nearly two decades of research, con
sensus has yet to be reached on three questions that must 
be satisfactorily answered if the further progression of this 
epidemic is to be halted and further deaths are to be 
avoided [3,4,7",11.] 2]. These core questions are as fol
lows: 1) What causes this condition? In panicular, what are 
the relative roles of abnonnalities in either sodium or fluid 
balance, or both? 2) What is the optimum form of treat
ment for this condition? 3) Why has the hyponatremia of 
exercise become more common, especially in standard 42-
km marathon races run in the United States in the past 5 
years [7",8--j, as well as in the US Military between 1989 
and 1999 [3-6), but apparently nowhere else? 

A number of publications have now established, 
beyond any doubt in my view, the exact etiology of this 
condition: that it had already been correctly deduced in the 
very first case reports in 1985 [1] and 1986 [13], and sub
sequently confinned more than a decade ago in a fluid bal
ance study performed on ultra-marathon runners as they 
recovered from symptomatic hyponatremia (14). Until 
recently, these findings had been ignored. Scientific evi
dence now exists which supports the appropriate answers 
to core questions 1 and 3. 

What Physiologic Changes Cause the 
Hyponatremia of Exercise? 
Much of the confusion concerning the etiology of the 
hyponatremia of exercise may arise from uncenainties 
about the precise condition being described. 

The original repons of the hyponatremia of exercise 
described a clinical condition readily recognizable by 
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140 mmol.L-' 

[Na+l 
141 mmol.L-' 

[Na+l 
146 mmol.L-' 
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_. Fluid loss: ......110.... 
-1000mL ~ 

Fluid 105s: ......... 
-500mL ~ 

figure 1. I iypernatremia develops when both 
sodium and fluid are lost in sweat the loss of 120 
mmol oi sodium and 1 L oi fluid from the extra
cellular fluid (ECf). corresponding to a fluid loss 
00 L from lIle total body water. will cause the 
serum sodium concentration to rise to 141 
mmoU·'. If the ECF IIOlume decreases by 1.5 
liters ralller than 1 L, the serum sodium concen
tration will rise to 146 mmolr'. 

Na+ loss: 
--120mmot+ 

(7g) 

Na+ loss: , .......... 
Ommol ~ 

[Na+] 
140 mmol.L-' 

[Na+l 
134 mmot.L-' 

[Na+l 
143 mmol,L-' 

Figure 2. 11240 mmol of sodium is lost from the 
extracellular fluid (ECF), the serum sodium con· 
centration will fall to 134 mmoI.L·' if the ECF 
decreases by only 1 L, but will rise to 143 
mmolr', il the ECF decreases by 2 L. 

Fluid loss: .......... 
-loOO mL .....",... 

Fluid loss: ......110.... 
-1000mL ~ 

Na+ loss: 
Ommot 

marked alterations in cerebral function. usually convul
sions and coma, associated with serum sodium concentra
tions that were substantially below the values of 135 
mmol.e1 used to diagnose clinical hyponatremia in ill 
patients. usually studied at rest in the hospital setting. 
Indeed serum sodium concentrations in affected athletes 
were usually well below 125 mmol.L-1. Subsequently. it 
became apparent that the serum sodium concentrations of 
some athletes. perhaps as many as 10% of all participants 
completing ultradistance events [2.16.17 J. could drop 
below the clinically diagnostic value of 135 mmol.L- 1 

without causing symptoms. These athletes with asymptom
atic hyponatremia were usually identified only by random 
blood testing while participating in other research projects 
[16.17J. These asymptomatic athletes therefore fulfilled 
the biochemical criteria for a diagnosis of hyponatremia. 
yet they were asymptomatic and were clearly not in the 
same dire physical condition as are athletes with symptom
atic hyponatremia 12.18-]. Incorrect conclusions about the 
relative importance of abnormalities in sodium and fluid 
balance in the etiology of these two separate conditions 
may have been drawn from studies of athletes with asymp
tomatic hyponatremia. on the assumption that the same 
physiologic abnormalities also cause the symptomatic 
form of this condition. Because of the conclusion that ath
letes with asymptomatic hyponatremia are dehydrated. 
this hypothesis may have been more easily accepted 
[19.20] than the alternate theory [1.2.14.17]. which pro
posed the exact opposite etiology (excessive fluid intake) 
for the symptomatic form of this condition. 

C-I39 

The asymptomatic form of hyponatremia is usually 
present in athletes who ingest hypotonic replacement flu
ids during prolonged exercise at lower rates than their 
weight loss from urine sweat losses. and fuel oxidation. As 
a result. they develop varying degrees of weight loss. which 
has incorrectly been assumed to indicate dehydration 121]. 
However. the less the weight loss or the more normally 
hydrated are these athletes at the end of ultra distance 
races. the greater the reduction in their postrace serum 
sodium concentrations [I 7.21.22]. Whereas mild dehydra
tion is almost always present in athletes with asymptom
atic hyponatremia. it cannot be the direct cause of 
symptomatic hyponatremia, because those who have lost 
the least weight are the most hyponatremic and vice versa. 

The hyponatremia must indicate a physiologic failure 
to contract the extracellular fluid (ECF) volume appro
priately in response to a progressive sodium deficit gen
erated in athletes who fail to replace their sweat and 
urine sodium losses from the hypotonic solutions they 
ingest in moderate amounts during exercise. The addi
tional evidence that supports this conclusion is the his
toric finding that the postrace serum sodium 
concentrations of ultradistance athletes competing 
before 1975 when fluid ingestion was discouraged [23]. 
were uniformly elevated [24-26] indicating that more 
marked levels of dehydration cause hyper- not 
hyponatremia. provided that little fluid is ingested dur
ing exercise (Figs. 1 and 2). The reason fluid ingestion 
appears to lower the absolute serum sodium concentra
tions for any given level of dehydration has yet to be 
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INatl 
128 mmol.l"l 

INa+1 
119 mmol.l-1 

- Fluid loss: .....a.... 
Oml ~ 

Fluid gain: . .....a.... 
+1000ml -,-

Figure 3. The serum sodium concentralion of 
an athlete who lost 240 mmol of sodium during 
exercise but who drank enough to keep the 
extracellular fluid (ECF) volume unchanged, 
would fall to 128 mmolr1.lfthat athlete were 
to drink 50 much during exercise that the TBW 
rose by 3 l and the ECF volume rose by 1 l to 
18.5, the serum sodium concentration would 
fall to 119 mmolr i and the athlete would be 
desperately ill. Na+ loss: 

--240mmol+ 
(14 gJ 

Na+ loss: ,....."... 
Ommol . ...",..... 

explained. [t is likely related to abnormalities in regula
tion of the ECF volume, with an anomalous expansion of 
the ECF volume relative to its sodium content, conse
quent to frequent fluid ingestion during very prolonged 
exercise (Fig. 3). 

Shortly after the publication of the first papers 
describing the condition [1,13,27,2B], two conflicting 
theories of its etiology immediately became entrenched. 
On the basis of the history we obtained from the first 
group of athletes identified with the condition, we con
duded that all the athletes had ingested more fluid than 
was the more common practice at that time [23]. High 
rates of urine production were also reponed during recov
ery in some athletes, and one ultradistance triathlete 
reponed that she gained 4.5 kg during the race. Hence, we 
proposed that the athletes were suffering from water 
intoxication as a result of simply drinking too much dur
ing exercise and concluded that athletes should be 
warned that "the intake of hypotonic solutions in excess 
of that required to balance sweat and urine losses may be 
hazardous in some individuals" [1]. 

Indeed, the first subsequently published case repons 
also attested to the very high rates of fluid ingestion in US 
ultra-marathon runners hospitalized for the treatment of 
the condition [13]. [n one athlete, the urine volume during 
recovery from an 80-km race exceeded fluid intake by 2 L 
indicating that he had accumulated a minimum fluid 
excess of 2 L during the race. 

A subsequent study of eight athletes who were hospi
talized for the treatment of severely symptomatic 
hyponatremia following the 90-km Comrades Marathon 
foot race [14] confirmed that all had developed a fluid 
excess of between 2 and 6 L during the race (Fig. 4), 
whereas their mean calculated sodium deficit was relatively 
small (I 53 mmo[), and was no greater than that calculated 
in control athletes who finished other ultra-marathon 
races with nonnal serum sodium concentrations. 

We have consistently proposed that symptomatic 
hyponatremia cannot occur in the absence of fluid over
load, and the expected sodium deficit incurred during exer
cise probably plays an insignificant role [1,2,12,14,23,29]. 

Surprisingly, these apparently valid scientific findings 
already published between 1985 and 1992 have had little 
influence on the practical advice given to athletes on how 

they might avoid hyponauemia during exercise [19,20]. 
Indeed, the dear evidence is that they have been either dis
missed or ignored [30-,31",32J. 

The opposing theory for the etiology of this condition 
has now passed through three successive modifications in 
1 5 years. Originally it was argued that the hyponatremia of 
exercise occurs in athletes who develop dehydration and 
large sodium deficits [21,27,28,33-35], both as a result of 
the high sweat rates sustained for very many hours during 
very prolonged exercise. Thus, it was stated, for example, 
that 'despite Dr Noakes' assenions, all of the race partici
pants we've seen who were hyponatremic were also dehy
drated, and we believe that the mechanism responsible for 
their hyponatremia was large sweat and sodium losses, 
coupled with ingestion of large volumes of sodium-free 
fluids. [n retrospective studies of more than 1000 athletes, 
we have had only one oveIhydrated athlete who gained 2 
kg during the Hawaiian lronman" [34] and that "the 
majority of the hyponatremic athletes at the lronman are 
markedly clinically dehydrated, and the mechanism for 
their hyponatremia would appear to be related to high 
sodium losses in association with inadequate sodium and 
fluid intake" ]35]. 

Because it was concluded that large unreplaced fluid 
and sodium deficits caused the problem, the obvious 
solution was to advise athletes to drink larger volumes of 
electrolyte-containing sports drinks at higher rates dur
ing prolonged exercise. This advice was disseminated to 
competitors in a recent Hawaiian [ronman Triathlon, for 
example, and is frequently repeated in the publications 
of one influential US sports drink manufacturer. 

The second modification to the original theory seems to 
have occurred in response to the belated acceptance either 1 ) 
that this condition only occurred after athletes and US mili
tary personnel were encouraged to increase substantially the 
amount of fluid they ingested during exercise [3,4,5-,6], or 
2) that, if appropriately questioned, most athletes with 
symptomatic hyponatremia admit to high rates of fluid 
intake during the events in which they developed the condi
tion. Hence, this modification proposes that the hyponatre
mia of exercise occurs in athletes who develop large sodium 
deficits during exercise but who fail to replace that deficit, 
even though they ingest large volumes of hypotonic fluids, 
especially water, at high rates during military activities or 
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Figure 4. The fluid balance study of eight ultra marathon runners with 
symptomatic hyponatremia reported by Irving et al. [141 established that 
there was an inverse relationship between the serum sodium concentra· 
tion in these athletes and the fluid excess they excreted during recovery. 

ultradistance athletic events. Thus, the prevention of the con
dition requires that athletes continue to ingest fluid at high 
rates during prolonged exercise. But to insure that they do 
not incur those large sodium deficits that really cause the 
condition, they are also advised to ingest only electrolyle
containing sports drinks during exercise and to supplement 
their sodium intakes from other sources both before and 
during exercise [19,20j. 

All these documents [19,20j are ambivalent on the 
possibility that it is the overhydration (water intoxica
tion) caused by over-drinking that might cause symp
tomatic hyponatremia. Rather, the focus is on the failure 
to replace the sodium deficit even in those who ingest 
fluid at high rates. 

The advice contained in the American College of Sports 
Medicine (ACSM) guidelines is that, whereas high rates of 
fluid ingestion may indeed be associated with hyponatre
mia, "one major rationale for the inclusion of sodium in 
rehydration drinks is to avoid hyponatremia" [20j. This 
advice is correct only if it is the sodium deficit and not the 
fluid overload that causes hyponatremia. If water intoxica
tion causes hyponatremia, then the advice to drink fluid at 
high rates during exercise promotes the development of 
hyponatremia (Fig. 3). 

The third and most recent modification to these theo
ries finally acknowledges that overhydration may play at 
least some role in the etiology of this condition. Yet its 
role is still of a lesser imporlance than is that of the large 
sodium deficit that develops during prolonged exercise 
in persons who fail to ingest sufficient sodium (because 
they ingest either water or other hypotonic drinks that 
lack the sodium contents of the sports drinks). Montain 
et al. [6] propose that "both large salt losses via sweat 
and excessive water intake, singly or in combination, 
contribute to lowering serum sodium during prolonged 
exercise." They base this conclusion on a set of theoretic 
calculations, but these calculations conflict with the 
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Figure 5. Speedy et al. [161 found an inver>e relationship between the 
weight lost during the race and the post race serum sodium concentra· 
tions. There was a wide scatter in the relationship so that athletes with 
the same serum sodium concentrations could show quite large differ
ences in their indiVidual degrees of weight change. But, with one 
exception, all athletes with serum sodium concentrations below 128 
mmol.l·1 either did not lose weight or they actually gained weight 
during the race. Thus, It is the increase In the extracellular fluid vol
ume due to marked fluid overload that causes the symptomatic 
hyponatremia of exercise. 

actual findings in real patients treated for symptomatic 
hyponatremia. 

With the benefit of this background information, it is 
now possible to review the most relevant, recently published 
studies that have helped to establish which of these different 
hypotheses is likely to be the more correct. 

The studies of Dr. Dale Speedy and colleagues 
Dale Speedy is a sports physician from Auckland, "'ew 
Zealand whose interest in the hyponatremia of exercise 
arose from an early study in the 1996 New Zealand lron
man Triathlon [22] of which he was then the Chief Medi
cal Officer. The weights and serum sodium 
concentrations of 95 competitors in that race were mea
sured before and after the race. The study found an 
inverse relationship between the postrace serum sodium 
concentrations and the extent of the weight lost during 
the race. Only one athlete developed significant 
hyponatremia (serum sodium concentration of 130 
mmol.L"l) associated with a weight gain during the race 
of 2.5 kg. The authors concluded that these findings are 
consistent with the hypothesis of fluid overload as the 
cause of hyponatremia. This same study design was used 
the following year to study 605 of 660 entrants in the 
1997 New Zealand lronman Triathlon [17\. Again, the 
athletes who lost either the least weight or who indeed 
gained weight during the race had the lowest serum 
sodium concentrations. Furthermore, when only those 
athletes with the lowest serum sodium concentrations of 
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below 130 mmoLL· 1 are included (Fig. 5). it is apparent 
that whereas serum sodium concentrations above 128 
mmoLL· 1 can be associated with a large variation in 
weight changes during the race with one exception. all 
athletes with serum sodium concentrations below 128 
mmol.L" I gained substantial absolute weight during the 
race. Once the weight gain exceeded 2.5%. there was a 
steep and apparently linear fall in the serum sodium con
centration. as also shown by Irving et aI. [14] (Fig. 4). 

Fluid balance was studied in 18 competitors during the 
1997 New Zealand lronman race [38]. The mean hourly 
fluid intake during the race was 716 mL/h and there was 
again an inverse relationship between the amount of 
weight lost during the race and the postrace serum sodium 
concentrations. The two athletes who gained weight (1 % 
and 2.5%) during the race were the only athletes with 
serum sodium concentrations below 129 mmol.L"l. Per· 
haps the most interesting novel finding of the study was 
that despite a mean weight loss of 2.5 kg during the race, 
athletes lost an additional 1 kg during the first 12 hours 
after the race. Because mean serum sodium concentrations 
did not change during the race, and the plasma volume 
rose. the authors concluded that despite the 2.5-kg weight 
loss during the race. the average athlete probably finished 
the race optimally hydrated. They estimated that this 2.5· 
kg weight loss might include 260 g of fat and 535 g carbo· 
hydrate oxidized during the race, as well as 1400 g of water 
originally stored with muscle glycogen. which was released 
as the glycogen was metabolized. The point of these calcu
lations is to suggest that the total fluid excess of athletes 
who complete races with a positive weight gain will be 
even greater than is meastued solely by the weight changes 
during the race. 

Fluid and sodium balance was also studied in seven 
athletes who were hospitalized for the treatment of symp
tomatic hyponatremia after the 1997 New Zealand Iron· 
man 139]. Whereas control subjects lost 3.0 kg during the 
race. and a further 0.5 kg during the first 12 hours of 
recovery. the mean weight loss during the race in the 
hyponatremic triathletes was 0.3 kg. with a further weight 
loss of 2.7 kg during overnight recovery. As a result. 
median weight loss over the course of the race and recov
ery was the same in both groups. The sodium deficits that 
developed during exercise were again relatively small in 
most athletes. Furthermore. mean antidiuretic hormone 
concentrations were significantly lower in subjects than 
in controls. in keeping with the more dehydrated state of 
triathletes in the control group. Hence. all these data are 
entirely consistent with the findings ofIrving et a/. [14 J in 
a group of more severely symptomatic athletes. 

For the 1998 New Zealand Ironman race, entrants were 
provided with regular pre-race newsletters in which they were 
advised to drink at safe rates of between 500 and 1000 ml/h 
during the race [40--). This information was again empha
sized in the pre-race briefing. In addition. the frequency of 
the aid stations on the cycle course was decreased from every 

12 km to every 20 km and on the run course from every 1.8 
km to every 2.5 km. Athletes were also weighed before the 
race so that this information could be used to guide treat
ment in the medical tent at its completion. 

With the introduction of these radical changes for the 
1998 race. the number of triathletes treated for hyponatre
mia in the medical tent fell from 25 to four. and the num
ber of hospital admissions for the treatment of this 
condition fell from 14 to one [40--]. Despite the introduc· 
tion of these more conservative drinking guidelines. the 
overall percentage of entrants seeking medical care after 
the race did not change significantly (N 2ook). 

This study showed that the incidence of symptomatic 
hyponatremia can be substantially reduced by limiting 
fluid intake. not increasing it. as is the usual advice 
[19.20.28.33-351. by reducing the opponunities for ath
letes to ingest fluid during exercise and by advising them 
to keep their rates of fluid intake within cenain limits so 
that they do not drink as much as possible. This mirrors 
the original experience in which three of the original 
four athletes described with the condition were able to 
return to competitive ultradistance endurance events 
without the recurrence of symptomatic hyponatremia. 
simply by drinking less [1\. 

Recent clinical studies from US standard 
42-km marathon races 
The first case of hyponatremia in a marathon runner was 
reponed in the United States during the 1986 Pittsburgh 
marathon [41]. One of the first deaths in a marathon run
ner as a result of suspected hyponatremia occurred in the 
1998 Chicago marathon [11]. although an earlier case may 
have occurred in the 1993 Big Sur marathon in California 
(Dr. Tamara Hew; Personal Communication). This was a 
surprising development. given that most cases of the 
hyponatremia of exercise elsewhere in the world have 
occurred in ultradistance running events of at least 80 Ion. 
or in Ironman Triathlon events. 

In 2001. Davis et al. [8] reponed the first large-scale 
study of 26 patients who were treated intensively for the 
hyponatremia of exercise after the 1998 and 1999 San 
Diego 42-km standard marathons. Their paper includes 
three significant findings. First. that the affected athletes 
were more likely to be female. to have used nonsteroidal 
anti.inflammatory agents. and to have finished the race 
amongst the back markers. That females and those who 
run slowly are at greater risk for this condition had 
already been noted from the original studies 12]. as sub
sequently confirmed with the expanded clinical experi
ence [18-). Second. that all these athletes reponed that 
they had drunk as much as possible during the race. 
despite information published after the 1998 race warn
ing of the dangers of drinking too much during mara
thon races. Third. they evaluated the value of sodium 
infusion on the rate of recovery in those athletes with the 
more severe hyponatremia. 
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On the basis of these findings. the authors concluded 
that "the development of exercise-associated hyponatremia 
is associated with excessive fluid consumption during and 
after extreme athletic events, • so that "there is a need to 
develop more rational fluid replacement strategies and 
educate runners to optimize rather than to maximize fluid 
intake during exueme exercise" 18[. 

The review of Dr. Scott Montain and colleagues 
Scott Montain et al. [6[ from the US Army Research Institute 
of Environmental Medicine in Natick. MA. were among the 
first to address the issue of a rising incidence of hyponaue
mia in the US military. such that an average of 19 US mili
tary personnel were hospitalized with this condition 
annually between 1989 and 1999. This rise followed the 
introduction of new, more liberal drinking guidelines to the 
US military sometime between 1982 [4] and 1988 [3[. 

The recent epidemic of hyponatremia in distance run· 
ners and in rriilitary personnel shows a close temporal rela
tionship to changes that either encouraged higher levels of 
fluid ingestion during exercise or made it substantially eas
ier to drink larger volumes during exercise. In addition in 
the military there is also "the presence of a strict authority 
that emphasizes forced hydration. such as the chain of 
command for military trainers" 141. In running. this strict 
authority exists in the form of apparently scientifically
based. well-intentioned and widely distributed advice to 
the effect that one should drink as much as is tolerable 
during exercise 119,201. 

Recently. Montain et al. [61 have provided more con
servative guidelines for fluid replacement during military 
activities. Interestingly. these guidelines cover only the 
ingestion of water during exercise and are silent on the 
role of sodium replacement during exercise. This is espe
cially surprising if it is believed that a sodium deficit 
alone can cause exercise-related hyponatremia. and that 
sports drinks containing sodium are the preferred solu
tions for ingestion during exercise, at least in civilian 
populations [19,201. The effects of these new guidelines 
have yet to be reported. 

Theoretically, to distinguish between the two opposing 
theories for the etiology of exercise-associated hyponatre
mia, Montain et al. [61 have calculated the magnitude of 
the sweat sodium losses that would be necessary to pro
duce hyponauemia in athletes who drank sufficiently dur
ing a 90-km ultra-marathon race so that their total sweat 
losses were completely replaced with only water. 

Using the principle that total body water (TBW) is 
62.9% of the body mass (or 44 L in a 70-kg athlete), and 
the ECFvolume is 39.8% oftheTBW (or 17.5 L in a 70-kg 
athlete), they calculated that athletes who completely 
replaced their 8.6 L oftotal sweat loss with pure water dur
ing the 90-km race would develop sodium deficits of 215, 
430, and 650 mmol if their sweat sodium concentrations 
were respectively 25,50, and 75 mmol.L'!. As a result, their 
postrace serum sodium concentrations would be respec-
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tively 135, 130. and 125 mmoI.L·!, only the latter of which 
might possibly cause symptomatic hyponatremia. The 
authors concede that "these are exceptionally high sweat 
sodium concentrations for physically-fit and heat-acclima
tized athletes .• They also concede that even if such losses 
were indeed physiologically possible. they would still not 
be sufficient to lower the serum INa+] to the average value 
of 121 mmoI.L·! measured in the total group of athletes 
with symptomatic hyponatremia [18.[. and most certainly 
not to the very lowest values of 112 to 116 mmoI.L·! 
reported in the most seriously affected athletes 
[1, 14,29,36[. They also conclude that a fluid excess of 5. L 
3.3, or 1.6 L must also be present to cause the serum INa+1 
to fall to 121 mmol.L'! in athletes with the respective low, 
moderate or pathologically high sweat sodium concentra
tions. These concessions are in line with the predictions in 
Figure 2, and the measurements made in real patients with 
this condition. 

The calculations disprove the theory that a sodium def
icit alone can cause the symptomatic hyponatremia of 
exercise. With one possible exception, symptomatic 
hyponatremia has only ever been reported in athletes who 
either gained weight during exercise or who showed a posi
tive fluid balance during recovery. The finding that, on 
occasion, very low serum sodium concentrations have 
been measured in asymptomatic athletes who lost weight 
during exercise was recognized in an early study [2]. The 
cause of this anomaly remains uncertain, as is the absence 
of symptoms in those cases. But the important practical 
point is that those subjects did not have symptoms, and 
were identified only because they were participating in 
other research projects. 

Laboratory-based studies 
Two separate studies show that a progressive hyponatremia 
can be produced even under resting conditions, simply by hav
ing subjects ingest fluid at high rates for 2 to 3 hours 
[42,43"1· 

Noakes et al. [42] showed that subjects who ingested 
water at rates of 1.5 Lfh for 3 hours developed a progres
sive hyponatremia because their peak rates of urine pro
duction (780 mLfh) were unable to prevent a progressive 
fluid retention. Calculations indicated that all the fluid 
excess could be accounted for by increases in TBW so that 
there was no unabsorbed fluid unaccounted for because it 
was still present in the gastrointestinal (GI) tract. Hence, 
there was no evidence that this form of hyponatremia 
results from a "third space" effect in which there is reverse 
sodium movement into unabsorbed fluid in the intestine 
a mechanism that we had originally postulated could con
tribute to the hyponatremia of exercise [2J. but which now 
appears to be definitely incorrect [18.J. 

The authors concluded that whereas the maximum rate 
of GI absorption was more than 1.5 Lfh at rest, the peak 
rates of urine production are less. As a result. when fluid is 
ingested at rates faster than about 800 mLfh, TBW must 
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increase and serum sodium concentrations fall proJXlrtion
ally due to a progressive expansion of ECF volume. Thus, 
the probability of developing hYJXlnatremia in response to 
high rates of fluid ingestion at rest is detennined simply by 
whether or not that rate of fluid ingestion exceeds any indi
vidual's fixed maximum capacity to produce urine. In this 
model there is no need to invoke additional physiologic 
mechanisms as causative factors for this condition. 

Speedy et al. [43] extended these observations by showing 
that New Zealand lronrnan triathletes with a previous history 
of exercise-associated hYJXlnatremia did not respond any dif
ferently to sustained oral fluid overload (1750 ml./h) than 
did other lronman triathletes who completed that race with
out developing hYJXlnatremia. As in the South African study. 
all the ingested fluid could be accounted for by an increase in 
calru1ated 1Bw, so that the same conclusions could be drawn. 
Furthermore. there was a linear relationship between the 
change in body weight (and lBW and ECF volume) and the 
reduction in the serum sodium concentrations (Fig. 6), simi
lar to the relationship between the estimated fluid excess and 
the serum sodium concentrations in athletes with symptom
atic hYJXlnatrernia (fig;. 4 and 5). 

In summary, these studies confirm that there is a lim
ited renal capacity to produce urine in response to high 
rates of fluid ingestion. When that rate is exceeded, the 
excess fluid must accumulate in the body, causing a pro
gressive expansion of the ECF and a corresJXlnding reduc
tion in the serum sodium concentration. The extent of this 
reduction is linearly related to the extent of the fluid over
load, as also found in athletes with the symptomatic 
hyponatremia of exercise (Figs. 4 and 5). 

Thus, there is a simple physiologic explanation for 
the production of hyponatremia in response to oral 
fluid overload, and which does not require the action of 
other mechanisms. It is the renal response to fluid inges-

Figure &. In response to progreSSive fluid 
overload developing at rest, both normal ath
letes and those who had previously developed 
hyponatremia during the New Zealand lron
man Triathlon, showed a linear reduction in 
their serum sodium concentrations with 
increases in body weight. Significant sodium 
losses could not have contributed to this 
hyponatremia since the subjects were at rest 
and their sole source of sodium 1055 was via 
Increased urine production. (Adapted (rom 
Speedy et al. 143 .. J.) 

tion and not the sodium content of the ingested fluid 
that protects against hyponatremia during exercise when 
fluid is ingested at rates that equal the rates of weight 
loss [49]. 

Optimum Treatment 
There is one absolute in the management for the symp
tomatic form of this condition. Because these athletes have 
an expanded TBW (Figs. 3-5), there is an absolute con
traindication to giving additional fluids, except as a vehicle 
to deliver sodium to the abnormally expanded ECF and 
therefore to increase the ECF sodium content and concen
tration until it again retracts to its appropriate volume. 

My clinical experience has been that patients with this 
condition follow one of two paths. Either they begin a 
diuresis within the first hour or two of stopping exercise 
and will pass urine at rates of 600 ml/h or more for many 
hours thereafter with a corresponding reduction in the 
severity of their symptoms, or else they show scanty urine 
produaion for many hours after exercise without clinical 
improvement and may only start the therapeutic diuresis 
in response to a diuretic challenge with furosemide. 

Most patients with the mild form of this condition 
should recover spontaneously if given nothing other 
than supJXlrtive care and perhaps furosemide if the onset 
of their diuresis is delayed. Thus, when fatalities occur in 
athletes who initially present with mild symptoms, the 
question must be asked whether the patient was treated 
inappropriately in particular with intravenous fluids at 
high rates for the management of a supposed dehydra
tion [12]. This error is particularly likely to occur if the 
attending clinicians believe the dehydration myth [12]. 
and if they interpret the absence of urine production as a 
confirmatory sign of dehydration. 
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A belief that this condition should not have a fatal out
come is strengthened by the evidence that there has been 
only one reported death [7") in those very iII patients 
who were treated appropriately with fluid restriction, con
centrated (3%) intravenous sodium given at slow rates 
(100 mL/h), and furosemide [1,8",13,14,29,36,41,45-
47). Death is usually a consequence of cardiorespiratory 
arrest secondary to profound cerebral edema causing 
brainstem herniation through the foramen magnum [7"]. 

Although there are as yet no controlled clinical trials, 
the comparative data of Davis eL al. [8"] shows that the 
use of intravenous 3% sodium solution given at rates of 
100 mL/h can produce a rapid correction of hyponatremia 
(3.4 mmol. L" 1 /h). ~calculation of those data indicate that 
some of the variance in the rate of recovery from 
hyponatremia in response to intravenous sodium is likely 
to be explained simply by differences in body weight so 
that heavier (N 70 kg) athletes would likely benefit from 
higher rates of intravenous sodium delivery, because they 
have a larger ECF volume (Fig. 1). This latter point may be 
clinically impottant, given that there is no evidence that a 
slow rate of recovery from acute hyponatremia is either 
ber1eficial or desirable [7",8",13). 

In summary, the current evidence is that patients 
who are conscious with only mild hyponatremia, with
out other complications including pulmonary edema, 
can probably be treated expectantly by avoiding further 
fluid ingestion, and with furosemide administration if 
the onset of diuresis is delayed. However even in this 
group, the use of intravenous sodium is likely to reverse 
the condition more rapidly. In contrast, in the presence 
of more severe hyponatremia with coma or seizures, the 
danger of brains tern herniation requires the most urgent 
treatment with intravenous sodium and furosemide plus 
other specialist neurologic interventions to reduce 
cerebral edema. 

Prevalence in the United States 
The sport of ultradistance running has been popular at 
least since the mid to late 19th [48). Yet during the first 
century of the sport there were no reports of the symptom
atic hyponatremia of exercise, and all studies showed that 
runners developed hypematremia during those races [24-
26), because they drank little and became quite markedly 
dehydrated as a result (24). The mechanism for their hyper
natremia is that shown in Figure 1, namely a loss of more 
fluid than sodium from the ECF. causing the remaining 
sodium to be more concentrated. This occurs because the 
sweat of trained, heat -acclimatized athletes is an hypotonic 
solution with a low sodium content [6,48]. 

The finding that the incidence of this condition has 
increased substantially especially in the US military and in 
US marathon runners in the past decade poses the ques
tion, Are those modern runners and military personnel 
who have developed the condition uniquely different from 
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those of previous decades who appear to have been 
immune to this condition, or is there some novel but Wli
dentified environmental factor at work? 

David E. Martin, co-author of two definitive texts on 
marathon running [49,50), has shown that the bulk of 
modern US marathon runners require as much as 60 
minutes more to complete standard 42-km marathon 
races than did the very slowest marathon TWlners even as 
recently as the mid 1970s (Personal communication). 

·Therefore. modem US marathon runners are indeed dif
ferent from those of the previous generation. In particular, 
there has been a large increase in that group of runners who 
are most likely to develop this condition because they take 
more than 5 hours to complete the standard marathon [8). 
But are these runners really a specific human subpopula
tion, Wliquely prone to the development of hyponatremia 
during prolonged exercise of qui te low intensity? Or has this 
condition arisen in response to a specific alteration in the 
environment. in which modem endurance races are held, 
first in uItradistance running and triathlon events aroWld 
the world, and more recently in the 42-krn standard mara
thon specifically in the United States? 

The point has been made repeatedly [2) that the single 
most obvious change in the conduct of marathon and 
other ultradistance events since 1976 has been a paradigm 
shift in the approach to fluid ingestion during prolonged 
exercise. Whereas before the 1970s, athletes were actively 
discouraged from drinking at all during exercise, regardless 
of its duration or intensity [23,48], thereafter the message 
was popularized that athletes who failed to drink as much 
as possible during exercise risked both their performances 
and, more especially, their lives. 

It was only at the 1976 Olympic marathon in Montreal 
that fluid was first provided more freely during marathon 
races [2[. The evolution of the Big City marathons. first in 
New York in 1976 and then in London in 1981, extended 
this development so that the 30,000 or more participants 
in these very popular marathon races now have the oppor
tunity to drink as much as they choose at between 25 and 
40 aid or seconding stations that provide liquid and other 
refreshments along the marathon route. That the number 
of such aid stations appears to play a role in this condition 
is shown by the obselVations that 1) redudng the number 
of aid stations in an Iron man triathlon substantially 
reduced the number of triathletes requiring hospitalization 
for symptomatic hyponatremia [40), and 2) that there is a 
high incidence of this condition in the Houston marathon, 
which has aid stations located approximately every 1.6 km 
on the course. In contrast, few if any cases of hyponatremia 
have ever been recognized in the Honolulu marathon (Dr. 
Tamara Hew; Personal commWlication) in which, despite 
the more severe environmental conditions in which that 
race is run, aid stations are located only every 4 km. 

Providing easier access to fluid during endurance 
events will not cause athletes to over-drink. Rather, they 
must also be indoctrinated to believe in the value of that 

C-145 



Paper 20 

Hyponatremia in Distance Runners: Fluid and Sodium Balance During Exercise - Noakes 205 

practice. Factors that contributed to this might include the 
growth of the sports drink industty in both North America 
and Europe in the 1980s [32[, aided by the publication of 
the American College of Sports Medicine guidelines for 
fluid replacement during exercise [19,20[, because these 
guidelines have helped to entrench this new paradigm of 
aggressive hydration [8--) during exercise. 

Thus, not only are athletes now encouraged to drink 
as much as possible both before but especially during 
exercise, they have also been informed that "the percep
tion of thirst (is) an imperfect index of the magnitude of 
the fluid deficit (and) cannot be used to provide com
plete restoration of water lost by sweating" [20]. To my 
knowledge, there is no conclusive evidence that the per
ception of thirst is inadequate during exercise, because it 
is not known whether or not all the fluid lost by sweat
ing during exercise needs to be replaced for there to be 
optimum performance [31--]. 

Interestingly, one study found that athletes who began 
exercise in a dehydrated state, drank more avidly immedi
ately when they began to exercise and continued so until 
they reached the same levels of weight loss as they did 
when, on another occasion, they began exercise fully 
hydrated [51]. This seems to prove that the thirst mecha
nism was appropriate in both conditions, because prior 
dehydration caused an appropriately accelerated drinking 
response that was not inhibited by the act of exercise. Only 
when the athletes had appropriately rehydrated during 
exercise was this more avid drinking response curtailed 
[51]. This study proves that athletes could drink more dur
ing exercise but that this response is only activated if they 
begin exercise in a more dehydrated state. 

If the thirst mechanism is indeed appropriate during 
exercise, then exhortation that athletes should ignore 
their thirst and drink as much as possible during pro
longed exercise must cause the hyponatremia of exercise 
in those who ingest fluid at faster rates than they are 
able to lose any fluid excess as urine [42,43"), sweat 
or vomitus. 

Conclusions 
Hyponatremia of exercise was unheard of prior to 1981, 
during which time athletes were encouraged to not drink 
during exercise (23). As a result, all completed marathon 
and ultra-marathon races with varying degrees of dehydra
tion and, without exception, were hypematremic at the race 
finish [24-26]. These historic data prove that dehydration 
and unreplaced sodium losses during prolonged exercise 
cause hypernatremia. not hyponatremia (Fig; 1 and 2). 

The very low incidence of hyponatremia even in modem 
athletes who ingest fluid but who do not replace their 
sodium losses during prolonged exercise continues to prove 
that sodium losses alone cannot cause the hyponatremia of 
exercise [29), as confirmed by the most recent calculations 
[6] and all the clinical evidence. 

The first cases of hyponatremia were reported in the 
first decade after there had been a paradigm shift in the 
approach to fluid replacement during exercise. The intel
lectual basis for this shift were the twin beliefs that 1) 
dehydration has an adverse effect on athletic performance 
and safety, and 2) perceptions of thirst are an inaccurate 
guide to the real fluid requirements during exercise. Later 
the idea was added that adequate sodium replacement is 
also important if hyponatremia is to be avoided during 
prolonged exercise. 

By showing that fluid overload was present in at least 
some of the first cases of hyponatremia, the earliest clinical 
case reports [1, 13,41) suggested that this advice was totally 
inappropriate. Irvinget al. 114[ proved that fluid overload 
was indeed the cause of symptomatic hyponatremia. They 
established a linear relationship between the degree of 
fluid excess and the postrace serum sodium concentrations 
such that the most severely affected athlete with a serum 
sodium concentrations of 113 mmoI.L- 1

, had a calculated 
fluid excess of 6 L [2,14] (Fig. 4). Calculated sodium defi
cits in these athletes were no greater than in other ultra
marathon runners who maintained normal serum sodium 
concentrations during prolonged exercise. 

The idea that hyponatremia can be due principally to 
abnormalities in sodium metabolism conflicts with an 
established teaching in clinical medicine. which holds that 
acute symptomatic hyponatremia is a condition caused by 
abnormalities in the regulation of fluid and not sodium 
balance 152). It has never been possible to develop 
hyponatremia as a result of an acute sodium deficiency 
alone. The classic studies of McCance [52,53] showed that 
it required at least 3 days of total exclusion of all sodium 
from the diet before a sodium deficiency hyponatremia 
could develop. Because these conditions cannot be repro
duced but in laboratory experiments in consenting sub
jects, there is no possibility that the same mechanisms 
could ever be found in free-living humans with free access 
to salt-containing foods and fluids. 

Next came a series of studies that consistently showed 
an inverse relationship between the weight changes during 
exercise and the postrace serum sodium concentrations, so 
that those who either lost the least weight or who gained 
weight during exercise had the lowest serum sodium con
centrations 117,21,22,38-40.54[. 

On the basis of recent publications, there is no longer 
any possibility to conceal the conclusion that fluid over
load as a result of voluntary over drinking, is the only 
important etiologic factor causing the hyponatremia of 
exercise. The symptoms are caused by edema of the vital 
organs, brain, and lung; in particular. Thus, the possibility 
remains that even if athletes were to ingest very large 
amounts of sodium during exercise, they might still 
develop cerebral edema if they over-drank, because it is the 
cerebral edema and not the serum sodium concentration 
that causes the symptoms in this condition. There is evi
dence that high rates of sodium ingestion during exercise 

C-146 



206 Nutrition 

reduce the rate of urine production [55], thereby perhaps 
increasing the possibility that fluid overload will develop 
when voluntary over-drinking is combined with high rates 
of sodium ingestion. 

By limiting fluid intake during prolonged exercise, 
symptomatic hyponatremia is as preventable today as it 
was before 1981 when the condition simply did not exist. 
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ABSTRAcr 
NOAKES. T. D .. N. J. REHRER. and R. J. MAUGHAN. The 
importance of\'olume in regulatinggastric emPtying. M,-d. Sci. Sport.\ 
Exert., Vol. 23. No. 3. pp. 307-313.1991. Therc is now substantive 
evidence Ihal the provIsion of exogenoll< carbohydrale al high rate, 
(1-2 g.min- I) can enhance performance during prolonged exercise. 
ThiS finding has revived research into the factors determining the rale 
of exogenous carbohydrate delivery during exercise. While Ihe rale of 
muscle o.idation of exogenous carbohydrate could he determined by 
the rate of gastric emptying or of intestinal carhohydrale absorplion 
or of muscle glucose uptake and oxidation. most physiologisls seem 
to have assumed that gastric emptying is Ihe factor Ihal Ii mils the 
rate of exogenous carhohydrale delivery during e.\ereise. Further
more. studies of gastric emptying have suggesled that the carbohydrate 
content of the ingested solution is an important faclOr determining 
its rale of gastric emptying. However. the findings of recent studies 
employing a repeated drinking design suggeSlthal Ihe gastric volume 
and therefore Ihe pattern of drinking during exercise will have a 
significant. possibly major. influence on the rale ofbolh carbohydrate 
and waler delivery from any soiution. This review considers this 
evidence and ils practical implications for alhletes who wish to ing"'t 
carbohydrate during exercise and for exercise physiologislS designing 
sludi." 10 optimize carbohydrate delivery 10 muscle during exereise. 

SubtmltN for publication June, 1990. 
A~ed for publication No\ember. 1'1'110. 
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It is proposed that. if gastric volume is an important determinant of 
the rale of gaslric cmplying. a more standardized mClhod for reporting 
Ihe rales of gaslrie emptying of ddferent solutions should he adopted. 

GASTRIC EMPTYING. EXOGENOUS CARBOHYDRATE. 
GASTRIC VOLUME. CARBOHYDRATE SOLUTIONS 

There is now firm evidence that carbohydrate in
gested during prolonged exercise can delay the onset of 
fatigue and enhance performance (3-5.10). The effect 
is due to the provision of exogenous carbohydrate at 
rates sufficiently fast to prevent or reverse hypoglycemia 
and to sustain high rates of carb<1hydrate oxidation by 
the active muscles 0-5.10). 

These findings have stimulated investigation of those 
factors, particularly the carbohydrate and elel1.rolyte 
content of the ingested solution. that will optimize the 
rate of exogenous carbohydrate delivery to blood and 
muscle (6.9.11-15.24-29.31-36). 

Two important assumptions have been made by the 
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authors of many of these studies. First, it is assumed 
that the rate of gastric emptying is the factor limiting 
the rate of carbohydrate delivery to the site at which its 
utilization exerts beneficial etTects (7). This assumption 
ignores the obvious anatomical consideration that the 
ingested carbohydrate can influence performance only 
once it has been absorbed as glucose from the intestine 
into the bloodstream and, possibly, only when the 
absorbed glucose is oxidized by the active muscles. This 
assumption is not addressed in this review. It should, 
however, be noted that the rate of exogenous carbohy
drate oxidation by the active muscles increases with 
increasing carbohydrate content of the ingested fluid 
(31), an addition which would be expected to reduce 
the rate of gastric emptying of fluid (see below), but not 
necessarily of carbohydrate. Thus, it is important to 
distinguish between the effects of an ingested solution 
on the rate of gastric emptying of fluid and of carbo
hydrate. 

The second assumption is that the rate of gastric 
emptying is inversely proportional to the energy density 
of the ingested solution. This is a quite natural conclu
sion given the historical emphasis on the etTect of the 
osmolality and energy content of the ingested solutions 
on their rates of gastric emptying (6,19,21). However, 
if this assumption is indeed correct, it means that the 
concentration of the solution ingested during exercise 
is of no consequence for substrate delivery; the rate of 
substrate (but not fluid) delivery to the intestine would 
always be constant and independent of the solution 
concentration. 

In this review we consider the evidence that this is 
not the case and that, whereas the carbohydrate content 
of the ingested solution is indeed an important regulator 
of the rate of gastric emptying, it may not be the most 
important determinant of the rate of fluid delivery to 
the intestine. 

FACTORS INFLUENCING THE RATE OF 
GASTR.lC EMPTYING OF CARBOHYDRATE· 
CONTAINING SOLUTIONS DURING EXERCISE 

A number of factors are known to influence the rate 
of gastric emptying (Table I) (6). Of fundamental rele-

TABlE 1. Factors known to influence the rate of gastric emptying. 

Coostituents of tile ingested soIutlOO 
Volume 
Caloric density 
Electrolyte content 
OsmolBiIty 
Tempersture 
pH 

Exercise vEWiabies 
Intensity of exercise 
MoOe of exercise 

SubjectvEWiabies 
Level 01 hydration 
Individual variability 
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vance to the exercise physiologist is to decide which of 
these factors are the most important and should there
fore be manipulated in the experimental setting. We 
present here our analysis of the factors that we consider 
to be the most important regulators of the rates both of 
gastric emptying and of fluid delivery to the intestine. 

Gastric volume. In the original studies to determine 
the rates of gastric emptying for ditTerent carbohydrate
containing solutions, gastric volume was inadvertently 
introduced as a controlled variable as the rate of gastric 
emptying was always studied following ingestion of a 
single fluid bolus of constant volume. Thus, the starting 
gastric volume was held constant for all the ditTerent 
solutions that were tested. 

This technique clearly established that the rate of 
gastric emptying was a function of the carbohydrate 
content of the solution. Thus, solutions containing as 
little as 2.5% carbohydrate were shown to reduce the 
rate of gastric emptying (7,9,14). Therefore, the practi
cal advice offered at that time was that only solutions 
with low carbohydrate content should be ingested dur
ing prolonged exercise as only these solutions emptied 
sufficiently rapidly to prevent the development of de
hydration during exercise (I). 

However, a number of more recent studies (8,25, 
26,30,32-34,36) have shown that, when ingested re
peatedly during prolonged exercise, the rates of gastric 
emptying for solutions with quite different carbohy
drate contents may be more similar than predicted on 
the basis of the original studies, which used the single 
ingestion model. This has stimulated interest in those 
factors ditTering between the two experimental methods 
which might explain this discrepancy (6). 

A second relevant feature of the early studies using 
the single ingestion model was that the rate of gastric 
emptying was calculated on the basis of a single gastric 
aspiration usually measured 15-30 min after ingestion 
of the initial fluid bolus. Figure I shows how erroneous 
conclusions can be drawn from this experimental 
method. 

The top panel of Figure I depicts the time course of 
gastric emptying for different (0.4-20%) carbohydrate 
solutions (24); the lower panel, which demonstrates the 
amounts of glucose emptied in the same time periods, 
shows that the amount of glucose emptied is not con
stant for all solutions, thereby disproving the theory 
that a constant rate of energy delivery determines the 
rate of gastric emptying, at least \pr carbohydrate. 

Initial emptying rates for th~ 0.4% solution were 
faster than for all other solutions. However, differences 
in total fluid emptied diminished with time, so that 
after 40 min there were only small ditTerences in the 
volumes of fluid emptied from the 0.4% and 5% solu
tions. A more rapid fall with time of the emptying rate 
for the 0.4% solution than for the other solutions would 
explain this effect. With hindsight, this result could be 
explained if this time-dependent fall in the rate of 
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Figure I-The top paMI shows the cumulative volumes of auld 
emptied from lhe stomach e.ery 10 min foll.wing the iogestion of 
four different carboh)'drate containing soluliOllS at lime O. The lotH. 
"sul sbolts the cumulatl.e amount of gllK'ose emplied from th. 
stomach evu)' 10 min in the ....... .,.perimenls. ~'rom Maughan alld 
Leiper (24). Reprinted with permi$5ion of Excerpta Medial. 

gastric emptying was due to a progressive reduction in 
the volume of fluid retained in the stomach. 

More direct evidence for this postulate that gastric 
volume influences the rate of gastric emptying can be 
found in the initial study of Cost ill and Saltin (7), They 
showed that average rates of gastric emptying of up to 
40 ml·min- I could be achieved when very large vol
umes of fluid were ingested. Such high rates of gastric 
emptying over prolonged periods had not been reported 
again until recently (II), Further direct evidence for 
the importance of gastric volume in determining the 
rate of gastric emptying is provided by the recent studies 
of Rehrer et al, (32,33). 

Rehrer et al. (32) shOwed that the rate of gastric 
emptying falls eKponentially with time. as previously 
noted by others (6, 18,20,23). However, their more crit
ical and novel finding was that. following a single 
ingestion, the rate of gastric emptying for any solution 
falls as a logarithmic function of the volume of fluid 
contained in the stomach. Stated differently, this means 
that, during any equivalent time period. a constant 
percentage of the drink that was present in the stomach 
at the start of that period would have been emptied. 
They found that approximately 65% of a water solu
tion, 50% of an i~otonic 7 % carbohydrate solution. and 
25% of a 15% or 18% carbohydrate solution emptied 
during each successive 10 min period during eKercise 
at approximately 70% VO'ma,. 
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The data from that study (32) have been used to 
construct Figure 2, which predicts the volume of fluid 
remaining in the stomach at successi ve 10 min intervals 
after ingestion of 600 mt of either water or a 7% or 
18% carbohydrate solution at time O. The critical ob
servation is that the volume of fluid in the stomach can 
be manipulated to compensate to some extent for the 
inhibitory effect of its carbohydrate content and so to 
increase the volume of fluid emptied. 

For example, the rate of gastric emptying of the 18% 
carbohydrate solution between 0 and 10 min is 150 mI· 
10 min-' (15 ml·min-'), which exceeds the rate of 
emptying of water at a\l times after 10 min «7.4 mi· 
min-I) and of the 7% carbohydrate solution at all times 
after 20 min «7.5 ml·min-'). 

Figure 3 uses this information to show the hypothet
ical effects on the rates of water and carbohvdrate 
delivery from these same three solutions when drunk 
according to two different drinking schedules. An im
portant but not critical assumption is that the rate of 
gastric emptying remains the same during repetitive 
drinking as it does following ingestion of a single bolus. 
As discussed su bseq uently, it is clear that this does not 
necessarily apply for more concentrated carbonydrate 
solutions when ingested repeatedly in small to moderate 
volumes during prolonged exercise (33). 

The top panels of Figure 3 show changes in gastric 
volume for a subject who, with repetitive drinking, is 
able to maintain a maKimum gastric volume of800 ml: 
the lower panels are for a subject who can tolerate a 
maximum gastric volume of only 400 mI. 

In this hypothetical experiment, both subjects fill 
their stomachs to capacity immediately prior to exer
cise. Every 10 min thereafter. each again drinks suffi
ciently to replace the volume of the solution that has 
em ptied during that 10 min period, thereby refilling 
the stomach to the individual maximum tolerable gas
tric volume. 

The volumes of fluid that each can ingest every 

TIME_) 

.·igure 2-Chaog~s i .. gastric .00UII\(> Cor successive 10 min inle .... rs 
after ingestion of 600 ml ofeither ,.,.ter or 7% or 18% carbohydme 
(CHO) solulion at time O. Red"' ..... CrOIll the data of Rehrer el al. 
(32). 
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Figure 3-llIe lOp k/r pallet shows changes In gastric volume after 
inllestioo of 800 ml of either water or 7% or 18% carbohydrate (CHO) 
solution at time O. Every 10 min thereafter, a volume of each solution 
equal to the volume emptied during the precedinll 10 min is ingested 
so that the initial staning gastric volume of 800 ml is again achieved. 
TIle lop righl pall,t shows the predicted hourly rates of water and 
carbohydrate delivery from the different solutions drunk in this man
ner. The tower pallds show the same variables for an initial startinll 
Ilastric volume of 400 mi. The data are predicted from the findings 
depicted in Figure 2. 

subsequent 10 min will depend on the carbohydrate 
content of the ingested solution and would be 65% of 
the initial volume of water ingested (520 or 260 mI). 
50% of the 7% carbohydrate solution (400 or 200 ml), 
or 25% of the 18% carbohydrate solution (200 or 100 
ml). At the completion of exercise, average rates of 
gastric emptying for the three solutions would have 
been 52, 40. and 20 mi· min-I, respectively. for the 
athlete able to maintain a gastric volume of 800 ml 
(Fig. 3, top panels) and half those rates (26, 20. and 10 
ml.min-I) for the athlete able to maintain a gastric 
volume of only 400 ml during exercise (Fig. 3, lower 
panels). The respective rates of carbohydrate delivery 
for these drinking patterns would be 0, 168, and 216 g. 
h-I (Fig. 3, top panels) and 0,84, and 108 g.h- I (Fig. 
3, lower panel). The predictions from this hypothetical 
model are sufficiently accurate to explain the results of 
three recent studies. 

Ryan et al. (34) reported an average rate of gastric 
emptying in excess of 17 ml.min-' (1.0 I.h-') in 
subjects who drank 5% glucose. glucose polymer. or 
glucose polymer/fructose solutions at rates of 350 ml 
every 20 min, similar to the drinking pattern proposed 
in the lower panels of Figure 3. In contrast, a rate of 
gastric emptying of only 7.7 ml·min- I (0.5 I·h- I) for 
a similar (6%) carbohydrate solution was reported by 
Mitchell et al. (26) in subjects who ingested only 150 
ml every 15 min. 
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Clearly the low rates of gastric emptying in the study 
of Mitchell et al. (26) can be adequately explained by 
the low rates of fluid ingestion in that study. When 
Mitchell and Voss (27) studied higher rates of fluid 
intake, they showed much higher rates of gastric emp
tying even from a 7.5% carbohydrate solution (see 
below). 

Similarly, Sole and Noakes (36) reported average 
rates of gastric emptying in excess of II mi· min-' (0.66 
I· h-') for a 10% carbohydrate solution ingested at a 
rate of 800 mi· h-' during prolonged exercise at 75% 
V02m ... 

At present, we are aware of three other studies that 
approximate the conditions of our theoretical model. 
The results of these studies provide further evidence to 
support the postulate that gastric volume is a more 
important regulator of the rate of fluid delivery to the 
intestine than is the carbohydrate content of the in
gested solution. 

Rehrer et al. (33) reported a study of repeated drink
ing of small volumes (150 ml·20 min-I) after an initial 
large bolus. They showed that the percentage of gastric 
volume emptied during each subsequent 20 min period 
increased from 79 to 86% for a 7% isotonic carbohy
drate solution when gastric volumes were maintained 
at between 600 (starting volume) and 250 ml. Under 
these circumstances, the average rate of gastric empty
ing during) h of exercise at 70% V02max was 14.2 mi· 
min-I, and the corresponding rate of carbohydrate de
livery was 59.5 g. h- I. However, the percentage of fluid 
delivered from the 18% carbohydrate solution each 
successive 20 min period did fall from 66% during the 
first period to 44% between 40 and 60 min, indicating 
that, at high carbohydrate concentrations, the inhibi
tory effect of a high carbohydrate concentration begins 
to override the stimulatory effects of a large gastric 
volume. This indicates that modification must be made 
to the hypothetical model if it is to explain the gastric 
emptying characteristics of 18% carbohydrate solutions 
ingested repeatedly during prolonged exercise. 

Despite this partial inhibitory effect of high carbo
hydrate concentration, the average rate of gastric emp
tying for the 18% carbohydrate solution was 10.8 mi· 
min-I, and that for 7% carbohydrate was 117 g.h-'; 
the latter is among the highest yet reported in the 
literature. These figures are similar to those predicted 
for repeated drinking of an 18% carbohydrate solution 
when a peak gastric volume of 400 ml is maintained 
(Fig. 3, lower panels). M 

Similarly, Mitchell and Voss (27) have reported high 
rates of fluid (19.0 mi· min-') and carbohydrate (85 g. 
h-') delivery from a 7.5% carbohydrate solution in
gested at a rate of approximately 400 ml every 15 min. 

These workers also showed that the rate of gastric 
emptying increased with increasing ingested volume 
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but that the ingestion of large volumes at frequent 
intervals caused an increased frequency of complaints 
of gastric fullness. 

This indicates that not only high carbohydrate con
centrations in the ingested solution (33), but also large 
ingested volumes, cause a progressive alteration in gas
tric emptying characteristics during repetitive feeding 
(27). This too is not included in the hypothetical model 
(Fig. 3, upper and lower panels). 

Finally, Duchman et al. (II) have reported rates of 
gastric emptying of 41. 5 mi· min-I for water and 25.7 
mi· min-I (1.54 I· h- ' ) for a 10% carbohydrate solution 
when ingested at a rate of 180 ml every 10 min for 40 
min following an initial bolus ingestion of 750 ml. The 
rate of carbohydrate delivery from the 10% carbohy
drate solution was 154 g.h- I, the highest rate yet re
corded. These values approximate those predicted for 
the 7% carbohydrate solution with an average gastric 
volume of 800 ml (Fig. 3, upper panels). 

In summary, the critical significance of the studies of 
Rehrer et al. (32,33), Mitchell and Voss (27), and 
Duchman et al. (II) is to show that the maximum rate 
at which carbohydrate and water can be delivered from 
an ingested solution is very strongly influenced by the 
average volume of fluid in the stomach, which is, in 
tum, determined by the volume ingested and the drink
ing pattern. Thus, the greater the degree of gastric 
distention a subject is able to tolerate during exercise, 
the more carbohydrate and water that will be delivered 
to the intestine from any ingested solution. 

Although this is not a novel finding (6,7,18,23), its 
importance has not been widely appreciated (13). 

Carbohydrate concentration of the ingested solu
tion. That the carbohydrate concentration of the in
gested solution influences gastric emptying has been 
repeatedly shown (6,7,9,13,14,19,25,26,28,36) and is 
confirmed by the studies of Rehrer et al. (32) (Fig. 2) 
and Maughan and Leiper (24) (Fig. 1). 

However, for reasons presented in the previous sec
tion, it is clear that the volume of fluid in the stomach 
is the more important regulator of the volume of fluid 
emptied, at least after ingestion of a single fluid bolus. 
With repeated drinking of small to moderate volumes, 
especially of solutions with high carbohydrate content, 
it is apparent that the carbohydrate content of the 
solution will retard the stimulatory effect of the gastric 
volume. 

But, in essence, the study of Rehrer et al. (32) can be 
interpreted to show that the rale of gastric em ptying 
(expressed as percentage emptied per unit time) is reg
ulated by the carbohydrate content of the solution but 
that the volume of the solution that is emptied is 
determined by the gastric volume, which is a function 
of the drinking pattern. 

Osmolality. When the gastric emptying characteris-
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tics of simple carbohydrates are studied, there is a close 
relationship between the rate of gastric emptying and 
both the carbohydrate concentration and osmolality of 
the ingested solution (13). This has been interpreted as 
evidence that it is the osmolality of the ingested carbo
hydrate solution that regulates its rate of gastric emp
tying. 

However. this does not explain why the rates of 
gastric emptying for glucose polymer or starch solutions 
either are not different from glucose solutions of equiv
alent concentration but much higher osmolality (26,32) 
or are found only at specific concentrations ( 14,32,36). 

This finding could, however, be explained if rapid, 
near-total hydrolysis of the glucose polymer and starch 
solutions occurred by the time these solutions reached 
the postulated osmoreceptor controlling gastric emp
tying. Were this to occur, the osmolality of the ingested 
solutions would be significantly altered; if hydrolysis to 
glucose had been completed. these solutions would be 
expected to show the same gastric emptying character
istics as glucose solutions of equivalent concentration. 
The data of Sole and Noakes (36) can be interpreted to 
indicate that the glucose polymer (average chain length 
of 6 glucose units) used in their study acted as if it had 
been digested to maltose (glucose chain length of 2) by 
the time it reached the postulated osmoreceptors. 

Thus, the conclusion must be that it is not the 
osmolality of the ingested carbohydrate solution that 
determines its rate of gastric emptying but rather the 
osmolality of that solution when it is in contact with 
the appropriate receptors that regulate gastric emptying 
(17). The finding that starch solutions do not empty 
more rapidly from the stomach than do glucose (17) or 
glucose polymer solutions (15) indicates that hydrolysis 
of these solutions must occur rapidly in the small 
intestine. prior to their arri val at the postulated osmo
receptors. 

Effect of exercise. It is well established that the rate 
of gastric emptying is influenced by the exercise inten
sity so that, at the higher exercise intensities, some 
inhibition of gastric emptying does occur (2,7.12,14, 
16,32). However, it is clear that the effect is small up 
to an exercise intensity of70% Y02ma, (7,12.13,32) and 
may even be stimulatory (28). Furthermore, the effect 
may be greater on water than on carbohydrate-contain
ing sol utions so that, at higher exercise intensities. the 
magnitude of the difference in gastric emptying rates 
for water and carbohydrate solutions may be consider
ably reduced (13,36) and may even di';appear at exercise 
intensities of 90% Y02ma• or higher (13). 

Of relevance to this review is the magnitude of the 
effect of exercise in comparison with the effects of the 
other variables already reviewed. The data of Foster 
(13) show that the average rate of gastric emptying for 
carbohydrate-containing solutions fell from 750 mi· h- I 
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at an exercise intensity of 70% V02m .. to 660 mI· h- I 

at 80% V02m .. and to 450 mi· h- I at 90% V02max. 

These changes, at least up to an exercise intensity of 
80% V02m .. , are therefore relatively small in compari
son with the large effects produced by changes in car
bohydrate concentration (Fig. 2) or gastric volume (Fig. 
3). 

PRACTICAL RELEVANCE OF THESE STUDIES 

The demonstration that gastric volume is a significant 
determinant of the volume of fluid delivered to the 
small intestine during exercise has three important 
practical implications. 

First, it explains why it is theoretically possible to 
ingest very large volumes of fluid during exercise if one 
drinks frequently and maintains a large gastric volume. 
This would explain why it is possible for some predis
posed athletes to ingest such large fluid volumes during 
prolonged exercise that they develop hyponatremia as 
a result of fluid overload (22). 

Second, it predicts that different drinking patterns 
can produce the same rates of carbohydrate delivery 
during exercise from solutions with quite different car
bohydrate concentrations. (Compare total carbohy
drate delivery from the 18% carbohydrate solution in 
the top panels of Fig. 3 with the 7% carbohydrate 
solution in the lower panels of the same figure.) How
ever, the rates of fluid delivery from such solutions will 
differ, as will their effects on intestinal fluid transport; 
solutions with high carbohydrate content will initially 
cause net fluid movement into the small bowel and 
may therefore contribute to the development of dehy
dration. 

Third, it provides the exercise physiologist with a 
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reasonable model for the design of studies to optimize 
carbohydrate and fluid delivery from different carbo
hydrate-containing solutions during exercise. 

Fourth, the finding that gastric volume has an im
portant influence on the rate of gastric emptying raises 
the question of how gastric emptying rates should be 
expressed, Clearly, comparisons of rates of gastric emp
tying (expressed in mi· min-I) from different studies are 
only valid if the volumes ingested in the studies are 
identical and the drinking patterns are comparable. For 
studies in which these variables are not controlled, it 
might be preferable to express the gastric emptying rate 
as a percentage of the initial volume emptied in a 
specified time. For example, an index such as GE,o 
expressed as a percentage might indicate the percentage 
of the initial volume ingested that was emptied during 
a subsequent 10 min period. Alternatively, comparing 
the slopes of the log-transformed data may be useful in 
studies in which the multiple sampling technique is 
used (32,33). 

Finally, it must also be appreciated that there are 
large individual differences in rates of gastric emptying 
for the same solutions (13). It is probable that this 
reflects, in part, different individual responses to 
changes in gastric volume. This is a topic which requires 
further study. 
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PEAK RATES OF DIURESIS IN 

HEALTHY HUMANS DURING ORAL 

FLUID OVERLOAD 

Timothy D Noakes, Gary Wilson, David A Gray, 
Michael I Lambert, Steven C Dennis 

Objective. To determine whether rates of intestinal fluid 
absorption and renal diuresis can match high rates of fluid 
ingestion in healthy humans exposed to oral fluid overload, 
thereby preventing the development of hyponatraemia 
either by reverse sodium movement across the intestine (the 
Priestley-Haldane effect) or by expansion of the 
extracellular fluid volume. 

Mtlhods. Changes in renal function and in plasma chemical 
measurements in response to an oral fluid overload 
(0.9 - 1.8 l/h )( 3 h) were investigated in 6 healthy control 
subjects at rest, and in a subject with a history of exercise
induced symptomatic hyponatraemia, during both 
prolonged (l60-minute) exercise and at rest. 

Findings. All control subjects gained weight {2.7 ~ 0.2 kg, 
mean :t standard error of mean (SEM)) because the rate of 
oral fluid intake exceeded the peak rate of urine production 
(778 ~ 39 ml/h). Blood volume rose by 7.1 (± 0.5)% and 
plasma sodium concentrations fell progressively from 144 ~ 
2.6 to 136 :t 1.1 mmol/l (P < 0.05) in the control subjects. 
Plasma potassium and angiotensin II concentrations were 
unchanged and creatinine c1earana> was normal (-12S 
ml/min). Free water clearance reached a maXImum of 11.2 ± 

0.9 ml/min after 2 hours. The increase in body mass could 
be accounted for by calculated or measured changes in 
extra- and intracellular fluid volumes. Similar changes were 
measured in the subject with a previOUS history of 
symptomatic hyponatraemia. 

Conclusion. The rate of intestinal fluid absorption appeared 
to match the rate of oral fluid ingestion and there was no 
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evidence of fluid accumulation in the intestine with reverse 
,odium movement from the extracellular space into intestinal 
fluid. The results of this study are therefore at variance with 
the Priestley-Haldane hypothesis and suggest that reverse 
sodium movement did not contribute to the hyponatraemia 

I induced by oraL fluid overload in these subjects. Rather it 
appears that humans may have a limited capacity to excrete 
fluid at rates in excess of -900 ml/h in response to higher 
rates of oral fluid intake. When the rate of intestinal fluid 
absorption matches the rate of fluid ingestion and exceeds 
the kidneys' maximum capacity for fluid excretion, the excess 
fluid accumulates in the extra- and intracellular fluid 
compartments, inducing the dilutional hyponatraemia of 
water intoxication. These findings may have relevance to 
other clinical conditions in which hyponatraemia develops in 
response to high rates of oral or intravenous fluid provision. 

.5 II/r Mt'll / 2001; 91: B52-85i. 

Since it was first reported in 1981) symptomatic 
hyponatraemia of exercise induced by oral fluid overload" has 
been increasingly recognised in athletes competing in ultra
endurance events including 90 km'", and 160 km/24 
footraces,"' and the 226 km [ronman Triathlon.' More recently 
the condition has been described in 42.2 km marathon runners: 
in military personneL'" and even in recreational hikers."'" 

There are two potential mechanisms by which oral fluid 
overload can induce hyponatraemia. If the rate of fluid 
ab,orption from the intestine exceeds the maximum rate of 
renal diuresis, then the total body water will increase causing 
dilution of the serum sodium concentration. 

Alternatively, as proposed by PriestLey" in 1916, 'Pari pas511 
with absorption of water from the intestine, salts at first pass 
out of the blood into the water in the intestine. As a 
consequence of this loss of salts the conductivity of the blood 
plasma is diminished, and its proportion of salts to water is 
similarly diminished: If it is of a sufficient magnitude, this 
reverse ,odium movement into the unabsorbed intestinal fluid 
could induce hyponatraemia by a third space effect. It is now 
well established that, when hypotonic solutions with low 
(< 50 mmol/l) sodium content are ingested, sodium is rapidly 
transferred from the extracellular space into the ingested fluid 
as it enters the duodenum."'''' 

Accordingly, the principal aim of this study was to determine 
whether normal humans have a limited capacity for diuresis 
when they ingest fluid at high rates and whether this causes 
hyponatraemia either due to rapid fluid absorption with 
dilution of the serum sodium concentration, or as the result of 
a probable third space effect if the rate of intestinal fluid 
absorption is less than the rate of oral fluid ingestion. 
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To evaluate this, we compared the changes in renal function 

and in plasma chemical measurements in response to oral fluid 

overload in 6 hE'dlthy control subjects under resting conditions 

and in 1 experimental subject who had developed severe 

symptomatic hyponatraemia during the 1992 90 km Comrades 

Marathon, the ultra marathon racp where hyponatraemia of 

exercise was.first recogniscd."~ 

MATERIAL AND METHODS 

The experiments on 6 healthy, athletic male controls with ages 

ranging from 28 to 44 years (34 ± 2.6 years, mean ± standard 

error of the mean (SEM) with masses of 64.9 - 90.3 kg (78.8 ± 

3.77 kg) and 1 male ultramarathon runner aged 32 years, with a 

body mass of 69.S kg and a history of hyponatraemia during 

~xercise, were carried out in accordance with the Declaration of 

Helsinki (1989) of the World Medical Association and approved 

by the Research and Ethics Committee of the Faculty of Health 

Sciences of the University of Cape Town. All subjects signed an 

informed consent before participating in thl' study and were 

free to Withdraw at any time. 

The 6 control subjects were studied while each drank 

1500 ml of fluid per hour. Fluid was ingested for 3 hours at d 

rate of 250 ml every 10 minutes in order to maximise the rate of 

gastric emptying." Subjects then recovered for a further 

2 hours. Subjects remained at rest during the study. 

Body mass (Seca Balance, Germany) and urine volume were 

measured at regular IS-minute intervals during the trial. Blood 

samples were collected for subsequent determination of 

haemoglobin concentrations. After centrifugation ior 10 

minutes at 2 500 g the plasma was removed and stored frozen 

for subsequent analyses. Total plasma protein content was 

determined using the Bi uret method. Plasma creatinine, 

sodium and potassium, and urinary creatinine, sodium and 

potdssium concentrations were determined on a Beckman 

Astra Synchron ASS multichannel analyser (Beckman 

Instruments, California). Plasma angiotensin 11 con""ntrations 

were determined by radio-immunoassay, as previously 

describl'd."" Haemoglobin was determined by the standard 

spectrophotometric cyanomethaemoglobin technique. Changes 

in blood ,'olume were calculated from the measured dilution of 

the haemoglobin concentration. 

Plasma and urine osmolalities were measured in an Osmerte 

A Automatic osmometer (Precision Systems Inc., Newton, 

Mass., USA). 

The experimental subject was studied because he had been 

admitted to hospital with severe symptomatic hyponatraemia 

following his participation in the 90 km Comradl's Marathon 

footrace. He estimated that he had ingested approximately 

1500 ml/h during the 10 hours 28 minutes that he Idn the race 

(average speed 8.6 km/h). FollOWing the race, he became 

confw'l.'d and was referred to hospital where, on admission, he 

was found to be semi-comatose with a serum sodium 

concentration of 123 mmol/I, a haemoglobin concentration of 

14 g/dl and a haematocrit of 42%. Plasma vasopressin 

concentration was 7.6 pg/ml (normal range 2 - 10 pg/ml), 

plasma renin activity was 9.8 ng/ml/h (normal range 

1.0 - 2.4 ng/ml/h (erect), 0.5 - 2.6 ng/ml/h (supine)) and 

plasma aldosterone concentration 632 ng/IOO ml (normal range 

50 - 350 ng/IlK) ml). Urinary sodium concentration ranged 

from 10 to 21 mmol/l. He was treated with the diuretic, 

furosemide, and a slow intravenous infusion of normal saline 

(1000 ml/12 h). 

During the next 36 hours he passed 6.1 litres of urine, 

indicating a fluid excess on admission of greater than J litres. 

After 36 hours, serum sodium concentration stabilised at 141 

mmol/I, haemoglobin concentration was 12.6 g/dl and 

haematocrit 37%, plasma vasopressin concentration was 9.4 

pg/ml, plasma renin activity was 1.6 ng/ml/h and plasma 

aldosterone concentration was 169 ng/100 ml. Plasma volume 

increased 17% during r!'covery, as estimated from the equations 

of Dill and Costill." Further recovery was uneventful. The 

athlete returned to running withm a week of hospital 

discharge. 

Five months after this episode of hyponatraemia, the subject 

consented to being studied in the laboratory in order that his 

response to high rates of fluid ingestion both at rest and during 

eXl'rcisc might be compared with those measured in the control 

subjects. 

In the first study, he ingested 900 ml/h (150 ml every 10 

minutes) of tap water for 3 hours while resting in the supine 

position. ThiS was followed by a 3-hour recovery period during 

which he did not ingest any additional fluid. 

On the following day he ran on a treadmill for 4 hours at the 

a\'erage pace he had sustained during the Comrades \farathon 

(8.6 km/h). He began by ingesting tap water, as before, at a 

ratl' of 900 ml/h for the fllst 80 minutes of the trtal. Thereafter 

the rate of fluid ingestion was doubled to 1 800 ml/h (300 ml 

every 10 minutes) while he continued to run for a further 

160 minutes. He then recovered for a further 2 hours while 

lying supine on a bed. He did not drink any additional fluid 

dunng recovery. 

Attempts to contact and study additional South African 

subjects who have developed hyponatraemia of exercise, have 

yet ttl be successful. llowevcr, a collaborative study of subjecLs 

who developed hyponatraemia during the Auckland lronman 

Triathlon has been initiated (0 Speedy rt til. - completed 

manuscript in press). 

Calculations and statistical methods 

Creatinine and free water clearance were calculated accordmg 
to conventional equations.:I<~~ 

Extracellular fluid (ECF) voluml'S were calculated from 

SAM] 
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changes in blood volume (dBV) according to the following 

equation: dBV% 
ECF, = ECF, + (ECF, x 1(0). 

Similarly, intracellular fluid (ICF) volumes were calculated 

from changes in plasma osmolality (dOSM) according to the 
following equation: dOSM% 

ICF = ICF, + (1CF~ x 100). 

The initial ECF volume (1) was calculated as 0.375 (0.57 x 

body mass in kg) and the ICF volume (I) as 1.66667 x ECF 

volume." 

Statistical methods 

Results from the control group are the means (= SEMs) of 6 

subjects. The statistical significances of changes over time were 
assessed with a one-way analysis of variance (Al'\OVA) for 

repeated measures and located using a ScheffI' post flOC test. A 
value of P < 0.05 was regarded as significant. 

RESULTS 

Responses to high rates of fluid intake in the control subjects 

are shown in Fig. 1. Cumulative urine production was less than 
the rate of fluid ingestion, henc.e body mass l\lSe progressively 

5000 nub! 8 
~bd ... 

4000 :::; 

with fluid ingestion; the peak increase was in excess of 2.5 kg 

after 3 hours of fluid ingestion. Body mass was still elevated by 
more than 1 kg at the end of the experiment, 2 hours after the 

cessation of fI uid ingestion. 

Plasma sodium concentrations and osmolality fell 
progresSively for the first 2 hours of the experiment and were 

significantly below the starting value from 100 - 180 minutes. 
Plasma sodium concentrations then rose during the final 

80 minutes of the experiment. 

Blood volume rose progressively by up to 7.1 (± 0.5)% for the 

first 240 minutes of the experiment and was still elevated at 300 
minutes. Neither plasma potaSSium nor angiotenSin II 

concentrations changed during the water ingestion experiment, 

whereas plasma protein and creatinine concentrations fell, 
aLbeit insignificantly. 

Measures of renal function in the control subjects are shown 
in Fig. 2. Urinary sodium, potassium and creatinine 

concentrations and urine osmolality fell steeply in the first 
90 minutes of the experiment and remained low thereafter. 

Total urinary sodium and potassium losses during the first 3 

hours of the study were 120 ± 24 and 26 ± 8 mmol respecti\'ely. 

Creatinine clearance calculated from successive urine 

samples was in the normal range and did not change between 

60 and 300 minutes. The unphysiologically high initial values 
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Fig. 1. Serial changes in cumulalive fluid ingested and urine produced, mass, plasma sodium INa"), potassium (K-) and protem concentrations, 
blood volume, plasma creatinine (er) concentrations, osmolality and angiotensin II cOl1cl?1ltrations in 6 control subjects studied at rest for 5 
hOltrs. 
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Fig. 2. Serial cllJJnges in urine sodium (Na') and potassium (K') 
concentrations, osmolality, urine creatilline (er) conCelltratlOns, and 
free water (H20) clearance in response to oral fluid overload in 6 
control subjects studied at rest for 5 hours. 

presumably result from the delay in the initial diuresis (Fig. 1) 

causing unrepresentative urinary samples. 

Free water clearance increased for the first 150 minutes of the 
study, reaching a plateau thereafter. The peak rate of free water 
clearance waS 11.2 (± 0.9) ml/min. 

Fig. 3 shows cumulative volumes of fluid ingested and urine 
produced, and the hourly changes in body mass, plasma 
sodium, protein and angiotensin IT concentrations in the 
symptomatic subject at rest and during exercise. 

Under both experimental conditions, rest and exercise body 
mass increased steadily while fluid was ingested. In both trials, 
the change in mass was similar and exceeded 2 kg at the end of 
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fluid ingestion. Plasma protein concentrations rose during 
exercise bul fell progressively under resting conditions. Plasma 
sodium concentrations fell while fluid was ingested in both 
trials but began to rise when fluid ingestion ceased. The eXlenl 
of the fall was similar in both lrials. Plasma angiotensin II 

concentrations also fell progressively and equally in both trials. 
The rate of urine production lagged behind the rate of fluid 
ingestion but was similar in both trials. The greater evaporative 
sweat losses during exercise probably explains why the change 
in mass was the same in both trials even though considerably 
more fluid was ingested during the exercise trial. 

During both trials, the symptomatic subject first passed urine 

at 3 hours by which time there was already a large fluid execs> 
(Fig. 3). Palpation of the bladder confirmed that retention of 
urine in the bladder did not explain this failu,re of urine 
production. Rates of urine production continued to rise and 
were highest (660 ml/h) during the last hour of the experiment, 
that is 4 hours after the initiation of drinking and 
1 - 2 hours after the cessation of drinking. 

When compared with the control subjects, the extent of the 
faU in the plasma sodium concentration was similar in the 
symptomatic subject. Indeed, responses to oral fluid loading in 
the symptomatic subject and the controls were essentially the 
same except that the control subjects began to pas~ urine at 
higher maximum rates in excess of 799 mIlh within 120 
minutes of initiation of fluid ingestion. In contrast the peak rate 
of urine production tended to be lower (660 mIl h) but not 
significantly so in the symptomatic subject and was reached 
only 4 hours after commencement of fluid ingestion. 

In addition, the onset of urine production was significantly 
delayed in the symptomatic subject (ISO v. 20 minutes). Plasma 
angiotensm II concentrations declined over time in the 

symptomatic subject during both exercise and control 
experiments but were maintained in the controls (compare Figs 

3 and 1). 

Fig. 4 shows cumulative changes in calculated intra- and 
extracellular fluid volumes and measured changes in urine 

Fig. 3. Serial c/ranges in cumulative fluid ingested and urine produced, mass, plasma sodium (N'), protein and angiotensin II concentralions in 
the symptomatic subject studied al rest for 5 hours (0), and during 4 hOllrs of low-intensity exercise followed by 1 hOllr of resl (.). 
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Fig. 4. Serial changes in absorbed fluid in 6 control subjects st"di~d 
at rest for 5 hours. Cumulative urine production alld fluid 
accumulatIon in the intracellular (lCFI and extracellular (rCF) 
spaces matched tile rate of oral fluid ing~stion suggesting lilat 
illtcstillal fluid absorption matched the rate of oral fluid illgestion. 

production. Summing these volumes at each time point 
indicates that these changes account for the measured changes 
in body mass. Thus the calculated rate of intestinal fluid 
absorption matched the rate of fluid ingestion in these subjects. 

DISCUSSION 

The most striking finding of this study was that none 01 the 
control subjects nor the ultramarathon runner with a history of 
symptomatic hyponatraemia was able to increase his rate of 
urine output to equal the high rates of fluid intake. As a result 
each subject gained weight during the trial. The maximum 
rates of urine production varied from 735 to 970 mIlh (Fig. 1) 
in the control subjects. In the symptomatic subject, the rate of 
urine production was somewhat lower (660 ml/h) and the 
onset of diuresis was delayed until 3 hours after the start of 
fluid ingestion (Fig. 3). 

Coincident with the increase in body mass, plasma sodium 
concentrations declined progressively in all SUbjects, recovering 

only after fluid ingestion had terminated. The extent of the fall 
was similar in both the symptomatic subject who drank 900 
ml/h at rest and in the control subjects who drank 1 SOO ml/h 
at rest, despite large differences in ingested volumes (Figs 1 
and 3). 

There are two possible explanations for the lower rates of 
urine production than of fluid ingestion leading to fluid 
retention and the development of hyponatraemia in all these 
subjects. The first possibility is a limiting maximal rate of urine 
production of about 1 000 ml /h." As a result subjects retained 
fluid and gained weight when they ingested fluid at faster 
rates. This hypothesis predicts that the maximum intestinal 
absorptive capacity exceeds the maximum capacity of the 
kidneys to excrete a fluid load, leading to fluid retention. This 
retained fluid would distribute to all body compartments 
leading to dilutional hyponatraemia. Figs 1 and 4 provide 
evidence to support this explanation in these subjects under 
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these experimental conditions. 

Fig. 1 shows that the calculated blood volume rose 
progressively for the first 240 minutes of the experiment as 
plasma sodium concentrations fell significantly. The peak ri", 
in the blood volume (7%) approximates the magnitude of the 
peak reduction in plasma sodium, protein and creatinine 
concentrations (Fig. 1). 

Fig. 4 shows the calculated distribution of the ingested fluid 
at the different time points during the experiment. It shows 
that, at each time point, all the ingested fluid can be accounted 
for either as urine produced or as an increase in intra- or 
extracellular fluid volume. 

Fig. 4 also shows that the time course of fluid distribution 

into the different compartments matched closely the rate at 
which the fluid was ingested. This suggests that the rate of 
intestinal fluid absorption closely matched the rate of fluid 
ingestion of 1.5 I/h. Hence this study suggests that the 
maximum rate of intestinal water absorption in these subjects 
exceeded 1.5 I/h, at least at rest. If this is correct, the corollary 

must be that the maximum rate of renal free water clearance is 
somewhat less than that value. 

Other studies""" have indeed calculated maximum rates of 
in'"stinal fluid absorption at rest and found rates of 0.82 and 
1.7 IIh respectively. Inrestinal function may indeed be designed 
to provide 'enough but not too much'," but the results of this 

study suggest that sufficient capacity for intestinal fluid 
absorption exists to exceed the maximum capacity of the 
kidneys to excrete ti c ingested fluid load. 

Hence this study would seem to confirm the belief that the 
maximum rate of urine production is less than 1 000 ml/h" 
Indeed, in keeping with the findings of Haldane and Priestley," 
we found that the maximum rate of diuresis in the control 
subjects was around 900 ml/h (Fig. 1). Fig. 5, redrawn from the 
data of Haldane and Priestley,'" shows the response of Priestley 
to high rates of fluid intake. The maximum rate of urine 
production was similar in both experiments despite different 
rates of fluid ingestion. 

B EXPERIMENT III B EXPERHENT IV 
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Fig. 5. Priestley's cumulative fluid illtake and !Irine outpltt during 
two separate experiments in which he ingested fluid orally at Iliglr 
rates. Redraw/! from Haldane and Priestley.'" 
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The contrasting explanation for the development of 
hyponatraemia in response to high rates of fluid ingestion, first 
suggested by Priestley" and Haldane and Priestley," is that the 
low rates of urine production result from rates of intestinal 
water absorption that are lower than the rates of fluid 
ingestion, leading to fluid accumulation in the small bowel. 
Movement of sodium from the extracellular fluid space into the 
unabsorbed fluid, which has been demonstrated 
experimentally,"·" therefore provides a possible mechanism for 
hyponatraemia according to the original postulate of Priestley." 

For the reasons already described, this study finds no 
evidence in support of this theory. All the fluid ingested can be 
accounted for (Fig. 4), without postulation of delayed intestinal 
fluid absorption with reverse sodium movement from the 
extracellular fluid into the unabsorbed fluid in the small bowel. 

In summary, this study shows that hyponatraemia can be 
induced in nonnal subjects at nest, simply by increasing the 
rates of fluid intake to greater than the maximum rates of 
urine production of about 900 mJ/h in normal humans," and 
sustaining these rates for some hours. At such high rates, the 
rate of intestinal water absorption matched the rate of fluid 
ingestion with distribution of the retained water into the extra
and intracellular fluid volumes. Movements of fluid into the 
intracellular compartment occurred in proportion to changes in 
osmolality and acted to buffer larger changes in ECF 
osmolality. Hence the conclusion is that the human has a 
limited capacity to maintain fluid and electrolyte homeostasis 
when challenged by a sustained high rate of fluid intake in 
excess of 1 l/h."''' 

The practical significance of this study is to show that 
hyponatraemia can occur in healthy subjects with nonnal renal 
function when the rates of hypotonic fluid ingestion exceed 
their maximum rates of urine production of about 1000 ml/h 
either at rest (this study) or during exercise.'-" Hence, at least at 
rest, persons should not ingest fluid at rates> 1 000 ml/h. 
During exercise, it would be possible to ingest fluid at higher 
rates as another source of fluid loss, sweating induced by 
exercise, would assist in preventing an abnormal expansion of 
the ECF volume, leading to hyponatraemia. However, if 
exercise reduces the rate of urine production, then 
hyponatraemia might still occur at these rates of oral fluid 
ingestion if sweat rates are relatively low, as seems likely in the 
typical athlete who develops hyponatraemia of exercise.' 

Persons with a reduced capacity for diuresis, for whatever 
reason, would be at greatest risk for the development of 
hyponatraemia; hence rates of water ingestion'shOuld probably 
be less in those subjects. Both the symptomatic subject reported 
in this study and that of Armstrong et al." had maximal rates" 
of urine production somewhat lower than the maximal values 
measured in the healthy control subjects in this study (Fig. 1) or 
in Priestley (Fig. 5). 

Finally, these findings may be relevant to other clinical 
conditions in which hyponatraemia develops in response to 
high rates of fluid prOVision either orally"''' or intravenously."" 
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Overconsumption of fluids by athletes 
Advice to overdrink may cause fatal hyponatraemic encephalopathy 

A recent report that a female participant in the 
2002 Boston marathon died from hyponat
raemic encephalopathy because she ingested 

excessive volumes of a sports drink before and during 
the race,' exposes an emotive debate that has raged for 
more than a decade.' At issue is how much should ath
letes drink during exercise.' 

From antiquity to the Iare 196050 athletes were 
advised not to drink during exercise since it was believed 
that fluid ingestion impaired athletic pelformance.' The 
publication in 1969 of an incorrectly titled article, 'The 
danger of an inadequare water intake during marathon 
rurming,'~ provided the impetus for change, even 
though the srudy neither examined a 42 Ian marathon 
race nor did it identify any dangers.' Rather, the most 
dehydrated athletes won those 32 Ian races, as is usually 
the case.' 1bis article's incorrect tide provided the inrel
lecrual incentive for numerous srudies, many funded by 
a fledgling sports drinks industry, rulminating in specific 
guidelines ror ingestion of fluids during exercise.' , 

These guidelines make four assumptions. Firstly, 
that all the weight lost during exercise must be 
replaced ifhealth is to be protected and pelfonnance is 
to be optimised, since, as the guidelines state, the great
est threat to health and wellbeing during prolonged 
exercise, especially when performed in the heat, is 
dehydration.' Secondly, that the sensations of thirst 
underestimate the real fluid requirements during exer
cise. Thus athletes must be told how much to drink 
during exen:ise. Thirdly, that the fluid requirements of 
all athletes are always similar so that a universal guide
line is possible. Fourthly. high rates of fluid intake can 
do no harm. Thus athletes are now advised to replace 
all the water lost through sweating (that is,loss of body 
weight), or consume the maximal amount that can be 
tolerated or drink 600-1200 mI per hour." 

But none of these ideas is evidence based" In par
ticular, there is no evidence that athletes must drink 
"the maximal amount that is tolerable" to optimise 
performance and prevent medical consequences. Thus 
the hyperbolic statement, "ff strenuous exen:ise is 
undertaken by hypohydrated subjects, the medical 
consequences can be devastating," has no facrual basis.' 
Nor is it proved that all the weight lost during exercise 
must be replaced immediately, since the resting human 
may carry a fluid reserve of about 2litres." Nor were 
prospective trials undertaken to ensure that these 
guidelines are always safe. Thus it was not then appre
ciated that unrestrained drinking. either at rest' or dur
ing exen:ise' can have fatal consequences.' 2 ,-" 

The first reports of hyponatraemic encephalopathy 
in athletes, army personnel, and hikers appeared 
shortly after the change to this new "drink the maximal 
amount that can be tolerated" dicrum." U '" To date at 
least seven fatalities and more than 250 cases of this 
condition have been described in the medical 
literarure.~" Presumably reported cases represent a 
small proportion of all such cases. 

Aside from military personnel, the athlete most 
likely to develop hyponatraemic encephalopathy is a 
female marathon runner, who runs those 42 Ian races at 
speeds slower than 8-9 krnIh (about 5 mph)_ She gains 
weight during ex.ercise because she drinks excessively 
both before and during exercise, sometimes in excess of 
100 cups of fluid during the race (about 15lio-es of fluid 
during 5-6 hours of exercise.)" She does not develop a 
marl.ed sodium deficit, nor does she have evidence of 
inappropriate secretion of antidiuretic hOIIDone, 
although antidiuretic agents are clearly active.'I> Since 
the cause of the condition is now known, prevention is 
possible. Thus Gardner has conduded that further 
deaths from hyponatraemic encephalopathy in the 
United States army will reflect the failure of the system 
to protect adequately its personnel through policy, pro
cedures, and implementation." 

To protea all exercisers from this preventable con
dition, rational and evidence based advice must be 
provided.' In particular, exercisers must be warned that 
the overconsumption of fluid (either water or sports 
drinks) before, during, or after exercise is urmecessary 
and can have a potentially fatal outcome. Perhaps the 
best advice is that drinking according to the personal 
dictates of thirst seems to be safe and effective: ' Such 
fluid intake typically ranges between 400 mI and 800 
mI per hour in most forms of recreational and 
competitive exercise; less for slower, smaller athletes 
exercising in mild envirorunental conditions. more for 
superior athletes competing "at higher intensities in 
waIDler environments.' 

The recent adoption of these guidelines by USA 
Track and Field (www.usatf.org) provides the hope that 
this sad scientific aberration has finally run its tragic 
course.:'! 

TImothy David Noakes Diswvery Health char,. of 
exercise and spurts ,dena 

MRc/uCT Research Unit for Exercise Science and Sports Medicine, 
Department of Human Biology, Faculty of Heahh Sciences. UnM:rsiry 
of Cape Town and the Sports Science Institute of South Africa, 
PO Box 115. Newlanm 7725, Cape Town. South Africa 
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Van die Redaksie/Editorial 

Why marathon runners collapse 
For 12000 of the more dedicated South African runners, 
the year reaches its climax on 31 May when they accept 
the challenge of trying to cover the 90 km between 
Durban and Pietermaritzburg on foot in less than II 
bours - and thus earn one of sport's most coveted 
possessions, a Comrades' Marathon finisher's medal. 

For the 1988 race there would appear to be at least 
two certainties - that Bruce Fordyce will win for the 
8th successive year in a time of about 5 hours and 34 
minutes, and that 500 or more runners will be sufficiently 
exhausted at the finish to require urgent, and often 
sophisticated, medical attention. Why should so many 
apparently robust athletes become so severely incapaci
tated after participating in what is generally believed to 
be a healthy activity? 

The earliest and still the most popular explanation is 
that runners who collapse after marathon or ultramara
thon races are suffering from dehydration-induced 
hyperthermia. The origin of this theory can be traced to 
a classic study by the late Professors Wyndham and 
Strydom,1 then of the Chamber of Mines in Johannes
burg, who studied groups of runners competing in races 
of 32 km and showed that those who were dehydrated 
by more than 3% had elevated body temperatures. They 
concluded that one of the most important determinants 
of the rectal temperature in marathon runners during 
competition was their level of dehydration. Interestingly, 
this conclusion failed to take account of their own2 and 
other findings,l which showed that metabolic rate is a 
significant determinant of body temperature during 
exercise. On the basis of their findings,I,4 they suggested 
that runners needed. to drink at least 900 ml of fluid per 
hour during competition to prevent collapsing from 
heatstroke. It took only a small leap of faith to conclude 
that all runners who collapsed after marathon and ultra
marathon running must be both dehydrated and hyper
thermic. Remarkably, nearly two decades later, this 
belief continues to dominate clinical practice despite a 
wealth of evidence to the contrary. 

As reviewed in detail e1sewhere,5,b the overwhelming 
majoriry of marathon and ultra marathon runners are 
only mildly hyperthermic at the finish of these races. 
The range of average post-exercise rectal temperature in 
III reported studies is between 38°C and 40°C - that in 
the majoriry of runners being below 38,90 •

5
,6 

Tn marathon and ultramarathon runners who have 
coUapsed and in whom rectal temperatures have been 
measured, the same has been found;7 their mildly elevated 
tlmperarures indicate that hyperthermia could not be 
even a minor factor contributing to their collapse, Para
doxically, hypothermia has been found in some runners 
who have collapsed after competing in marathon or 
longer races run in cold, wet and windy conditions.7.9 

The possibiliry that some runners who collapse may be 
suffering not from heatstroke but from hypothermia 
emphasises that even in field-side sports medicine, cli-

nical diagnoses must be confirmed whenever possible by 
appropriate clinical or laboratory tests, Undoubtedly, in 
the past some hypothermic runners have been treated 
for 'heatstroke'. 

Why should the rectal temperatures of marathon and 
ultramarathon runners be quite low and why do they 
risk developing hypothermia when competing in cold 
conditions? The answer would seem to be that the main 
determinant of the rectal temperature and also the sweat 
rate during marathon and ultramarathon running is 
almost certainly not the level of dehydration (T. D. 
Noakes er al. - unpublished observations)6 but the 
metabolic rate (T. D, Noakes er al. - unpublished 
observations)@·9 which is determined principally by the 
athlete's mass and running speed. As the running speed 
falls with running distance,1O it follows that the rectal 
temperature, the sweat rate and the risk of developing 
heatstroke will in fact be lowest in runners competing at 
the longest distances. Unfit athletes who are forced to 
walk in marathon or ultra marathon races under cold 
conditions risk collapsing from hypothermia;7-9 only 
those running very fast for short distances in severe 
environmental conditions are at high risk of developing 
environmentally and exercise-induced heatstroke.6,11 

Clinically serious levels of dehydration have never 
been recorded in large numbers of subjects competing 
in any modern ultradistance event including some run 
in severe environmental conditions.6,12-15 A diagnosis of 
'dehydration' can only be accurately confirmed if the 
subject's mass loss during exercise is measured or if 
there is evidence of a marked change in plasma volume. 
The evidence is that the average mass loss during 
marathon and ultramarathon races is seldom more than 
3 kg,'" of which at least 2 kg represents the obligatory 
losses of oxidised metabolic fuel (200-400 g) and the 
water stored with glycogen (1,8 kg) that is released as 
the glycogen is mobilised during exercise. 6 Thus a mass 
loss of even 3 kg in a marathon runner would comprise a 
real fluid loss of less than I kg or about 2% of total body 
water. 

It is therefore not surprising that many srudies have 
shown that plasma volume changes little during mara
thon5

.
16 and ultramarathon running (R. A. Irving er al. 

- unpublished observations) in those who lose up to 
3 kg body weight during these races. In the only such 
study yet reported,17 the plasma volumes of 21 of 25 
women marathon runners either increased or stayed the 
same during the race. This suggests that the majority of 
these women runners may have ingested too much fluid 
during the race. 

Renal function is well maintained during marathon 
and ultramarathon races in runners who lose up to 3 kg 
of body mass (R. A.· Irving er al. - unpublished 
observations), 18 confirming that clinically significant de
hydration is not present even in those who undergo 
quite large mass losses during prolonged exercise. 

C-l64 



570 SAMJ VOL 73 21 MAY 1988 

If the majority of marathon and ultramarathon runners 
are neither hyperthermic nor dehydrated, why do so 
many collapse? 

Clearly, some runners do collapse because they fail to 
drink enough fluids and to ingest sufficient carbohydrate 
either before ('carbohydrate loading') or during marathon 
and ultramarathon races and so become hypoglycaemic.7 
Some may even develop heatstroke,19,2o but it is probable 
that this type of runner has an hereditary predisposition 
and may, in fact, be suffering from stress-induced 
malignant hypenhermia. 21 .22 This is panicularly likely in 
those who collapse when running in relatively mild 
environmental conditions, I' Others may suffer acute 
myocardial infarction or ventricular fibrillation. 23 

Of great concern at preent is the small number of 
runners (less than 0,3% of all runners in the 1985 and 
1986 Comrades' Marathons (T. D. Noakes er ai, -
unpublished observations» who develop profound life
threatening hyponatraemia24-2

• almost cenainly because 
of an excessive fluid intake - usually during events 
lasting more than 8 hours. It would appear that women 
are at greater risk than men, probably because their 
lower body mass and generally slower running speed 
makes it more likely that fluid intake will exceed re
quirements. The danger of this condition is that not 
only does it have a high mortality but that it may result 
in permanent brain damage. 27 At least some of the 
responsibility for the prevalence of this condition lies 
with those who continue blindly to overemphasise the 
dangers of 'dehydration' in marathon and ultramarathon 
runners. 

While it is obviously imponant to recognise that these 
specific medical conditions may be present in runners 
who collapse, it is also clear that the vast majority of 
them do not fit any of these diagnostic categories. Thus 
another explanation must be offered. 

lnitially, it would seem that the principal physical 
sign common to all runners who collapse is postural 
hypotension, which is shown by their inability to stand 
without suppon. If these runners do not have reduced 
plasma volume,'·16 then intravascular volume depletion 
cannot explain the hypotension. Consequently, intra
venous fluid therapy is not a rational form of treatment. 
It is most likely that hypotension results from a per
sistence, after exercise, of the large fall in total peripheral 
resistance that develops during exercise. 12 Provided the 
athlete maintains cardiac output by exercising, blood 
pressure will not fall excessively. However, on cessation 
of exercise, the fall in cardiac output will cause profound 
hypotension if it is not matched by an equivalent rise in 
total peripheral resistance. This mechanism would explain 
why the majority of athletes collapse shonly after they 
stop running in marathon and ultramarathon races. If 
this theory is correct, it suggests that rational treatment 
of these patients is not administration of intravenous 
fluids but induction of vasoconstriction in the persistently 
dilated peripheral vessels in the previously active skeletal 
muscles. 

Are there circulating factors activated by exercise 
which might explain the persistence of postural hypo
tension in runners who collapse? The novel study by 
Brock-Utne er ai.,28 showing that 81% of Comrades' 
Marathon runners who collapsed had elevated plasma 
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lipopolysaccharide (LPS) and reduced anti-LPS anti
bodies, raises intriguing questions: (I) whether endo
toxaemia explains the hypotension; and (il) how the 
endotoxin breached the gut wall given that the highest 
endotoxin levels were measured in the slowest runners 
who were under the least physiological stress during the 
race and who would also have finished with the lowest 
body temperatures. Clearly, these are fundamentally 
important questions, answers to which may well con
tribute significantly to our understanding of this per
plexing problem. 

But probably the most imponant practical message 
from all these studies is that each runner who collapses 
deserves a firm clinical diagnosis made on the basis of a 
carefully taken medical history and clinical examination. 
The history should determine whether the athlete has 
specific symptoms; whether he or she drank too much 
or too little fluid during the race; whether sufficient 
carbohydrate was ingested before and during exercise; 
and whether progressive clouding of consciousness is 
present suggesting hyponatraemia, hypoglycaemia or even 
hypo- or hyperthermifl. The presence of muscle 
twitching, muscle fasicuhltion or an epileptic fit suggests 
hyponatraemia. The clinical diagnosis should be con
firmed by the use of at least some basic tests, including 
the measurement of the rectal temperature and the 
blood glucose level. When both are normal and the 
runner reports an adequate fluid intake of 500 ml or 
more of fluid per hour of exercise,· the temptation to 
give intravenous fluids should be resisted, at least until 
the serum sodium level has been measured and shown 
to be elevated. Simply to conclude that all runners who 
collapse are 'dehydrated' and require intravenous fluids 
is no longer acceptable, panicularly when such treatment 
may exacerbate life-threatening hyponatraemia (T. D. 
Noakes er al. - unpublished observations).24 

In the final analy~is, masterful inactivity may prove to 
be a highly effective form of treatment for the majority 
of hypotensive marathon and ultramarathon runners 
who collapse and who are shown on simple tests to be 
neither hypoglycaemic, hypo- nor hyperthermic nor 
hyponatraemic, and who have taken adequate fluids at 
regular intervals during the race. 

T. D. Noakes 
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ABSTRACT 
HOLTZHAUSEN, L.-M .. T, D, NOAKES, B, KRONING, M, DE 
KLERK, M, ROBERTS_ and R, EMSL!:.Y_ Clinical and biochemical 
characleristi", of collapsed ultramaralhon runners_ M,d, Sci. Spurrl' 
Exe" .. " VoL 26, No, 9, pp_ [()<I5-IIOl. 1994, To evaluate the charae
lerislics of runners wilh exercise-associated collapse (EAC), we stud
ieu the time of onsel of colla!"c, rectal lemperatures, cardiovascular 
status, and incidence of readilv iuentifiable medical conditions in 46 
male alhleles who collapsed during or after a 5ti-km ultramaralhon 
foOl race run on a cool day, Data were compared wilh OS control 
runners who diu nOI collapse in the same race, Weight changes during 
recovery were studied in a subsample of both groups, The majority 
(85%) of runners with EAC collapsed after they had completed the 
race; rectaltemperalures (38,S:!: 1.3°C, mean:!: SD; range 35,5-42_ 
(j0C) and supine heart rates (87,S:!: 17,2 min-'; range 60-138) were 
only modestly elevated_ Postrace serum sodium concenlrations, 
changes in pla,ma volume, and mass during recovery were nOi sig
nificantly different from values in cuntrol runners, We conclude that: 
(i) most cases of EAC (85%) occur after Ihe (in ish line; (ii) runners 
collapsing during the race are more likely to have a readily identifiable 
medical condition than runners collapsing after Ihe finish line; (iii) 
runners collapse most fre'luenlly near culolf limes for medals and race 
closure times; and (iv) 16% of EAC casualties and 19% of control 
runne~ have iuentifiable biochemical abnormalities, 

EXERCISE-ASSOCIATED COLLAPSE_ DEHYDRATION, FLUID 
STATUS, POSTURAL HYPOTENSION, HYPOTHERMIA 

M
a~s participation in cndurance events lasting 
more than 2 h had led to an alarming increase 
in the number of athletes presenting with exer

cise-associated collapsc (EAC) (1, t2,26,31), Although 
EAC is one of the commonest disorders presenting at the 
medical facilities supporting such events (1,12,31), it is 
the least understood_ EAC is not in itself a diagnosis as it 
gives no indication of the cause of the condition_ Rather 
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it describes the main complaint, which is an inability to 
stand or walk unaided as a result of light-headedness, 
faintness, dizziness, or syncope (26,27,31)_ More severe 
symptoms usually resolve in the recumbent position_ In 
some cases a medical condition such as exercise-induced 
hypoglycemia or exertional heatstroke (27) may be 
readily identified_ But in the majority of cases no clear
cut diagnosis is apparent (27)_ 

1095 

Uncertainty regarding thc true nature of this condition 
has led to the charge that thc majority of such cases may 
be receiving inappropriate management (21), Since it has 
traditionally been believed that most collapsed runners 
suffer from exercise-induced dehydration with or without 
hyperthermia (1,12,13,37), intravenous rehydration has 
traditionally been considered the first line of therapy for 
patients with EAC (10), 

We have recently reported that some ultramarathon 
runners with EAC treated with intravenous fluids devel
oped iatrogenic hyponatremia (t6,24), suggesting that 
they may have been euhydrated or even overhydrated 
rather than dehydrated (t6,22) at the finish of their race, 
Clearly, the underlying cause of EAC, even though prob
ably multifactorial, must be established so that the safest 
and most appropriate treatment protocols can be devel
oped_ 

This study was designed to identify the clinical and 
biochemical characteristics of EAC and determine the 
role that factors such as dehydration, postural hypoten
sion, and hypoglycemia might play in its pathogenesis, 

MATERIALS AND METHODS 

The study was undertaken in the medical tent situated 
at the finish of the 1990 56-krn Two Oceans Marathon 
that is run annually in Cape Town, South Africa. Written 
informed consent was obtained from all subjects on ad-
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mission to the trial, which had been approved by the 
Research and Ethics Committee of the Faculty of Medi
cine of the University of Cape Town. 

Thirty-eight male runners (0.006% of the 6334 race 
finishers) who collapsed after the finish line were admit
ted to the medical tent. Another eight runners (0.001 % of 
the race finishers) who collapsed during the race and not 
at the finish were also admitted to the medical tent and 
included in the study. 

Runners with EAC had their vital signs assessed within 
5 min of their admission to the medical tent. Measure
ment included rectal temperature, supine and erect blood 
pressures, and pulse rates measured with a Dinamap 
8100T monitor (Johnson and Johnson, Johannesburg, 
South Africa). Blood pressure was first measured in the 
supine position. The runner was then asked to assume the 
standing, erect position and the supine hlood pressure 
was taken within I min of assuming the erect posture. 

Blood samples were then taken from an antecubital 
vein. These were processed immediately by centrifuga
tion at 2000 revolutions' min-I for 10 min and the serum 
stored frozen at -20°C until analysis. The unclotted 
samples were analyzed within 24 h. 

Collapsed athletes were then treated with oral fluids 
and elevation of the pelvis and lower limbs. Ice packs 
were placed over the abdomen and extremities in runners 
(N = 6) with rectal temperatures greater than 39.5°C. 
Intravenous (IV) fluid therapy was given if there was no 
clinical response to this treatment within 20 min. As a 
result, 12 (26%) collapsed runners were given IV 
therapy. All recovered fully and none required hospital
ization. 

On discharge the runners were weighed on a Seca 
electronic scale (Vogel and Halke, Hamburg, Germany). 
They were given a plastic 2-1 container in which to uri
nate over the next 24 h and a fluid balance chart to record 
their fluid intake over the same period. They were asked 
to return the next day to be reweighed and to have repeat 
blood samplcs and blood pressure measurements taken. 

A control group of 65 male runners, who completed 
the race without collapsing, volunteered to participate in 
the study and gave their written informed consent. These 
runners were recruited by random I y asking for volunteers 
as they crossed the finish line. They were weighed and 
blood samples were taken as above within 10 min of 
finishing the race. For logistical reasons, rectal tempera
tures and hlood pressure measurements were not taken in 
this group. They too were asked to return the following 
day with a 24-h urine sample and fluid balance chart. 

Forty-eight control runners and 15 runners with EAC 
returned the following day. The low eompliance among 
runners with EAC was probably because most (74%) 
came from distant cities and returned home soon after the 
race finish. This very low return of study group partici
pants is a major drawback of this study and may have 
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introduced some bias into the study, at least for data 
collected 24 h after the race. 

The blood samples were analyzed for plasma and uri
nary electrolytes by flame photometry (Model 543 Beck
man Instruments Inc., Galway, Ireland); creatinine by the 
Jaffe reaction measured on a spectrophotometer (Model 
919 Beckman Instruments Inc.); chloride by CMTlO 
chloride titrator (Beckman Instruments Inc.); serum al
bumin and total protein by Technicon SMAC autoana
Iyzer (Beckman Instruments Inc.); and osmolality using 
an automatic osmometer (Osmotte A, Precision Instru
ments Inc., Newton, MA). Plasma renin activity was 
determined by the radioimmunoassay of generated an
giotensin I using a 1~5iodine gammacoat plasma renin 
activity immunoassay kit (CA-553). Aldosterone activity 
was obtained by a coated-tube nonextraction method (Di
agnostic Products Corporation, Los Angeles, CA). Vaso
pressin activity was determined by a radioimmunoassay 
method developed locally. Blood drawn for hemoglobin 
concentration, hematocrit, and white cell count were ana
lyzed with a Coulter S+2 automatic cell counter (Miami, 
FL). 

Plasma volume changes were calculated according to 
the equations of Dill and Costill (7). 

During the race the wet bulb globe temperature 
(WBGT) index was measured with a locally designed 
instrument. 

Statistical Methods 

The results were caleulated as the mean and standard 
deviation. Statistical significance (P) was determined as 
follows: (i) for single, within group post race and 24 h 
later differences with a paired Student's I-test using two
tailed P values corrected for unequal variance, and (ii) for 
multiple, between-group differences with a one-way 
analysis of variance and an unpaired Student's I-test 
using P values corrected for the total possible number of 
comparisons. 

RESULTS 

Both the start and finish of the race are situated geo
graphically at the same point-a latitude of 33° 59'S and 
a longitude of 18° 24'. The race start was at 0600 h with 
cutoff times at the standard marathon distance (42.2 km) 
of 4.5 h and at the finish of 6 h. Runners not achieving 
these cutoff times are asked to stop running and could not 
continue the race. 

Environmental conditions during the race were mild; 
the WBGT index measured 13.2°C at the start of the race. 
This rose to 15.6°C 3 h later and to Hl.9°C at the cutoff 
finish time of 6 h. 

Eight runners collapsed before finishing the race. All 
had identifiable medical conditions (Table 1) and were 
excluded from furthcr analysis. The etiology of the gas-
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TABLE 1. Clinical diagnoses In eight runners who collapsed before finishing a 56·km 
ultramarathon. 

Hypoglycemia «38 mmol·l- ') 
Gastroenteritis 
Angina 
Asthma 

---------------------------------

troenteritis, manifest by severe nausea, vomiting, and 
diarrhea in three runners, was not established. 

There were no differences between runners with EAC 
and controls (C) in age (EAC: 33 ± 8 vs control C: 32 ± 
8 (mean ± SD) yr), weight (EAC: 69.8 ± 10.4 vs C: 
70.8 ± 8.9 kg), or race finishing time (EAC: 272 ± 53 vs 
C: 276 ± 42 min). When compared with the group of 
total finishers, the finishing times of runners with EAC 
were abnormally distributed with increased representa· 
tion in the groups finishing between 225 and 240 min 
(4-h silver medal cutoff time) and between 345 and 360 
min (race finish cutoff time). Runners with EAC were 
underrepresented in the groups finishing between 270 
and 345 min (Fig. 1). 

Table 2 lists the clinical findings in the runners with 
EAC at the time of collapse and 24 h later. No such data 
were collected in the control group. The mean pulse rate 
at the time of collapse was only moderately elevated but 
was significantly lower 24 h later. Mean supine blood 
pressure was essentially normal but fell by an average of 
10 mm Hg on assuming the erect position. This posture
related drop in systolic blood pressure was not present 24 
h later at which time systolic blood pressure in the supine 
and erect positions, and diastolic blood pressure in the 
erect position had all increased significantly (Table 2). 

Postrace rectal temperatures ranged from 35.5-42.0°C 
(Fig. 2); 25% of values fell below 37°C and only 2.5% 
were above 40.5°C. Rectal temperatures, which were 
significantly lower 24 h after the race (Table 2), did not 
correlate with finishing time (r = 0.(04); the highest 
rectal temperature was measured in one of the slowest 

~ OF FINISHERS IN EACH TIME INTERVAL 
40r-------~--~~~~~--~------------~ 

30 

25 

20 

15 

U lotal tlnilher. _ EAC Yunnen 

SILVER MEDAL 

CUT-Off TINe ~ HOURS 

'210 '225 '240 '255 ,270 '295 '300 '315 ·330 '345 '390 
RANGE OF FINISH TIMES (minul •• ) 

Figure I-Comparison of distribution of linishing times of runners 
with EAC with that of all finishers in the 5(j·km ultramarathon. Jliote 
that runners with F.AC were over",presented in the groups finishing 
the race between 225 and 240 min and bet ween 345 and 360 min. 
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TABLE 2. Cardiovascular measurements and rectal temperatures in rur.ners 
w th EAC immediately after tfle race and 24 h later. 

5 min aller Race 24 h after Race 
------- -------
N Mean:!: SO N Mean:!: SD 

Heart rate [Oeats·min-') 
Supine 35 88:,: \7 12 61 :': B' 
Erect 35 106:,: 14 12 72 = 5' 

Systolic blood pressure (mm Hg) 
Supine 34 121 :': 17 12 132:!: 9' 
Erect 34 111 :!: 16 12 134 = 12' 

Diastolic blood pressure (mm Hg) 
Supine 34 68:': 17 12 67:!: 11 
Erect 34 66:,: 16 12 7B + 11' 

Rectal temperature ('C) 33 38.5::: 13 12 37 :!: O.S' 

, P < 0.03 5 min after vs 24 h after the race. 

'" OF RUNNERS IN eACH TEMPERATURE RANGE 
25r---------------------------------------, 

20 

'385 1370 (31.5 <38.0 <38.5 <39.0 ~39.5 -40.0 (40.5 '41.0 -41.5 (42.0 
RECTAL TEMPERATURE (degrees Celciua) 

Figure 2--Distribulion of postrace ",ctal temperatures in runners 
with EAC. Note that the rectal temperature of onl,· one runner (2.5%) 
was l!J'eater than 4O.5"C, whereas temperatures were subnormal (>37. 
O'C) in 17.5% of collapsed runnen;. 

runners. Conversely, the lowest temperature (3S.S°C) 
was measured in an athlete who completed the race in 
259 min. 

Table 3 shows that scrum sodium, potassium, chloride, 
and glucose concentrations were not different between 
controls and runners with EAC, nor were they signifi· 
cantly altered 24 h later in either group. Hemoglobin, 
hematocrit, white cell counts, and total protein concen· 
trations were also not different between groups. White 
cell counts and total protein concentrations fell in both 
groups during recovery. Serum renin activity and vaso
pressin concentrations showed a wide variance in both 
groups but were not significantly different between 
groups. 

Serum urea and creatinine concentrations and serum 
aldosterone concentrations were significantly higher in 
runners with EAC. Although the urea concentrations nor
malized 24 h later and were not significantly different 
between the two groups, the creatinine concentrations 
remained significantly higher in runners with EAC. 
Urine volume (EAC: 1.1 ± 0.5 vs C: 1.5 ± 0.6 I), fluid 
intake (EAC: 2.3 ± 1.1 vs C: 2.5 ± 1.4 I), percent change 
in plasma volume (EAC: 14 ± 8 vs C: 7 j: 10%), mass 
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TABLE 3. Blood biochemical and hematological measures in runners with EAG and in controls, 5 min and 24 h after a 56·km unramarathon. 

5 min an.r Race 24 h aHer Race 

Runners wilh EAC Control Runners Runners with EAC Control Runners 

If Mean :t: SO If 

Glucose (mmol·1 ') 38 5.8::: 1.5 59 
Sodium (mmo;';-') 37 141 :': 3 60 
Polasslum (mmoH") 37 4.8:': 0.7 60 
ChlOride (mmoH"') 37 102 ± 3 56 
Tatal prOlem (g·I·') 37 73:,: 6 56 
Urea (mmol·l> ') 37 7.4::: 1.9' 60 
Creatinine (pmol·I-') 36 141:': 26" 60 
Serum osmolal,ty (mOsm·kg-') 37 284 :': 5.6 56 
Plasma renin activity (mg·I-'·h-') 20 18.1:': 9.5 55 
Vasopressin (pg·ml ') 25 1434 :': 690 60 
Aldosterone (pmoH-I) 25 5.8:': 5.3' 64 
Hemoglobin (g·dl-') 37 15.8:,: 1 65 
Woite cell count (x 109·1-') 37 17.6:,: 3.7 65 
Hematocril (%) 37 45:': 0.1 65 

, P < 0.05: " P < 0.01 between controls and EAG runners. 

changes (EAC: 1.3 ± 1.7 vs C: 1.4 ± 1.4 kg) during the 
24 h after the race were the same in the subgroups that 
were studied. 

Table 4 shows the prevalence of identifiable medical 
conditions in the control runners and those with EAC 
Hypothermia (11%), hyponatremia (8%), and hyperther
mia (7%) were the common diagnoses in runners with 
EAC, but hyponatremia (10%) was more common in the 
controls. 

DISCUSSION 

There were four principal findings in this study, all of 
which add to an understanding of the etiology of EAC 

First, 85% of all the studied runners collapsed after 
finishing t1e race. Hence, any theory must explain why 
the cessation of exercise is an essential etiological factor 
for EAC. 

Second, the prevalence of identifiable medical condi
tions was significantly more in those who collapsed be
fore finishing the race (l00%-Table 1) than in those 
who collapsed at the race finish (34%-Table 4). 

Third, runners collapse more frequently near cutoff 
times for medals and race closure, suggesting that ex
treme physical effort, perhaps beyond the capabilities and 
training status of the participants, may playa role in the 
etiology of this condition. 

Fourth, there was a high but equal incidence of abnor
mal biochemical and clinical findings in the collapsed 
(16%) and control (19%) runners. Hence, the real sig-

TABLE 4. Incidence of identifiable medical condilions in runners with EAG and in 
controls. 

Hypolhermla «36.4'C) 
Hyponatremia (<135 mmol·1 ') 
Hypoglycemia «3.8 mmol-l"' 
Hyperthermia (>40'C) 
Hypernatremia (>150 mmoi-l ') 
Hyperosmolality (>300 mosm·kg ') 

Runners willi EAC 
% 01 Total Sample 

11 
8 
8 
7 
o 
o 

Control Runners 
'1'. 01 Total Sample 

o 
10 
3 
o 
3 
3 

Mean:t: SO " Mean :t: SO " Mean ± SO 

6.1::: 1.2 12 4.9 cO 0.4 44 4.8:': 0.8 
142:,: 4 12 137::: 5 44 138:,: 4 
4.6:': 0.4 12 4.3:': 0.4 44 4.1 ± 0.3 
103::: 4 10 102:,: 4 43 103 ± 3 
73::: 4 10 60:,: 6' 43 65:,: 6 
6.8:': 1.4 12 6.8:': 2 44 6.5:,: 1.4 
123:,: 23 12 104:,: 13' 44 95:': 13 
285 :': 7.1 10 275 :!: 11 43 278:': 8 
18:,: 10 

1278:': 626 
3.8:': 3.6 

15.3:,: 1.2 9 15:': 0.7 48 15:': 1 
16.8:': 3.6 9 7.7 :': 3.1 48 6.5 ± 1.8 

44:': 0.1 9 43:,: 0.1 48 43::: 0.1 

nificance particularly of these biochemical changes in
cluding asymptomatic hyponatremia. which was present 
in 10% of control runners, is unclear. It must, however, 
be stressed that hyponatremia associated with symptoms, 
in particular alterations in the level of consciousness. is a 
potentially lethal condition (22) and should be suspected 
in collapsed subjects who do not respond to usual treat
ment. 

We also found that the cardiovascular status of the 
runners with EAC was essentially normal in the supine 
position; the mean systolic blood pressure of 121 mm Hg 
and a mean heart rate of 88 beats·min-1 are within the 
normal range for the postexercise recovery period. In 
contrast, patients with exercise-induced heatstroke or 
shock due to blood loss are markedly hypotensive and 
have heart rates in excess of 100 beats'min- I (11). 

Although a definitive conclusion cannot be drawn as 
rectal temperatures were not measured in the control 
group, this study provides no evidence that abnormalities 
in body temperature, especially hyperthermia. were a 
critical factor in the genesis of EAC 

The distribution of rectal temperature in the runners 
with EAC (Fig. 2) was not different from that reported in 
marathon and ultramarathon runners who do not collapse 
after these events (17,23,25) and in runners with EAC 
(1,26,27,31). Only one runner had a rectal temperature in 
excess of 4Q°C (Fig. 2), but there were no other clinical 
features of heatstroke in that subject. Rectal temperatures 
in excess of 40°C are found commonly in asymptomatic 
subjects perfonning exercise of moderate to high inten
sity (14). 

The finding that hypothennia (25%) was a more com
mon diagnosis than hyperthermia can probably be ex
plained by the relatively mild weather conditions prevail
ing during this particular race. There was no relationship 
between race time and the probability that hypothermia 
woul.d develop; race finishing times of hypothennic run
ners varied from 215-360 min. 

On the basis of these findings we suggest that the tenn 
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"heat exhaustion" should not be considered synonymous 
with EAC, nor vice versa, as the rectal temperature is 
seldom markedly elevated in EAC (1,26,31) or in "heat 
exhaustion". For the same reason, neither EAC nor "heat 
exhaustion" should be considered a mild form of exer
tional heatstroke (4,12,30) as there is no evidence for 
impaired thermoregulation and elevated rectal tempera
tures in persons with so-called "heat exhaustion." 

Perhaps the strongest indicator for the etiology ofEAC 
in our subjects were the findings that (i) the great ma
jority (85%) of such collapses occurred after the cessa
tion of exercise and (ii) that all exhibited a postural 
change in blood pressure after the race (Table 2); this 
change was not present 24 h later. A potential link for 
these observations might be that the cessation of exercise 
causes inactivation of the muscle pump, which results in 
pooling of a sufficiently large volume of blood in the 
lower extremities and pelvis to cause circulatory decom
pensation leading to syncope. Any reduction in venous 
return resulting from blood pooling would be exacer
bated by a number of additional variables. 

First, a work-induced vasodilation in the muscles of 
the lower limb may further increase peripheral blood 
pooling. Also, the temperature-induced dilation of skin 
blood vessels resulting from the hot environment will 
further increase venous capacitance peripherally and 
therefore reduce the central blood volume (28). 

This additional factor may explain why the incidence 
of EAC increases with the duration of exercise and is 
greatest after the longest races (20,21,26,31). Training, 
too, may attenuate the vasoconstrictor response to any 
hypotensive stress such as the sudden cessation of exer
cise particularly involving the lower limbs (32). Finally, 
fluid loss due to a combination of excessive sweating, 
diarrhea, or vomiting may further reduce central blood 
volume or venous return, or both. 

Interesting, the early work of Adolph (2), Adolph and 
Fulton (3), Eichna and co-workers (8,9), Talbott et al. 
(33), and Weiner (34) drew attention to the possible role 
of postural hypotension in the etiology of "heat exhaus
tion" during or following exercise. 

Adolph (2) noted that patients with "heat exhaustion" 
were "still producing sweat and keeping cool" but that 
they showed evidence of postural hypotenSion. Adolph 
and Fulton (3) concluded: "The peripheral blood vessels 
are greatly dilated during exposure to high temperatures, 
and this dilation continues indefinitely. The lack of a high 
resistance in the peripheral blood vessels prevents blood 
from returning to the heart. The heart rate increases 
steadily and rapidly, and is even able to increase the 
systolic blood pressure. In spite of this compensating 
activity on the part of the heart, the blood flow back to 
the heart finally becomes inadequate. At this point cir
culatory collapse or shock is complete, with faintness." 
Adolph (2) also noted that patients with this condition 
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usually needed "merely to lie down to feel better. The 
shock-like circulatory failure appears to be the crucial 
element in this condition." 

Talbott et al. (33) also concluded that "heat prostration 
is associated with vasomotor collapse. It is known that 
peripheral dilation of blood vessels and tachycardia ac
company exposure to high temperature. During muscular 
activity in high environmental temperatures, the periph
eral dilatation with vasomotor collapse may approach 
pathological proportions." 

Similarly, Eichna et al. (8) showed that 58% of sub
jects developed syncope on their first exposure to "ex
hausting" exercise in the heat. Despite the finding that the 
rectal temperatures were not greatly elevated «38°C) 
and were similar to those measured in our subjects with 
EAC, those authors labeled the condition "heat exhaus
tion." Others had also noted that the rectal temperature 
was either "submaximal or slightly elevated" in heat 
exhaustion 6). In common with the other early workers, 
Eichna et al. (9) proposed that postural hypotension ex
plained the syncope present in their subjects with "heat 
exhaustion." They concluded that tbis postural drop in 
blood pressure resulted from pooling of blood in the 
lower extremities on cessation of exercise due to a work
induced vasodilatation in the lower limb muscles and 
inactivation of the muscle pump that aids venous return 
during exercise. 

In an experimental study of heat collapse in South 
African gold mincrs, Weiner (34) concluded that the 
"collapse and the associated circulatory findings are ex
plained as being due to extensive vasodilation of the 
peripheral vascular bed with consequent 'pooling' of the 
blood by the action of heat." Oral temperatures measured 
during exercise showed that "a high degree of pyrexia is 
definitely not associated with heat collapse. The mouth 
temperature taken during work of subjects who subse
quently collapsed is of the same order as those of non
collapsing individuals." 

Thus, the conclusion from these early studies must be 
that. historically, the terms "heat exhaustion," "heat pros
tration," or "heat syncope" were used only to describe a 
condition of collapse due to postural hypotension that 
develops in persons exercising in the heat. The terminol
ogy should not be misinterpreted to indicate that the 
collapse is caused by an elevated body temperature and is 
therefore a mild form of heatstroke. It would seem that 
the possibility that postural hypotension could explain 
EAC has been overlooked since these early studies 
(20,21). 

We also found that runners most likely 10 collapse 
were those attempting to finish the race within certain 
cutoff times (Fig. 1). This suggests that extreme personal 
effort beyond the athlete's capability and training level, 
brought on by the competitive nature of the event, may 
place undue stress on the athlete's circulatory system that 
predisposes to syncope when the athlete stops suddenly 
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at the finish line. Interestingly, athletes with EAC had 
significantly hight:r serum creatinine and urea concentra
tions both immediately postrace and 24 h after the event 
(Table 3) than did controls. This could indicate that the 
EAC runners had exerted themselves to a greater extent 
and thus induced greater muscle damage than did controls. 

The extent to which dehydration contributed to col
lapse in the runners with EAC could not be determined 
directly by this study. Published data provide little firm 
evidence that clinically severe dehydration, equal to a fall 
in body weight of 5-10%, develops routinely in athletes 
participating in prolonged exercise. Indeed most authors 
report no more than a 2-4% loss of body weight during 
prolonged exercise such as marathon running (12,15,17-
20,23,35,36). Furthermore, levels of dehydration are usu
ally kss in those who have participated in events of even 
longer duration (29), possibly because these events are 
performed at a lower exercise inlensity resulting in lower 
than expected sweat rates (23,25). 

Our results suggest that high levels of dehydration 
alone are not the sole cause of EAC. First, it is difficult 
to understand why dehydration not sufficiently severe to 
cause collapse during exercise when the stress on the 
cardiovascular system is the greatest, should be a critical 
factor in the postexercise period as cardiovascular stress 
is reducing. Second, we found that 35% of the control 
runners gained more than 2.5 kg during the 24 h after the 
race. As the controls were asymptomatic, similar mass 
losses cannot by themselves have caused EAC in col
lapsed runners. Mass losses in that small subgroup of 
runners with EAC who returned for study was not dif
ferent from that measured in controls. Third, pustrace 
plasma renin activity and plasma vasopressin concentra
tions were the same in runners with EAC and controls 
and were 3 times normal resting values. Serum sodium 
concentrations were also similar in these groups. Even 
though plasma aldosterone concentrations were signifi
cantly higher in runners with EAC, the difference was 
small and of dubious physiological significance. 
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ABSTRACT 
HOl TZHAUSEN, l-M. and T. D. NOAKES. The prevalence and 
significance of post-exercise (postural) hypotension in ullrarnarathon 
runner.. Med. Sci. Sports Exerc., Vol. 27. No. 12, pp. 1595-1601, 
1995. A consistent finding in exercise-associated collapse is a marked 
postural fall in the systolic blood pressure associated with a tachycar
dia. The prevalence and significance of these post..,xercise (postural) 
changes in blood pressure among noncollapsed ultradistance athletes 
has not been well documented. The aim of this study was to compare 
pre- and post-race changes in systolic and diastolic blood pressures 
with changes in body weight and plasma volume and with symptoms 
of post-exercise hypotension, including the effects of posture, among 
a group of 31 runners competing in an 80-km footrace. During the race, 
runners developed a mean (::!:SD) weight loss of 3.5 (::!:1.2) kg and 
plasma volume change of 12.8% (:!:9.1). Asymptomatic postural hy
potension defined as a fall in systolic blood pressure of greater than 20 
nun Hg from the supine to the erect position without syncopal symp
toms was present in two runners (7%) before the race and in 21 runners 
(68%) afterward. The degree of postural variation in systolic blood 
pressure was unrelated to changes in body weight or a fall in plasma 
volume. We conclude that (i) all runners were dehydrated by the race 
activity with a range of I % to 7% and an average of 4.6%; (ii) 
asymptomatic post-exercise (postural) hypotension developed in the 
majority (68%) of ultramarathon runners in this study: (iii) the post
exercise hypotension is likely of muillfactorial origin and is not en· 
tirely related to whole body dehydration or a reduction in plasma 
volume; and (iv) despite marked levels of dehydration among our 
sample of runners. their cardiovascular status in the supine position 
was not greatly compromised. 

POST-EXERTIONAl POSTURAL HYPOTENSION. 
DEHYDRATION 

Exercise, especially if it is prolonged, has a blood
pressure lowering effect (6). When the effect is 
marked, post-exercise postural hypotension, de

fined as a decline in systolic blood pressure of at least 20 
mm Hg below supine values on assuming the upright 
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(erect) posture (27) associated with syncopal symptoms, 
may develop. 

There is a consensus tbat the term orthostatic or pos
tural hypotension should be used only if this degree of 
fall in systolic blood pressure is accompanied by appro
priate symptoms (27). Appropriate symptoms of postural 
or orthostatic hypotension range from lightheadedness, 
blurring of vision, a sense of profound weakness, faint
ness, and unsteadiness, to syncope. These usualIy last no 
longer than a few seconds; the resumption of the supine 
position quickly normalizes the blood pressure and re
verses these symptoms. 

This condition was first described in 1907 by Gordon 
(7) and additional studies were reported by Jokl (10), 
Mateef and Petroff (13), and Eichna et al. (5). In the latter 
study (5), postural hypotension of this degree developed 
in 50% of normal, healthy, fit young army recruits after 
vigorous exercise; furthermore, 25% of all subjects de
veloped syncopal symptoms. Eichna et al. (5) postulated 
that "a pooling of blood in the dependent lower extrem
ities, presumably due to failure of the muscular venopres
sure mechanism in the legs, plus a work induced dilata
tion of their vascular beds" caused the hypotension and 
syncope. The authors did not consider that alterations in 
fluid balance, specifically dehydration, might have influ
enced the postural hypotension. 

This blood-pressure lowering effect of exercise may 
also be quantified as the difference in the systolic blood 
pressures measured in the supine position before and 
after exercise. Fleg and Lakatta (6) suggest that post
exercise hypotension, as distinct from post-exercise pos
tural hypotension, can be defined as a decline in systolic 
BP measured in the seated or supine positions of at least 
20 mrn Hg below the pre-exercise value to values of 90 
mm Hg or less. 

While the post-exercise falI in blood pressure is gen
erally considered to be beneficial for health, if large, an 
acute reduction in blood pressure may produce symptom-
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atic hypotension. Recently, we reported that a marked 
postural fall in both the systolic and diastolic blood 
pressures associated with a tachycardia (9) is a consistent 
finding in ultramarathon runners with exercise-associated 
collapse (EAC). But neither the range of posture-related 
decreases in systolic blood pressure in runners after ul
tramarathon races nor the possible contribution of this 
phenomenon to EAC is currently known. 

Accordingly, the aim of this study was to determine the 
prevalence and magnitude of posture-related changes in 
blood pressure among a group of ultramarathon runners 
and to determine its relationship to the fluid status of the 
runners and to any reported symptoms they might expe
rience after the ultramarathon race. 

MATERIALS AND METHODS 

The study. which was sanctioned by the Research and 
Ethics Committee of the Faculty of Medicine of the 
University of Cape Town, was conducted at the 1990 
80-km Karoo Marathon held annually in the vicinity of 
Laingsburg, South Africa. Each of the 240 race entrants 
received a letter explaining the aim of the study. Thirty 
runners volunteered to participate in the study and signed 
an informed consent form. Weather conditions during the 
day varied from a minimum of 14°C to a maximum of 
2SoC; humidity fell from 44% at the race start to 24% at 
12:00. 

After admission to the trial, before the race each athlete 
was weighed in running shorts and vest but without 
running shoes on a Seca electronic scale (Vogel and 
Halke, Hamburg, Germany). Body weight was remea
sured at the 40-km mark and after the race in the same 
manner. 

Supine and erect blood pressures and heart rates were 
measured the day before the race and shortly after the 
race finish with a Dinamap 81 OOT monitor (Johnson 
and Johnson, Johannesburg, South Africa). The blood 
pressure in the supine position was measured only after 
10 min of rest in that position. Measurements in the erect 
position were made after the normal time-delay of 30-60 
s required for the automated machine to measure blood 
pressure. All blood pressures were measured once while 
subjects remained motionless. 

Blood samples were drawn with minimal stasis from 
an antecubital vein while the athlete was in a seated 
position, the night before the race and immediately after 
the blood pressure determinations, that is, within IS min 
of completing the race. Subjects did not ingest fluid 
during this time. To exclude any acute effects on body 
weight and biochemical measures, runners had rested for 
at least 72 h before the initial measurements were made. 
Blood samples were centrifuged immediately and the 
sera were stored frozen at - 20°C for subsequent analysis 
of osmolality, sodium, potassium, chloride, total protein, 
creatinine, urea, and glucose concentrations. Plasma elec-

MEDICINE AND SCIENCE IN SPORTS AND EXERCISE 

trolytes were determined using a flame photometer 
(Model I.L S43, Beckman Instruments Inc .. Galway, 
Ireland): osmolality by depression of freezing point, us
ing an automatic osmometer (Gonotec Osmomat 030 
Precision Instruments Inc., Newton, MA); creatinine by 
the Jaffee reaction measured on a Model I.L. 919 spec
trophotometer (Beckman Instruments Inc.); and chloride 
using a CMTiO Chloride Titrator (Beckman Instruments 
Inc.). Serum albumin and total protein concentrations 
were measured using a Technicon SMAC Auto Analyzer 
(Beckman Instruments Inc.). Blood drawn for hemoglo
bin concentration, hematocrit, white cell count, and red 
cell volume was stored at room temperature and analyzed 
within 24 h with an automated Coulter son counter 
(Miami, Fl.). 

Calculations and Statistical Analysis 

Body weight changes during the race were calculated 
as the difference from the pre-race weight. Plasma vol
ume changes were calculated from the changes in hemo
globin concentration and hematocrit according to the 
equations of Dill and Costill (4). 

All the results were calculated as the mean and stan
dard deviation (SD). Statistical significance (P < O.OS) 
was determined for pre- and post-race data with a paired 
Student's t-test. Significance (P < O.OS) of between
group data (Table 3) was determined with a Student's 
t-test assuming equal variance. Pearson's correlation co
efficients were determined to seek associations between 
weight loss and the other variables of fluid status. 

RESULTS 

The mean age (:!::SD) of the 31 runners studied was 
38.9 (:!::7.8) yr; their mean weight was 73.9 (:!::9.9) kg, 
and their race time was 498 (:!::6S) min, representing a 
mean speed of 9.8 (:!::1.4) km' h- J

, equivalent to a 
standard marathon time of about 4.S h. 

Total weight loss during the race was 3.S (:!:: 1.2) kg. 
The mean weight loss for the first and second 40 Ian of 
the race was essentially identical [1.9 (:!::0.9) and 1.7 
(:!::0.8) kg. respectively]. This weight loss represented a 
mean percentage dehydration of 4.6% (:!:: 1.3%) with a 
range of 1.3%-6.7%. 

Table I lists the blood biochemical and hematological 
measures before and after the race. Serum sodium and 
chloride concentrations were the only variables that did 
not change significantly during the race. Blood glucose, 
potassium, total protein, creatinine, and urea concentra
tions rose significantly, as did serum osmolality, hemo
globin concentrations, hematocrit, and the white cell 
count. 

Table 2 lists the changes in supine and erect systolic, 
diastolic and mean arterial blood pressures, and heart 
rates before and after the race. With the exception of the 
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TABLE ,. Blood biochemical and hemalological measures before and after an 80-km 
ullramaralhon. 

Glucose (mmol'I-') 
Sodium (mmol . 1-') 
Potassium (mmol . 1-') 
Chloride (mmol . I ') 
Total prolein (g. I ') 
Creatinine (pmol • 1-') 
Urea (mmol . 1-') 
Serum osmolality (mOsm • kg-') 
Hemoglobin (g. dl-') 
Hematocril ('!o) 
WMe cell count (xl0' . I·') 
Blood volume (% change) 
Cell volume (% change) 
Plasma volume (% change) 

24 h Befllll! Rln WHhln 5 mi. of Ran 
(MIlD :!: SO) Flnllh (Mean ± SO) 

4.3:!: 1.5 
141 :!: 2 
3.9 :!: 0.2 
104:!: 2 

68.7 :!: 3.8 
93.4:!: 13 

5.7 :!: I 
302:'"7 
14.9:!: 0.9 
0.44 :!: 0.03 
8.8 = 10 

5.9:': 12" 
142:,: 6 
4.5 = 0.5" 
103:,: 5 

77 5 = 4.8" 
1517 = 33.4" 

8.2:': 1.7" 
307 = 11" 
16.3 = 1.3" 
0.47 :!: 0.04" 
19.6 = 5.2' 
-8.7 = 49 
-3.5 = 5.2 

-12.8=9.1 

Data are for 31 runners; , P < 0.05. " P < 0.01 aher versus before Ihe race. 

TABLE 2 Blood pressure and heart rale changes with posture before and after an 
80-km uHramarathon 

24 h Bellini Wllhln 5 min 
Rln 01 Rln Finish 

(M.ln :!: SO) (M.ln :!: SD) 

SyslollC blood pressure (mm Hg) 
Supme 137 = 15 128 = 14' 
Erecl 134 = 12 102 = 12" 
Supine-erecl 3 = 11 27:': II" 

Diastolic blood pressure (mm Hg) 
Supine 82:!: 14 78 = 8 
Erect 8S:!: 12 69 = 12" 
Supine-erect -3:!: 7 9:,: 10" 

Mean ate rial blOod pressure (mm HO) 
Supine 100:,: 13 95 = 9' 
Erect 101:': 11 80:,: 11" 
Supine-erect -1 :': 6 15:,: 8" 

Heart rale (beals, min ') 
Supine 64 = 10 99:!: IS" 
Erect 71 :!: 13 116= 14" 
Supine-erect 7:!:9 17 = 8" 

Data are for 31 runners; • P < 0.05, .. P < 0.01 after versus before Ihe race. 

diastolic blood pressure measured in the supine position, 
all blood pressures were significantly lower after the 
race. 

Figure 1 (bottom panel) shows that heart rates were 
elevated after the race, especially in the erect position 
compared with pre-race values (top panel). But in the 
majority (58%) of runners, supine heart rates after the 
race were 100 beats' min -lor less and were not suffi
ciently elevated in the supine position to suggest cardio
vascular compromise (Fig. I, bottom panel). But in the 
erect position, heart rates exceeded 120 beats' min - I in 
65% of subjects (Fig. I, bottom panel). 

Figure 2 shows the distribution of systolic blood pres
sures in the erect position measured before and after the 
race. The leftward shift of the distribution curve to lower 
blood pressures after the race is clearly apparent. Thirty
one percent of the runners had systolic and diastolic 
blood pressures greater than 140 and 90 mm Hg, respec
tively. before the race. This incidence fell to 6.5% after 
the race. Sixty-five percent of subjects had systolic blood 
pressures lower than 105 mm Hg after the race. 

Figure 3 shows the distribution of supine minus erect 
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Figure I-Comparuon of the distribution of supine and ered heart 
rates before (top panel) and after (bottom panel) the 8O-km uttramara
tbon. 
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Figure 2-Comparison of distribudoD of ered systoUc blood pressures 
before and after the 8O'km ultramarathon. Note the leftward shIft of 
the distribution curve to lower ered systolic blood pr .. sures after the 
race. 

systolic blood pressures before and after the race. There 
was a marked rightward shift to greater supine-erect 
differences after the race, indicating a large postural 
component in the reduction of post-race blood pressures. 
The result was that a posture-induced change in systolic 
blood pressure greater than 20 mm Hg was present in two 
athletes (7%) before the race and in 21 athletes (68%) 
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Figure ~omparison of systolic blood pressure difference (supine 
minus erect blood pressure) before and aner the 8O-km ultramara· 
thon. Note the postural hypotension, defined as a supine minus erect 
systolic blood pressure difference greater tban 20 mm Hg, developed in 
the majority of runners after the race. 
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Figure 4-The distribution of the pre- to post-race dirrerence in erect 
systolic blood pressures. Note that the majority of ruDDers devetoped 
post-exercise hypoknsioD defined as a lall of more than 20 mm Hg in 
the pro- to post-race systolic blood pressu",. 

after the race. In 16% of runners the posture-related fall 
in systolic blood pressure was severe and exceeded 40 
mm Hg. The mean supine minus erect systolic blood 
pressure difference was 26.5 (~10.6) mm Hg after, com
pared with 3 (~ II) mm Hg before. the race. 

Figure 4 shows the distribution of changes in the 
systolic blood pressure measured in the erect position 
before and after the race. Eighty-one percent of runners 
showed a posture-related difference in systolic blood 
pressure in excess of 20 mm Hg and would therefore 
satisfy the criteria for a diagnosis of post-exercise hypo
tension. 

Table 3 lists the characteristic of three groups of run
ners, divided on the basis of the change in the systolic 
blood pressure as a resu It of the race. In Group 1, the pre
to post-race fall in systolic blood pressure after the race 
was less than 20 mm Hg, in groups 2 and 3 the faJl was 
greater than 20 mm Hg but only in group 3 was the 
post-race systolic blood pressure less than 90 mm Hg in 
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the erect position. The seven ~23%) runners in group 3 
with erect systolic blood pressures after the race of less 
than 90 mm Hg all complained of dizziness and nausea 
on standing upright, but none experienced syncope. 

Surprisingly, there were no significant differences in 
age, total weight loss, change in plasma volume, or pulse 
rate before or after the race between the three groups. By 
design, systolic blood pressures after the race were sig
nificantly lower in groups 2 and 3 than in group I. 
Systolic blood pressure before the race was significantly 
higher in group 2 Ihan in group 3. 

No significant correlation was found between weight 
loss during the race and either the systolic blood pressure 
difference before and after the race measured in the erect 
position, or the change in plasma volume (Fig. 5). 

Figure 6 shows that the difference in systolic blood 
pressures measured in the supine and erect positions after 
the race was unrelated to the change in plasma volume 
during the race. 

DISCUSSION 

The first important finding of this study was that both 
systolic and diastolic blood pressures were reduced after 
prolonged exercise, but that the effect was much greater 
for blood pressures measured in the erect than in the 
supine position (Figs. 2 and 3). As a result, asymptomatic 
postural hypotension, defined as a systolic blood pressure 
drop of 20 mm Hg or greater between the supine and 
erect positions. was found in 68% of subjects after the 
race compared to only 7% before the race. 

Since 1907, when Gordon (7) described a 25-mm Hg 
decrease in systolic blood pressure in two healthy players 
after a rugby match, several investigators have docu
mented asymptomatic post-exercise hypotension in 
healthy young men after assumption of the upright pos
ture (1,3.5,8-10). The prevalence of 68% found in our 
study is higher than that of 50% reported by Eichna et a!. 
(5). The pre-race prevalence of 7% is similar to that of 
10% found by Patel et a!. (20) among a group of healthy 
volunteers with a similar mean age of 33 yr. 

A more rigorous definition of post-exercise hypoten
sion has been suggested by Reg and Lakatta (6). who 
investigated the post-exercise systolic blood pressure re
sponse after maximal treadmill exercise in 781 healthy 
asymptomatic volunteers with a mean (~SEM) age of 
51 ~ 16 yr (range, 21-96 yr). Subjects exercised to 
exhaustion following the modified Balke protocol for an 
exercise duration of 12 (~2) min. Fifteen percent of 
subjects showed a pre- to post-exercise decline in erect 
systolic blood pressure of at least 20 mm Hg; in only 2% 
of subjects did the systolic blood pressure also fall below 
90 mm Hg. thereby fulfilling both of their diagnostic 
criteria for post-exercise hypotension. 

By comparison. 68% of the runners in this study 
showed a pre- to post-race drop in erect systolic blood 
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TABLE 3. Cardiovascular measures in three groups of runners divided according to the degree of post-exercise hypotension. 

Graa, 1 Group Z Grou,3 
(N: 1) (N: $) (N: 18) 

Age (yr) 43 :!: 9 37 :!: 8 37:!: 6 
Total W1!ight loss (kg) 4.0 :!: 1.0 3.2 :!: 1.2 3.85:!: 1.2 

15:!: 5 
40 :!: 9' 

127:,: 7 
87 :!: 5' 
78:!: II 

117:!: 9 

Change in plasma volume (%) 11 :!: 4 t2 :!: II 
Erecl systolic BP difference (pre- - posl-race) 10 :!: 8 35 !: 9 
Systolic BP before race (mm Hg) 122!: 12 140:!: II" 
Systolic BP after race (mm Hg) 112:': 9 105:!: 9" 
Pulse rate before race (beats • min ') 64 !: 14 69 :!: 13 
Pulse rate after race (beats· min-') 108:!: 24 117:!: 13 

Group 1 has systolic BP difference between pre- and posHace of <20 mm Hg but erec! post-race systolic BP >90 mm Hg. 
Group 2 has systolic BP difference between pre- and post-race of >20 mm Hg and post-race erect systolic BP >90 mm Hg. 
Group 3 has systolic BP difference between pre- and post-race of >20 mm Hg but ereel post-race systolic BP <90 mm Hg. 
, P < 0.05 between group 1 and 3; .. P < 0.05 between group 2 and 3. 
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Figure 5-Regression of % dehydration during the SO-km ultramara
thon on (A) post-race systolic blood pressure dilrerence in the supine 
and erect positions and (8) percent change in plasma volume. Note that 
there "8S no signifialnt correlation between any of these measures 
(r : 0.16 and r : -0.14, respectively). 

pressure exceeding 20 rnrn Hg; in 23% of runners the 
post-race systolic blood pressure in the erect position wa~ 
also below 90 rnrn Hg. No runners experienced syncope, 
but dizziness and nausea was present in all runners whose 
erect systolic blood pressures after exercise were 90 rnrn 
Hg or less. By cornparison, Eichna et al. (5) found that 
50% of their subjects whose erect systolic blood pres
sures fell below 100 rnrn Hg after prolonged exercise, 
developed syncope. 

In our protocol, subjects were encouraged to sit or lie 
down within 1 rnin of the race finish, which rnay have 
afforded sorne protection frorn syncopal syrnptorns. The 
constraints introduced by this experirnental protocol con
trast to the practical situation at another ultrarnarathon 
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Figure 6-No relationship .. a. round between the """t-race systolic 
blood pressure difference in the supine and ered positions. and the 
change in plasma volume during the race (r : 0.06; P > 0.1). 

race studied by us (9) in which 75% of the field, approx
irnately 5000 runners, finished in the last hour of the race, 
resulting in considerable crowding at the finish, forcing 
the athletes to stand in a slowly rnoving queue for sorne 
minutes before their finishing tirnes and positions could 
be recorded. It was during that tirne-interval between 
stopping running and officially finishing the race that the 
rnajority of runners in that study developed EAC (9). 

It is conceivable that the seven runners who experi
enced dizziness rnay have collapsed after the race had 
they been forced to stand for any length of tirne, for 
exarnple, in the extended finishing queue that cornrnonly 
develops at rnost rnarathon and ultrarnarathon races in 
this country. 

The postulated rnechanisrn for post-exercise (postural) 
hypotension and EAC (17) i~ based on the work of 
Rowell (21), showing that thermal stress, either environ
rnental or endogenous, increases cutaneous blood flow 
and cutaneous va~cular volurne, and blood flow to the 
working rnuscle with increased blood volurne in the 
rnuscle vascular beds. As a result, blood volurne is re
distributed frorn the thoracic and abdorninal organs to the 
periphery, causing a fall in atrial filling pressure and 
stroke volurne. The peripherally distributed blood vol
urne can only be returned to the central circulation by 
continual activation of the skeletal rnuscle purnp, as oc-
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curs with running or walking. The sudden cessation of 
e)(ercise would immediately promote peripheral blood 
pooling as originally postulated by Eichna et al. (5). If the 
runner does not have the opportunity to sit or lie down 
immediately on cessation of exercise. syncope may de
velop. 

It has also been suggested that endurance-trained ath
letes have a reduced capacity to compensate for any acute 
hypotensive stress. There are two possible mechanisms 
for this effect. First. Luft et al. (I 1.12) have reported that 
the incidence of syncope during lower body negative 
pressure is greater in trained humans than in untrained 
controls. possibly as a result of a greater displacement of 
blood into the veins of the lower limbs in trained athletes 
(26). 

Second. a training induced alteration in the function of 
the autonomic nervous system (19.22-26) seen as an 
increased resting parasympathetic (vagal) activity and an 
attenuated sympathetic activity associated with a blunted 
vasoconstrictor response. may increase the susceptibility 
of the athlete to any hypotensive stress. 

It is thus possible to propose that training-induced 
adaptations in lower limb venous compliance and in the 
sympathetic response to the hypotensive stress associated 
with the cessation of exercise, especially in the heat. 
could explain why postural hypotension occurs so com
monly after ultramarathon running. 

The second important finding of this study was that the 
level of dehydration developed during the race was un
related to the degree of postural hypotension (see Figs. 5 
and 6). It would appear that dehydration does not playa 
major role in the development of postural hypotension, 
although it may contribute to the symptoms experienced. 
Despite signs of marked extracellular dehydration as 
indicated by a mean plasma volume change of 13%. the 
cardiovascular status of our subjects. measured as heart 
rate (Fig. I) and blood pressure (Fig. 2) especially in the 
supine position were not grossly abnormal. indicating 
that the circulating blood volume was adequate to main
tain cardiovascular status when lying. This is especially 
important because the mean level of dehydration (4.7%) 
achieved by these athletes are among the highest reported 
in the literature (18). This confirms that more severe 
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levels of dehydration must be necessary for the develop
ment of dehydration-induced circulatory collapse in oth
erwise healthy individuals (2,15), at least in runners who 
lie down immediately after exercise. 

These findings could also have implications for the 
way in which EAC is treated. If posture-related reduc
tions in systolic blood pressure are so common in ultra
marathon runners, then it would seem appropriate that 
any possible contribution that postural hypotension might 
play in patients with EAC should be corrected, even if at 
this stage such treatment will be largely empirical. Thus. 
a trial of pelvic and lower limb elevation with oral rehy
dration could be initiated in the collapsed athlete and 
recovery of a stable cardiovascular status should be mon
itored before more aggressive intravenous therapy is be
gun (9). This method aimed at restoring the central blood 
volume by redistributing peripherally displaced blood 
stored in dilated cutaneous veins (17) has proved suc
cessful in our hands. The possibility of inducing overhy
drat ion and severe hyponatremia with injudicious fluid 
therapy in subjects with EAC who are already overhy
drated, unlike the subjects in this study, all of whom were 
dehydrated. has been documented (16). 

In summary, this study has demonstrated that the ath
letes of this study developed marked levels of dehydra
tion (mean = 4.6%; range 1%-7%) and that asymptom
atic post-e)(ercise (postural) hypotension developed in 
the majority (68%) but was likely of multifactorial origin 
as it was not entirely related to whole body dehydration 
or a reduction in plasma volume. Rather, we speculate 
that the postural hypotension was also influenced by 
blood volume shifts to the periphery. exacerbated by 
thermal stresses and a training-induced impairment in the 
capacity to activate an adequate sympathetic nervous 
system response to any acute hypotensive challenge. 
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The forgotten 8arcroft/Edholm 
rellex: potential role in exercise 
associoted collapse 
-,\pllro"imald~' 80~ .)f tilt., .3lhh.'1.l!s who 
CUU.l(l~'" in :n.lfilthon ,1I1d uther long disl.:Jnt.."C 
:)portmg e'\'('ntS do so unly .lfu.~r I tWY haw 
crossed the finish liuf\! Although it is u~UdUy 
(aught thai "dehydrdtlm"" explains Ilus I,hr" 
nOH)cnun, logiC su.ot~eSlS this tt) be unlikely 
occame any dchydratlon indw. .. -cd hypov'O!a(:
mia ~h{lUJd (al"'\! ("Jrdiovol .. wtar failurl' \vhen 
("anii..lt: \!r~s!> i~ hi~hrst-Ihat is, duri.ng 
rdlhcr tholtl aflerC);crLisl' when cdrt.iioval-.cuIM 
fumliun i:. returning lO (hc rc\tlng ~lollC, 

11l5h~dd it is rlcarly \he J<.t of Sloppin~ CXl"rdsl' 
thai h lhe:- cOllsequem. alheit p,uado~i(ai. 
CdllSC of posl·eXi..·rrls(' ("ollapse. 
W~ have 1m.'Vlousl~ proposed th.u this form 

Ilf l'xen.:i:.c as .. (,,:ia! cO C()HdPSC i!i taUsL'tl by the 
11C'lo;;isll'l1fl' inlo rl"(:OV(>fY \)r.l stalt' of lO\v per~ 
iphl"'f.i11 \·aSllll.u rt."Shlanu!, tt}rnpoundcu by 
removal or Ihe !lKrtctal ltHlS4'le pll\np thar 
maim aim lh<.' right alri,ll filling prc~l.url' dur~ 
inN, c)'l'rdl-.e.! A(cordin~ to thi:<. theory. lhe 
cmnblnalion of a low jleriJ)h~ral vasnllJr 
r~i!>tance and a sudnen rl!(hl<.\i.nn in v{'fKlU$ 
R"(Urn ,,",'uuld rcduo." :-.troke \-rnunl<.' :lnd 
C3HIi.lt: outpUt .leu!;:>!,', t..·.iUsjng h1'l)(llell:ihm. 
JndC'L'tl this mcdtani .. m WJ~ llsed I() l~xplJin 

the dc\'dopml'nt nf IX)\turill hypotel1sion du<.' 
to "dehydration exhau<;(.1mf' in milil,uy pcr
.. unnt..'l cxpPsl'd to eight or more hours or 
cXC'rrhe III dc\C'rt he..ll wlihoUl nuld rrpl.1Cc
Hlcn" in the d.1ssii: ~ludlc~ of Adolph_~ 

Thu!> Adlllllh.' Wfole- ~tlolt "Ihe uhhn;u(: rail .. 
lire 1)1' Ih~ circulalion ~in dehydrdlion exhallS~ 
tIlU!) is or il PCrl))her.11 l'rpr , rHlah:d b:OoOd 
\"C~~c-h of thl~ skin fcqUlf(" dtiditi()flal blood In 
fi~1 ! hem: (orresp"ndingly. the available (001-

jx'n'>Jtinn for vcrliral posture arc.' dimini'ihl~t 
for Ihe blood v<.'ssd:-. or Ihe legs comprmni-.c 
Lll"tweea dil.ll.iog to carry hcatM bll.:Rxi and 
n1n:'llrining to pfc~rvc J: greater U(IW to tht' 
hl'ad" tp 23'», He ahQ reported that: ''IT"in~ 
duwn promptly rdicvt~ the dn.:ulJltQH and 
1\1<.' .,ymptom .. ·· (P 236), Skmil.1flr.u"C l df'finf'd 
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Figure 1 Chonge. in blood prell"re, tolol peripheral ""i,ton<e, forearm blood ~ow, 
cardiac output, heart rote, and right atrial prel$vre in lubjects who tJndet~nt rapid 
vene.eclion of <>bout 1 litre of blood in 12 minvt ... Note thot fainting i$ cou,od by 0 ,udden 
reduclion in peripherol vascular res.istor'lce re,sulting From on increa5e in forearm blood Row as 
right o·,ial pr ... ur. faa" tl>e BorcroftfEdholm r.fl ... Redrawn from doto in Borcroft .t of.' 

the phr~i\Jln~i(:JI abnuruldlity causing hC'al 
(':(Il.lll5tion ~u: "A low artcrial hlood pl'cs~tlre 
h the"' ..:ritkal C\'C'nt, resulting. paflly from 
in.ukquah.' mHput b} the hC'drt ,'Ild partly 
from Ihl' wiol'slln:.lc! vas()(matioo". H(' .1i!-;n 
noted tholl: "TrCi'lttnC!ll is 'ilmrl(' R'Cum· 
beIK},. {luhl and sdlt dduHoistr.llion, genlil' 
cooling, and re(liJicalion of .loy "fcdispo~jn!il 
(<l\.l:)e" Ip c)7l). 

Hl)\Vt,:wr, lltl'St: ('xpl.1n.ltiuns rdil 10 (""plain 
\\'hy a coml)(ms.ltory tachycardIa is not a 
IJl>tl.ll f('alUfl' tlr thi~ form I)j hypt)len,iHn: or 
whr the ons;:} uf \1'mtl(om~ occurs .. 0 l:dpiJIY 
and why tht."}, ':HC rt"VCr~cd "(I r.1IJid1y when 
subjcn~ He ~uPJn(' in the he'Jd down 
I)(~itinn.' 

An hiswrk StUU)' iOt.:nllrying a ptlt<.'llljaLy 
rorgoUl'll re-flex .mti PUblbhcd in r1w Lana'! hi 
t944 [i\ls:gl"st~ .In ahcrnJ{lvt' t!xpJan.Hiofl, 
Barcrurt d .If' ~tudi(,'d (he dreels of rdlHd \'('11-
eSl'ctif,m of <lOOlJl i lilre on (af(lio .... J~(tlldr 
rU/1(liOI1 1Il{,.Jsllr~d wilh right hlt!an ('Jnoll1.1" 
IlllO and fnrNrrn pklhY!>1l1OgIJp11r. Slll(Jk'~ 

(ulHioucd until 'lUbj~":h riJ;ntL'o from (hc 
!>utidt.."TI on'iCt or hypotcn .. illn, Pigufl.' I. 
redr.,1wn rrom tho~~ hhwrk dat.), sl1o .... ;-. the 
.. alif,,"n! finding .. Inili.)I:y, C.1rdhwd'iCulM run\.> 
liun .xIJjJll'ti 10 pf,)grc:""jvc blood in .. s by 
ill(Te.l!-.in~ peripheral vi\~·ui.lr r<,·shtd:nl..e and 
heart rate, i:.l(h b~' atlt)ut 10'.1(,. Th:'5piH: this, 
awrdgc cardiac output. rlght atridl pn:s~urt:. 
and st''illllic blood r~rc$sure .,l! f("1i hy .Jbnut 
40%, 

However, the crudallindlng was :hat rdjn\~ 
ing occurred only wh{'n there \oVd4> d ;\uddc-n 
r;lH in th(' peripheral \'J~(ul.Jr n ... i· .... mce ;lSSO

d .. u('~t with dn ulleXlxxt(.'d in<:n~a.,l" in ror('<u m 
bl"xi Huw lfig I). 
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A ~cnmd 'i1udr ('..,.)}uat{-d thl' aLUhor~' 
hr~".Jlhl'Sh thal il wa .. I hI..' folU in rist'u .1ui .. l 
Ilre .. ~ur(' induleti by bh)oo lo~) thal J(llv.l!ed 
the refiel( reduction 10 peripheral va--<:1I1.lr 
(t"~j~tan{'~. A tnUrnitlu,>t wa4> .3I,pUed tll the 
lower limb <lnll inHaled bdure thc I.x!ginning 
of ~hc vcnc!>{'(lion. HYilf.)lensilm ag.lin d<"\lC'l~ 
Oiled bUl .:Jhcr d smaHt'f bl0lld los~ of only 
abi)\lt 'j'j(l ml. Rd(,J"'~ of thf,,> IHumiqucl 
immedidld,' corr{'cted thl.." nyr(\{cnslon by 
rt.'tludn!! fort..'~lrnl tllOt)d tlmv ltig 21, TIle 
authoH Gmduded Ih.l( n:m()'\o"JJ or :h,' IOUfI1l

()U{'i produ(cd d suddcn inru!';on uf ldlmd 
from th(> lower Umh lhcrcl";}" illt'fl'')sing the 
right atr'kl: pr('~suf('. abnJi!>ning the reflex olnd 
llQrltlalhing (.1rriIO\o'JSCul.1f runction. 

Henre th~ proposed the e;.,:iSlcn(c uf .l 
pUll"nl <OKcoletal muscle va .. odil':lIor rc{J\:,'( lhat 
to;; activall'ti whl'n [he righl ,'\11'1.11 prt:~:'Iurc 
dlh('r r.1lls b('low !>Oml' nitlcJ! \'.11uc or !Jcgim 
to l'dll at .;a JMrth.ular rJlc Thi5 rcHex J}lpt'.Jr5 
at-while hecaus~ it (ompo.:lunds r(l!hN thlm 
cnrr~~c,~ the- hypotension dS-S.OCi~l[cd wllh 
bll>od !!.bs. The S:illlllarhr in the rapidity wilh 
wl\h..:n hypolcnSL()[} lJ((ur!. with eithcf pro-
glc!>!>ivc V('!l<."!o(."UUHl or Jflcr the H",,,.UhHl of 
c'(ercl~c, and \\'ithou{ .11) .l!)'o{X'hlleti tdrh~·(.lf~ 
Oi,l, 'Sugg('Sts rhal I h\s ri~h( atrial reflex m..ty 
ahu C;lU .. C t.:xcffl'>C .s~.,t)(i.lted U}n.lJl~': . 

TH my k.nnwlcdgt'< wine Cnntt'l11porary lcJt!s 
of c.noiDv':hnila:- control dunng eJtltrcise d(l 
no! .. p;:dfu:ally mention {his rdlex. For e){am· 
111e. R!m'df' rd .. 'r!) to a latcr 1945 pdper in Ih(' 
J"Url'dJ ,if Physi.,I09v by l:S.;arcrort and Edhf)lm.' 
in whkh Ih<." phy~iolDgkat l).1\h. fur thiS ,Kd· 
CiJI H1u~le ",]o,ooil.uivlt W.b ~IUtlkd. How
("""cr. (hl' rel~\'alln~ nf thb sj}('<.ifk Iclkx W thc 
d-evciopl1lcm ("If >;}'IlCOjlC- is not dir("(lJy db· 
cussed. Roil thc-(, Rowell pf<.'scnl" the findjn!!~or 
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Figure 2 The sudden ,eduction in sy,!olie blood p'.".'. and !he a,r.ocloted Inc,eo .. in 
lo",o'm blood How wllh progressive venes<Ktion i. immedio!eIy ,,,,,.,sed by 'eleo .. 01 Q lowe, 
11mb lOu,nlquet. Redrawn from do'o In Barerol; e/ 01.' 

B.in.fnfL Jnd Edholm .a~ ,) po~sibt{" eXolmplt' of 
ncurogcnk :\ymr.lth~tlc (.hHHncrgic 'hlwdila
Lllll1 ill skt'lcial mu",cle, 

II b of interest that we had crnpiru.-,llly db· 
('overed ~fHm" y('.u~ ago' lhat the optimum 
n\iln"\gcmcnl of rO$I~(,XL,,]T1Sl'" collapse is 
ol.chicvcd by elevillillR the fCCI .and pelVIS of 
co!lap~cd .lthlcte" ilOOVC the h.~'Cl or the righ{ 
animn. The n..,..ulb of this manol.'uvrc .1ft: 
usually dr~ll1.:1IK-, ,,\'i1h rJ.pid f/;'vcrsal of hyp~l~ 
l~nsion ilnd the s.ymptoms (,If ctilllllCSo;. 
A{(:mding t() the BarcrohiEdhoim fl'tlcx. th,-~ 

~dop!ion (.If this head down po~iLion would 
produce Ihi!. dramati( rt~spon~e by irnmcdi. 
atel)' rc\'crsing the h)w alri~1 pre:,:::,un,' Ihal 
develops on [he f1!Ssation of C.."xercisc in som.e 
sU!iceptiblc athleles. Hen(,,"C thc effect. would 
nm rt'!'iuJt simply by inneasing vcnou~ return 
.lnd hl'nce f.1rdjac output. the mQre llsudl 
t"XplallJlinn;'lnll .llso tty n .. • .. 'Crsing the ~kele(al 
Iml~llt.· \'",.'NltliiallOn inrltu:ed iJy the Bdn.J'tJfu 
Edholm reUex. 

Finally. J would like to make lh(,,~ ObV10ll') 

point tlMt the BarcnJfVtidholm (dlc" cXJll.1ifh 
why nurslng in (he head down (TrendcU~n* 
oc(8) flO!>lIiun wmdd be the mort" }u~it:ill 

In.·.ltment for pPSl.("xercise coHaps .. ~ than the 
pJ'()\'j .. i,)}1 of inl raVl"nOU~ flutds.· The !'Cason is 
that nursin8 in ih ... Trcndelknbcrg po:'ilion 
rapidly jncrC.lse~ the right atrial fir~~~ure 

\vfu"rc.l;' any dfcLl uf intrJwnuu') Ouio:, on 
Hj!hl auial pressurc i~ likely to be smaller dud 
much delayed. 

Furthermore thl! (nntnttution of {he 
BarcrofVEtlhnlm reflex to exercise associated 
(oll.Jp;C' can be vcry rapidl~ c\'dluau."'Ci f..ly 
~tlld~'ill~ th~ ri,''Sj)('ln~(' nf (he athlete's blood 
prc.."~sun..· IU (hang,cs in poslure, FaBure of the 
bkl('Jd pr(,,~s.ure to rl'Sc wh,'o plact!'d to the head 
down po .. i(ion must indicale that the 
lJ .. m .. ror~lEdholll1 rdlex b twt .l(!lVC and some 
tHilC'r (.Juse rnr Ihe hnl(llension, SllCh as rnyo~ 
ardial dysfunCtion Of t1 persiM.l'"ot fcdUl'lioll 
in pl'rij1hcrJ.1 \ld~l'ular resistance for reasons 
olhl'r th.m lhis ('II!.)sllllal~j reflex, must Ix" 
c(ln~ldc:cd. 
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THE COLLAPSED ENDURANCE ATHLETE - TIME TO 
RETHINK OUR MANAGEMENT? 

T.D.NOAKES 

Liberty Life Chair of Exercise and Sports Science and MRCIUCT Bioenergetics of 
Exercise Research Unit, Department of Physiology, University of Cape Town 

Medical School, Observatory 7925, South Africa 

The belief that dehydration-Induced hyperthermia explains the exercise
associated collapse found In marathon runner. and other endurance 
athletes Is widely held; yet ther~ Is little published scientific support for 
this conclusion. This article r views the evidence which shows that 
neither hyperthermia nor dehyd tlon are common findings In endurance 
athletes regardless Of whether or not they collapse. Rather, the exercise
associated collapse conforms almost exactly to the description Of a post
exercise postural hypotension reported In unacclimatized soldiers on 
first exposure to exercise In jungle heat during the Second World War. 
The condition resolved spontaneously with supine rest In a cold 
environment and was prevented by repeated exposure to exercise In the 
heat. 

One of the unfortunate consequences of this overemphasis on 
dehydretlon as the sole cause Of exercise-associated collapse has been 
a riSing Incldenca of hyponatraemla In runners and trlathletes who Ingest 
excessive volumes of fluid during ultradlstance races. The InjudiciOUS 
use of Intravenous fluid therapy Is also responsible for the Iatrogenic 
production Of hyponatraemla In some collapsed athletes. If exercise
aSSOCiated collapse II Indeed due to postural hypotension, then 
treatment should primarily aim to reverse the conditions responsible for 
It I development. These Include elevating the legs and lowering the skin 
temperature to Induce venoconstrlctlon In the lower limbs. A protocol for 
determining the appropriate treatment for collapsed runners Is proposed. 

Keywords: 

INTRODUCTION 

Collapse; postural hypotension; hyponatraemla; 
dehydration; hyperthermia; marathon running. 

Ultradistance running has a long and distinguished history in my country. This is largely 

because of the influence of one event, the 90 km Comrades Marathon, run annually 

between the two major cities, Pietermaritzbucg and Durban in the Province of Natal. The 
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race which was run for the rust time in 1921 currently attracts in excess of 14,000 

runners. In order to join the Comrades Association. runners must, in the great tradition of 

the race, "suffer for one day in memory of those who did not return from the (First) Great 

War" (Noakes, 1985). 

Unfortunately, in recent years, the suffering of the runners has extended to 

include the medical support tearns who, with each successive year, have had to cope with 

increasingly more runners who are sufficiently collapsed after the race to require medical 

attention. 

For obvious reasons, this phenomenon of exercise-associated collapse, its 

aetiology and how best it might be prevented has begun to occupy our minds in the past 

few years (Noakes, 1988a; Noakes 1988b; Noakes 1988c; Sandell et a1. 1988). This 

anicle will present an overview of what is known of this condition and will propose a 

testable hypothesis of why it develops. 

The aetjolol,lY of exercise-associated collapse 

(i) Epidemiological observations 

Untested clinical observations suggest that the following are features of the type 

of exercise-associated collapse commonly seen in this country. 

First, the vast majority of persons who collapse, do so within 1-2 minutes of 

stopping exercise. 

Second it appears that collapse occurs much more frequently after running than 

after cycling events. In our experience, the incidence of collapse after ultra-marathon 

cycling events is almost negligible. 

Third. both fast and slow runners collapse. 

Fourth, the incidence of collapse increases in direct proportion to the 

environmental temperature and humidity (Adner et al. 1988; Richards and Richards, 

1984). Many have interpreted this finding as proof that post-exercise collapse must be 

due to a disorder of body thennal balance. 

Fifth. collapsed runners appear to recover relatively spontaneously within 1-4 

hours. regardless of the treatment given. In particular. no scientific study has yet been 

undertaken to establish whether treating the condition with intravenous fluids alters the 

time course for recovery or is in any way more beneficial than doing nothing (Noakes, 

1988a; Noakes 1988c). In fact. the indications seem to be that fewer collapsed runners 

are now receiving intravenous fluids than was the case in the recent past (Adner et at 

1988; Roberts. 1989). 

Clearly any hypothesis of the aetiology of this condition must explain all these 

observations. 
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(ii) The role of dehydration and hypenhermia 

The majority of clinicians probably believe that hypenhennia of varying degrees including 

heatstroke. is the most important component of post-exercise collapse and that severe 

dehydration causes this hyperthermia and therefore predisposes to the development of 

exercise-associated collapse. If this is correct, the rational way to prevent and treat this 

condition is to ensure that all athletes ingest sufficient fluid and therefore do not become 

dehydrated during competition. and to treat all collapsed athletes with copious amounts of 

intravenous fluids. There are a number of reasons why these beliefs are so prevalent. 

First. is the legend of Pheidippides who reputedly died suddenly after he had 

completed the mythical first marathon from Marathon to Athens (Martin et al. 1977). 

Despite the absence of confirmatory evidence from an adequate autopsy. at least one 

enthusiastic neophyte has concluded that heatstroke caused this tragedy (Noakes. 1973). 

Second. were the real but no less dramatic cases of heatstroke amongst famous 

marathon runners - the Italian Dorando Pietri and the English Jim Peters. both of whom 

achieved legendary status by collapsing with heatstroke at the finish lines of the Olympic 

and Empire Games marathons respectively (Noakes. 1985). 

What many seem to overlook is that millions of athletes worldwide have 

subsequently completed marathon and ultramarathon races and triathlons safely without 

ever developing heatstroke. Thus the only realistic conclusion that can be drawn from 

these isolated. albeit dramatic events. is that heatstroke occurs with extreme rarity 

amongst endurance athletes. 

Third. were the studies of Wyndham and Strydom (1969) and Wyndham (1977) 

which were interpreted as conclusive evidence that severe dehydration occurred 

conunonly in marathon runners and that such dehydration predisposes to the development 

of heatstroke. 

Wyndham and Strydom (1969) based their historic conclusions on the results of 2 

studies of runners competing in different 32 km foot races. These studies were designed 

principally to determine the effects of sugar ingestion on marathon running performance 

(McKechnie et al. 1970). The relevant finding of this study was that athletes who became 

dehydrated by more than 3% had elevated post-race rectal temperatures. There was also a 

linear relationship between the athletes' levels of dehydration and their post-race rectal 

temperatures (Figure 1). 

These authors also found a similar linear relationship between post-race rectal 

temperatures and the runners' body masses. Nevertheless they concluded that the level of 

dehydration alone was the most important factor determining the rectal temperature during 

exercise (Wyndham and Strydom. 1969; Wyndham. 1977). As a result. most authorities 

have been lured into the belief that the prevention of dehydration is the vital factor 
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preventing heatstroke during prolonged exercise, especially marathon running (American 

College of Sports Medicine, 1985). 

Two other features of Figure I were not discussed by Wyndham and Strydom 

(1969). First, the winners of the two laces had the highest post-race rectal temperatures. 

This is a consistent finding (Maron and Horvath, 1978; Noakes et al. 1988) which might 

suggest that running velocity or a related variable may influence post-race rectal 

tempemture. Unfortunately Wyndham and Strydom (1969) did not consider this variable 

in any of their analyses despite the fact (i) that their other studies had shown that 

metabolic rate, (which is proportional to the runners mass and running velocity), 

determines the rectal temperature response during exercise (Wyndham et al. 1970) and (ii) 

they had already found a significant relationship between one component of the metabolic 

rate, body mass, and the post-exercise rectal tempelature. 

As will become apparent, the findings of Wyndham and Strydom (1969) can, 

with hindsight, be better explained if the exercising metabolic late which detennines the 

sweat rate (Greenhaff, 1989; Greenhaff and Clough, 1989; Noakes et al. 1990a) and 

therefore also the level of dehydration, is the real factor determining the rectal tempemture 

during marathon running (Noakes et al. 1988; Noakes et al. 199Oa). This postulate 

therefore holds that the relationship between dehydration and rectal tempelature found by 

Wyndham and Strydom (1969) is spurious and can be explained by the co-dependence of 

these two variables on the third and determining factor, the exercising metabolic late. 

Second, if the level of dehydmtion does indeed determine the post-race rectal 

temperature, then the levels of dehydration needed to induce heatstroke are between 7 -9% 

(Figure I). This is an unrealistic proposal as such severe levels of dehydmtion are not 

found in marathon runners or other endurance athletes (Applegate et aI. 1989; Faber et aI. 

1987; Noakes et aI. 1988; Noakes et aI. 199Oa; Thomas and Motley, 1984; van Rensburg 

et al. 1986). Furthermore, it seems likely that at such high levels of dehydration, 

cardiovascular collapse would terminate exercise before heatstroke could develop. 

Nevertheless, the end result of these studies is that the following has become established 

teaching in sports medicine: 

(i) athletes collapse after exercise because they are dehydmted; 

(ii) the dehydmtion causes hyperthermia and, if severe, heatstroke; 

(iii) the only way to prevent the hyperthermia of marathon running and 

therefore to avoid post-exercise collapse is to ensure that all runners drink 

adequately during competition; 

(iv) the correct way to treat post-exercise collapse is to correct the inevitable 

dehydmtion that causes it. lIDs is especially important in the more severely 
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affected runners who are clearly suffering from shock due to a reduced 

circulating blood volume; 

(v) because severe dehydration occurs only in persons involved in very 

prolonged exercise. then it is only athletes involved in ultradistance events 

who are prone to heatsttoke. Competitors in short distance events would 

be protected from heatsttoke because they would not become sufficiently 

dehydrated to reach high level of hyperthennia. 

These concepts are. to some extent. enshrined in the American College of Sports 

Medicine Position statement (1985) on the prevention of heat injuries in long distance 

races. But a growing body of evidence is not compatible with these conclusions. 

First. observations in a number of field studies indicate that endurance athletes 

including those who collapse are not greatly dehydrated (Applegate et aI. 1989; Berlinski 

et al. 1990; Faber et aJ. I 990a; Rogers et aI. 1986; Thomas and Motley. 1984; van 

Rensburg et al. 1986) after competition nor are their post-race rectal temperatures 

particularly high (Maughan. 1985; Maughan et aI. 1985; Noakes et al. 1989; Noakes et 

al. I 990a; Roberts. 1989; Sandell et al. 1988; Thomas and Motley. 1984). This 

conclusion is consistent with the historicaJ data (Maron and Horvath. 1978). 
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Figure 1 
A linear relationship between rectal temperature after two 32 lanfoot races and percefllage 

water deficit was reported by Wyndham and Strydom (22) in 1969. Note (i) that the 

highest rectal temperatures were found in the race winners, (ii) that heatstroke could only 

be expected in runners who were dehydrated by between 7 and 85%; (iii) that the highest 

levels of dehydration in these runners were 5% and (iv) that their rectal temperatures 

ranged between 383 and 41.cfc. 

Reprillled with permission from the Scientific JownaJ oflhe Georgia Baptist Medical Center. 

C-187 

Paper 28 



Paper 28 

176 T.D. NOAKES 

Indeed the range of rectal temperatures in the vast majority of marathon and ultra

marathon runners who have been studied is the same as that reported by Wyndham, and 

Strydom (1969) and varies from 38.5 - 4O.50 C (Figure 1). These temperatures are 

considerably lower than those found in patients with heatstroke (Figure 1). Interestingly, 

some runners competing in cold environmental conditions collapse because they are 

hypothermic (Maughan, 1985; Sandell et aI. 1988). 

The second finding that is incompatible with the belief that dehydration aIone 

causes endurance athletes to collapse, is the reports of runners who developed 

hyponatraemia during prolonged exercise (Frizzell et aI. 1986; Hiller at aI. 1985; Hiller et 

al. 1986; Hiller et aI. 1987; Noakes et aI. 1985; Noakes et aI. 1990b; O'Toole, 1988; 

Young et al. 1987). This condition is now known to be due to fluid retention in runners 

who ingest excessive volumes of fluid during very prolonged exercise (Irving et aI. 

199Oa). Thus we must now confront the paradox that the group of collapsed runners who 

are the most seriously ill are those who have followed the instructions of the experts and 

have drunk the most during prolonged exercise! 

Third, was the personal experience of treating seven cases of heat stroke during a 

single 12 kIn race (Noakes, 1982) - a number in excess of the total number of such cases 

that I had seen in two decades of marathon and ultramarathon running. This single event 

suggested that the speed of running or a related variable, rather than the level of 

dehydration, must be an essential component in the pathogenesis of heatstroke. 
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A significant relationship between metabolic rate for the last 6 Ian of a marathon race and 

the post-exercise rectal temperature was found in the study of Noakes et aI. (1990). 

(Reprinled wilh permission from l~ SC~nliflC Journal of l~ Georgia Baplisl MedjcaJ Center.) 
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Fourth is the historical and modem evidence that the majority of patients who 

develop heatstroke, whether exercise-related or not, are not dehydrated as their 

haematocrits are within the normal range at the time of collapse (Austin and Berry, 1956; 

Barry and King, 1962; Beller and Boyd, 1975; Ferris et al. 1958). 

Fifth, and most importantly, are the recent (Greenhaff, 1989; Noakes et at. 1990a 

- Figure 2) and historical (Davies, 1979; Davies et al. 1976; Wyndham et at. 1970 -

Figure 3) findings that it is the metabolic rate, measured as the rate of oxygen 

consumption during exercise, which detennines both the rectal temperature and the sweat 

rate (Greenhaff, 1989; Greenhaff and Clough, 1989; Noakes et al. 1990a) during 

exercise. Metabolic rate is a function of speed of movement and the mass moved; thus 

running speed has also been related to both the post-exercise rectal temperature and sweat 

rate during marathon races (Maughan, 1985; Maughan et al. 1985; Noakes et al. 199Oa). 

In contrast, no relationship between rectal temperature and percentage dehydration has 

been found in all studies of ruriners postdating those of Wyndham and Strydom (Maron 

and Horvath, 1978; Maughan et al. 1985; Maughan, 1985; Noakes et al. 1988; Noakes et 

al. 1990a - Figure 4). 

The finding that metabolic rate determines both the rectal temperature and the 

sweat rate would therefore explain why Wyndham and Strydom (1969) found a 

relationship between rectal temperature and percentage dehydration even though the two 

are not causally related. In a group of runners all of whom drink similar amounts of fluid, 

the runners with the highest metabolic rates would have the highest rectal temperatures. 

But they would also sweat the most and would become the most dehydrated. 

However this does not mean that dehydration has no influence whatsoever on the 

rectal temperature response to exercise; simply that it is not the major determinant of the 

level to which the temperature will rise. As shown in Figure 5, the study of Gisolfi and 

Topping (1974) established that the rectal temperatures of subjects who did not drink 

during two hours of exercise at 75% V<h max and who became dehydrated by 5% were 

approximately 0.80 C higher than they were when the same subjects performed the same 

exercise but drank sufficiently to avoid dehydration. Figure 5 also shows that even when 

these subjects exercised at 75% V<h max and became dehydrated by 5%, their rectal 

temperatures were still far below those nonnally measured in persons with heatstroke 

(Figure 1). 

In summary, the conclusions from these studies would seem to be the following: 

(i) An important determinant of the rectal temperature during exercise is the 

metabolic rate. Accordingly, the risk of heatstroke is greatest in those who compete the 

hardest and therefore have the highest metabolic rates during exercise. Thus heatstroke is 

more likely to occur in exercise of high intensity and short duration rather than in 
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prolonged endurance exercise in which competitive speeds and therefore metabolic rates 

are substantially lower. 

(ii) Dehydration plays only a permissive role in elevating the rectal 

temperature during exercise. Accordingly the maintenance of an adequate fluid intake will 

play only a small role in the prevention of heat injury during exercise. 

(iii) Hyperthermia is an uncommon finding in persons with exercise-associated 

collapse (Roberts, 1989; Sandell et al. 1988) and can therefore not explain such collapses 

(Noakes, 1988a). 

(iv) Dehydration does not occur more frequently than overhydrarion in 

collapsed runners (Berlinski et al. 1990). Thus dehydration alone cannot explain the vast 

majority of these collapses. 

(iii) The role of over hydration in post-exercise collapse - the enigma of the 

hyponatraemia of exercise 

The unlikely suggestion that it was possible to drink too much during prolonged 

exercise was prompted by the finding of exercise-induced hyponatraemia associated with 

acute pulmonary edema and grand mal epileptic seizures in athletes participating in very 

prolonged exercise (Noakes et a1. 1985). 
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A significant relationship between oxygen uptake (metabolic rate) and rectal temperature 

during exercise was also reponed l1y Wyndham et al. (1970). 
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In the original description, we could only postulate that hyponatraemia resulted 

from an excessive fluid intake with abnormal fluid retention. Other workers concurred 

with this conclusion and reported very high rates of fluid intake in other runners who 

developed the hyponatraemia of exercise (Frizzell et al. 1986; Young et al. 1987). If this 

hypothesis is correct, it follows that those who are prone to develop the condition should 

limit their fluid intakes during prolonged exercise (Noakes et al. 1985). 

However, a contrasting explanation is that the hyponatraemia of exercise results 

from the large sodium chloride losses that develop during prolonged exercise (Hiller et al. 

1986; Hiller et al. 1987; Hiller, 1989; O'Toole, 1988). This proposal holds that runners 

who drink only hypotonic solutions with low sodium chloride content and who therefore 

fail to replace their sodium losses during exercise must develop a dilutional 

hyponatraemia. Alternatively, it is suggested that these runners are both sodium chloride 

deficient and dehydrated (Hiller, 1989). According to this hypothesis, runners at risk of 

developing hyponatraemia during exercise should be encouraged to ingest large volumes 

of fluids containing sodium chloride during exercise. 

In order to distinguish between these two contrasting hypotheses, we studied 8 

runners who developed hyponatraemia during the 1988 90 km Comrades Marathon 

(lIving et al. 199Oa). SUbjects were admitted to hospital and their renal function including 

fluid and electrolyte balance was studied exhaustively until their serum sodium 

concentrations had normalized 
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No significant relationship was found between the level of dehydration and the post

exercise rectal temperature of 30 marathon runners studied by Noakes et aJ. (J99Oa). 

(Reprinted with permissionfrorn the ScientifIC 10141'1141 tf the GeorgiIJ Baptist Medical Center.) 
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The imponant findings of the study were that the rate of fluid intake of the 

hyponatraemic runners during exercise (1.31. hr- l ) was greatly in excess ofrates found 

in runners who maintain normal serum sodium concentrations during prolonged exercise 

(± 0.5 l.hr- l ) (Noakes et al. 1988). However the critical finding was that the 

hyponatraemic runners excreted an excess of 3 Htres of fluid during recovery. In contrast, 

normonatraemic runners usually conserve water and gain weight during recovery (Irving 

et al. 1986; Irving et al. 1990a; Irving et al. 1990b). Furthermore renal function was 

enhanced in hyponatraemic runners whereas the sodium chloride deficit incurred by the 

hyponatraemic subjects during exercise (calculated as the net amount of infused sodium 

chloride retained by the subjects during recovery) was not greater than that of 

normonatraemic runners. 

Accordingly we have concluded that the hyponatraemia of exercise results solely 

from abnormal fluid retention in runners who ingest excessive volumes of fluid during 

prolonged exercise. In contrast to the contentions of others (Hiller et al. 1986; Hiller et al. 

1987; Hiller, 1989; O'Toole, 1988), large sodium chloride losses did not contribute to the 

pathogenesis of this condition, nor were the collapsed runners dehydrated. What 

currently remains to be explained is why the condition occurs only in cenain athletes. 

Logic suggests that any fluid excess ingested by these athletes should simply be excreted 

during, rather than after exercise, thereby preventing the development of the 

hyponatraemia. Funher work is needed to explain this anomaly. 
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This finding does raise the important question of how is it possible for 

ultramarathon runners and triathletes to ingest fluid at rates greatly in excess of their sweat 

losses? The only answer must be that their rates of sweat loss are considerably lower than 

is generally believed. 

Indeed another unfortunate effect of Wyndham and Strydom's (1969) work was 

to suggest that sweat rates can be very high during prolonged exercise like marathon 

running. They concluded that sweat rate was determined by body mass alone and 

predicted that an 80 kg person would sweat at a rate in excess of 2 litres per hour during 

marathon running. Such high sweat rates can probably not be replaced during exercise; 

the highest rates of fluid ingestion measured during running at high intensity in the 

laboratory are of the order of 800 ml hr (Costill et al. 1970). Accordingly if these 

assumptions were correct, severe dehydration must inevitably occur in all heavier runners 

during marathon and ultramarathon races. 

In reality however, metabolic rate determines the sweat rate and heavier runners 

tend to run slower than lighter runners; thus the metabolic rates and sweat rates of heavier 

runners may be no higher than those of lighter runners. Thus no study has yet been able 

to confmn that sweat rates during marathon running are anywhere near as high as those 

predicted by Wyndham and Strydom (1969); most studies report sweat rates of up to 1.2 

litres per hour in the fastest runners even in the severest environmental conditions 

(Noakes et al. 1988). 

In contrast, an important characteristic of the runners who develop hyponatraemia 

are that they run very slowly and probably walk frequently; thus they must sustain low 

metabolic and sweat rates. 

Yet they may continue to ingest fluid at rates necessary to balance the sweat losses 

they would incur if they were still running fast Furthennore, because they are exercising 

at low intensity, their rates of fluid absorption from the intestine may be increased. In 

addition, the widespread belief that fluid ingestion prevents the development of fatigue 

and collapse, may encourage these runners to maintain these high rates of fluid intake. 

This is a natural extension of the beliefs described earlier in the article. 

Thus runners who become fatigued during marathon races may well drink more 

the slower they progress, in the mistaken belief that an increased fluid intake will allow 

them to recover. Paradoxically because severe environmental conditions cause premature 

fatigue, runners competing in hot weather marathons will fatigue earlier and may 

therefore start drinking excessively, earlier in the race. In this way, severe environmental 

conditions may actually predispose to the development of overhydration, not dehydration, 

in the majority of runners who are not highly trained or competitive and who therefore 

fatigue early in the race. Indeed the highest incidence of hyponatraemia that we have 
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encountered, occurred in the ultramarathon with the most severe environmental conditions 

(Berlinski et al. 1990). 

(iv) T~ role ofposturaJ hypotension in post-exercise collapse 

If the majority of collapsed runners are neither dehydrated, hyperthennic, hypothennic or 

hyponatraemic (Berlinski et al. 1990; Robens, 1989; Sandell et al. 1988), why then do 

they collapse? 

The overriding clinical impression is simply that collapsed runners show marked 

postural hypotension. When lying prone, although their blood pressures are low, their 

heart rates are not greatly elevated (Noakes, 1988a; Noakes, 1988c). Renal function also 

is not impaired and may even be enhanced (Irving et al. 199Oa; Noakes, 1988c; Sandell et 

al. 1988). The observation that the athletes usually collapse after exercise, when the 

demands on the cardiovascular system are reduced, must indicate that neither cardiogenic 

nor hypovolaemic shock is present. Rather it seems likely that a redistribution of blood 

flow and blood volume after cessation of exercise must be a factor (Noakes, 1988a). 

Figure 6 shows the expected cardiovascular responses at the onset of exercise. In 

this normal response, vasodilation occurs in the active muscles; this leads to a fall in total 

peripheral resistance which increases venous return and, by the Starling mechanism 

together with increased sympathetic stimulation of the heart, the cardiac output. Blood 

pressure which is proportional to the cardiac output and the total peripheral resistance, 

rises during exercise because the increase in cardiac output exceeds the fall in total 

peripheral resistance. In addition, sympathetically-mediated vasoconstriction of the 

arterioles in the inactive muscles and in the splanchnic circulation increases resistance in 

those organs. Furthermore, should the blood pressure begin to fall as might occur if, for 

example, the fall in total peripheral resistance exceeded the increase in cardiac output, a 

powerful sympathetically-mediated vasoconstrictor response is activated (Rowell, 1986). 

This response can cause vasoconstriction even of the arterioles in the active skeletal 

muscles. In this way a centrally-controlJed vasoconstrictor response can be activated that 

will override the local vasodilator effects of increased tissue metabolism. 

Figure 7 shows that upon cessation of exercise, the reduction in metabolic activity 

together with centrally mediated sympathetic stimulation will cause the arterioles in the 

previously active muscles to vasoconstrict. As a result, total peripheral resistance will rise 

and venous return, cardiac output and blood pressure will return to pre-exercise levels. 

It follows that hypotension could develop on cessation of exercise if either the 

cardiac output fell too far or the total peripheral resistance failed to increase sufficiently. 

The fact that the hypotension shows a profound postural component indicates that venous 

blood pooling in the lower limb must be an important factor contributing to the collapse. 
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Figure 6 
Cardiovascular changes at the onset 0/ exercise. For details see text. 

(Reprinted with permissionJrom the ScientifIC JowlIQl uf the Georgia Baptist Medical Center.) 
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Sudden pooling of blood in the veins of the legs on the cessation of exercise would cause 

a fall in central blood volume, in ventricular filling pressure and therefore in cardiac 

output and in blood pressure, leading to postural hypotension. 

It therefore seems probable that on cessation of exercise, there is either persistent 

vasodilation of the arterioles in the previously active leg muscles or of the veins in the 

lower limbs, or both (Figure 8). Rowell (1986) has described how venous pooling in the 

lower limbs is controlled by two factors - the degree of venodilation and the activity of the 

calf muscles. Repetitive contraction of the calf muscles prevents blood pooling even in the 

dilated leg veins - the so-called "second heart" effect (Rowell, 1986; Figure 9). As 

venodilation is determined by both the core and skin temperatures, it follows that venous 

pooling will develop most rapidly when athletes suddenly stop exercising after prolonged 

exercise in the heat when their skin especially, but also their core body temperatures, are 

elevated. This would explain why the incidence of exercise-associated collapse increases 

with increasingly severe environmental conditions (Adner et al. 1988; Richards and 

Richards, 1984). 

Whilst this hypothesis requires to be tested, it does suggest that the optimum 

treatment of this condition might simply be to keep the patients lying supine and possibly 

to elevate their legs. Cooling of the skin might also expedite the recovery of 

venoconstriction in the lower limbs. 
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inactive 

Figure 7 
Cardiovascular changes immediately on cessation of exercise. (See text) 

(Reprinted with permission from the ScientifIC JourNJI of the Georgia Baptist Medical Center.) 

Interestingly the observation that postural hypotension develops particularly in 

unacclimatized persons suddenly exposed to prolonged exercise in the heat is not new. 

Probably the first to observe this phenomenon was Eichna et al (1945) in a study of the 

patterns of acclimatization of soldiers to exercise in jungle heat. They showed that the 

single most characteristic feature of early exposure to exercise in jungle heat was the 

development of postural hypotension: "The cardiovascular instability of the 

unacclimatized state is brought out by the erect posture which induces tachycardia, a low 

systolic blood pressure and a narrow pulse pressure. Symptoms of cerebral ischaemia 

and syncope occur ... on returning to the supine position, the heart rate and blood 

pressure return to normal and the symptoms of cerebral ischaemia promptly disappear. 

Postural hypotension after working on the first day in 'jungle heat' is a common 

occurrence". This description faithfully describes all the features of exercise-associated 

collapse (Noakes, 1988a; Noakes, 1988c). 

Interestingly, the postural hypotension disappeared within a few days of heat 

acclimatization. This suggests that inadequate heat acclimatization may be an essential 

component of exercise-associated collapse and would explain why undertrained athletes 

(who are much less likely to be heat acclimatized) are more prone to exercise-associated 

collapse (Sandell et al. 1988). 

A final comment is in order. Eichna et al. (1945) labelled this syndrome of 

collapse in unacclimatized subjects exercising in jungle heat, as "heat exhaustion", Yet the 

rectal temperatures of these collapsed subjects were seldom, if ever greater than 39OC. 

Thus their definition referred J1Q1 to the presence of hyperthermia in the collapsed 

subjects. but rather to the fact that the subjects became exhausted and collapsed when 
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exercising in the heat. Thus the tenn "heat exhaustion" as used historically, does not refer 

in any way to the pathophysiological mechanisms causing collapse. As used by Eichna et 

aI. (1945), the tenn "heat exhaustion" defines a syndrome of collapse during exercise in 

hot environmental conditions in subjects who are not heat acclimatized. The cause of the 

collapse is postural hypotension and not severe hyperthermia. 

Proposed guidelines for the manaaement of collapsed athletes 

This review proposes that the aetiology of collapse frequently found in endurance 

athletes, runners and triathletes especially, is not simply due to dehydration-induced 

hyperthermia. Thus blindly treating collapsed runners for "dehydration" with intravenous 

fluids is not appropriate and may be life-threatening in persons with hyponatraemia 

(Noakes, 1988a; Noakes 1988c; Noakes et al. 1990b). Probably the most important point 

to emphasize is that the aetiology of the collapse may be multifactorial so that each patient 

deserves a reasonable clinical assessment and a working diagnosis before any treatment is 

instituted (Noakes, 1988a). It is no longer acceptable simply to assume that dehydration 

is the sole cause of the collapse. 

To cope with the ever-increasing number of collapsed athletes after ultradistance 

events, we have adopted the following approach. All collapsed athletes are fll'St assessed 

clinically and a decision on appropriate treatment is arrived at according to the following 

guidelines: 

inactive 
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Figure 8 
Cardiovascular chtJnges shortly after exercise 

(Reprillled with permissiollfrom the Scielllific JOUTIIDl of the Georgia Baptist Medical Cellter.) 
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(i) Patients with impaired consciousness. 

Athletes whose level of consciousness is impaired or who are unconscious receive 

priority treatment Those with obvious medical emergencies such as cardiac arrest are 

immediately treated appropriately. 

The remainder who constitute the overwhelming majority, have their blood 

pressures, heart rates and rectal temperatures measured. Blood is also drawn for 

measurement of serum sodium and blood glucose concentrations. Treatment is instituted 

on the basis of these results: 

(a) If the rectal temperature is greater than 4IoC, the patient is actively 

cooled with icepacks, fanning and water sprays. The patient's condition, especially the 

rectal temperature, is monitored every 5-10 minutes. Patients in whom a finn diagnosis 

of heatstroke is made on the basis of marlced hyperthermia (rectal temperature >420 C and 

unconsciousness) are transferred to hospital as soon as the rectal temperature is less than 

390 C. Such patients require continued cooling during transfer to hospital in order to 

prevent a rebound of rectal temperature. 

If belligerent, they may require intravenous valium to allow adequate 

medicrumanagement 

(b) Limited intravenous fluid is given if the serum sodium 

concentration is greater than 140 mmoll-l. Intravenous glucose is also provided if the 

blood glucose concentration is less than 4 mmol 1-1. 
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Figure 9 
Repetitive contraction 01 call muscles prevelllS blood pooling even in dilated leg veins 

(RepriNed with permissioll/rom tlte Scie1llific JoW7llll oftlte GeorgUi Baptist Medical Celller) 
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(c) If the patient's level of consciousness is impaired, but the rectal 

temperature is less than 41
0
C and the blood glucose concentration is not below 4 mmol 

1-1, it is likely that the patient's symptoms are due to hyponatraemia. Symptoms of 

hyponatraemia usually develop when the serum sodium concentration falls below 130 

mmol 1-1; grand mal seizures and acute pulmonary oedema may develop at serum 

sodium concentrations below 120 nunol rl. A slow intravenous infusion of 0.9% 

sodium chloride may be started. If severe symptoms develop - acute pulmonary oedema 

or grand mal seizures - diuretics may be necessary. Patients with symptomatic 

hyponatraemia should be referred to hospital as the condition may worsen as, for reasons 

that are not clear, serum sodium concentrations tend to fall initially during recovery 

(Irving et al. 1990a). 

(ll) Patients with normal levels of consciousness. 

(a) If the patient is fuHy conscious and the rectal temperature is less than 

410 C, the patient's cardiovascular status detennines the treatment response. A heart rate 

below 100 beats per minute and a systolic blood pressure greater than 100 mmHg is not 

an immediate indication for active treatment. 1be patient's legs are elevated and the serum 

sodium concentration measured. Limited intravenous fluids may be given if the serum 

sodium concentration is greater than 140 mmoll- l . 

The nonnal response of these patients is to recover spontaneously within 60-

90 minutes. We suspect that actively lowering the skin temperature with fans and direct 

cooling with icepacks may expedite recovery in this group of patients. 

(b) Conscious patients with heart rates in excess of 100 beats per minute and 

blood pressures below 100 rnmHg require close monitoring. Intravenous fluids may be 

given if the patients are not hyponatraemic and if leg elevation and skin cooling does not 

improve the cardiovascular status. A cardiogenic cause for hypotension should be 

considered in patients who fail to respond to these measures. Obviously the 

administration of fluids in excess to patients with impaired cardiac function must be 

avoided. 

CONCLUSION 

The main aim of this review has been to stimulate a fresh approach to the treatment of the 

collapsed endurance athlete. For too long, we have assumed that the condition can only 

be due to deh ydration. By accepting this simple dogma, we have abused one of the most 

basic tenets of medicine - that a course of treatment should be prescribed only when some 
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basic investigations have led to a diagnosis that has a reasonable probability of being 

correct. By failing routinely to make the most simple measurements including heart rate. 

blood pressure, rectal temperature, and serum sodium and blood glucose concentrations 

in collapsed athletes. we have overtreated many subjects, incorrectly treated others and 

produced iattogenic, sometimes life-threatening, conditions in still others. The excuse that 

this has been justified because the athletes were treated under difficult conditions in the 

field is not acceptable. The collapsed athlete deserves optimum treatment based on the 

same clinical judgements, investigations and skills that should be applied to all medical 

problems. 
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Collapsed U]traendurance Athlete: Proposed Mechanisms and an 
Approach to Management 
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Abstract: 
Objective: To review the common conditions causing col

lapse in ultraendurance athletes, to propose appropriate treat
ment protocols for the more common medical conditions that 
are encountered, and to provide practical guidelines for the 
management of the medical facilitie~ at these endurance events, 

Data sources: Books published on the subject, abstracts of 
the American College of Sports Medicine Annual Congress 
dealing with the subject over the last 5 years, and electronic 
search of the Medline and Current Contents database, (last 
searched May 1995). German articles were included in the 
search criteria. 

Study selection: Articles dealing generally with the man
agement of medical facilities at endurance events were chosen, 
Articles dealing more specifically with the common medical 
conditions encountered at these events were then sourced and 
included in this review. 

Data extraction: Multiple reader e~traction of relevant data, 
Data synthesis: A practical guideline to the mill1agement of 

the medical facility at an endurance evenl i, detailed. expand-

There ha~ been a large increase in the number of par
ticipants in ultraendurance sporting events in South Af
rica, as in many other countries, in the past 2 decades, 
The provision of competent medical care at such events 
has thus become a pressing need. But professionals who 
provide this medical care work in a discipline that is still 
relatively young and is consequently characterized by 
many uncertainties. 

The aim of this article is to identify the common medi
cal conditions that are encountered at these events, to 
suggest some appropriate protocols for the diagnosis and 
immediate management of those conditions, and to pro
vide practical guidelines for the implementation and 
management of the medical facilities at which these ser
vices can best be provided. The information that we pro
vide is based on our practical and research experience 
managing such facilitie~ in competitive ultraendurance 
events in South Africa (13,14,17,29,30.36,47,50). 

---~ .. --~~-
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ing specifically on the nature of the conditions causing collapse 
during or after endurance e~ercise with a proposed classifica
tion of causes of collapse for optimizing immediate manage
ment and management protocols for specific conditions such as 
heatstrok.e, hyponatremia, hypoglycemia, exercise-associated 
collapse, and muscle cramps. 

Conclusion: The most commonly encountered medical con
dition at endurance athletic events is collapse after the event 
The popular view that all persons who collapse have dehydra
tion-induced hyperthermia has been challenged, Here we ex
tend that argument and provide diagnostic and management 
protocols and propose a triage system that considers the most 
common causes of collapse in ultraendurance athletes, These 
protocols can oplimize the efficient and safe management of 
large numbers of collapsed ultraendurance athletes. It is pro
posed that these protocols can optimize the efficient and safe 
management of large numbers of collapsed ultra endurance 
athletes. 

Key Words: Collapse-Ultraendurance, 
Clin ] Sport Med 1997;7(4):292-301. 

CO~DITIONS COMMONLY ASSOCIATED 
WITH COLLAPSE DURING OR 

AFTER EXERCISE 

Table I, compiled from various sources (1,5.41,42), 
includes the most common medical conditions that may 
be encountered in competitors who collapse during or 
after endurance sporting events, This list is not exhaus
tive but is practical. Certain conditions are more specific 
to the particular sport and the environmental conditions, 

For example, hypothermia is likely in swim triathlons: 
the number of cases depend on the water temperature, the 
duration of the swim, and whether or not wetsuits are 
used, Drowning and near-drowning should also be an
ticipated in swim events. Cycling events invariably pro
duce high-impact bony injuries to the skull and upper 
limb (34) after accidental falls from a bicycle at high 
speed, In this article, we focus more specifically on the 
conditions likely to be encountered in marathon and uI
tramarathon foot races and in ultratriathlons of the lron
man distance (226 km), 

The most frequently encountered condition at these 
competitions is postexercise collapse, This has been 
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TABLE 1. COllditions G.H{)ciated with collapse during {)r 
after prolonged exercise 

Exercise-associated collapse (heat syncope/exhaustion) 
Muscle cromps 
Heatstroke 
Hypoglycemia 
Hypothennia 
Hyponatremia 
Cardiac arrest 
Other medical conditions 
Orthopaedic conditions including mess and tranlc. fractures 

termed exercise-associated collapse (EAC; 42). The 
characteristics of this condition have been listed as the 
inability to walk unassisted with or without exhaustion, 
nausea, cramps, and normal, high, or low body tempera
tures. In the vast majority of subjects with EAC, the 
rectal temperature is not >39°C (14,42,43,47). The defi
nition specifically excludes orthopaedic conditions, 
which are well described and for which treatment proto
cols are widely standardized. 

Symptomatic hyponatremia (31), profound hypogly
cemia, and exercise-induced hyperthermia (heatstroke) 
are the three serious emergencies likely to be encoun
tered in long-distance footraces, especially in hot envi
ronmental conditions. In cold-weather conditions, hypo
thermia (14,25.47) should be anticipated. Contrary to 
general expectations, cardiac arrest is uncommon but is 
more likely in races that include large numbers of older 
participants. 

Athletes who require treatment but who have not col
lapsed usually have minor medical or orthopaedic prob
lems that do not constitute medical emergencies and are 
usually adequately handled according to well-established 
methods. This article restricts discussion to the manage
ment of collapsed athletes, some of whom represent real 
medical emergencies. 

INITIAL MANAGEMENT OF 
COLLAPSED ATHLETES 

Perhaps the major limitation in the management of 
collapsed athletes in the past has been that treatment was 
usually initiated before a rational differential diagnosis 
was considered (29,30,33). In part this has probably re
sulted from the (unrealistic) fear that any delay in the 
initiation of treatment will prejudice the patient's out
come. But the emergency treatment of life-threatening 
conditions, including heatstroke and hyponatremia, can 
safely be delayed for I or 2 minutes while the rectal 
temperature is measured and a reasonable working diag-

nosis is established. If the rectal temperature is >4 I 0C, 
cooling should commence immediately after the rectal 
temperature has been measured. 

The obvious exception to the rule is cardiac arrest, 
which, as indicated, occurs uncommonly, and the diag
nosis of which is unambiguous. 

Treatment is often initiated expeditiously because the 
rate of admission to the medical facility can be extremely 
high. For example, close to 50% of the 14,000 competi
tors in the 9O-km Comrades Marathon complete the race 
in the last hour of the race. If 4% of those subjects 
collapse (Table 2), the average rate of admission during 
that period will exceed four patients per minute and is 
likely to be even faster in the last 10 minutes of the race 
when the rate of finishing accelerates further. 

A third reason that treatment is often initiated without 
a diagnosis is because of the near-universal belief that 
dehydration is the major etiologic factor in all forms of 
athletic collapse (33,35). The belief has developed that 
all collapsed athletes will require intravenous fluid 
therapy and should therefore be initiated without delay 
(1,11,12). 

But it is possible to manage such high rates of admis
sion only if those selected patients who require urgent, 
sophisticated management receive such treatment. If all 
collapsed athletes are treated identically without differ
entiation on the basis of the nature and severity of the 
condition of each patient, it will never be possible to 
provide a medical staff sufficiently large to cope with the 
high rates of admission expected, especially in popular 
marathon and ultramarathon races. 

Thus we propose that a triage system be established in 
which the severity and nature of each athlete's condition 
is rapidly assessed. The athlete can then be referred to the 
appropriate area of the medical facility for immediate 
treatment. The criteria that we have developed for deter
mining the severity of collapse are described in Table 3. 
The initial assessment is made on the basis of the ath
lete's level of consciousness, assisted by knowledge of 
where in the race the athlete collapsed. It has been found 
that patients who are seriously ill will show alterations in 
the level of consciousness and will usually collapse be
fore completion of the race (14). as discussed subse
quently. 

Thus level of consciousness and site of collapse are 
the initial criteria used for the immediate classification 
and early management of EAC, Additional helpful infor
mation is measurement of rectal temperature, blood pres
sure, and heart rate, which assist in further establishing 
the severity of the condition. In longer races (>25 Ian) 

TABLE 2. Percen/age of s/arters wi/h exercise-a.u{)ciated collapse in races {)f dif!eren/lengths 

Sun-City-to-Surf 
(Australia) 

Bo.,ton Marathon 
(U.S.A.) 

Two Oceans Marathon 
(South Africa) 

Comrades Marathon 
(South Africa) 

90 km 

Cool. <24"C 
Warm, >24°C 

12 km 

0.2 (1984) 
0.3 (1980) 

Data from references I, 13,24.37.41. 

42 km 

0.5 (1987) 
1.3 (1985) 
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0.7 (1990) 
3.7 (] 989) 

1.6 (1985) 
3.6 (1987) 
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TABLE 3. Guidelines fl)r determining the severity of the collapsed 
athlete's condition 

Immediate ","es,men! 
Conscious 
Alert 
ReLllll temperature <40°C 
Systolic blood pressure> 100 mmHg 
Heart rate < I 00 beats/min 

Specialized as.,essmenJ 
Blood glucose 4-10 mmollL 
Serum [sodium] 135-148 mmollL 
Body weight loss 0·5% 

when hypoglycemia is more likely, the facility to mea
sure the blood glucose concentration with a glycometer 
should also be provided. In mass events or much longer 
duration (>4 h), including ultramarathons and ultratriath
Ions, it is essential that there should be the capacity to 
measure the serum sodium concentration ~o that the po
tentially lethal condition of exercise-related hyponatre
mia can be diagnosed (12,31). 

DlAGNOSTIC STEPS FOR THE OPTIMAL 
MANAGEMENT OF COLLAPSED ATHLETES 

WHO ARE UNCONSCIOLS 

If the collapsed athlete is unconscious, then the initial 
differential diagnosis is between a medical condition not 
necessarily related to exercise (i.e .. cardiac arrest, grand 
mal epilepsy, subarachnoid hemorrhage. or diabetic 
coma) and an exercise-related disorder, most especially 
heatstroke. hyponatremia. or severe hypoglycemia. The 
latter is an uncommon cause of exercise-related coma in 
nondiabetic subjects. 

The empha~is in this review is not on the diagnosis of 
medical conditions unrelated to exercise. as the differen
tiation of these conditions does not usually present a 
problem to experienced clinicians. Rather the critical is
sue in the vast majority of cases of collapse is the rapid 
differentiation of the serious from the benign and the 
expeditious initiation of the correct treatment of the se
rious conditions. 

If the patient is unconscious, the critical initial mea
surements are the heart rate, blood pressure, and espe
cially the rectal temperature. If the rectal temperature is 
>41°C, the diagnosis is heatstroke, and the patient must 
be cooled immediately according to the techniques de
scribed subsequently. Patients with heatstroke are also 
hypotensive and have tachycardia. 

If the rectal temperature is <40°C in an unconscious 
patient, the blood pressure and pulse are not grossly ab
normal. and there is no other obvious medical condition 
to explain the unconsciousness, the probability is that the 
athlete has hyponatremia of exercise (3 I). This diagnosis 
can be confinned only by measuring the serum sodium 
concentration. If the diagnosis is suspected, there is little 
risk in delaying the diagnosis, provided that any intrave
nous fluids the patient receives are of a high sodium 
content (3-5% saline) and given at a very slow rate «50 
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Severe 

Immediate assessment 
Unconscious or alrered mental state 
Confused, disorientaled. aggres~ive 
R",lal temperature >4OcC 
Systolic blood pre"ure <100 mmHg 
Heart rate> 1 00 beal!>/min 

Specialj/.ed assessment 
Blood glucose <4 or >10 mmol/L 
Serum [sodium] <130 or >148 mmoliL 
Bndy weight gain or 10';5 > I 0% 

ml/h), until a diagnosis is established. In most cases, the 
hyponatremia of exercise resolves spontaneously as soon 
a~ the patient begins to pass copious volumes of very 
dilute urine. 

The critical measurements in conscious patients are 
heart rate and blood pressure in the supine position. Dur
ing exercise, blood pressure and heart rate increase in 
proportion to the intensity of the effort. On cessation of 
exercise, heart rate and blood pressure initially decrease 
rapidly, but the heart rate may remain mildly elevated for 
'iome time, especially after prolonged exercise. The de· 
crease in blood pressure is exaggerated when measured 
in the standing position. 

Indeed, postural hypotension is likely after prolonged 
exercise in the heat (13) and may be the most important 
mechanism explaining the vast majority of collapses, 
which occur after the athlete has completed the event. 

It would be helpful if the level of hydration could be 
accessed easily in all subjects, as this would a~sist in 
deciding the need for fluid-replacement thempy, but this 
is unfortunately not usually possible. In the past, this 
assessment has not been made; rather it has been as
sumed that dehydration is always present and is the prin
cipal etiologic factor explaining the athlete' s collapse 
(33,35). Yet it seems likely that the levels of dehydration 
of 1-4% usually encountered in long-distance runners, 
although sufficient to impair their exercise perfonnance, 
do not pose any significant health risks (13,32,33,35,37, 
59). For example. studies performed during World War 
II showed that levels of dehydration of >8-10% are nec
essary to place the athlete's health at risk (2.32.33). 

At present, the only reliable indicators of dehydration 
are an adequate history and clinical examination (Table 
4) with special emphasis on the recognized clinical in
dicators of dehydration, including drying of the mouth 
caused by inhibition of parotid secretions. which occurs 
at dehydration levels of ;;05%, and loss of skin turgor. 
These signs have seldom been present in the collapsed 
endurance athletes we have treated. Furthermore, in our 
experience, changes in plasma volume and serum bio
chemical measures are poor indicators of the exact level 
of dehydration in runners (13). 

In the absence of any absolute measure of the level of 
dehydration. persistent tachycardia and hypotension in 
subjects lying supine with feet and pelvis elevated above 
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TABLE 4. InfiJrmation required from each athlete admitted 
with collapse 

Amount of Iluid inge,ted during 
the mce 

Amount of urine pas;ed during 
the race 

Pre~ence of vomlling andlor 
diarrhea before and during the 
ral:e 

Amount of carbohydrate 
ingested before and during Ihe 
race 

Drugs taken during the race 
Recent intercurrent illne" 
Race preparalion: heat 

acclimatlzation. training 
~cheduJc. distance training 

Adequate e.aminattOn 

Level of con.,ciousne,,/mental 
stare 

Slate of hydration 

Rectal temperature 

Heart rate. supine and erect 

Blood pre~surc. supine and erect 
Blood gluco~e concentration 
Serum '\(.xiium concelllration 

the level of the heart may indicate a reduced circulating 
blood volume and hence the possible need for tluid
replacement therapy (see the following). 

MANAGEMENT PROTOCOLS FOR 
UNCONSCIOUS ATHLETES 

Heatstroke 
Rectal temperature is increased during exercise in pro

portion to the metabolic rate (37,62) and increases fur
ther in proportion to the degree of dehydration (26), as 
originally postulated by Wyndham and Strydom (61). 
When running. the metabolic rate is a function of running 
speed and body mass; thus the highest rectal tempera
tures are usually measured in the fastest runners compet
ing in the shorter distance races of 8-21 km. In these 
runners, the rectal temperature may increase to ;;;.40.5°C 
without the athlete reporting symptom~ or showing evi
dence of heat-related illness (16,25.37,40,44,61). Thus 
rectal temperatures of ;;;'40.5°C can be present in runners 
who are asymptomatic. 

However, higher rectal temperatures are usually asso
ciated with a range of symptoms including dizziness. 
weakness, nausea, headache, confusion, disorientation. 
irrational behavior including aggressive combativeness, 
or drowsiness progressing to coma. The combination of 
an elevated rectal temperature with symptoms of an al
tered mental state confirms the diagnosis of heatstroke 
and is sufficient to warrant immediate initiation of cool
ing techniques to lower the body temperature, as the 
more rapidly the rectal temperature is reduced to 38°C, 
the better the prognosis. 

The patient with heatstroke must be placed in a bath of 
ice-water for 5-10 minutes to expedite cooling (4.8,15. 
22). The body temperature should decrease to 38°C 
within this time. 

The theory that placing the hyperthermic athlete in a 
bath of ice water would delay cooling by inducing va
soconstriction in the subcutaneous vessels (56) should 
never have gained credence, given the clear observation 
that hypothermia develops rapidly in persons exposed to 
freezing water (20,28). Fortunately there is now firm 
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evidence that cooling in a bath of ice-cold water is the 
most effective form of body cooling in exercise-induced 
hyperthermia (4,8) and rates of cooling close to I DC/min 
can be achieved (4). Such high rates of couling can in
duce hypothermia if sufficient care is not exercised. 
When body temperatures are changing rapidly, the rectal 
temperature lags behind the core (esophageal) tempera
ture. Thus active cooling must be terminated before the 
rectal temperature reaches the normal body temperature. 
Shivering indicates that the core temperature has de
creased to 37°C. 

The physiologic changes in heatstroke include a large 
reduction in peripheral vascular resistance, caused by the 
elevated temperature. The observation that patients with 
heatstroke can continue to exercise vigorously almost to 
the moment of collapse implies that the vasomotor col
lap,e occurs late in the evolution of heatstroke. One pos
sibility is that the vasomotor collapse results from a sud
den, dramatic vasodilation in the splanchnic circulation 
producing a hyperkinetic circulation characterized by a 
very low peripheral resistance, reduced central blood 
volume causing a low stroke volume, tachycardia, and 
systolic and diastolic hypotension (21,23,38). A rapid 
reduction in body temperature reverses the peripheral 
vasodilation and restores the central circulation with a 
reduction in heart rate and increases in central blood 
volume, stroke volume. and diastolic and systolic blood 
pressures. 

But if the hypotension persists, myocardial damage 
exacerbated perhaps by absorption of endotoxins from 
the ischemic gastrointestinal tract. induces cardiac failure 
with ischemic necrosis of all the major body organ~. 

There is no published evidence showing that dehydra
tion is a major factor in the etiology of hcatstroke (35); 
the series of assumptions linking dehydration to heat
stroke has been reviewed elsewhere (33). Intravenous 
fluids are given purely to correct the level of dehydration 
expected in the athlete and to assist in stabilization of the 
hyperkinetic circulation. Thus"'" 1-1.5 L of 0.5 or 0.9ck 
saline should be given initially. The mortality rate (10-
80%) in heatstroke is directly related to the duration and 
severity of the hyperthermia. the presence of confound
ing medical conditions, and the rapidity with which cool
ing occurs (15). Mortality should be zero in healthy ath
letes who receive prompt and appropriate cooling (4,8). 

Once the athlete's rectal temperature has been reduced 
to <38°C, the decision is whether or not to admit the 
patient to hospital for further observation. Factors influ
encing this decision are the known tendency for the rec
tal temperature to increase after cooling; this increase 
may not be noticed if the patient returns home without 
appropriate supervision. Any tendency for the rectal tem
perature to increase after the cessation of exercise and 
cooling indicates the presence of ongoing heat
generating biochemical processes in muscle unrelated to 
exercise and related perhaps to the biochemical abnor
malities that initiate conditions like malignant hyperther
mia (9,18). 

Our experience is that hospital admission is always 
required if the patients fails to regain consciousness 
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within 20-30 minutes of appropriate therapy that returns 
the rectal temperature to 38°C. Patient.s who rapidly re
gain consciousness, whose cardiovascular system is 
stable. and whose rectal temperature does not increase in 
the first hour after active cooling ceases will not usually 
require hospital admission. Thus a decision of whether or 
not to admit the patients with heatstroke to hospital 
should be made within 30-60 minutes of admission to 
the medical tent. 

Finally, heatstroke remains an uncommon complica
tion during exercise. raising the possibility that indi
vidual factors may be operative. The possibility that per
sons who develop heatstroke may be genetically predis
posed. perhaps by an inherited tendency for malignant 
hyperthermia. has been raised (9.18). Alternatively 
unique constitutional factors may be present only during 
that specific exercise bout that resulted in heatstroke. 
Such factors might include unaccustomed drug use or the 
presence of a subclinical viral infection. 

Hyponatremia 
Athletes who become unconscious during or after ul

tradistance running or triathlon races and whose rectal 
temperatures are not elevated should be considered to 
have symptomatic hyponatremia until the measurement 
of the serum sodium concentration establishes or refutes 
the diagnosis. 

Current evidence is that all athletes with symptomatic 
hyponatremia are overhydrated by between 2 and 6 L 
(17.31). As a result, during recovery they pass a very 
dilute urine. The presence of a very dilute urine in a 
patient with an altered level of consciousness should 
alert the physician to the possible diagnosis. 

Under no circumstances should large volumes of fluid 
be given to unconscious athletes and never to subjects 
with hyponatremia. Iso- or hypertonic saline (3-5%) so
lutions infused at a slow rate «50 mllh for a 5% saline 
solution) may be used. All unconscious hyponatremic 
patients in our series (31) recovered spontaneously with
out specific treatment other than fluid restriction and the 
occasional use of diuretics. the value of which is uncer
tain. 

The responsibility of the medical care facility in the 
management of patients with hyponatremia is to ensure 
that such patients are transferred expeditiously, within 30 
minutes. to a tertiary hospital for further management. 
The patient should not be left in the care of anyone who 
is not aware that symptomatic hyponatremia is caused by 
fluid overload and that uncontrolled fluid replacement 
must not. on the basis of our current understanding, be 
given to these patients. The race medical director must 
ensure that hospital physicians caring for athletes with 
hyponatremia are aware of correct management of this 
condition. Vigorously treating such patients with intra
venous fluids for a perceived "dehydration" could have 
fatal consequences. 

Hypoglycemia 
Exercise-induced hypoglycemia occurs when liver 

glycogen depletion causes liver glucose production to lag 
behind the rate of muscle glucose uptake by muscle from 
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the blood (7). Hypoglycemia occurs more commonly in 
long-distance events lasting ?!'4 h, especially in athletes 
who fail to eat and drink sufficient carbOhydrate before 
or during these events. During events of shorter duration, 
the higher exercise intensity increases the probability 
that factors other than hypoglycemia will initiate fatigue 
before the liver glycogen stores are depleted. 

Persons who voluntarily restrict their intake of carbo
hydrates. usually young women with overt or covert eat
ing disorders, are especially at risk. In our experience, 
the development of hypoglycemia in unusual circum
stances should raise the possibility of an eating disorder 
with long-term carbohydrate restriction. 

In most cases. the level of consciousness dictates that 
the glucose replacement be given intravenously as a 50% 
solution. Recovery is always rapid (within minutes) if 
hypoglycemia is the sole cause of collapse. Patients who 
are conscious can ingest a concentrated glucose solution 
orally. 

MANAGEMENT PROTOCOLS FOR 
COLLAPSED CONSCIOUS ATHLETES 

Exercise-associated collapse 
Perhaps the most important recent observations are (a) 

that 85% of athletes who collapse in association with 
prolonged exercise do so after the cessation of exercise 
(14). and (b) that the vast majority of all collapses are not 
sufficiently serious to warrant hospital admission (43). 
Although the mechanisms causing postexercise collapse 
remain uncertain, it is clear that the syndrome is benign. 
In contrast, those athletes who collapse during exercise 
have identifiable medical conditions (14). some of which 
are serious. 

[n the absence of any clear diagnosis. this specific 
syndrome is defined as exercise-associated collapse 
(EAC; 42). It is in itself not a diagnosis as it gives no 
indication of the nature of the condition. but rather de
scribes the major complaint, which is the inability to 
stand or walk unaided as a result of lightheadedness. 
faintness, or dizziness (47). The affected athlete may 
occasionally have syncope. which is rapidly reversed on 
lying down. 

The diagnosis of EAC is made when other readily 
identifiable medical syndromes, already described, have 
been excluded (42). Although the origin of this syndrome 
remains uncertain, it has historically been assumed that 
EAC is caused by dehydration-induced hyperthermia 
with circulatory collapse (1.5.11,12. I 5,33.35,60,61), but 
a number of findings are not compatible with this expla
nation. 

First, it is difficult to understand why dehydration
induced circulatory collapse should first appear after ces
sation of exercise, when the demands on the circulatory 
system are decreasing. 

Second. most collapsed athletes have rectal tempera
tures that either are within the normal postexercise range 
of 38-41 °C (5,14.42.51) or are subnormal (14,25,47,48). 
Thus the use of terms like "heat exhaustion" (15) or 
"heat strain" (48) are misleading, as the condition is 
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clearly not the result of a failure of thermoregulation, as 
is heatstroke (35), but must be caused by other mecha
nisms. 

Historically, the condition of heat exhaustion was de
scribed in persons who collapsed during exercise but 
whose core temperatures were not greatly elevated (2,3, 
10,57,58). All these authors concluded that the condition 
resulted from heat-induced peripheral vasodilation, caus
ing cardiovascular instability (33). 

Third is the finding that biochemical evidence for de
hydration is no more common in collapsed than in non
collapsed runners (14,36), but more definitive studies are 
required to confirm this clinical impression. 

One possibility is that EAC is an exaggeration of the 
normal reduction in standing blood pressure that occurs 
after prolonged exercise (10,13,21,52). exaggerated by 
the sudden cessation of exercise in persons who have 
exercised in the heat and in whom there is a substantial 
relocation of the central blood volume to the dilated ca
pacitance vessels in the lower limbs. 

We have suggested that the principal pathophysiologic 
change that explains EAC is a postural hypotension that 
develops as a result of three specific changes: 

First is an increased blood flow to the cutaneous blood 
vessels to regulate body temperature. This response is 
increased in hot conditions and leads to a redistribution 
of the central blood volume to the periphery. As a result, 
the left atrial filling pressure and the stroke volume de
crease; cardiac output is maintained by an increased 
heart rate (45,46). The higher the environmental tem
perature, the greater the cutaneous blood tlow and thus 
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the greater the peripheral location of blood volume in the 
capacitance cutaneous vessels. particularly on the cessa
tion of exercise. This theory would explain why the num
ber of collapsed athletes at any endurance event is lin
early related to the ambient temperature (41; Fig. I). 

Second, the action of the calf-muscle pump helps to 
maintain the arterial pressure during exercise in the heat 
by reducing the volume of blood stored in the capaci
tance veins in the lower limb (45,46). With the cessation 
of exercise, this action of the calf-muscle pump ceases, 
and blood accumulates in the dilated capacitance veins of 
the lower limb, threatening the maintenance of an ad
equate arterial blood pressure (13). 

Third, evidence shows that tmining-induced adapta
tions occur in the autonomic nervous system (39,49,53-
55). These adaptations include an increased baseline 
parasympathetic (vagal) activity, associated with a rest
ing bradycardia, and an attenuated sympathetic activity, 
associated with a blunted vasoconstrictor response to any 
hypotensive stress (27,53). 

If this theory is correct, the most logical approach to 
the treatment of EAC would be to elevate and cool the 
athlete's legs and pelvis to reduce the skin blood tlow 
and the volume of blood in the cutaneous veins. This is 
the treatment of choice in the medical tents that we di
rect. Subjects are encouraged to ingest tluids orally. 

In our experience, few if any athletes with EAC are 
sufficiently dehydrated to show the usual clinical signs 
of dry mucous membranes, loss of skin turgor, sunken 
eyeballs, and an inability to spit. The presence of such 
signs might be used to justify the use of intravenous 

CEPe 

FIG. 1. Percentage of race starters with exercise-associated collapse expressed as a function of the corrected effective temperature 
(CEPe). Upper curve illustrates the regression for the years 1972-1977 inclusive; lower curve, For the years 1978-1984. Redrawn from 
Richards and Richards (41). 
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fluids. Rather we propose that intravenous fluid therapy 
should be saved for those athletes who continue to have 
increased heart rates (> 1 00 beats/min) and hypotension 
(systolic blood pressure < II 0 mm Hg) when lying supine 
with the legs and pelvis elevated above the level of the 
heart. 

Subjects with EAC can be encouraged to ingest fluids 
orally during recovery. Sports drinks containing both 
glucose (5-10%) and electrolytes (Na, 10-20 mM) can 
be advocated. Fluid retention is greatest from solutions 
with higher sodium contents (>80 mM), but such solu
tions are generally unpalatable and also unnecessary, as 
recovery from this condition. when correctly treated with 
elevation of the pelvis and legs, occurs within 10--20 
minutes, before full rehydration could have occurred. 

Most athletes with EAC will be able to stand and walk 
unaided within 10-30 minutes of the institution of ap
propriate treatment and can be encouraged to leave the 
medical facility within that time. 

Muscle cramps 
These are commonly seen and may show varying de

grees of severity. The pathophysiology of muscle cramp
ing is not determined, although a novel theory has re
cently been proposed (6,50). As a result there is, as yet, 
no uniform approach to treatment. 

Maintaining the affected muscles in the lengthened 
position is the only therapy known to be effective (6,50). 
Icing and physiotherapy massage of the involved muscle 
groups are also used. The Boston Marathon medical team 
treat muscle cramps with normal saline given intrave
nously, but no clinical trials of the value of this treatment 
have yet been reported (I). 

F ACTORS INFLUENCING THE NUMBER OF 
MEDICAL CASUALTIES AT 

ENDURANCE EVENTS 

Appropriate planning of the medical facility at an en
durance event requires an estimation of the number of 
patients that are likely to require treatment, the nature of 
the medical conditions that will be encountered. and their 
severity. Available data allow the prediction of the ex
pected number of casualties (1,4). 

The total number of expected casualties is usually e)\.
pressed as a percentage of the total number of race start
er~ or entrants. It represents the predicted risk for the 
population involved and differs markedly according to 
the nature of the event. Table 5 lists these ranges for 
certain endurance events (42). When this figure is ana
lyzed according to category of disorder, it is found that 
the proportion of certain conditions, for example, soft
tissue orthopaedic injuries, remains relatively constant 
and is essentially independent of the nature of the event. 

However, the prevalence of EAC is dependent on the 
nature of the race, especially its length and whether it 
involves running, the nature of the participating popula
tion (in particular, their level of fitness and previous 
competitive experience), and the environmental tempera
ture. Table 2, compiled from various sources (1.14,24, 
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TABLE 5. Ranges of the expected percentage of race 
.ftarters likely TO be admitred to the central medical 

care facility 

A~tivity 

Running 
42 km 
21 km 

Uhratriathlon >200 km 
Cycling 
CroS&-country skiing 

Data from Roberts. 1991. 

Percentage of race 
starters 

2-20 
1-5 

15-30 
5 
5 

36,41). indicates the effects of two of these factors. en
vironmental conditions and race distance. 

It is clear that the longer the race and the higher the 
ambient temperature, the greater the proportion of casu
alties. It is also apparent that the detrimental effect of 
environmental heat increases substantially with increas
ing race distance. Whereas 500/0 more athletes will re
quire treatment for collapse after a 12-km race run in hot 
than in cool conditions, this difference in a raee of 90 km 
is 225% (Table 2). 

Figure 1 shows the percentage of race starters treated 
for collapse at the medical facility at the Sydney City
to-Surf race for each year plotted against the prevailing 
environmental conditions during the race (41). There was 
a sharp reduction in the percentage of starters treated for 
collapse between 1978 and 1984, compared with that 
from 1971 to 1977. An intervention program, which en
couraged the runners to improve their fitness and which 
explained how heat-related illnesses could be prevented 
during exercise. caused the lower prevalence after 1978. 
However. the annual prevalence, even in the fitter, more 
educated runners after 1978, was still related to the en
vironmental temperature. 

It is difficult to predict the exact number of medical 
personnel required to staff the medical facility at any 
particular race finish. This will depend on the predicted 
number of casualties. which is, in itself, strongly depen
dent on the environmental condition on race day (Table 
2) and the proportion of more serious conditions thai are 
likely to be encountered. Thus whereas a very large num
ber of athletes with EAC can be comfortably managed by 
relatively few medical personnel. the opposite applies for 
the life-threatening medical conditions such as cardiac 
arrhythmias or the hyponatremia of exercise. 

SUMMARY OF MANAGEMENT OF 
COLLAPSED ATHLETES 

The probability is that the rate of admission of col
lapsed athletes to the medical facility at the finish of 
ultraendurance events lasting >4-6 h. and which include 
large numbers of competitors, will become too rapid for 
each new patient to receive a detailed medical examina
tion before any specific treatment is initiated. For this 
reason, il is essential that some form of triage system 
should be introduced. Table I lists the different condi-
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tion~ that may be expected in athletes competing in ul
traendurance events; Tables 3 and 4 provide guidelines 
for how these conditions should be initially assessed, 
including the pertinent history that is required and ad
equate examination that should be performed. 

Figure 2 depicts how the medical tent can be managed 
with admission and triage areas, green and red zones for 
nonsevere and severe cases, respectively, and areas for 
physiotherapy, medical supplies, toilets, and a diagnostic 
laboratory. An ambulance should be located next to the 
red zone to allow rapid evacuation of emergency cases. 
The activities that need to be completed in each of these 
areas also are indicated in Fig. 3. 

Medical personnel required in the different designated 
areas include cardiologists, anesthetists. and intensive 
care nursing ~taff in the red area; physiotherapists would 
staff their own designated area. The green area, where 
most cases of EAC are treated, can be managed by sports 
physicians skilled in the management of fluid and elec
trolyte imbalances in endurance athletes. 

Minimal diagnostic facilities would include equipment 
to measure blood pressure, rectal temperature, the elec
trocardiogram, and blood glucose concentrations. Equip
ment to measure serum electrolytes, especially sodium 
concentration, should be available at ultradistance 
events. 

Equipment including one or more defibrillators and 
medications to treat cardiac arrest or serious arrhythmias 
and heatstroke must also be provided. When filled with 
ice-cold water, small. child-size, portable baths, each 

large enough to accommodate the torso of the collapsed 
athlete, are optimal for the treatment of heatstroke (5). 

MANAGEMENT OF ATHLETES COLLAPSING 
ON THE COURSE (BEFORE THE 

RACE FINISH) 

Provision need~ to be made for the identification and 
management of athletes who collapse on the race course 
before the race finish. The probability is that these ath
letes will have one or more of the more serious medical 
conditions (Table 1) and can be more adequately man
aged in hospital without the delay of going first to the 
medical facility. It is necessary that the cooperation of 
the ambulance service and the local hospitals be obtained 
and coordinated to manage these eventualities. 

CONCLUSION 

The popular view that all persons who collapse after 
exercise have dehydration-induced hyperthermia has 
been challenged (33). Here we extend that argument and 
provide diagnostic and management protocols that, in 
our experience, cover the most common causes of col
lapse in ultraendurance athletes. 

The use of these protocols can enhance the manage
ment of large numbers of collapsed ultraendurance ath
letes, providing optimal efficiency and improved safety. 
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FIG. 2. Central medical care faCility near the finish of an ultraendurance sporting event. 
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ADMISSION AREA 

o given medical card 
o race number recorded 
o time of entry to facility recorded 

TRIAGE AREA 

o BP, pulse, temp, state of consciousness 
a blood glucose concentration 
o information recorded on card 
a diagnosis made 
a assigned to zone 

UNSAllSFACTORY PROGRESS 
REASSESS, CHANGE ZONE ~ .. GREE)I ZONE RED ZONE 

~ .... SEVERE NON-SEVERE 
DISCHARGE TO HOSPITAL (see criteria table 3) (8&8 criteria table 3) 

" 
DISCHARGE AREA 

o record time out of facility 

(--------------, 
I 
I 
I , , 
I 
I , 
I 

I 

WITHIN EACH Z ONE 

a 
a 
a 

record vital si gns regularily 
check serum electrolyte and glucose concentrations 

od of treatment record meth 
o Interm tltent assessment of progress on therapv 

t _________________________________________ _ 

t 
o check medical card filled out satisfactorily 
o record discharge and diagnosis on computer ... SATISFACTORY PROGRESS 

DISCHARGE HOME 

FIG. 3. Suggested flow chart lor management 01 patients admilled to the central medical care facility (Fig. 2). 
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Exercise-Associated Collapse 
Postural Hypotension, or Something Deadlier? 

Dale B. Speedy, MBChB, MSc, MD 

nmothy D. loakes, MBChB, MD 

Lucy-May Holtzhausen, MBChB 

IN BRIEF: Exercise-associated collapse (EAC) is the most common reason that athletes are treated 

in the medical tent following an endurance event. The pathophysiology ofEAC is postural hypoten

sion that results when the loss of muscle pumping action caused by the cessation of exercise Is 

combined with cutaneous vasodiJation. EAC usually occurs after an athlete crosses the finish line. 

IT an athlete collapses during a race, then another serious medical cause is more likely. A brief 

assessment of the col1apsed athlete should be carried out to obtain a working diagnosis. Prompt 

treatment ofEAC includes elevating the legs and peMs of the athlete. 

Collapse following an endurance or ultra
endurance event is one of the most com
mon reasons for an athlete to receive 
treatment at a race medical tent.'" The 

cause in most cases is exercise-associated collapse 
(EAC), a benign condition related to posnrral hypoten
sion on cessation of exercise.' Medical workers at the 
finish line of athletic events, who are often volunteers, 
need a sound understanding of FAC and a simple ap
proach to the treatment of the collapsed athlete. 

Definition of EAC 
FAC is variably defined in the literature. Some au

thors'" combine postural hypotension with the other 
medical causes for collapse (table 1), while others 
dearly differentiate FAC (preswned secondary to pos
tural hypotension) from other causes.'~ Holtzhausen 
et al' have defined EAC as the "inability to stand or 
walk unaided as the result of light-headedness, faint
ness, dizziness, or syncope." This could be further de
fined by associating the collapse with completion of 
the race and a clearly demonstrable postural drop in 

continued 
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exercise-induced collapse continued 

TABLE 1. Conditions Associated With Collapse 
During or After Exercise 

Exercise-associated collapse 
Muscle cramping 
Hyperthermia 
Hypothermia 
Hyponatremia 
Hypoglycemia 
Cardiac arrest 
Other medical conditions 
Musculoskeletal conditions 

systolic blood pressure of greater than 20 mm Hg from 
standing to lying.' 

EAC has previously been termed "heat syncope" or 
"heat exhaustion," but these tenns are incorrect No ev
idence shows that athletes who experience EAC have 
higher postrace rectal temperatures than do athletes 
who do not collapse after exercise." Nor do athletes with 
EAC require the active cooling necessary for the treat
ment of heatstroke, the true heat disorder of exercise. 
As is the case in a great deal of research in this field, the 
absence of adequate control groups has led to the de
velopment and perpetuation of incorrect hypotheses. 

Where and When 
The prevalence of collapse in footraces is reported 

to be from 0.2% to 3.7%."4.7" In 12 years at the Twin 
Cities Marathon in Minneapolis and St Paul, the inci
dence of EAC has been reported as 1.13% of race 
starters.' The 4-hour temperature range for these races 
was 41 ° to 68° F (5° to 20°C). Roberts' reported a medi
cal encounter rate of of 25.3 per 1.000 finishers and 
that 59% of admissions to the medical facility were for 
EAC at the Twin Cities Marathon. 

In ultradistance triathlon events, EAC has occurred 
in 17% to 21% of race starters.uoWhen the stricterdefi
nition (which excludes other medical causes for col
lapse) was used, Speedy et ai' reported that 27% of 

Dr Speedy is a research fellow in the Department 01 General Practice and 
Primary care at the University of Auckland and a sports physician at Sports 

Care in Auckland. New Zealand. Dr Noakes is a professor of exercise and 

sport science in the Department of Hurran Biology at Ihe University of 
Capetown a~d Sports Science Institute of South Africa in Capetown. South 

Africa. Dr Holtzhausen is a ohysician at Sports Ca~e in Auckland. 
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athletes seen in the medical tent after an lronman 
Triathlon had FAC. 

Postural Hypotension Explored 
EAC is believed to be caused by postural hypoten. 

sion brought on by the sudden cessation of exercise, 
especially if the exercise has been undertaken in the 
heat. Adolph" first suggested the role of postural hy
potension in "heat exhaustion" after exercise. Similarly, 
Eichna et al12 concluded that postural hypotension af
ter exercise was caused by pooling of blood in the legs. 

Holtzhausen and colleagues" s reported that 85% 
of subjects with EAC collapsed after the cessation of a 
56-km ultramarathon and not during the event, and 
that postural hypotension, often severe, could be dem
onstrated in virtually all the runners who completed 
the event. This evidence led them to suggest that 
Adolph and Eichna's hypotheses could explain the 
phenomenon of collapse immediately after exercise. 
The inactivation of the calf muscle pump immediately 
after cessation of endurance exercise results in blood 
pooling in the compliant veins of the lower limbs, 
causing a reduced atrial filling pressure and subse
quent syncope. This circulatory decompensation is of
ten exacerbated by heat-induced increases in muscle 
and cutaneous venous capacitance. Another factor 
may be a right atrial reflex that causes a paradoxical 
skeletal muscle vasodilation when the right atrial pres
sure falls dramatically (the Barcroft -Edholm reflex)." 

In some cases, sources of extra fluid loss, such as 
sweating, diarrhea, and vomiting, may contribute to 
postural hypotension through a reduced blood vol
ume. No evidence exists that athletes who have EAC 
are any more dehydrated than control athletes who 
finish the same race without collapsing. Indeed, levels 
of dehydration up to 5% do not alter cardiovascular 
function during exercise in the supine position, where
as such effects are measurable during exercise in the 
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exercise-Induced collapse continued 

erect position." This indicates that the position in 
which the exercise is performed, and not dehydration, 
is the primary cause for any cardiovascular instability 
that develops during exercise in healthy athletes. 

The theory of postural hypotension on cessation of 
exercise is based on a study by Holtzhausen et al' who 
reported that 85% of athletes who required medical care 
in a 56 Ian ultrnmarathon collapsed after the race. Ces
sation of exercise was therefore considered important in 
the etiology. All of these runners had a postural drop in 
blood pressure immediately postrace that was not pre
sent when they were studied 24 hours later. Conversely, 
all runners who collapsed during the race had some 
identifiable medical condition that caused their col
lapse. Only 34% of runners who collapsed at the finish 
line were found to have some other medical condition 
responsible for their collapse-notably, hypoglycemia 
or heatstroke. The cardiovascular status of runners with 
FAC was normal when they were supine, in contrast to 
persisting hypotension and tachycardia in athletes who 
were in shock or had heatstroke. The dismbution of rec
tal temperatures in runners who had EAC were not dif
ferent from values measured in rwmers who did not 
collapse.' Similarly, others have reported that most run
ners who have EAC do not have rectal temperatures 
greater than 102.S0F (39"q."'·"'" 

Training-induced adaptations to the autonomic 
nervous system have been postulated as contributing 
to the postural hypotension of EAC." Exercise training 
induces adaptations, including a decreased vasocon
strictor response to hypotension."'" Holtzhausen and 
Noakes' demonstrated an asymptomatic drop in pos
tural systolic blood pressure of more than 20 nun Hg 
in 68% ofrwmers who were studied immediately after 
an ultrarnarathon. Runners who had a postrace sys
tolic blood pressure of less than 90 mm Hg experi
enced dizziness and nausea. 

In the past, EAC has been attributed to dehydra
tion-induced hyperthermia.1O Holtzhausen et al' have 
argued against this theory on the grounds that if dehy
dration were a major contributing factor, athletes 
would be expected to collapse during exercise when 
the stress on the cardiovascular system is the greatest. 
Furthermore, they have reported similar levels of fluid 
losses in rwmers who collapsed and in controls who 
did not collapse, and similar levels of renin and argi
nine vasopressin in rwmers and controls.' The level of 
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dehydration developed during the race has been 
shown to be unrelated to the degree of postural drop 
in systolic blood pressure.' 

Differential Diagnosis 
It is vital to differentiate serious causes of collapse 

from benign causes and to expedite treatment of those 
athletes who are seriously ill." The first principle in the 
approach to the collapsed athlete is to establish a worlc
ing diagnosis (see table 1). Holtzhausen and Noakes' 
and Noakes""" have suggested that failure to consider a 
rational differential diagnosis prior to initiating treat
ment has been the major limitation to the management 
of collapsed athletes. They have also suggested this may 
stern from a fear on the part of the attending physician 
that delay in instituting treatment may prejudice the 
treatment outcome. However, the emergency treatment 
of severe medical conditions, such as hyperthermia and 
hyponatremia, can safely wait 1 to 2 minutes while a 
worlcing diagnosis is established. The exception is car
diac arrest, which is an uncommon occurrence at u1tra
distance events and is an obvious diagnosis. 

A further possible reason for initiating treatment 
without a diagnosis is the mistaken belief that dehy
dration is the major cause of collapse,'·IO.,. and that in
travenous (N) fluid replacement is often needed for 
athletes who collapse after u1tradistance events. to 

Assessment of the Collapsed Athlete 
The initial clinical assessment (table 2) should be 

expedient but thorough, and it is beneficial to evalu
ate the collapsed athlete in the head-down position. 
Remember that athletes who collapse before reach
ing the finish line usually have a serious medical con-

continued 

TABLE 2.1n1t/al Asman_It 01 the Collapsed Athlela 

Mental status 
Rectal temperature 
Systolic blood pressure 
Pulse rate 
Hydration status 
Site of colla pse 
Body weight change 
Serum sodium concentration 
Serum glucose concentration 
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exercise-induced collapse continued 

Courtesy of TonoIIIy O. _os, MBChB, Me 

inability to spit has also been found to 
be a useful clinical sign of dehydra
tion: but the most aCCUIate medtod to 
detennine the level of dehydration is 
by recordIng weight change over a 
race. Speedy et all have recommended 
mandatoryprerace weighing of all ath
letes participating in an ultradistance 
triathlon. Accurate data on weight 
change and hydration status are thus 
available if the athlete requires post
race medical care. 

FIGURE 1. Immediately placing a collapsld .tIIllte In till ilIad-down position is thl first 
step toward COmlCUnl poslllraillypoklnslon and restoring circulatory stability. The toot of 
tile shleller should be raised 6 in. (15 em). O\IIer assessmenls can bl mede and 
trealment can be initiated wltllthe palienl in tills position. 

Signs of overhydration include an 
alteration of mental status caused by 
hyponatremia, weight gain during the 
race, and edema of the hands and fin
gers." Increased tightness of rings, 
watches, or race registration wrist
bands is a lI5eful sign of localized hand 
edema and possible tluid overload. 

Serum sodium and glucose con-

dition that requires urgent attention.' 
Mental status is the single most important clinical 

sign. If an athlete is Wlconscious or has an altered 
mental state when he or she is no longer in the erect 
position, the athlete is likely to have symptomatic hy
ponatremia, profound hypoglycemia, severe hyper
thermia or heatstroke, or, paradoxically; hypothermia 

Core temperature is thus assessed first to rule out 
heatstroke as a cause of the altered mental state. It is 
crucial that the rectal and not oral, axillary, or aural 
routes be used, because only the rectal temperature 
accurately reflects core temperature in a field 
situation." An Wlconscious athlete who has a rectal 
temperature higher than 107°F (41.S0C) has heat
stroke, but an Wlconscious athlete whose rectal tem
perature is less than 104°F (40°C) and whose pulse 
and blood pressure are normal has hyponatremia Wlti1 
proven otherwise. 

Pulse and blood pressure need to be measured in 
both the supine and erect position, if the athlete's con
dition allows. 1bis gives some indication of the severity 
of the postural hypotension. 

Signs of dehydration include a dry mouth, de
creased skin turgor, and persisting hypotension and 
tachycardia despite elevation of the legs and pelvis. The 

centradons should be measured, if 
testing is available. A facility for on-site measurement of 
serum sodium concentration should be considered 
mandatory for ultradistance events. because hypona
tremia is the major cause of serious iliness following 
such events.' Serum sodium measurement is especially 
important when the official policy is that athletes 
should drink "as much as possible" during exercise; at 
such races the incidence of hyponatremia is especially 
high. 22 Of course, the most important preventive mea
sure to ensure that athletes do not develop hypona
tremia is simply to encourage athletes to drink "opti
mally but not maximally" during the race. 22 

A history made after the initial assessment should 
include an athlete's fluid and carbohydrate intake, 
urine output, presence of diarrhea or vomiting, drug 
intake, and concomitant iliness. A general physical ex
amination can follow the initial assessment after a 
working diagnosis has been achieved and any urgent 
treatment has been initiated. 

Treatment of EAC 
We'" have recommended that athletes who have 

EAC be given oral fluids and have their legs and 
pelvises elevated by lifting the foot of the stretcher 
Sin. (15 em) (figure 1). The recovery of their cardiovas-
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exercise-Induced collapse confinuBd 

Intravenous fluid therapy is indicated only when the patient: 
Shows signs of clinical dehydration (eg, dry mucous membranes, inability to spit. decreased skin turgor, sunken eyes) 
Has dehydration that causes signs of cardiovascular instability or other medical problems 
Cannot be treated with oral rehydration 
Is unconscious and has serum sodium concentration >130 mmol/L 

cular status is monitored every 15 minutes. IV fluids 
are not considered until response to the elevated low
er-limb position is assessed. If the diagnosis is correct, 
the athlete's circulatory stability is almost instantly re
stored in the head-down position," and the athlete 
can stand and walk unaided within 10 to 30 minutes.'J 
Our clinical impression is that the quicker this form of 
treatment is initiated, the more rapidly the athlete re
covers. In contrast, placing the patient in the supine 
position can occasionally worsen hypotension and 
delay recovery. 

IV fluids administered to the athlete in the supine, 
unelevated lower-limb position are unlikely, on their 
own, to increase the venous return from dilated capac
itance veins in the legs."'" No study has demonstrated 
that treating collapsed athletes with IV fluids helps 
them to recover more quickly than nursing them in 
the head-down position." Holtzhausen and Noakes' 
suggest that persistent tachycardia and hypotension, 
despite elevation of the legs and pelvis, could be an in
dication for IV fluid replacement. The indications for 
IV fluid therapy (table 3) following an ultradistance 
Ironman lliathlon are rare.'U' In the first 2 years of the 
South African Ironman lHathlon, it has not been nec
essary to give IV fluids to a single collapsed athlete. 
Rather, all have recovered rapidly with placement in 
the head-down position only. 

Preventive measures for PAC include an appro
priate cooldown after exercise (to avoid postural hy-

potension on sudden cessation of exercise) and the 
avoidance of hot showers immediately postrace. 
Collapse is also more likely when long queues devel
op in the race finishing area. When such queuing oc
curs, athletes who begin to feel faint should be en
couraged to lie down and to elevate their legs and 
pelvises, if possible. 

Other Common Conditions 
In addition to postural hypotension, physicians 

in the medical tent are likely to see several other medi
cal conditions. 

Exercise-associated muscle cramping, the 
"painful, spasmodic, involuntary contraction of skele
tal muscle that occurs during or immediately after 
muscular exercise,"2l is also a common reason for vis
iting the medical tent following a race.'-"IO The cause 
has not yet been determined, and there is little sup
port for abnormalities in either serum electrolyte con
centrations or alterations in hydration status." 
Schwellnus et al2l have posrulated that muscle cramp
ing is caused by muscle fatigue, which alters alpha 
motor-neuron control at the spinal level. The treat
ment is to maintain the cramped muscle in a length
ened position with passive stretching. 

Hyponatremia is defined as a serum sodium con
centration of less than 135 mmol/L. Hyponatremia is 
more commonly seen in ultradistance races, I but it has 
also been described in marathon races222

' and in bik-
continued 

Preventive measures for EAC include an appropriate postrace cooldown (to avoid 
---------------------------------------_ .. -------------------------- .. --------------------------------------- ..... _----------_ ...... -....... 
sudden cessation of exercise) and 'the avoidance of hot showers. Athletes who feel 

faint should lie down and elevate their legs and pelvises, if possible_ 
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The management of mild hyponatremia is 'masterly inactivity': awaiting a 

spontaneous diuresis of the excess fluid and observing the patient for a couple of 

hours. Alternatively, a low dose of diuretic may be used to initiate the diuresis. 

ers." Hyponatremia can either be symptomatic or 
asymptomatic. The cause of severe symptomatic hy
ponatremia is fluid overload.22.26.27 

An endurance athlete who has an altered mental 
status and a normal rectal temperature should be con
sidered to have hyponatremia until proven otherwise.' 
Other symptoms can include headache, incoordina
tion, lightheadedness, seizures, and coma." Edema of 
the hands and fingers is a useful physical sign of fluid 
overload. If athletes are stable with no symptoms or 
signs of cerebral or pulmonary edema, they can usual
ly be managed in an on-site medical tent.' 

The management of mild hyponatremia is "master
ly inactivity": awaiting a spontaneous diuresis of the 
excess fluid. 1his normally requires observation for a 
couple of hours. Alternatively, a low dose of diuretic 
may be used to initiate the diuresis. Athletes with more 
severe hyponatremia need urgent transfer to a hospi
tal, because seizures or coma may complicate this 
condition, and death may occur. A volunteer can 
quickly detennine that immediate action is necessary 
if the athlete has a serum sodium level lower than 
125 mmol/L, severe alterations in mental status, 
seizures, or pulmonary edema. These athletes should 
not be treated with oral or N fluid since they are al
ready suffering from fluid overload." The exception is 
the judicious use of hypertonic saline if the athlete has 
severe central nervous system manifestations of hy
ponatremia, such as coma or seizures. Readers are re
ferred to specific published guidelines on the use of 
hypertonic saline.222 •. 27 

Heatstroke is diagnosed when an athlete has a rec
tal temperature higher than l06.7"P (41.5"(;) plus an al
tered mental status. Heatstroke requires immediate 
treatment to decrease body temperature. The simplest 
and most effective way to do this is to immerse the 
athlete in ice water for 5 to 10 minutes in a child's plas
tic bathtub with the arms and legs over the side.'" Ice-

28 
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water immersion should decrease the body tempera
ture by 1.8°P WC) per minute, and after 5 to 10 min
utes, the rectal temperature should have been reduced 
to 100AOP (38"C). N fluids may be given to correct any 
coexistent dehydration and to assist in stabilizing the 
circulation. Fluid overload, however, may induce myo
cardial failure and pulmonary edema in those with 
heatstroke, so N fluids must be given with caution. 

Hypotbenola is diagnosed as "severe" when the 
rectal temperature is less than 86°P (30°C), "moderate" 
between 86° and 93.2°P (30° and 34°q, and "mild" be
tween 93.2° and 96.8°P (34° and 36°C). Mild hypother
mia is managed by replacing wet clothing with dry 
clothing, protecting the athlete from wind and rain, 
and insulating the athlete from the ground. If mental 
status is normal, athletes can be given warm fluids to 
drink. Athletes with moderate or severe hypothermia 
need to be gently wrapped in a blanket and trans
ferred immediately to a hospital for passive heating. 
Ventricular fibrillation can occur with physical ma
nipulation in severe hypothermia, so handling should 
be kept to a minimum. 

Hypoglycemia is an unusual problem follOwing 
an endurance event.u Athletes at risk are those in
volved in very long distance events who fail to con
sume adequate carbohydrate or who have an eating 
disorder.' Patients with type 1 diabetes are especially 
at risk if they fail to ingest adequate amounts of car
bohydrate during excrci<'e, particularly if they begin 
exercise with an excess of exogenous insulin from re
cent insulin injections. Management is with an IV in
fusion of 50% glucose. 

Race Tent Expertise 
The most common cause for FAC is postural hy

potension caused by pooling of blood in the legs and 
pelvis. A sudden drop in the right atrial pressure that 
induces a reflex hypotension may also be a factor. Ii 
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exercise-induced collapse continued 

Collapsed athletes should be managed in the head
down position with the lower limbs elevated. while a 
simple assessment is made to detennine if they have 
any other cause for collapse, such as heatstroke, hy
ponatremia, muscle cramping, or hypoglycemia. 
When a working diagnosis is achieved, specific treat
ment can be initiated. 

The initial exam and triage system are the most im
portant interventions that determine the efficacy of 
treatment of athletes who collapse during or after ex
ercise. The foundation of a successful race-day medi
cal facility is based on skilled clinicians who: 
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IMMDA-AIMS Advisory statement 
on guidelines for fluid replace
ment during marathon running 

©by IAAF 

17:1; 15-24,2002 

by Tim Noakes, David E. Martin 

During endurance exercise about 
75% of the energy produced from 
metabolism is in the form of heat, 
which cannot accumulate. The 
remaining 25% of energy available 
can be used for movement. The 
rate of heat production increases 
as running pace increases and the 
larger the body mass, the greater 
the heat production at a particular 
pace. Sweat evaporation provides 
the primary cooling mechanism for 
the body. and for this reason ath
letes are encouraged to drink fluids 
to ensure continued fluid availabil
ity for both evaporation and circu
latory flow to the tissues. 

E
lite level runners could be in danger of 
heat illness if they race too quickly in 
hot/humid conditions, and may collapse 

at the end of their event. Most marathon 
races, however, are scheduled at cooler times 
of the year or day, so that heat loss to the 
environment is not excessive. Typically how
ever, this post-race collapse is due simply to 
postural hypotension, caused by a decrease in 
the skeletal muscle massage of venous blood 
on its return to the heart, once the athlete has 
stopped. Elite athletes manage adequate 
hydration by ingesting about 200 - 800 ml 
per hour, and such a collapse is rare. Athletes 
"back in the pack," however, are moving at a 
much slower pace, with heat accumulation 
unlikely and drinking much easier to manage. 
They are often urged to drink "as much as 
possible," ostensibly to prevent dehydration 
from their hours out on the race course. 
Excessive drinking among these participants 
can lead to hyponatraemia severe enough to 
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cause fatalities. Thus, a more reasonable 
approach is to urge these participants not to 
drink as much as possible but to drink as 
needed - no more than 400 - 800 ml per hour. 

Historical Background: 
IMMDA and AIMS 

The International Marathon Medical Direc
tors Association (lMMDA) was formed in 1984 
as the Consulting Medical Committee of the 
Association of International Marathons 
(AIMS). AIMS is a global organisation of 
marathons and other road races, formed in 
May, 1982. Starting with scarcely a dozen 
members, AIMS' current roster numbers 
approximately 150 events which are con
ducted on all 7 continents and which include 
the world's largest and most prestigious 
marathons. The purposes of AIMS are to: 

l. Foster and promote marathon running 
throughout the world 
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2. Recognise and work with the International 
Association of Athletics Federations (lMF) 
as the sport's world governing body on all 
matters relating to international marathons 

3. Exchange information, knowledge, and 
expertise among its member events. 
The purposes of the IMMDA are as follows: 
1. Promote and study the health of long 

distance runners 
2. Promote research into the cause and 

treatment of running injuries 
3. Prevent the occurrence of injuries during 

mass participation runs 
4. Offer guidelines for the provision of 

uniform marathon medical services 
throughout the world 

5. Promote a close working relationship 
between race and medical directors in 
achieving the above four goals. 

This "Advisory Statement on Guidelines for 
Huid Replacement During Marathon Run
ning" continues a series of periodic informa
tional and advisory pieces prepared occa
sionally by IMMDA to provide timely, needed, 
and practical information for the health and 
safety of runners participating in AIMS 
events in particular, but applicable to other 
distance running races as well. 

The changing nature of participa
tion in marathon races 

During the 1970s a major development in 
the worldwide fitness movement saw the 
creation of so-called "Big City Marathons,· 
in which thousands of fitness enthusiasts 
joined elite athletes in the gruelling chal
lenge of completing a 42.195 km (26.22 
miles) trip on foot through city streets. The 
first of these occurred in 1976 when the 
New York City Marathon changed its course 
from several loops around Central Park to 
become a tour of the town, covering all 5 of 
its boroughs. 

Prior to the early 1970s, relatively few 
marathons were staged around the world on 
an annual basis, and they were small, with 
participation numbering from the dozens 
into the hundreds. The competitors entered 
were talented athletes, well-trained and 

dedicated, including some hoping to earn 
berths on national teams travelling to major 
regional or world competitions such as the 
Olympics, Pan American and Commonwealth 
Games, European Championships and the 
like. The Boston Marathon was the largest of 
these, and so talented was the field that the 
race was finished within 3 hours. Women sel
dom participated until the mid 1970s. 

The 1976 New York City Marathon thus 
added the element of a giant physical fitness 
participation spectacle to what previously 
was a purely athletic event, and its popular
ity gave it steady growth. Notice first the 
enormous size that can be attained by 
today's marathons; the New York City 
Marathon is often among the one or two 
world's largest such events. Secondly, notice 
the longer time required by the bulk of the 
runners in 2001 to complete the distance in 
comparison with 1978 - at least 60 minutes 
or more. Just the opposite might have been 
expected, Le. the increasing popularity of 
marathon racing over the years ought to 
have produced faster rather than slower 
times for the participants. Indeed, this has 
occurred among the several dozen invited 
elite level runners up front, but it appears 
that the "back in the pack" marathon run
ners are delivering slower performances. 
They either have less inherent talent, or are 
doing less training, or both. Study of the 
race demographics does show among 
today's participants a large percentage who 
are engaging in "running tourism" or who 
are "running for a charitable cause," and 
thus for whom simply finishing is satisfac
tion enough. 

This increased event size has of necessity 
resulted in an enormous expansion of med
ical support services for participants, espe
cially during and immediately following 
these races. Much of this medical support 
has consisted offluids (water plus electrolyte 
and energy-containing beverages) at so
called "aid stations" along the course. This is 
because the current approach to drinking, 
especially during the race, has become Quite 
the opposite to that advocated in the 1960's 
and early 1970's. The current paradigm is 
that athletes should drink "as much as possi-
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ble" during lengthy endurance exercise such 
as marathon running (3-6). 

The purpose of this IMMDA Advisory 
Statement is to provide a caution against 
this paradigm, due to the recent realisation 
that athletes - particularly the slower ones -
can drink so much during prolonged exercise 
that potentially fatal consequences can 
result (7-14). The previously accepted guide
lines for fluid replacement during more pro
longed exercise thus require timely and 
meaningful revision. Th is Advisory Statement 
covers both social recreational running/rac
ing as well as the more disciplined training 
done by elite level athletes and is also rele
vant for essentially sedentary people becom
ing military basic training recruits (12, 13). 

Perusal of the several revisions of pub
lished guidelines by the American College of 
Sports Medicine (ACSM) for fluid replace
ment during exercise (3-6), indicates that 
they are more laboratory-evidence-based 
than clinical-evidence-based [15,16}. 
Although they indeed promote the wise doc
trine that athletes do need to drink gener
ously during exercise, a substantial and 
increasing body of evidence shows that harm 
can occur (7-9) from excessive drinking by 
endurance fitness enthusiasts requiring 4 or 
more hours to complete events such as a 
marathon footrace. This Advisory Statement 
briefly reviews the literature on the topic, 
describing how the interpretation of experi
mental data by itself has failed to adequate
ly explain the physiological adjustments 
occurring in the body during exercise that 
cause heat gains and fluid losses. 

Laboratory versus clinical observa
tions regarding endurance exercise 
performance 

Laboratory Studies 
The logic for suggesting that athletes 

should drink copious amounts of fluids dur
ing prolonged exercise such as marathon 
running probably stems from the publication 
of laboratory research as early as 1969, 
which showed a relationship between the 
extent of dehydration that developed during 
exercise and the rise in rectal (core body) 

temperature (17-21). The sensible conclusion 
was that dehydration was the single greatest 
risk to the health of marathon runners 
because it would cause the body tempera
ture to rise, leading to heat illness, including 
heatstroke (4-6,16-18). A related conclusion 
was that marathon runners who collapsed 
during or after races were suffering from 
dehydration-induced heat illness, the urgent 
treatment for which logically would include 
rapid intravenous fluid therapy (22). Further 
laboratory studies showed that the complete 
repletion of fluid losses during exercise 
maintained more normal cardiovascular 
function and lower rectal temperatures than 
did lesser levels of fluid replacement du ring 
exercise (20-21). Hence it was concluded 
that complete replacement of fluid losses dur
ing exercise was desirable and therefore all 
athletes should be encouraged to drink "as 
much as possible" during long lasting 
endurance exercise (4-6). 

However, many of these studies lack prac
tical relevance for advising such copious 
drinking because they were performed in 
laboratory temperature/humidity environ
mental conditions that exceed the typically 
cool-to-temperate spring or fall season cli
mate under which most of today's city 
marathons are conducted (18-21). During 
these seasons, days with excessive heat pro
duction - and with it the risk of heat illness 
- are few and far between. Races contested 
in regions where the climate is consistently 
tropical - notably Pacific Rim locations - are 
held very early in the morning to alleviate 
any potential problems. Some experimental 
temperature conditions even exceeded the 
guidelines for safe exercise proposed by the 
ACSM in attempting to quantify the thermal 
challenge. 

In addition, many of these studies were 
performed without adequate convective 
cooling caused by the movement of air over 
the body (16), which is another important 
difference when exercise is performed in the 
laboratory as opposed to out-of-doors (28). 
Inadequate convective cooling might explain 
why the high incidence of dehydration and 
elevated body temperature, reported in labo
ratory studies performed under these very 
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warm environmental conditions, has never 
been confirmed in out-of-doors competitive 
sport (26,27,29,30). Indeed, the logical con
clusion from these studies is that when ath
lete subjects are allowed to choose their own 
pacing strategies as they do when participat
ing in out-of-doors competitive sport, then 
their level of dehydration, as well as their 
drinking behavioural patterns, becomes a 
relatively unimportant determinant of the 
rectal temperature during exercise. A brief 
review of the physiological relationships 
between heat production and the develop
ment of heat injury is appropriate here. 

Physiological Basis for Heat Stress 
and Heat Illness 

The crucial factors that determine the risk 
of heatstroke are not the levels of dehydra
tion reached during exercise but rather the 
rate at which the athlete produces heat and 
the capacity of the environment to absorb 
that heat. Perhaps the main reason why an 
incorrect doctrine (that dehydration alone 
causes heatstroke) has been allowed to 
achieve universal credence is because of the 
widespread ignorance of the multi-factorial 
aetiology of heatstroke and, especially, the 
relative importance of the different aetio
logical factors. 

Several factors more important than dehy
dration combine together to determine 
when the rate of heat production exceeds 
the rate of heat loss. The rate of heat pro
duction is determined by the athlete's rate of 
energy expenditure (metabolic rate), which is 
a function of the athlete's mass and intensi
ty of effort (running speed). Using this logic, 
the risk of heatstroke is likely to be greater in 
athletes who run 10 km races (42) than when 
they run marathons, because 10 km race 
pace is faster than 42.195 km race pace. 
Heavier athletes will also be at greater risk 
than lighter athletes when both run at the 
same speed (41), since they generate more 
heat when running at the same speed, which 
cannot accumulate. The reality is that heat
stroke can only occur when the athlete's rate 
of heat production exceeds the rate at which 
the excess heat produced during exercise can 
be dissipated into the environment. 

The capacity of the environment to absorb 
the heat generated by the athlete during 
exercise is determined by the environmental 
temperature and humidity, and by the rate at 
which the surrounding air courses over the 
athlete's body, producing cooling by convec
tive heat losses. Thus, in summary, the risk of 
developing heat stroke is increased: 

1. When the exercise intensity is highest, for 
example in shorter distance races (such as 
10 km) rather than in longer distance races 
including the marathon 

2.ln athletes with greater body mass, who 
thereby generate more heat than lighter 
athletes who are running at the same pace 

3. When the environmental temperature, and 
most especially the humidity of the air, is 
increased 

4. When the potential for convective cooling 
is low as occurs under still wind conditions 
or in laboratory experiments in which 
there is inadequate convective cooling 
(16,28). 

Practical Clinical Experience 

Three compelling sets of clinical and field 
observations provide evidence against the 
recommended need for as much fluid 
replacement as possible during marathon 
competition. One set of data involves the 
marked rise in the number of athletes "back 
in the pack" suffering from fluid overload in 
marathon and ultra marathon races. More 
than 70 cases of this condition have been 
described (7-9) since it was first recognised 
in 1985 (23). The majority of these cases 
have occurred in athletes in the United 
States and many of the victims report that 
they followed the prevailing advice of drink
ing "as much as possible" during exercise (9). 

During the same time period, it has been 
difficult to find any studies in which dehy
dration has been identified as the sole 
important causative factor for even a single 
case of exercise-related heatstroke. 

In summary, it appears that the advice to 
drink copious amounts of fluid during pro
longed exercise has generated an iatrogenic 
disease, the incidence of which has increased 
sharply in the past 15 years during the same 
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period that this advice has been propagated 
with increasing enthusiasm. Furthermore, it 
appears that the medical risks associated with 
this novel iatrogenic condition exceed the 
risks associated with the condition for the 
prevention of which this (harmful) advice was 
originally formulated. This is particularly 
unfortunate since there is no credible evi
dence that high rates of fluid ingestion can 
influence the risk of heatstroke (22,24,25). 

A second body of evidence mitigating 
against the need for drinking large volumes 
of fluids during marathon races comes from 
the observation that this behaviour does not 
appear to have reduced the number of peo
ple seeking medical care after marathon and 
ultramarathon races. Some medical directors 
have found that advocating a conservative 
rather than an aggressive drinking policy is 
associated with fewer than expected admis
sions to the race day medical facilities, if for 
no other reason than because the incidence 
of water intoxication is substantially 
reduced (26,27). 

A third set of observations combines phys
iological estimates of dehydration with prac
tical experience in working with elite ath
letes. It is well-known that the level of dehy
dration that develops during prolonged exer
cise like marathon running cannot be meas
ured with certainty because it is not deter
mined simply by the amount of weight loss 
during exercise. This is because the weight 
lost during exercise includes up to 1 kg of 
metabolic fuel that is irreversibly oxidised 
during exercise plus a variable amount of 
fluid that is stored with glycogen and 
released during exercise as the stored liver 
and muscle glycogen stores are oxidised. It 
has been calculated that an athlete who 
loses 2 kg of weight during a marathon race 
would, in fact, be dehydrated by only -200 g 
(34) when allowance is made for the weight 
lost from those other sources. 

Interestingly, the average weight loss dur
ing marathon races in which athletes drink as 
needed and not "as much as possible," is 
between 2-3 kg, suggesting that these ath
letes intuitively (and accurately) assess their 
needs for fluid replacement during exercise. 
This contrasts with the currently popular 

dogma which holds that thirst is an inade
quate index of the fluid requirements during 
exercise, and thus athletes who drink only in 
response to their thirst will become suffi
ciently dehydrated during exercise, impairing 
their performance and placing their health 
at risk. On this basis, athletes have been 
urged to override their natural inclination 
and drink "as much as possible". This dogma 
may in fact not represent what competitive 
athletes ought to follow. 

Athlete interview evidence suggests that 
world-class runners ingest minimal fluid vol
ume during their competitive races, primari
ly because of the difficulty of such ingestion 
when racing at the high exercise intensities 
(-85% of maximum oxygen consumption) 
and fast running speeds necessary to achieve 
success in top-level races. To give an example 
for men, a 2:06:00 marathon represents a 
pace of 2:59 per km (4:48 per mile) or a 
velocity of 20.1 km per hour (12.5 miles per 
hour). For women, a 2:23:00 marathon rep
resents a pace of 3 :23 per km (5:27 per mile), 
or a velocity of 17.7 km/hr (11.0 miles per 
hour). Personal discussions with elite-level 
marathon runners suggests that they ingest 
about 200 ml per hour during marathon 
races. This value is similar to drinking 
amounts reported in the 1960s in slightly less 
talented athletes (17,35,36), but substantial
ly less than the volume of 1.2 - 2 litres per 
hour that the ACSM guidelines recommend 
for elite athletes in competition. This practi
cal information alone questions the dogma 
that only by drinking large volumes of fluids 
are athletes able to perform at a high level of 
competency. 

Based upon the above review of literature, 
the practical information available from 
competing athletes, and experience in clini
cal settings gained at the finish lines of 
endurance races, several guidelines can be 
offered to assist medical personnel to man
age better the population of patients who 
exhibit symptoms during or after their race. 

Guideline II 1: Be very careful to make accurate 
diagnoses, so that the treatment plan can be opti
mally effective rather than inappropriate. 

Perspective: To give a practical example, 
encouraging the slower runners/walkers in 
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marathon races to drink "as much as possi
ble" is the incorrect treatment for the 
wrong group of athletes, since it is precise
ly this group of athletes who are essentially 
at no risk of developing heatstroke due to 
their low rate of heat production during 
exercise. It is the elite athletes who experi
ence the greatest risk of heatstroke due to 
their much larger rate of heat production. 
Even they tend not to develop heat stroke 
despite drinking very I ittle during such 
races, because they vary their pace accord
ing to existing conditions, delivering 
extraordinarily quick performance times in 
cooler weather and slowing the pace appro
priately during hot summertime competi
tions such as occurs in major world champi
onships. 
Guideline' 2: Considerable individual differences 
in responsiveness exist for tolerable fluid ingestion 
during exercise. The optimum rates of fluid ingestion 
during exercise depend on a number of individual 
and environmental factors. Therefore it is neither cor
rect nor safe to provide a blanket recommendation for 
all athletes during exercise. 
Perspective: Several factors determine the 
rate of sweat loss and hence the necessary 
rate of fluid ingestion during exercise. These 
have been mentioned already, and include: 
1. The rate of energy expenditure (metabolic 

ratel, which is a function of the athlete's 
size and running speed 

2. The environmental conditions, particularly 
the humidity and the presence or absence 
of convective cooling 
In general, it has been found that the 

fastest athletes lose between 1 -1.5 kg of 
mass per hour during competitive marathon 
running. However, for reasons described ear
lier, this does not mean that this is the rate 
at which fluid must be replaced. This is 
because a portion of that weight loss is from 
oxidised metabolic fuels and another portion 
is from the release of water stored with mus
cle glycogen. Furthermore, there is no evi
dence that, during competition, elite athletes 
can drink at rates that even approach these 
rates of weight loss. 
Guideline' 3: A diagnosis of heat illness should 
be re5eNed only for those patients who have clear 
evidence of heatstroke, the diagnostic symptoms of 

which are described above, and the successful treat
ment of which requires active whole body cooling. 
When the rectal temperature is not elevated above 
40 41 degrees C and the potient recovers fully 
without the need for whole body cooling, then a 
diagnosis of Mheat illness" cannot be sustained and 
an alternate diagnosis must be considered 
(25,32,33). 

Perspective: Much of the confusion over 
the role of fluid balance in the prevention of 
heat illness arises because of the adoption of 
incorrect diagnostic categories for the clas
sification of "heat illnesses" (16,25,32). 
Heatstroke should be diagnosed when rectal 
temperature in excess of 40-41 degrees C is 
exhibited in an athlete who shows an altered 
level of consciousness without any other 
cause, and who recovers only after a period 
of active cooling. This appears to be an 
extremely uncommon complication of 
marathon running since there are so few 
documented case reports in the medical lit
erature. Even the boldly titled review article, 
"Heatstroke and Hyperthermia in Marathon 
Runners," (36) presented at the New York 
Academy of Sciences Conference on the 
Marathon that preceded the first 5 boroughs 
New York City Marathon in 1976, described 
anecdotal evidence of only one well-known 
case of heatstroke in a world class marathon 
runner. It is for this reason that these well 
remembered anecdotes - Jim Peters in the 
1954 Empire Games Marathon (36); Alberto 
Salazar in the , 982 Boston Marathon; 
Gabrielle Andersen-Schiess in the 1984 
Olympic Games Marathon - are frequently 
used to project the danger of heatstroke 
during marathon running and hence the 
need to drink adequately to prevent this 
condition in marathon races. In fact these 
anecdotes really only prove how extremely 
rare this condition is in modern marathon 
races run in reasonable environmental con
ditions. 

Indeed the ev'ldence from the 1996 Cen
tennial Olympic Games held in "Hotlanta" 
was that "heat illness" was the most com
mon diagnosis amongst spectators, 
accounting for 22010 of medical visits, but 
was the least common diagnosis among the 
competitors, accounting for only 5% of 
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medical consultations (37). Furthermore of 
10,715 persons treated by physicians during 
those Games, not one was treated for heat
stroke (37). 

On the other hand, the number of athletes 
requiring medical care especially after 
marathon races has increased precipitously 
in the past 25 years, as reflected in the 
growth in provision of medical services at 
those races. However there is no evidence 
that the vast majority (> 99%) of the ath
letes treated in those medical facilities suf
fered from heat-related illnesses since they 
recovered without active cooling and their 
rectal temperatures were not higher than 
those of control runners who did not require 
medical care after those races (37-40). 

In consequence, the prevention of heat
stroke in distance running requires that 
attention should first be paid to those fac
tors that really do contribute to the condi
tion in a meaningful way. 

The true incidence of real heat illnesses in 
marathon runners is unknown but it appears to be 
extremely low. There are no studies showing 
that dehydration or its prevention plays any 
role in the cause or prevention of the 50-

called "heat illnesses" that are frequently 
diagnosed, on questionable grounds. in ath
letes seeking medical care after endurance 
events (22,24,25). In contrast, it has been 
suggested that postural hypotension, 
reversible by nursing the collapsed athlete in 
the head-down position (25,31-331, is the 
most appropriate and only necessary form of 
treatment for these incorrectly diagnosed as 
suffering from "heat illnesses~ 

Guideline' 4: Athletes who collapse and require 
medical attention after completing long distance 
running events are probably suffering more from the 
sudden onset of postural hypotension (31,32) than 
from dehydration. 

Perspective: A crucial recent finding was 
that the majority (- 750/0) of athletes seek
ing medical care at marathon or ultra 
marathon races collapse only after they 
cross the finishing line [32,40). It is difficult 
to believe that a condition insufficiently 
serious to prevent the athlete from finishing 
a marathon, for example, suddenly becomes 
life-threatening only after the athlete has 

C-227 

completed the race, at the very time when 
the athlete's physiology is returning to a 
state of rest. On the contrary, the evidence is 
that athletes who collapse before the race 
finish are likely to be suffering from a seri
ous medical condition for which they 
require urgent and expert medical care 
(32.40). 

The hypotension is more likely to be due to 
the persistence of a state of low peripheral 
vascular resistance into the recovery period, 
compounded by an absence of the rhythmic 
action of the skeletal muscles contracting in 
the legs (that earlier had been aiding blood 
return to the heart) as soon as the athlete 
completes the race and stops moving. Thus. 
there is a sudden fall in right atrial pressure 
which begins the moment the athlete stops 
exercising. 

There is no published evidence that this 
postural hypotension is due to dehydration. 
Nor does logic suggest this as a likely expla
nation, since dehydration should cause col
lapse when the cardiovascular system is 
under the greatest stress, for example, during 
rather than immediately upon cessation of 
prolonged exercise. This has important impli
cations for treatment of the common condi
tion of post-exercise collapse in marathon 
runners. 

Diagnosing this condition as a "heat ill
ness" is intellectually risky not least because 
it leads to the false doctrine that "if only 
these athletes had drunk as much as possible 
during the marathon, they would not have 
required medical care after the race': In addi
tion, there is evidence that a sudden fall in 
right atrial pressure can produce a paradoxi
cal and sudden increase in skeletal muscle 
vasodilation. This leads to a sudden fall in 
peripheral vascular resistance, thereby 
inducing fainting. This was first identified by 
Barcroft et al. (43) in research undertaken 
during the Second World War (1944). 

The assumption that athletes collapse 
after exercise because they are suffering 
from a dehydration-related heat illness has 
led to the widespread use of intravenous 
fluids as the first line of treatment for this 
condition of exercise-associated collapse. 
There are no clinical trials to show that 
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intravenous fluid therapy is either beneficial 
or even necessary for the optimum treat
ment of those athletes who collapse after 
completing marathon races and who seek 
medical care as a result. 

If, however, the condition is really due to a 
sustained vasodilatation, perhaps in response 
to a dramatic reduction in right atrial pres
sure (43) that begi ns at the cessation of exer
cise, then the most appropriate treatment is 
to increase the right atrial pressure. The most 
effective method to achieve this is to nurse 
the collapsed athlete in the head down posi
tion. Since adopting this technique in the two 
races under our jurisdiction in Cape Town, 
South Africa, we have not used a single intra
venous drip in the past 2 years. These are very 
long races with large numbers of participants. 
The 56 km Two Oceans Marathon had a total 
of - 16,000 runners in the last 2 years, and 
the 224 km Cape Town lronman Triathlon had 
- 1,000 finishers in the last 2 years (26,27). 
We found no evidence that the management 
of these athletes was compromised in any 
way as a result of the adoption of this novel 
treatment method. 

Guideline # 5: Runners should aim to drink as 
needed between 400 - 800 ml per hour, with the 
higher rates for the faster, heavier runners competing 
in warm environmental conditions and the lower 
rates for the slower runners/walkers completing 
marathon races in cooler environmental conditions. 
Perspective: Published evidence indicates 
that rates of fluid intake during running 
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DISTURBANCES DUE TO HEAT 

maintain priorities. Rewarming of the injured part 
in a water bath maintained precisely at 40 to 42°C 
(104 to 108°F) takes approximately 15 to 30 minutes. 
The process is complete when the skin changea to a 
red-purple color and becomes pliable. Another sign 
that rewarming is complete is the sudden onset of 
severe pain in the injured part. Dry heat is contrain
dicated and can lead to uneven warming and burn 
injury to the numb, fragile skin. 

Blisters containing clear or milky fluid should be 
debrided, because this fluid is rich in inflammatory 
prostaglandins. 'Ibpical aloe vera (Dermaide Aloe), a 
potent antiprostagiandin agent, is applied every 6 to 
12 hours. Ibuprofen should be administered orally at 
a dose of 12 mg per kg divided two to four times per 
day. It is a more potent inhibitor of thromboxane 
than other anti-inflammatory medications. Aspirin is 
not as useful because it blocks prostaglandin synthe
sis earlier in the cyclooxygenase pathway and limits 
the prodUction of several beneficial mediators. 

Penicillin, at a dose of 500,000 units every 6 hours, 
is administered empirically for the first 72 hours. 
During this period, a tissue edema makes the skin 
more susceptible to infection. Clindamycin (Cleocin), 
is the recommended alternative for penicillin-allergic 
patients. Antibiotic use after 72 hours is indicated 
only if there is evidence of infection. 

Parenteral narcotics are used for analgesia for the 
intense pain associated with rewarming and early 
treatment. Morphine sulfate and meperidine (De
mero!) are ideal in this setting. Almost all patients, 
except those with minimal tissue damage, should be 
admitted to the hospital. Daily hydrotherapy in wa
ter with hexachlorophene at 40·C aids debridement 
of devitalized tissue. Escharotomy or fasciotomy is 
performed if circulation is impaired or a compart
ment syndrome develops in the involved extremity. 
Definitive amputation of tissue should be delayed 
until 22 to 45 days after injury, when the demarca
tion between viable and nonviable tissue is clear. 

Numerous adjuvant therapies for frostbite have 
undergone trials with varying degrees of success. 
Heparin, warfarin (Coumadin), and steroids have all 
failed to improve outcome. Hyperbaric oxygen and 
thrombolytics have had mixed success. At present, 
agents that inhibit the formation of free radicals, 
such as superoxide dismutase and PGE1 analogues, 
and drugs that have antiplatelet activity, such as 
pentoxifylline (Trental), hold some promise as ad
junctive agents. Future research will clarify their 
role in the treatment of frostbite. 

DISTURBANCES DUE TO HEAT 
method of 
TIMOTHY D. NOAKES, M.D. 
University of Cape 7bwn and Sports Science 

Institute of South Africa 
Newlands, South Africa 

Traditionally, medical textbooks Jist three categories of 
heat illnesses resulting from exposure to heat, often with 

. 
associated exercise: (1) minor medical conditions, including 
miliaria rubra and heat cramps; (2) heat exhaustion, which 
is considered a precursor of heatstroke; and (3) heatstroke. 
This classification, however, is illogical. Of these condi
tions, only heatstroke clearly fulfills the definition of a heat 
illness, which is Ua state of thermoregulatory failure in 
which heat generation exceeds heat loss, causing heat re
tention within the body and a resultant increase in core 
temperature." There is no evidence that any of the other 
conditions are caused by a failure of thermoregulation. 
A more correct classification would be (ll heat illnesses 
occurring in persons exposed to a warm environment with
out evidence for thermoregulatory failure causing an ele
vated body temperature and (2) heatstroke, caused only by 
thermoregulatory failure. 

HEAT ILLNESSES WITHOUT 
EVIDENCE FOR INTERNAL 

THERMOREGULATORY FAILURE 

Included in this category are usually miliaria ro
bra, heat cramps, and heat exhaustion (heat syn
cope). 

Miliaria Rubra 

Miliaria robra, also known as prickly heat or heat 
rash, is precipitated by keratin plugging of sweat 
gland pores, often with secondary bacterial infection. 
Management includes the use of skin cleansing 
agents, salicylic acid to promote skin desquamation, 
and antihistamines and antibiotics as required. 

Heal Cramps 

Heat cramps are involuntary, sustained, and pain
ful contractions of skeletal muscle, usually of the 
calf, hamstring, or quadriceps muscles, most often 
occurring during or after unusually prolonged exer
cise such as marathon running. Although the cause 
of heat cramps is usually ascribed to severe dehydra
tion accompanied by large sodium chloride losses 
that develop during exercise, especially in hot condi
tions, fluid balance studies have not shown that so
called "heat cramps" are (1) specific only to exercise 
in the heat; or (2) associated with fluid or electrolyte 
imbalances; or (3) caused by any failure of thermo
regulation. Furthermore, clinical observation con
firms that cramps can occur at rest or during or 
after exercise undertaken under any environmental 
conditions, including prolonged swimming in cold 
water, unlikely to cause heat retention. Hence, 
cramps are specific neither to exercise nor to exercise 
in the heat. The more recent hypothesis proposes 
that cramps result from alterations in spinal neural 
reflex activity activated by fatigue in susceptible in
dividuals. According to this new understanding, 
stretching of the muscles both before and during 
exercise, and especially during an attack of cramp, is 
the only effective form of therapy and prevention. 
No controlled clinical trials have been conducted to 
establish the value of quinine, other medications, or 
electrolyte supplementation. 

Rakel and &pe: Conn'. Cur",nt Therapy 2001. Copyright 2001 by W.B. Sauru:i£r8 Company. 
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Heat Exhaustion (Heat Syncope) 

Heat exhaustion (heat syncope) is usually de
scribed as a condition in which the patient, usually 
an athlete, collapses during or after exercising in 
the heat. The condition is considered to be due to 
dehydration-induced heat retention insufficiently se
vere to cause heatstroke. Hence, heat exhaustion is 
described as a mild form of heatstroke caused by 
dehydration, which, unless correctly treated, must 
progress to heatstroke. However, heat exhaustion is 
n.ot a t~e heat disorder, because there is no pub
hshed eVIdence for thermoregulatory failure in this 
condition; nor is it caused solely by abnormal levels 
of dehydration; nor do patients with this condition 
experience heatstroke if managed incorrectly. Rather, 
the most important characteristic of heat exhaustion 
is that the condition usually develops in subjects who 
~a~e alread~ stoPl!ed exercising. This finding alone 
IS incompatible With the belief that dehydration or 
hyperthermia are critical determinants of this condi
tion. The more likely explanation is that the sudden 
cessation of exercise induces a postural hypotension 
by. call:sing blood to pool in the dilated capacitance 
veinS In the lower limbs when the ·second heart" 
action of the lower limb musculature ceases on the 
sudden termination of exercise. In addition, there 
may be abnormal regulation of the splanchnic circu
lation. with high rates of blood flow into the highly 
compliant splanchnic circulation. Accordingly, a more 
modem explanation is that heat exhaustion is caused 
by the sudden onset of postural hypotension on the 
cessation .of exercise, caused probably by a precipi
tous fall In central (rather than circulating) blood 
volume and, hence, atrial filling pressure due to pool
ing of blood in the dilated capacitance veins in the 
lower limbs and, possibly, also in the splanchnic cir
culation. 

On the basis of this theory, the most logical treat
ment of heat exhaustion is to elevate and cool the 
patients' legs and pelvises by nursing them in the 
head-down position. The twin goals are to reduce 
the skin blood flow and the volume of blood in the 
cutaneous and, perhaps, splanchnic veins and to in
crease venous return to the heart. Subjects consid
ered to be dehydrated may ingest fluid orally because 
no clinical trials have established either the 'need for 
?r. th~ ~ffic~cy of, intravenous fluid therapy. Rather: 
I~JudlCIO~S l!1travenous fluid therapy has been asso
Ciated With Iatrogenic hyponatremia and occasional 
mortality in collapsed athletes treated inappropri
ately for an assumed dehydration. Using this form of 
treatment, we have dramatically reduced the need 
for intravenous fluid therapy in collapsed athletes 
simultaneously improving the provision of medicai 
care to thos.e in greatest need because they have 
other potentially lethal exercise-related medical con
ditions such as heatstroke or hyponatremia. 

HEATSTROKE 

A diagnosis of (exercise-induced) heatstroke must 
be considered whenever, during exercise, a previously 

?ealthy athlete ~h0.ws evidence of marked changes 
In men~1 functIOning-for example, collapse with 
unconSCIOusness, a reduced level of consciousness 
(stupor, coma), or mental stimulation (irritability, 
con~lsions)-in association with a rectal tempera
ture I~ excess of 41"C. In nonexercising individuals, 
(claSSIC) heatstroke occurs more commonly in elderly 
patients when the environmental heat load rises and 
in g~netical~y predisposed individuals receiving anes
theSia (malignant hyperthermia). 

The factors that predispose to both exercise-in
duced and classic heatstroke are those that disturb 
the equilibrium between the rates of heat production 
a.nd ~eat loss-for example, in athletes during exer
cise m hot an~ especially humid conditions or, during 
heat waves, m elderly persons with compromised 
cardiovascular function. The rate of heat loss is con
trolled by th~ air temperature and its humidity, by 
~he rate of Wind movement across the subjects' bod
Ies, and by the rate at which they sweat; the rate of 
heat production is determined by the subjects' mass 
and ~ork rates. ~hus, in sport, the rate of heat pro
duction and the rISk of heatstroke is greatest in ath
le~es who eurcise the most vigorously and have the 
hlghest work rate-that is, usually in exercise of short 
duration and high intensity, not in the marathon 
footrace, as is commonly believed. Thus, the most 
im~ortant f~ctors causing heatstroke-especially 
dunng runnmg-are the environmental conditions 
the speed at which the athletes run, their bod; 
masses, and individual susceptibility. If short-dis
tance running races (6-15 km) are held under ex
treme environmental conditions, heat injury will oc
cur to a significant number of competitors regardless 
of whether or not they also become dehydrated. 

In contrast, heatstroke occurs in the elderly with 
compromised myocardial function when they are un
able to raise cardiac output sufficiently to increase 
heat loss under conditions of severe environmental 
heat stress. 

Given the remarkably small number of athletes 
who experience exercise-induced heatstroke even 
when exercising in the heat, it seems probable that 
only certain individuals are predisposed to this condi
tion during exercise. Thus, heatstroke occurs either 
becau~e of acquired conditions that occur very rarely 
even In the large cohort of competitive runners or 
because affected athletes are susceptible perhaps be
cause of hereditary abnormality of skeletal muscle 
metabolism similar to that which predisposes to the 
d~velopment of malignant hyperthermia. Thus, exer
cise may, perhaps, act as a trigger for (exercise
induced) malignant hyperthermia in some suscepti
ble individuals. 

Diagnosis and Management 

The management of heatstroke is relatively simple 
provided the diagnosis is made early and treatment 
is initiated expeditiously. The problem is that the 
diagnosis is sometimes missed by those unfamiliar 
with the medical problems of sport. 

Rakel and Bop<: COM'S Current TMrapy 2001. Copyright 2001 by W.B. Saurukrs Company. 

C-232 



Paper 32 

1174 SPIDER BITES AND SCORPION STINGS 

Rectal temperature increases during exercise in 
proportion to the metabolic rate and increases fur
ther if there is also dehydration. During vigorous 
exercise, the rectal temperature may increase to 
greater than or equal to 40.5°C in asymptomatic ath
letes involved in exercise of high intensity. The com
bination of an elevated rectal temperature (> 40.5°C) 
with symptoms of an altered mental state confirms 
the diagnosis of heatstroke and is sufficient to war
rant immediate cooling to lower the body tempera
ture. The more rapidly the rectal temperature is re
duced to 38°C, the better the prognosis. The 
mortality rate 00-80%) in classic (non-exercise re
lated) heatstroke is directly related to the duration 
and severity of the hyperthermia, to the presence of 
confounding medical conditions, and the rapidity 
with which cooling occurs. Mortality should be zero 
in healthy athletes who receive prompt and appro
priate cooling. Indeed, it is unusual if an athlete, 
treated appropriately for exercise-induced heat
stroke, has not recovered fully and is not ambulatory 
within 30 to 60 minutes of collapse. This excellent 
outcome requires that the correct treatment be initi
ated expeditiously. 

Accordingly, the patient with heatstroke should 
ideally be placed in a bath of ice water for 5 to 10 
minutes to expedite cooling. The body temperature 
should decrease to 38°C within this time. 

The theory that placing the hyperthermic athlete 
in a bath of ice-cold water delays cooling by inducing 
vasoconstriction in the subcutaneous vessels should 
never have gained credence, given the clear evidence 
that hypothermia develops rapidly in persons ex
posed to freezing water. Fortunately, there is now 
firm evidence that cooling in a bath of ice-cold water 
is the most effective form of body cooling in exercise
induced hyperthermia, and rates of cooling close to 
1°C per minute can be achieved. Such high rates of 
cooling can induce hypothermia if sufficient care is 
not taken. When body temperatures are changing 
rapidly, the rectal temperature lags behind the core 
(esophageal) temperature. Thus, active cooling must 
be terminated before the rectal temperature reaches 
the normal body temperature. Shivering indicates 
that the core temperature has decreased to 37°C or 
below. 

There is no published evidence to establish that 
dehydration is an important etiologic factor in heat
stroke. Intravenous fluids should be given purely to 
correct the level of dehydration expected in the ath
lete and to assist in stabilization of the hyperkinetic 
circulation. Thus, 0.5 or 0.9% saline (~ 1-1.5 L) can 
be given initially, in part to ensure rapid venous 
access, should that be required. 

Once the athlete's rectal temperature has been re
duced to 38°C, the decision is whether or not to admit 
the patient to the hospital for further observation. 
Factors influencing this decision are the known ten
dency for the rectal temperature to increase after 
cooling; this increase may pass unnoticed if the pa
tient returns home without appropriate supervision. 
Any tendency for the rectal temperature to increase 

after the cessation of exercise and cooling indicates 
the presence of ongoing heat-generating biochemical 
processes in muscle unrelated to exercise and re
lated, perhaps, to the biochemical abnormalities that 
initiate malignant hyperthermia. 

Our experience is that hospital admission is al
ways required if the patient fails to regain conscious
ness within 30 minutes of appropriate therapy that 
returns the rectal temperature to 38°C. A patient 
who rapidly regains consciousness, whose cardiovas
cular system is stable, and whose rectal temperature 
does not increase in the first hour after active cooling 
ceases, does usually not require hospital admission. 
Thus, the decision whether or not to admit the pa
tient with heatstroke to the hospital can usually be 
made within 30 to 60 minutes of the initiation of 
active cooling. Absolute indications for hospital ad
mission are a failure to achieve cardiovascular stabil
ity or a fully conscious state during that time. A 
persisting tachycardia and hypotension in the lying 
position suggest a developing cardiogenic shock that 
requires hospital management. 

Elderly patients who experience classic heatstroke 
during periods of severe environmental heat stress 
require hospitalization for management of the associ
ated medical complications such as renal, cardiac, or 
hepatic failure, disseminated intravascular coagu
lopathy, or adult respiratory distress syndrome. 
These complications should not occur in healthy ath
letes treated immediately and effectively for exercise
induced heatstroke. 

SPIDER BITES AND SCORPION 
STINGS 

method of 
JAMES R. BLACKMAN, M.D. 
University of Washington School of Medicine 
Seattle, Washington 
WWAMI ([daho/Wyoming) Office for Clinical 

Medical Education 
Boise, Idaho 

SPIDER BITES 

Approximately 60 species of spiders in North 
America have been implicated in human bites of 
medical importance. Most bites are by female spi
ders. Deaths occur rarely and only with brown re
cluse and black widow envenomations. Mechanisms 
of injury from spider bites include dermonecrosis, 
development of secondary infection, neuromuscular 
damage, and allergic reactions (including urticaria). 
Children may be more likely to have greater morbid
ity and mortality. Hands and cutaneous areas with 
ample subcutaneous tissue develop more serious le
sions, and individuals with underlying skin disorders 
may develop more extensive cutaneous reactions. 

The diagnosis of spider bite is frequently very dif
ficult to make, especially when the spider has not 

Rakel and Bop.: Conn's Current Therapy 2001. Copyrzght 2001 by W.B. Saunckrs Company. 

C-233 



Paper 33 

The P~ci.n .~ Sportsmedicine- New Hydration Recommendations 

the 
phy.ic:ian 

enortsmedicine 

journal index 
cover story 

thl. month 

Information for 
authors 

.ub.cription 
Information and 
ordering back i •• ue. 

back I .. u •• online 

index to The 
Phy.ician and 
Sport.mediclne 

search 

New Hydration 
Recommendations 
Risk of Hyponatremia Plays a Big Role 

THE PHYSICIAN AND SPORTSMEDICINE - VOL 31 - NO.7 -
JULY 2003 

Concerns about overhydration and hyponatremia among 
endurance athletes were once discussed only in sports 

medicine circles_ In May, USA Track & Field, the national governing body for track and 
field and race walking, issued new hydration recommendations I that urge runners to hydrate 
based on individual needs, rather than drinking as much as they can tolerate. Since then, the 
message has trickled down to mainstream medicine and even the lay press. 

Hyponatremia is a hot topic among marathon medical experts and military physicians, 
because the condition is one of several causes of exertion-related collapse_ Though experts 
agree that successful identification and treatment of hyponatremia depends on distinguishing 
the condition from heat illness and other diagnoses, disagreements flare about what level of 
hydration is optimal for the health and performance of athletes. 

Two recent reports2,3 in the medical literature seem to confirm a trend that marathon medical 
experts have observed: Hyponatremia has become more common as greater numbers of less 
competitive athletes participate in endurance events. A postrace blood study2 done on 481 
participants who ran the 2002 Boston Marathon found that 13% experienced hyponatremia. 
Risk factors included female gender, slower fmishing times, and excess fluid consumption. 
An observational, retrospective, case-controlled study3 of medical care at the 2000 Houston 
Marathon found that 21 runners (0.31 % of entrants) presented to the medical area with 
hyponatremia. Risk factors among participants included slower race times and excess fluid 
consumption. 

What Led to New Recommendations? 

hnp.l/www.physsportsmed.coTl1Jcovc:r.htm 
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Douglas J. Casa, PhD, ATC, assistant professor in the department of kinesiology at the 
University of Connecticut in Storrs, Connecticut, wrote USA Track & Field's hydration 
advisory. He says the organization's intent was to acknowledge hyponatremia concerns that 
were expressed in a hydration advisory issued by the International Marathon Medical 
Directors Association (lMMDA) in 20024 and to educate athletes about determining their 
own individualized fluid needs. "Athletes should understand the risks of both hyponatremia 
and dehydration," Casa says. "This document gets people involved in finding a middle 
ground between the two." 

The IMMDA advisory challenges the conventional wisdom, contained in, for example, the 
1996 American College of Sports Medicine hydration recommendations,S that endurance 
athletes should drink as much as they can tolerate during exercise. Instead, the IMMDA 
advisory states that blanket hydration recommendations for athletes are incorrect and unsafe, 
and that they should drink as needed, but not to exceed 800 mL per hour. 

Casa says that some level of dehydration is inevitable in some endurance activities and that 
USA Track & Field advises participants to at least replace what they are losing during 
activity. The USA Track & Field advisory teaches athletes how to calculate their individual 
sweat rates and how to monitor their hydration status with a urine color chart. "The biggest 
point we want to get across is that athletes have different sweat rates based on environment, 
exercise intensity, equipment, and body weight," he says. 

Practical Considerations 

Casa says he worries that the public may misconstrue the hydration recommendations. He 
points to a recent New York Times headline6 that says "New Advice to Runners: Don't 
Drink the Water." He's particularly concerned about athletes in other sports getting the 
wrong information about hydration. "Runners have a longer time to overhydrate. But in 
soccer or football, dehydration is more common, because activity is more intense and is 
often performed in the summer," he says. 

William O. Roberts, MD, associate professor in the Department of Family Practice and 
Community Health at the University of Minnesota in St Paul, says hyponatremia is mostly a 
problem among slower participants in long-distance or duration events and is not usually an 
issue in sports such as football, as long as players ingest adequate sodium. When patients 
ask about the new hydration advisories, Roberts, medical director of the Twin Cities 
Marathon, emphasizes that they should learn how to calculate and replace their sweat losses. 

Roberts predicts that marathon groups will educate runners about the new hydration 
recommendations and that race volunteers will less aggressively push fluids on runners. 
Hydration stations will likely be fewer. "The Houston Marathon dropped from 30 to IS, and 
I'm pressing to go back to 12 for the Twin Cities Marathon," he says. 

Timothy Noakes, MB CbB, MD, professor of exercise and sport science at the University of 
Cape Town and the Sports Science Institute of South Africa in Newlands, South Africa, 
who wrote the IMMDA recommendations and was the first to describe exercise-related 
hyponatremia along with the role of fluid overload, say he advises his patients to heed their 
thirst and to employ the same individualized hydration strategies in competition as they do in 
training. "I think that's where some of the problems have arisen," he notes. 

hnp:/Iwww.p/lyssport.med.com/cover.hlm 
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. Future Directions, Debate 

Though IMMDA and USA Track & Field's hydration recommendations have generally 
been well received, Roberts says that some in the sports medicine field believe allowing 
thirst to guide hydration automatically puts athletes behind with fluid replacement--not 
dangerously, but enough to affect peak performance. "This should make for some heated 
and healthy debate," Roberts says. 

Noakes says confusion still remains about the real dangers of dehydration. He contends that 
there is no evidence showing that dehydration levels during competition (2% to 8%) impair 
health or performance. "There is an urgent need to do properly controlled trials of the effects 
of weight loss (dehydration) during exercise on performance during weight-bearing 
activities like long-distance running," Noakes says. "Similarly, there is a need to determine 
what levels of dehydration carry health risks." 

More research is also needed to determine the effects of convective cooling on heat balance 
during exercise, Noakes says, alluding to his belief that earlier lab studies that suggested the 
need to drink as much as possible did not match environmental conditions that athletes 
encounter during competition. 

Lisa Scbnirring 
Minneapolis 
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Position Statement 

Fluid Replacement during 
Marathon Running 
Tim Noakes, MBChB, MD, DSc:, FACSM 

Summary 
Durinll endunoc: .. excrdse. aboul 75% of lbe en· 
'"'1IY produced &om metabolism Is ID Ih .. form of 
h ...... which cannol IOCcumulal ... Tb .. ranalnlnll 
:ZS% of e"DeIlJY avallablc CaD M- used for movCDleDI. 
A. nmninll pan lDcftases. Ib.. ral .. 01 h .... produc· 
1I0a IDe ..... .,.. Alao, Ih .. lug ... 0""" body mass. 
Ih .. va"'" Ih .. h..al productloa at a particular 
P""'" Swal cvaporalloa provld ... Ih .. primary 
cooDas mtthaalsm for lbe body, aad for Ihls ....... 
son alhld ... ""' encOUl'Olgcd 10 drink IIWds 10 CD· 

sure coallnucd fluid :ovaIIabllily for cvaporatloa 
aad cI«Ulalory 11_ 10 Ih .. Ilssu .... EUt .. Irvd rug. 

a .... could be ID <bn&rr of h ..... Ulnas If !hey rae.. 
100 quickly ID hoC/humid cundldoDS and may col· 
laps .. at Ih .. ..ad of Ihdr .... enl. Mool maralhoa 
ra.:es are scheduled at cookr Iiaxs of Ih .. y ...... or 
d;ry, however, 80 Ibat heal loss 10 the envlronlllCOt 
Is adcquaa ... Typically, Ihi. posIrac .. coUap ... 1s due 
shoply 10 poslural hypotca.lon from d«reaKd 
skdetallDUlK'lc musage of the venous ft'tUrD clr· 
cuIaUoa 10 Ih .. han oa .lopP .... EDI .. athlct ... 
maoall" ad ....... l .. hydration by Inllesllall about 
200-800 m1Jhour, and such coUaps .. Is rare. Alh· 
I ...... "b""k In Ih .. pack· are mowlq al a much 
slower pacc. howCft'l'. with !Kat accumulation una 
Ilkely and drlaklns much .... 1 ... 10 ....... "" ... They 
aft: oftCfl uraccl 10 drink "'as much as tolerable." 
oslcDSlbly to preveDt dchydraUoD from their 
hOUB out on lhc rat.'C COUI'Sc. bcC'lMlvc drln.klnS 
amaas Ih ..... pardclpanlS can ...... 10 hyponalre· 
mIa .......... CIIOUIIh 10 cause fal2lltl .... A more r ... · 
soaabk ap....--h Is 10 UJ'8C !heR putlclpan .. nol 
10 drink .. much as _Ible hoi 10 drlak ad Ilb/· 
..... (accordias 10 !h .. ~ of Ihlnl) no mo .... 
lban 400-800 m1Jbour. 

Key WOrdsl OW. rrpl:accmenl, heal lIlft8S, mara
Ihoa runalas 

(alII; Sporl Med 1003;1:1;309-318) 

The International Marathon Medical Direc· 
I tors Association OMMDA) was fonned as 

the Consull~ Medical Committee of the As
sociation of International Marathons (AIMS). 
AIMS is a g1olYd.I organization of marathons 
and other road races, fonned in May 1982. 

The purpose of AIMS is to (I) foster and pro
mote marathon running throughout the 
world; (2) recognize and work with the In· 
ternalional Association of Athletics Federa· 
tions (1AAF) as the sporfs world governing 
body on all matters relating to international 
mar.tthons; and (~) exchange information, 
knowledge, and expertise among its member 
events. Starting With scarcely a dozen mem
bers. AIMS' cUlTent roster munbers approxi· 
mately 150 evems, which are conducted on 
all seven continents and which include the 
world's largest and most prestigious mar-.t· 
1I1011S. 

The purpose of IMMDA i's to (I) pro
mote and study the health of long distance 
nJlUlerS, (2) promote research into the cause 
and tre-.ttment of running injuries, (~) prevent 
the occlllTe/ICe of injuries during mass par· 
ticipation runs, (4) offer guidelines for the 
provision of Wliform mar-.tthon medical SeT· 

vi<:es throuiUIoutthe world, and (5) promote 
a close workillJ! relationship between r-oICe 
and medical directors in achieving the first 
four goals. This Advisory Statement on Guide· 
lines for Fluid Replacemem During Marathon 
Running continues a series of periodic infor· 
mational and ad visory pieces prrpared occa· 
sionally by IMMDA to provide timely, 
needed, and practical information for the 
health and safety of nJJUlers participating in 
AIMS events in particular, but applicable to 
other dislan<'e running races as weD. 

CHANGING NATURE OF 
PARTICIPATION IN 
MARATHON RACES 

During the 1970s, a major development 
in the worldwide fitness movemem saw the 
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creation of "Big City Marathons: in which 
thousands of fitness enthusiasts joined elite 
athletes in the grueling challenge of complet
ing a 42.195 kin (26.22 mile) trip on foot 
through city streets. lbe first of these oc
curred in 1976, when the New York City 
Marathon changC'd its course from several 
loops around Central Parle to become a tour 
of the city covering all five of its boroughs. 
Before the early 1970s, relatively few mara
thons were staged around the world on an 
annual basis, and they were small, with par
ticipation numbering from the dozens into 
the hundreds. TIle competitors entered were 
talented athletes, well trained and dedicated, 
including some hoping to earn berths on na
tional traveling tearns to major regional or 
world competitions, such as the Olympic, 
Pan American, and Commonwealth Games; 
European Championships; and the like. The 
Boston Marathon was the largest of these, 
and as shown in Table 1, so talented was the 
field that the race was fmished by 3.5 hours. 
Women seldom participated until the mid-

1970s. 
The 1976 New York City Marathon 

added the element of a giant physical fimess 
participation spectacle to what previously 
was a purely athletic event, and its popularity 
gave it steady growth. Table I shows the 
numbers of finishers sorted by 30-minule 
time groupings for the 1978 and 200 I edi
tions of this race as a means for comparing its 

changing participatory dynamics over time. 
Notice first the enonnous size that can be 
attained by IIxJay's marathons; the New York 
City Marathon is often among the one or two 
world's largest such events. Second, notice 
the longer time required by the bulk of the 
runners in 2001 to complete the distance 
compared with that in 1978-at least 60 min
utes or more. Just the opposite might have 
been expected (ie, the increasing popularity 
of marathon racing over the ye-.ars oUght to 

have produced fa_tel' times for panicipants 
rather thatl slower). This has occurred among 
the several dozen invited elite level runners 
up front, but it appears that the -back-in
the-pack" marathon runners are delivering 
slower performances. They have less inher
ent talent or are doing less training or both. 
Study of the race demographics does show 
among today's panicipants a large percent
age who are engaging in "running tourism
or who are -running for a charitable cause" 
and for whom simply finishing is satisfaction 
enough. 

lbis increased event size of necessity 
ha-- resulted in an enormous expansion of 
medical support services for panicipants, es
pecially during and immediately after these 
races. Much of this medical support has con
sisted of fluids (water plus electrolyte and 
energy-containinll beverages) at so-called 
-aid stations- along the course. lbis is be

cause the current approach to drinking, es-

TABLE 1. Difference in Finish TIme Distribution Among Marathons 1975-2001 

Men's winning time 
TOl.1 no. tlnisheN 

<3 hT 
:\-3.5 liT 
3.5-4 hT 
4-4.5 hr 
4.5-5 hr 
5-5.5 hI' 
5.5-6 ht 
6-6.5 hr 
6.5-7hr 
7-7.5I1r 
7.5-8 hr 
8-8.5 hr 

Boston, 1975 

l:09'55 
1818 

-RI.8% 
51.l% 

New York City, 1978 

l:I.Ul 
8588 

9.4% 
ll.l% 
19.3'~ 

lI.O"'" 
ll.l% 
5.1% 
\.5% 
0.4% 
0.0:\% 
0.05% 

New York City, 2001 

.!:07:4:\ 
23.651 

1.4% 
8.4% 

19.4% 
24.4% 
12.4% 
11.9% 
6.1% 
1.6% 
l.4% 
0.6% 
0.3% 
0.1% 
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pecially during the race, has bt"cOIllt" quite 
the opposite to that advocated in tilt" 19605 
and c:arIy 1970s.1.2 The cum:nI paradigm is 
that athlt"tes should drink "a., much as IOlt"r· 
ablt"" during It"ngthy endurance exercise 
such a.' marathon running. 3-6 

The purpose of this IMMDA Advisory 
Slatemrnt is to pro_ide a caUlion against this 
paradigm, due to the recent realization that 
athletes-particularly slower ones-can 
drink so milch during prolonged exercise 
that potentially falal consequences can re· 
sull.~-" The preViously accepted guidelines 
for fluid replacement during more prolonged 
exercise require timely and meaningful reVi
sion. llJis Advisory Statement covers social 
recreational runninglr-dcing and the more dis

ciplined training done by elite level athletes 
as well as essentially sedenlary peoplt" be
coming military basic training recruits.zo-z~ 

Perusal of the severdl revisions of published 
guidelines by the American Coll~e of Sports 
Medicine (ACSM) for fluid replacement dur
inA exercise"-" indicates that they are more 
laboratory eVidence-b;u;ed than clinical eVi
dence-based.H.2~ Although these guidelines 
promote the wise doctrine that athletes do 
need to drink generously during exercise, a 
substantial and increasing body of evidence 
shows that harm can occur"-H from exces
sive drinking by endurance fitness enlhusi
asts requiring 4 or more hours to complete 
events such as a marathon footrace. nus Ad
visory Statement briefly reviews the Iiterarure 
on this topic, describing how the interpreta
lion of experirnenlal dala by itself has faikd 
to explain adequately physiologic adjust
ments occurring in the Ixxly during exercise 
that causes heat gains and fluid losses. 

LABORATORY VERSUS CLINICAL 
OBSERVATIONS REGARDING 

ENDURANCE 
EXERCISE PERFORMANCE 

laboratory Studies 
The logic for suggesting that athletes 

should drink copious amounts of fluids dur
ing prolonged exercise such as marathon run-

n.ing likely stems from publication of labora
tory research beginning in 1969 that showed 
a relationship between the extent of dehydra
tion that developed during exercise and the 
rise in rectal (core body) temperarure16

-'" 

The sensible conclusion was that dehydra
tion was the greatest risk to the health of 
marathon nmners because iI would cause the 
body temperdrure to rise, leading to heat ill
ness, including heatstroke.~-6·26-'8 A related 
conclusion was that marathon runners who 
collapsed during or after races were experi
encing dehydration-induced heat illness, the 
urgenltreatmrnt of which logically would in
clude rapid intravenous fluid therapy. Z_H Fur
ther laboratory studies showed that the com
plt"te repletion of fluid losses during exercise 
maintained mdre normal cardiovascular func
tion and lower reclal temperarures than did 
lesser levels ot fluid replacement during ex
ercise .>9.", II was concluded that ("(/nlp/ele 

replacement of fluid losses during exercise 
was desirable. All athletes should be encour
aged to drink -as much as tolerable" during 
long-lasting endurance exercise. +-6 

Many of these studies lack practical rel
evance for adVising such copious drinking be
cause they were performed in laboratory 
temperaturelhunlidiry environmenlal condi
tions that exceeded the typically cool-to
temper-dte spring or fall season climatc under 
which most of todav's citv ntardthOns a« 
conducted."·l"-l' DUrins' these seasons, 
days that art' excessively hot and humid and, 
with ii, the risk of exercise-induced heat ill

ness are minimal. (Races contested in regions 
where the climate is consistently tropil'al
nOlably Pacific Rim locations-are held early 
in the morning.) Some experimenlal tem
perature conditions even exceeded the 
guidelines for safe exercise proposed by the 
ACSM in attempting to quantify the thermal 
challenge. 

In addition, many of these srudies were 
performed wilhout adequate convective 
cooling2~ (facing wind speed), which is an
other importanl difference when exercise is 
performed in the laboratory as opposed to 
outdoors. II Inadequatt' convective cooling 
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might explain why the high incidence of de
hydration and elevated body temperature, re
poned in laboratory srudies performed under 
these warm environmental conditions, has 
never been confll'll1ed in oUldoors competi
tive sport.33 - 36 The logical conclusion from 
those studies is that when athletic subjects 

are aUowed to choose their own pacini! strat
egies as Ihey do when panicipaling in OUl
doors competitive sport, Iheir level of dehy
dralion and their drinking behavioral pat
tems become relatively unimportant determi
nants of the rectal temperature dlll'ing exer
ci.<eY·33-36 A brief review of the physiologic 

reJalionships belWeen heat production and 
Ihe development of heat injury is appropriate 
here. 

Physiologic Basis for Heat Stress and 
Heat Ilness 

The crucial faclOrs that determine the 
risk of heatstroke are not tbe levels of dehy
dration reached during exercise, but ralher 
Ihe rate at which Ihe athlete produces heat 
and the capacily of the environment to ab
sorb that heal. Perhaps Ihe main reason why 
an iocorrect doctrine (that dehydration alone 
causes heatstroke) has been allowed to 
achieve universal credence is because of Ihe 

widespread i!U1OraDce of Ihe multifactorial 
etiology of heatstroke and especiaUy the rela
tive importaru.,e of the differen! etiologic fac
tors. 

SeveraJ factors more important than de
hydration combine their influence to deter
mine when the rate of heat production ex
('eeds tbe r.Ue of heat loss. The rate of beat 

production is determined by the athlete's 
rate of energy expenditure (metabolic rate), 
which is a funclion of the athlete's mass and 

intensil)' of effort (running speed). Using this 
logic, tbe risk of heatstroke is likely to be 
greater in athletes who nut IO-km races37 

!han when they run marathons beca\L<;e 10-
km race pace is fa.'ter !han 42.195-km race 
pace. Heavier athletes also would be at 
greater risk than lighter athletes when both 
run at the same speed3s.39 because they gen

erate more heat when running at Ihe same 

speed, which cannot accumulate. The reality 
is tbat beatslroke can occur OfJly when the 
atbkte's rate of beat produdion e_l:Ct!eds the 
rate at wblcb the e.l:cess heat produCt!d dur
ing e.l:erctsp can Ix! dlsstpated into the ent'i
ronment. 

The capacily of the environmem to ab
sorb Ihe heat generated by the athlete during 
exerci!'le is determined by the environmental 
temperature and humidily and by the rate at 
which the surrounding air courses over Ihe 
athlete's body, producing cooling by convec
tive heat los!'les. In summary, the risk of de
veloping heat stroke is increa<;ed: 
I. When Ihe exercise inten,ily is highest, for 

example, in shorter dislallCe ra(,es (eg, 10 
km) ralher than in longer distance races 
including Ibe maraUlOn 

2. In athletes with greater body ma.'iS, who 
generate more heat than lighter alhletes 
who are running at !he same pa,:e 

3. When the environmentaltemperarure and 
especially the humidily of the air are in
creased 

4. When the potential for convective n.>Oling 
is low as occurs under stiU wind condi

lions or in laboralOry experiments in 
which there is inadequate (,onvt'('live 
coolingH .3l 

Practical Clinical Experience 
Three compelling sets of clinical and 

field observations provide evidence ajlainst 
Ihe ~commended need for as much fluid re
placemen! as tolerable d~ marAthon com
petilion. One !'let of data involves the marked 
rise in Ihe number of athletes -back in the 

pack" having fluid overload in marathon and 
ultramarathon races (fable :l).~ .•. 11-19.4(UI 

More !han 2';0 cases of this condition have 
been described~-l~ since it was first recog

nized in 1985. 10 Most of these cases have 
occurred in athletes in the United Slates, 
and many of Ihe victims reported that they 
followed the prevailini! advi(-e of drink-. 
ing "as much as tolerable" durin~ exer
cisell. U ,6-19.2'-lJ . .j, During the same time 

period, it has been difficult 10 find any studies 
in which dehydration ha.~ been identified as 
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TABLE 2. Symptom! and Serum Sodium Concentrations in 77 Nonfatal Cases of Exercise-Related 
Hyponatremia: 1985-2001 

Main presenting II}'IIlptoms % Mean Serum INa) (mmollL) Serum [Na+J Range (mmoVL) 

Disorientation 43 
Pulmonary edema 16 
Respirdlury .rrest 1 
Seizure lB 
Coma 12 

the sole important causative factor for a 
single case of exerdM"-related heatstroke. 

It seems that the advice to drink (-opi
ous amounts of fluid during prolonged exer
cise has generated an iatrogenic dise-.l5e, the 
incidence of which has increased sharply in 
the past 15 years during the same period that 
this advice has been propagated with increas
ing enthu,iasm. It seems that the medica! 
risks associated with this novel iatrogenic 
condition exceed the ri~ks associated with 
the condition for the prevention of which 
tlus (harmful) advice originally was fom1U' 
lated. TIlis is panicularly wUonunatc because 
there is no credible evidence that high r.ltes 
of fluid ingestion can influence the risk of 
heatstroke .14.2" 31.3 ~."" 41-~ 

A second body of evidence mitigating 
again!'l the need for drinking large volumes 

of fluids during marathon races comes from 
the observation that this behavior doe~ not 
seem to have reduced the nwnber of people 
seeking medica! care after marathon and u1-
tramarathon races. Some medica! directors 
have fmmd that advocating a consen'alir"e 

rather than an aggressive drinking polit:)' is 
associated with fewer than expected admis
sions to the r.ICe day medical facilities, if for 
no other reason than because the incideoc .. 
of watc:-r intoxication is ~ubstantially re
duced. 12.~'.36.44.4' 

A third set of observahons ('ombines 
physiologic estimates of dehydration with 
practica! experience in working with elite 
athletes. It is well known that the level of 

dehydration that develops during prolonged 
exerciM" such as marathon running cannot bt: 
measured with (·ertainty because it is not de
temtined simply by the amount of weight 

125 117-1;31 
III 11~-127 

liB 113-IB 
117 108-1.24 
113 107-117 

loss during exercise. This is because the 
weight lost durinj! exercise includes up to I 
kg of metabolic fuel that is irreversibly oxi
dized during exercise plus a variable amount 
of fluid that is stored With glycogen and re
leased during exercise as the stored liver and 
mU<cle glycogen stores are oxidized. It has 
been calculated that an athlete who loses 2 

kg of weight during a mar.lthon race would 
be dehydr.lted by only approximately 200 g 46 

when allowance is made for the weight lost 
from those other sources. 

The average weiglJl loss during mara
thon races in which athletes drink ad IIb/tlllll 

(according to the dictates of tllirst) and not 
"as much as tolerabl<:- is l-~ kg,! sUl!8esting 
that these athletes intuitively (and accuroltely) 
assess their ",:edS for fluid replacement dur
in(l exen:ise. TIus is in contrast to rhe cur
rently popular dogma that holds thirst is an 
inadequate index of the fluid requireml"nts 
during exercise, and athletes who drink only 
in response to their thirst will become suffi
ciently dehydrated durin(l exercise that their 
performances will be impaired and their 
health placed at risk. They are urged to over
ride thc:-ir natural inclination and rather to 
drink "'as much as tolerable. - This dogma may 
not represent what competittve athletes 
ought to follow. 

Athlete interview evidence sUl!8ests 
that world.class runners ~est minimal fluid 
volume during thc:-ir competitive races, pri
marily because of the difficulty of such inges
lion when racin(l at the high exercise inten
sities (approximately 80;% of maximum oxy
(len conswnption) and fast running speeds 
necessary to achieve SU('cess in top-level 
races. For men, a 2:06:00 marathon repre-

Clinical Journal of 

SPORT 
MEDICINE 
VQ{um~ /3. NII",twr ,5 

Seplflm/~rr 2003 

Paper 34 

CopyriQht © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited. 

C-241 



Paper 34 

Clinical Journal of Noakes 
SPORT 

MEDICINE 
l'oI,,,ne 13. Number , 

Septeml>n J{)()J 

sents a pace of2:59 per Ian (4:48 per mile) or 
a velocity of 20.1 km/hr 02.5 mph). For 
women, a 2:23:00 maralhon represents a 
pace of 3:23 per Ian (5:27 per mile), or a 
velocity of 17.7 km/hr (11.0 mph). Pn-sonaJ 
discussions Wim elile level maramon runners 
suggesl !hal mey ingesl about 200 ml.)hr dur
ing maralhon races. 1b.is value is similar 10 

drinking amounls reported in Ihe 1960s in 
slightly less Ialenled alhleles 1.26.+7.48 bUI is 

subslantially less !han me vohune of 1.2-2 
I.)hr !hal me ACSM guidelines recommend 
for elile alhleles in compelition. 1b.is practi
cal information alone questions Ihe dogma 
!hal only by drinking large volumes of fluids 
are alhleles able 10 perfonn al a high level of 
compelency. 

GUIDELINES 

Based on Ihe above review of iiI era lure, 
praclical infonnation available from compel
ing alhleles, and experience in clinical sel
lings al finish lines of endurance f".lces, sev
eral guidelines can be offered 10 assisl medi
cal personnel beller manage patienls 
presenling wilh symploms during or after a 
race. 

Guideline 1 
Be careful to make accurate diagnoses 

so tbat the treatment p4", can be optimaUy 
effect/tle rather them Inappropriate. 

Perspective 
Encouraging slower nmners/Walkers in 

mar.lmon races 10 drink "as much as pos
sible" is lhe incorrecl trealment oflhe wrong 
group of alhletes because it is precisely lhis 
group of alhleles who are al essentially no 
risk of developing hearstroke due 10 meir low 
rale of heal production during exercise. Elile 
alhleles experience me grealest risk of hear
slroke due 10 lheir much fasler rate of heal 
production. Even mey lend nol 10 develop 
healslroke despile drinking very Iinle during 
such races because lhey vary their pace ac
cording 10 exisling conditions, delivering ex-

Iraordinarily quick performance limes in 
cooler weal her and slowing me pace appro
prialely during hOI summertime compeli
tions, such as occurs wilh major world cham
pionships. 

Guideline 2 
ConsidPrable individual dif/fm?nce in 

responsiveness exists for tolerable flUid in
gestion during e:'Cercise. 1be optimal rates of 
fluid ingestion d14ring exercise depend on 
many inditlidual and environmental fac
tors. It is neither correct nor safe to prot1ide 
a blanket recommendation for aU atbletes 
during exerctse. 

Perspective 
Several faclors delermine me rale of 

sweal loss and Ihe necessary rale of fluid in
gestion during exercise. These have been 
mentioned already and include (1) lhe rate of 
energy expenditure (metabolic rate), which 
is a function of me athlete's size and running 

speed, and (2) the envirorunental conditions, 
particularly the humidity and Ihe presence or 
absen(~e of convective cooling (facing wind 
speed). 

In general, it is found mat me fastL'St 
running alhletes lose 1-1.5 kg of mass per 
hour during competitive marathon running. 
For reasons described earlier, Ibis does not 
mean !hat this is the rate at which fluid must 
be repbced. A portion of that weight loss is 
from oxidized metabolic fuels, and another 
portion is from the release of water stored 
with muscle glycogen. There is no evidence 
lhal during compelition elite athleles can 
drink at rales !hal even approach mese rates 
of Weighl loss. 

Guideline 3 
A diagnosis of beat tUness should be 

reserved only for patients who hm1e clear 
elJldence of healstroke, the dlagno,.-t;c sym~ 
toms of whicb are a clear alteration of men
tal functiOn, either confUsion or loss of con
sciousness, aswciated wltb a bod)' tempera
ture >4 re and 'be successful treatmelll 

Copyright © Lippin~ .WiIk~authorized reproduction of this article is prohibited. 

C-242 



Fluid Replacement durl"g Marathon Ru"n;"g 

of u,blcb requires active ... bole bodJ' 
COot/liS, If tbe reclal lemperaillre Is nol el
l'I!aled 10 >40-4rc so Ihat lbe pallenl re
cOl'ers frilly wltixmt Ihe need for wl10k body 
cooling, a di(lgnosis of beat iUness cannot 
be sUSIalned, and an allemallt'e diagnosis 
mllsl be entertalned!2"j'''9-~1 

PerspeclJve 

Much of the confusion of the role of 
fluid balance in the prevention of heat illness 
ari..es because of the adoption of incorrect 
diagnostic categories for the classification of 
heat iUnesses,14.43A9 True heatstroke is diag, 

nosed as a rectal temperature >40-41·C in an 
athlete who shows an altered level of con
sciou.ness without other cause and who re
covers only after a period of active cooling; 
this seems to be an extremdy uncommon 
complication of marathon running because 
tbert' are few dOClunented else reports in the 
medical literature. Even the boldly tilled re' 
\iew article, "Heatstroke and Hyperthermia 
in Marathon RutUlers, -48 presented at the 
New York Academy of Sciences Conference 
on the Mardthon lIlat preceded the fU'st five, 
boroughs New York City Marathon in 1976, 
described anecdotal evidence of only one 
weU-known case of heatstroke in a world 
class marathon runner, It is for this reason 
that well-remembered anecdotes-Jim Peters 
in die 1954 Empire Games MaradlOn,~ Al

berto Salazar in the 1982 Boston Marathon, 
GabrieUe Andef5en-Scltiess in the 1984 Olym
pic Games Marathon-are frequently u't:d to 
project the danger of heatstroke during mara
thon running and the need to drink ad
equately to prevent tltis condition in mara
thon races, These anecdotes only prove how 
extremely rare this condition is in modern 
marathon races nm in reasonable environ
mental conditions. 

The evidence from the 1996 Centeru1ial 
Olympic Games held in -HotJanta" was that 
heat illness was the most common diagnosis 
among spectators, accounting for 22% of 
medical visits, but was the least common di
agnosis among the competitors, accoWlting 
for only 5% of medical consultations. ~l Of 

10,715 persons treated by physicians during 
those Games, not one wa. treated for heat· 
stroke.~l 

The number of athietes requiring medi
cal (~are espedaUy after marathon raCes ha. 
increa.ed precipitously in the past 25 years, 
as e\idenced by the growth in the prOVision 
of medical services at those ra('es. Then: is no 
evidence, however, that most (>99%) of the 
athletes treated in diose medical facilities are 
suffering from he-dt-related illnesses because 
(I) they recO\'er without active cooling and 
(2) their rectal temperatures are nOl higher 
than are those of control runners who do not 
require medical care after those rdces. ~l.~~-~~ 

As a result, the prevention of heatstroke in 
distance running requires that anent ion first 
be paid to the factors that really do contrib
ute to the condition in a meaningful way. 

The Irtle Incidence of lhe real beal ill
nesses In maralbon rlllJners is Ilnknown 
bul appears 10 be e.l:t"mely low, There are 
no studies showing that dehydration or its 
prevention plays any role in the cause or pre
vention of the so<aUed heat illnes..es that are 
frequently diagnosed, on questionable 
groWlds, in alllletes seekins medical care af
ter endurance events," 42.H Rather it has 
been suggested that postural hypotension, reo 
versible by nursing the collapsed allllete in 
the head-down position,H.4'-~I.~ is the most 

appropriate and only necessary fonn of treat
ment of these incol'I'eclly di:l(U1osed as cases 
of heat illness. 

Guideline 4 
Athletes who collapse al,d require 

medical alienI/on after comp/Rting long 
dlsUJnce running et'ents probab~)' (I" Slif
ferlng mo" from lhe sutUkn onsel of po$
IIlraJ b)'potensjOlJ49.~/.56 tban from dehy· 
dration, 

PerspeclJve 

A crucial recent finding was that most 
(approximately 7,)%) athletes seeking medi
cal care at maraUton or ultrarnarathon races 
coUapse only after they cross the finishing 
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line,.j9,'1,",'" It is diJlkult to believe that a 

condition insufficiently serious to prevent 
the athlete from fmishin8 a marathon sud
denly becomes life-threatening only after me 
athlete has completed the race, at the time 

when the athlete's physiology is returning to 
a state of rest. Rather, the evidence is that 
athletes who coUapse before the ra(~e finish 
are likely to have a serious medical condition 
for which they require urgent and expert 
medical care,49,'J5' 

The hypotension is likely due to the 
persistence of a state (If low peripheral vas
cular resistance into the recovery period, 
compounded by an absence of the rhythmic 
action of the skeletal mUl,des contracting in 
the legs (that earlier had been aiding blood 
return to the heart) as soon as the athlete 
completes the race artd stops moving, There 
is a sudden faD in right atrial pressure that 
begins the moment the athlete stops exercis
ing. 

There is no published evidence that 
this postural hypotension is due to dehydra
lion. logic does not suggest this as a likely 
explanation because dehydration should 
cause coUapse whefl the Cardiovascular sys

tem is und(T the greatest stress, for example, 
dl4rlng .. "ther than immediately on cessation 
of prolonged exercise. This has important im

plications for treatment of the common con
dition of postexercise collapse in marathon 
n.mners. 

Diagnosing this (~ondition as a heat i1l

ness is inteUccruaUy risk)' not least because: it 
leads to the false doctrine that "if only these 
athletes had drunk 'as much as possible' duro 

ing the marathon, they would not have re
quired medical ('ate after the race." In addi
tion, there is evidence that a sudden decrease 
in rig,ht atrial pressure can produce a para. 
doxical and sudden incrcase in skelctal 
musde vasodilation. This leads to a sudden 
faD in peripheral vascular resistance, induc
ing fainting; this was flrst identified by Bar

croft et al'''!'''' in research undertaken during 
World War II in 194't, 

Tbe assumption that athletes coUapse 
after exercise because they are suffering from 
a dehydration-related beat illness Iw led to 
the widespread use of intravenous fiuids as 
the fIrst line of treatment of this condition of 
exercise·associated collapse, There are no 
clinkal trials to show thai intravenous fluid 
therapy is either beneficial or even necessary 
for me optimal treatment of athletes who col· 
lapse after completing marathon races and 
who seek medical care as a result, 

If the condition is due to a sustained 
vasodilation, perhaps in response to a dra
matic reduction in right atrial pressure '~,SII 
that beg/os at the ces..'!Iltion of exercise, the 
most appropriate treatment is to increase the 
right atrial pressure, The most effective 
method to achieve this is to nurse the col
lapsed athlete in the head-down position. 
Since adopting this technique in the two 
races under our jurisdktion in Cape Town, 
South Africa, we have not I.lSied a singk intra. 
venous drip in the paS[ i years. These are 
IoQg races with large numbers of partici. 
pants. The 56-km Two Oceans Marathon had 
a total of approximately H,OOO runners in 
the lasl " years, and the 224-1tm Cape Town 
lronmart Triathlon had approximately 1000 
futishers in 2000 and 2001.''S.:I6,.j4 We found 

no evidence that the managemenr of these 
athletes was compromised in any way as a 
result of the adoption of this novel treatment 
method. 

Guideline S 
Runners sixJIIId allll 10 drlnlt ad Ubi

tum 400-80Q ml/br, with the higher rates 
for the faSler, hear'ler ,,"nnen competing in 
war", enr'ironmental condJlions and the 
lower rales jor the slower ,,"nrumvrualkers 
completing marathon races in cooler end· 
ron menIal conditions. 

Perspective 
Published evidence indicates thai rates 

of fluid intake during running races vary from 
400-800 mUl:!r. U~ Among persons who de· 
velop the hyponatremia of exercise, the rates 
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of fluid ingestion during exercise are much 
higher and may be 1.5 LIhr.,.·12.1~.16.41 . .j..j.H 

One can observe consistently that ath· 
letes who run fast in the present-day mara· 
thons with temperate enVironmenlal condi· 
tions seem to cope adequately despite what 
appear to be low levels of fluid intake during 
the races. There does not seem to be any 
reason why elite alllletes should be encour· 
aged to increase their rates of fluid intake 
during marathon racing by drinking -as much 
as tolerable. -".36 Perhaps the even more car· 
dinal point is that athletes who run/Walk 
marathon races in 4 or more hours have 
lower rates of heat production and fluid loss 
and must be advised not to drink more than 
a maximum of 800 mLlhr during such races. 
They must be warned that higher rates of 
fluid intake can be falal if sustained for 4 or 
more hours. 

Several ~tudies show that drinking ad 

lib;r,lm is as effective a drinking strategy duro 
ing exercise as is drinking at lbe much higher 
r .. tes proposed in the ACSM guidelines. ~9-601 

Perhaps the wisest ad>lce Ihat can be pro
vided to athletes in marathon races is that 
they should drink ad IiTJif14m and aim for in· 
gestion rates that never exceed about 800 
mIAIf. 
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T OVER-HYDRATION 

Hypon;rtreml~ COIf' 
Pose a Serious Thlnt 
to Runners 

For years, the mantra among runners and exercise enthusiasts has been: "Drink as 
much water as possible." But a condition called hyponatremia shows that, like 
many things, too much of a good thing can be unhealthy. 

• Hyponatremia is a condition that can OCcur when fluid over1oad throws off the 
balance between the body's water and sodium levels. Basically, the water dilutes 
the body's salts and washes them away. When the blood has too much water and 
too little sodium, brain cells absorb too much water and the brain swells, pushing 
against the skull. 

• Hyponatremia may lead to nausea, fatigue, vomiting, weakness, sleepiness, 
changes in sensorium and in the most severe instances, seizures, coma and even 
death. 

• Those at risk for hyponatremia include: 

1. Women, Women may be at risk for hormonal reasons or because they may 
tend to be overly conscientious about drinking water. 

2. Runne ... with slower finishing times who attempt to drink as much as 
possible. Running a marathon in more than four hours give athletes more 
time to dr1nk and to lose large amounts of sodium through prolonged 
sweating. Runners who are hyper-vigilant about increasing their water intake 
before and during a race are at risk for hyponatremia without even realizing 
it. Runners must learn how to optimize rather than maximize fluid intake 
during extreme exercise. 

3. Those who use NSAIDs before a race. A recent study conducted by 
Runner's Wor1d indicates that 74% of marathon runners take analgesics, and 
over B8% report use of NSAIDs • However, runners who use NSAIDs such as 
Advil® or Aleve® for pain relief before or during endurance events may be at 
additional risk for hyponatremia, according to a few published reports. If a 
marathoner plans to take a pain reliever, Tylenol® 8 Hour is a safe over-the
counter choice during endurance sports activity .. 

"Too Much Fluids as Bad as Too Uttle; Drink Wisely Duling Exerdse, Athletes Warned," 
by Daniel DeNoon, WebftfD ftfecI~1 News, July 17, 2003. Quote from Leslie Bonci, MPH, 
RD, director of sports nutrition at the University of Pittsburgh Medical Center 

2 "MarathonS: Blood, sweat, and cheers," Harvard Health Letter, Volume 28; Issue 6, 1 
April 2003 Copyright 2003 Gale Group Inc. Copyright 2003 by President .nd Fellows of 
Harvard College. 

3 "Proper Hydration and Distance Running - Identifying Individual FlUid Needs," Prepared 
by Douglas J. CO .. , PhD, ATC, FACSM, Director, Athletic Training Education, University of 
Connecticut, April 2003 Davis DP, Videen J5, Malina A, et al. Exercise-AssocIated 
Hyponatremia In Marathon Runners: A Two-Year Experience. 

4 The Journal of Emerging Medicine 2001; 21:47-57 Runner's World 80 Analgesics Online 
Survey Results, 2003. "Marathons: Blood, sweat, and cheers: Harvard Health Letter, Vol. 
2S-6, April 2003 Davis DP, Videen J5, Manno A, et al. Exercise-Associated Hyponatremia 
in Marathon Runners: A Two-Year Experience. 

5 TIle Journal of emerging Medicine 2001; 21:47-57. 

© McNeil Consumer 80 Spedalty Pharmaceuticals, a Division of McNeil-PPC, Inc. 2000-2003, Ft. Washington, PA, USA. 
All rights reserved. This sib! and its contents are intended for USA audiences only. 
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~ : Hyponatremia : Tips on Preventing Hyponatremia 

N PREVENTING HYPONATREMIA 

Hyponitremia occurs 
when fluid intake 
exceeds fluid lOSS 

dli'ing exerc'se, 
ti1row,ng off the 
balance between the 
body's wate' ard 
sodium 'evels 

For years, the mantra among runners has been: "Drink as much water as 
possible," But a condition called exercise-related hyponatremia shows that, like 
many things, too much of a good thing can be unhealthy, 

Hyponatremia occurs when fluid intake - including sports drinks - exceeds fluid 
loss during exercise, throwing off the balance between the body's water and 
sodium levels. When the blood has too much water and too little sodium, brain 
cells absorb too much water and the brain swells, pushing against the skull. This 
condition can lead to nausea, fatigue and vomiting and in the most severe 
Instances, seizures, coma and even death. 

All endurance athletes who over-drink are at risk for hyponatremia, but those most 
prone to the condition Include females and people with marathon times over 4 
hours who are hyper-vigilant about their water intake. Additionally, runners who 
use nonsteroidal anti-inflammatory drugs (NSAIDs) like Advil® and Aleve® for 
pain relief in close proximity to race time may be at additional risk. 

Some Do's and Don'ts on Avoiding Hyponatremia: 

• DO drink moderately during races as recommended in Guidelines developed by 
The American Medical Athletic Association and the USA Track & Field. 

• DON'T drink more than 16-24 ounces of fluid, including sports drinks, one to two 
hours before running a race. 

• DO figure out personal intake and output levels by weighing yourself before and 
after a training run: 

* If you lost weight, you should drink more the next time. 
* If you gained weight, you should drink less. 

• DON'T take NSAIDs like Advil® and Aleve® before or during endurance events 
because, according to a few published reports, these over-the-counter pain 
relievers seem to Increase the risk for hyponatremia. Do take acetaminophen, 
such as Tylenol® 8 Hour, as a safe over-the-counter choice for your muscle 
aches and pains. 

• DO stop all fluid intake if you experience weight gain with progressive symptoms 
such as swollen hands and feet, confUSion, throbbing headache, dizziness and 
nausea. 

© McNeil Consumer &. Specialty Pharmaceuticals, a Division of McNeil-PPC, Inc. 2000-2003, Ft. Washington, PA, USA. 
All rights reserved. This site and Its contents are Intended for USA audiences only. 
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Paper 37 

I::Is!!!l.e. : Hyponatremja : Runners Beware 

RUNNERS BEWARE 

Up to lJ" of athletes 
leeklng medica; 
attention dUfing a 
I:lng race exhibit 
w::J'r.lr.g IYfTlptcrr.s ot 
hypon:Jtre'TliJ 

Some Do's and Don'ts on Avoiding Hyponatremia: 

October 8, 2003 - The more than 200,000 runners approaching the starting line of 
major marathoners this fall must be warned about a recently identified, potentially 
life-threatening hazard that may be caused by drinking too much water, 
hyponatremia. 

'Whlle the dangers of dehydration are common knowledge amongst amateur and 
experienced endurance athletes alike, there is something much more dangerous 
than not enough water: too much water," said Dr. Arthur Siegel, a physician at 
Harvard-affiliated Mclean Hospital in Belmont, Mass., and leading researcher on 
hyponatremia who has run 20 marathons. "We must educate runners to optimize 
rather than maximize fluid intake during extreme exercise to avoid water 
intoxication .• 

Exercise-related hyponatremia may occur during prolonged sports activity such as 
marathons, triathlons, long-distance hiking or bicycling when fluid intake, including 
water and sports drinks, exceeds fluid loss. When water dilutes the body's salts, 
the blood has too much water and too little sodium, causing brain cells to absorb 
too much water, swell and push against the skull. This can result in nausea, severe 
fatigue, disorientation, vomiting and, in the most severe cases, seizures, coma and 
even death. 

All endurance athletes who over-dnnk are at risk for hyponatremia, but those most 
prone to the condition include females and people with slower marathon finishing 
times (more than 4 hours) who are hyper-vigilant about their water intake. A 
recent study conducted by Runner's World indicates that 74% of marathon runners 
take analgesics, and over 88% report use of NSAlDs. However, runners who use 
nonsteroidal anti-inflammatory drugs (NSAIDs) for pain relief in close proximity to 
race time may be at additional risk. 

Katherine "KC" Guevara experienced the horrors of hyponatremia first hand at the 
Boston Marathon this past April, only one year after the condition caused the 
collapse and subsequent death of 28-year-old Cynthia lucero after collapSing at the 
22-mile mark. 

Water Intoxication a Potentially Life-Threatening Medical Crisis 

"Even though I increased my salt intake the week before the race, I also drank 
almost three liters of water beforehand and drank more throughout. I knew at mile 
seven that something was wrong and I was in trouble: said Guevara, a 27-year
old running enthusiast from Centerville, VA. "In the medical tent, I was woozy and 
slurring my speech and once someone took my sodium levels, they realized I had 
hyponatremia and gave me some hot, salty broth. The scary thing is, a few years 
ago, I may have been treated for dehydration - with more water." 

Despite new hydration guidelines and educational materials developed by the USA 
Track & Field Association, the American Medical AthletiC AsSOCiation and marathon 
race directors, many runners have not gotten the word about hyponatremia. 

Siegel said there are several simple steps runners can take to prevent 
hyponatremia. 

"Runners shOuld weigh themselves before and after their next long training run to 
determine if their body tends to retain fluid during endurance exerCise,' said Dr. 
Siegel. "If they gain weight, they are at risk for the condition and should take 
precautions during the marathon." 

http:/·www.MlrarhonFlrstTimeu.com/runners_beware.html 
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During a race, Dr. Siegel said it is vital that runners avoid over-drinking. Runners 
who develop progressive headache, nausea or vomiting should stop all fluid intake, 
including sports drinks, and seek medical assistance immediately. If a marathoner 
plans to take a pain reliever, take Tylenol® 8 Hour as a safe over-the-counter 
choice during endurance sports activity. 

For more information about hyponatremia, please visit 
www marathonfirsttimers.com, a web site designed to educate runners of all ages 
and abilities on the crudal aspects of running a marathon, including nutrition, 
apparel, injury preventiOn and pain treatment. 

McNeil Consumer &. Specialty Pharmaceuticals, a division of McNell-PPC, Inc., is 
headquartered In Ft. Washington, PA and markets products such as Tylenol®. 
Imodium®. St. Joseph®, and Motrin®. 

"Don't Drink the Water," by Patty Levine, South Bend Tribune 
2 USA Track and Field, Figure Based on 2002 Data 

3 "Too Much Fluids as Bad as Too Little; Drink Wisely During Exercise, Athletes Wamed: by 
Daniel DeNoon, WebMD Medical News, July 17, 2003 

4 Adrogue HJ, Madlas NE. Hyponatremia. New England Joumal of Medicine. 
2000:342: 1581-1589. 

5 Davis DP, Videen JS, Marino A, et .1. Exercise-Associated Hyponatremia in Marathon 
Runners: A Two-Year Expertence. The Joumal of Emerging Medidne 2001; 21:47-57. 

6 Runner's Wond & Analgesics Online Survey Results, 2003. 

7 case, Douglas. Proper Hydration tor Distance Running· Identifying Individual Fluid 
Needs, Aprll 2003. 

8 The R~ht Way to Hydrate for Marathons. Brochu~ published by The American Medical 
Athletic AssoCiation, 2003. http://www amaasoortsmed.QrgIDroo@ms/hvDonatremja pdf 

© McNett Consumer Ii Specialty Pharmaceuticals, a Division of McNell-PPC, Inc. 2000-2003, Ft. Washington, PA, USA. 
All rights reserved. This site and its contents are intended for USA audiences only. 
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• 

Medical coverage of endurance events requires knowledge 
of conditions that are specific to, or present differently in, 
endurance athletes. Serious conditions such as hyp0-
natremia and rtoabdolTfOlysis, and heat jllnesses such as 
hypo- and ITtperthermia, need to be ac~urately and quickly 
separated from more benign conditions such as exercise
associated collapse. 

Introduction 
The rapid interest and growth in triathlons has resulted in 
an increased requirement for sport-specific medical knowl
edge in those medical professionals that provide race-day 
coverage. Although a majority of race-day injuries are 
minor and self-limiting, it is important to quickly and 
accurately diagnose and treat those athletes with more 
serious medical problems, such as hyponatremia, rhab
domyolysis, and heat illnesses. 

Staffing of the triathlon medical tent requires coordina
tion, cooperation, and communication between the race 
director, the physician medical director, volunteer medical 
and paramedical staff, and local emergency medical 
systems and hospital personnel. Typically, an average of 
two to three physicians and seven to eight nurses and other 
paramedical volunteers for every 100 athletes is sufficient 
to meet the medical needs of the participants [11. 

The main medical tent is typically situated close to the 
finish line, because most visits to the medical tent occur 
after completing. not during. the race. The medical tent 
should be equipped with a cardiac monitor/defibrillator or 
automated external defibrillator and advanced cardiac life 
support cardiac emergency medications, with trained 
personnel in the event of a cardiac emergency. Additional 
medical equipment may include nebulizers for administra
tion of albuteroL and laboratory services for determination 
of glucose sodium, potassium, and hemoglobin levels. 

It is also appropriate to have medical teams and equip
ment at the swim-to-bike and bike-to-run transition areas. 
The availability of mobile medical staff is important in 
longer races, in which athletes requiring medical care may 
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be some distance or transport time from the medical tent. 
Protocols for patient transfer from the race course and 
medical tent to a local hospital should be established in 
advance and should follow local. state, and federal guide
lines for patient transfer, including Emergency Medical 
Treatment and Active Labor Act laws. 

A prerace medical questionnaire should be completed 
by all athletes; a compiled list of athletes with significant 
medical conditions should also be available in the medical 
tent and to medical staff. Documentation of athletes who 
receive treatment in the medical tent is important, and 
should include name race number, and time entering and 
leaving medical tent. Additionally, the form should indude 
a brief medical history, examination, diagnosis, treatment, 
and final disposition of the athlete. 

Event-specific Injuries 
Swim 
Triathlons combine three sports in sequence (typically 
swimming. road cycling. and running), but some triathlons 
may have different events, such as mountain biking or 
canoeing as a portion of the race. The length of the triathlon 
can also differ, but several standards have been established. 
In a sprint triathlon, the swim is approximately 0.25- to 0.5-
mile the bike portion 5 to 15 miles, and the run 2 to 5 miles. 
An Olympic-distance triathlon includes a 0.9-mile (1.5 Ian) 
swim, 24-mile (40 kIn) bike, and a 6.2-mile (10 Ian) run. 
Ironman-distance triathlons consist of a 2.4-mile swim, 112-
mile bike and a 26.2-mile (marathon) run. 

The swim segment of the triathlon may have the high
est potential for injury, but accounts for less than 3% of 
medical visits at the Hawaii lronman triathlon [1]. 
Traumatic injuries to the face, such as contusions, corneal 
abrasions, and mild concussions, due to the close proxim
ity of other competitors and the kicking of feet and free
style swim stroke, are the most common injuries seen. The 
type of swim start may affect the number of injuries also. 
The swim portion of the triathlon may be a "mass start," in 
which all competitors (over 2000 at larger events) start at 
the same time or the competitors may be started in smaller 
groups based on age-group ("wave start"), with each group 
starting at a specific time intelVal from the next group. 

Adverse weather and water conditions, such as high 
waves or cold temperatures, may also cause other problems, 
such as hypothennia, or increase the risk of drowning. Many 
athletes wear wet suits to prevent hypothermia and help with 
floatation. The guideline for wet suit use in triathlons is 
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based on water temperature before the race. Wet suits are 
permitted for age group athletes in water temperatures under 
78 D E whereas professional triathletes are permitted to use 
them in water temperatures below 74 0 F. 

Bike 
The cycling portion of the race results in approximately 
10% of injuries requiring medical evaluation in lronman
distance races [1\. Most injuries in this portion are trau
matic. due to falls from the bike, and may be self-limiting. 
such as abrasions ("road rash"), contusions, or lacerations. 
More serious injuries include head injuries, fractures, and 
internal organ injuries from a high-speed fall or collision. 

Run 
Most visits to the medical tent occur from the finish line 
(71 %) (11. The most common reason for medical care from 
the finish line is exercise-associated collapse, followed by 
musculoskeletal complaints and dehydration (2,31. 

Medical Problems 
Overall. the medical tent visits and the injury rates for 
triathlons are dependent upon the length of the race, the 
weather conditions, and the difficulty of the course; these 
rates may also be somewhat higher than those of other 
endurance events. The Twin Cities Marathon (Minneapo
lis, MN) has recorded a medical tent visitation rate of 1.9% 
for entrants and 2.5% for marathon finishers, and only 
0.1 % of finishers requiring a higher level of medical care at 
the emergency department or hospital [31. 

Data from the Hawaii lronman triathlon demonstrate a 
higher percentage of medical tent visits, with approxi
mately 25% to 30% of the starters receiving medical atten
tion. Despite the length of the race and extreme 
temperature conditions, on average only one to four 
athletes each year require transport to the local hospital for 
a higher level of medical care (Laird, Personal communi
cation, 2002). 

The collapsed athlete 
The collapsed athlete is one of the more common condi
tions that the medical staff will be called upon to evaluate 
in an endurance event such as a triathlon [3,4-]. It is 
important to quickly and accurately determine if the 
collapse is a minor and self-limiting condition, or if 
evidence of a more serious and potentially life-threatening 
medical problem exists. Most athletes will collapse after 
crossing the finish line, and this exercise-associated 
collapse (EAC) has been reported as the most common 
medical problem experienced at the finish line (21. 

Traditionally, the collapse was attributed to dehydra
tion-induced hyperthermia; however, more recently, the 
concept of EAC has evolved [4-1. A common finding in 
FAC is significant postural systolic hypotension with sec
ondary tachycardia. Studies of FAC in ultra-marathoners 

have found only modest changes in rectal temperature and 
supine heart rates. Postrace serum sodium concentrations, 
and changes in plasma volume and mass during recovery, 
were not significantly different from values in control run
ners [5[. Not all athletes with significant systolic hypoten
sion (> 20 mm Hgchange from standing to supine) will be 
symptomatic [6[. The treatment of FAC consists of elevat
ing the legs of the athlete to help increase central blood 
flow and pressure. FAC can be prevented in some athletes 
by encouraging them to continue walking. and not stand
ing or sitting. immediately after finishing the race. 

Hyponatremia 
Hyponatremia (serum sodium < 135 mg/dL) has been 
recognized as a serious problem in the endurance athletes, 
and may occur in 10% to 40% of ultra-endurance athletes 
[7,8[. Most cases above 130 mg/dL are asymptomatic, but 
severe cases (serum sodium < 125 mg/dL) may present 
with altered mental status, lethargy, confusion, or seizures, 
and can be fatal if not diagnosed quickly. 

One cause of hyponatremia in endurance events was 
thought to be due to overhydration [7] secondary to exces
sive free water intake prior to and during the race. Noakes 
[91 has suggested three possible pathologies for the devel
opment of symptomatic hyponatremia, including inappro
priate antidiuretic hormone secretion (causing increased 
fluid retention), an abnormal regulation of the extracellu
lar fluid volume, and "third spacing" of sodium and fluid. 
However, a recent study of 90 lronman athletes in the 
Hawaii lronman triathlon found that athletes with docu
mented hyponatremia (serum sodium < 135 mg/dL) were 
more likely to be either dehydrated or euhydrated [10[. An 
earlier study at Ironman New Zealand found 58 of 330 
(18%) of finishers with some degree of hyponatremia, 
with 18 athletes requiring medical care. In the severe 
hyponatremic group, there was a significant increase in 
weight gain, whereas the mildly hyponatremic group had a 
more variable weight gain or loss [7]. 

Athletes with hyponatremia secondary to overhydra
tion typically have a significantly smaller body weight, 
have slower race times, and lose less weight during the race 
[U"I. Hyponatremic triathletes also have shown no 
significant difference in estimated sodium deficit com
pared with eunatremic athletes [11"]. 

Treatment 
The treatment of hyponatremia in the endurance athlete is 
typically one of close observation in the medical tent, or 
transfer to the hospital if the athlete displays more serious 
signs such as mental confusion, lethargy, or seizures. The 
administration of hypertonic intravenous fluids is rarely 
indicated in the medical tent. In most cases of hyponatre
mia, the serum sodium levels will correct once the athlete 
begins diuresis of excess fluid. Currently, no research 
supports the routine use of diuretics in the treatment of 
athletes with hypervolemic hyponatremia. Overhydrated 
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hyponatremic athletes will excrete a larger amount of fluid 
during postrace recovery (1346 mL excess vs 511 mL fluid 
deficit) and experience more weight loss than eunatremic 
athletes [n .. ]. Athletes with hypovolemic hyponatremia 
can receive normal saline intravenous fluids ifindicated by 
their level of dehydration. 

Prevention 
Prerace education of triathletes concerning excessive fluid 
intake and hyponatremia is common at longer-distance 
triathlons. Additionally, measurement of prerace body 
weight is a requirement at some races, so that weight 
change during and after the race can be determineq [11. 

Dehydration 
Prevention of dehydration during exercise is important for 
perfonnance. Fluid loss during exercise is a combination of 
sweat rate, respiratory water loss, and urine output. Studies of 
ultradistance triathletes has found that the fluid intake dur
ing competition is less that fluid output, resulting in an aver
age weight loss of 1.5 kg for pre- and postrace weights 112]. 

The American College of Sports Medicine recommends 
that athletes drink about 500 mL of fluid approximately 2 
hours prior to exercise. and encourages regular ingestion of 
fluid during exercise to replace what is lost through sweat· 
ing. Races longer than 1 hour should offer a carbohydratej 
electrolyte drink for fluid replacement [131. 

Treatment 
Most cases of dehydration can be treated conservatively 
with slow oral hydration as tolerated by the athlete after 
the race. In cases where the athlete is nauseated or has 
significant dehydration with a normal sodium level, intra
venous fluid may be appropriate. 

Initial intravenous fluid management at races lasting 
longer than 2 hours is a liter of 5% dextrose solution with 
normal saline (D5NS) followed by normal saline (NS) if 
necessary. In shorter races, a more hypotonic solution such 
as 1j2NS may be used. 

Heat illnesses 
Exercise-induced heat stroke (core body temperature> 
41 0C) is a serious and life-threatening condition that 
requires rapid diagnosis and treatment to prevent a cata
strophic and fatal outcome [14]. Heat stroke may be seen 
with or without significant dehydration, and is more 
common in shorter-duration events, due to the higher rate 
of exercise in comparison with ultradistance triathlons. A 
life-threatening presentation is a rectal temperature greater 
than 41°C (105.S 0 f) and an altered mental status (eg, leth
argy, confusion, seizures, or unconsciousness). Immediate 
treatment should focus upon rapid cooling, either with ice
packing or immersion in a cold-water tub, until the core 
body temperature can be lowered to 3S 0 C (100.4°F). 
Initial treatment should be staned before transpon to a 
medical facility. 
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Rhabdomyolysis 
Rhabdomyolysis is a rare but serious complication of 
prolonged or intense exercise. The diagnosis should be 
considered in the differential diagnosis of acute muscle 
weakness or pain. 'Ihe athlete may also present with anuria, 
oliguria, or dark urine, as well as an altered level of 
consciousness. Measurement of an elevated creatine kinase 
level (> 500 UjL) and a urine dipstick positive for blood 
without obvious hematuria may confirm the diagnosis, The 
management of rhabdomyolysis requires rapid intravenous 
fluid replacement to maintain a high urine output and avoid 
acute renal failure. 

Muscle cramps 
Surveys of marathon runners and Jronman triathletes have 
reponed a prevalence of muscle cramps of 30% to 50%, 
and 67%, respectively [IS], and is a common complaint 
during and after competition. 

Many theories regarding the etiology of muscle cramps 
including electrolyte disturbances of sodium, potassium or 
magnesium, but many of these studies are based on patients 
with renal failure on dialysis, cancer, or during pregnancy [16], 
and may be difficult to relate to endurance athletes. Limited 
studies looking at electrolyte disturbances in athletes in endur
ance events have not found significant differences between 
serum electrolyte levels and reports of muscle cramping. There 
have been case repons of athletes with significantly high 
sodium sweat rates who have exercise-associated muscle 
cramps that improve with ingestion of saline drinks, but no 
studies to date have proven the sodium deficit hypothesis on a 
larger scale. Several authors have proposed mechanisms for 
exercise-associated muscle cramps [15,17,lS-]. 

Exercise-associated muscle cramps may be the result of 
muscle fatigue and an altered or abnormal spinal reflex 
activity. As the muscle fatigues, the amount of relaxation 
time in between muscle contractions lengthens. If the 
relaxation time is too long, or a high rate of muscle 
contraction is required (such as during running), muscle 
cramping may result. Cramping may also be a protective 
mechanism to prevent further injury to fatiguing or 
damaged muscle tissue. 

1Tealment 
Initial treatment of muscle cramps focuses on passive 
stretching of the affected muscle groups. Athletes with 
excessive muscle cramping should be assessed for signifi
cant electrolyte abnormalities. Cramping refractory to 
passive stretching may be treated by intravenous magne
sium (2-4 g) or diazepam (5 mg). 

Pulmonary disorders 
Exercised·induced asthma is one of the more common 
pulmonary conditions found in endurance athletes, and 
most athletes are well controlled on long-acting ~-agonist 
inhalers. Treatment of acute asthma exacerbations in the 
medical tent should follow standard treatment protocols, 
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Table I. Guidelines for determining the severity of a collapsed triathlete's condition 

Invnediate assessment 

Mental state 

Rectal tel1l>E!rawre 
Systolic blood pressure 
Heart rate 
Blood glucose 
Serum sodium 
Body weight loss 
Body weight gain 

(Adapted (rom Maye", and Noakes [20··].) 

Not severe 

Conscious 
Alert 
< 40°C (104°F) 
> 100mmHg 
< 100 beats/min 
4-IOmmol/L 
135-I 48 nvnoI/L 
0%--5% 
<2% 

including providing albuterol, oxygen, and steroids as 
medically indicated. More severe cases that do not respond 
to initial treatment in the medical tent may be uansported 
to the hospital for further care. 

Cardiac disorders 
Cardiac emergencies are rare during endurance events. The 
incidence of cardiac fatalities during marathons is approxi
mately one in 50,000 [19). Most events occur during the 
competition [20--). Sudden cardiac death may be due in 
part to ventricular premature beats (VPB) leading to 
ventricular fibrillation. There is a higher incidence ofVPB 
in triathletes than in the general population 121). Triath
letes and other endurance athletes have several cardiac 
adaptations that occur as the result of their training, 
including mixed eccentric and concentric hypertrophy of 
the left ventricle with normal function [22,231. Other stud
ies have demonstrated reversible ventricular abnormalities 
of left ventricular function on echocardiogram, and tran
sient elevation of uoponin-T and troponin-I immediately 
after completing an lronman-distance event [24). 

Gastrointestinal disorders 
Dietary intake may playa role in the symptoms experi
enced during competition. Rehrer et al. [lS[ found that 
triathletes who had eaten within 30 minutes of the start of 
the race vomited during the swim. The type of prerace meal 
was also found to have an effect upon the incidence of 
gastrointestinal complaints. A high-fat or -protein diet 
before the race, or drinking hypertonic beverages, resulted 
in a higher incidence of nausea or vomiting. Abdominal 
cramping is also more common in athletes who have 
consumed a high-fiber prerace meal [25[. 

Serious gastrointestinal (GI) complications may also 
occur during or after triathlon competition. Several cases of 
bowel ischemia and infarction in triathletes have occurred 
in ultradistance triathlons; similar cases have also been 
documented in marathons [26[. 

Gastrointestinal bleeding has also been reported at a 
rate betWeen 8% to 30% of marathon runners [27]. Studies 
looking at prerace medicating with 400 mg of cimetidine 

Severe 

Unconscious or altered 
Confused. disoriented. or aggressive 
> 40°C (104°F) 
<IOOmmHg 
> 100 beats/min 
<4mmollL 

< 130 mmoVL or > 148 mmoVL 
>10% 
>2% 

has not proven effective for decreasing the incidence of 
occult GI bleeding. suggesting that the cause of bleeding 
may not be related to gastric acid levels [27]. The incidence 
of GI bleeding also appears to be independent of GI symp
toms, age, or race duration [28]. 

Infectious diseases 
Two extensive outbreaks of leptospirosis have been reported in 
triathletes as a result of exposure during the fresh-water swim
ming portion of races in Wisconsin and Illinois ]291. Most 
affected athletes presented with an acute febrile illness several 
days after completing the race, although some of the more seri
ously ill athletes developed acute renal failure. Out of 876 
triathletes in one race, 120 required medical care and 22 were 
hospitalize<1 [3~]. Isolated cases have also been reported in 
triathletes training in contaminated fresh water [31]. 

Dermatologic injuries 
Prolonged sun exposure occurs at most events [32 J. 
Although sunburn can develop, the acute injury is usually 
self-limiting. and treatment should focus primarily on pre
vention of long-term problems of prolonged sun exposure. 
The use of waterproof sun block (sun protection factor 15 
or greater), and clothing such as hats or visors and longer
sleeved shirts can limit exposure. 

Blisters and chaffing are other common skin problems 
caused by excessive rubbing or ill-fining shoes. Initial treat
ment of blisters should be limited to needle drainage 
where appropriate. Moleskin or other types of occlusive 
dressings may provide comfort. 

Conclusions 
Coverage and management of medical issues at a triathlon 
requires precise planning and coordination between medical 
staff, the race director, other race volunteers and staff, as well 
as local medical facilities, such as ambulance services and 
nearby hospitals and emergency departments. The USA 
Triathlon Federation recommends that the race medical staff 
be able to evaluate, adequately ueat, stabilize, and possibly 
transport athletes to a higher level of medical care (Table 1). 
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ABSTRACT 
r-;OAKES. T. D. Implications of exercise tesling for prediction of 
athletic performance: a contemporary perspeclive . . Wed. Sci. Sport.\' 
Exer" .. Vol. 20. No.4. pp. 319-330. 1988. One of the most funda· 
menial beliefs in exercise physiology is Ihal performance during 
maximum exercise of short duration is limiled by Ihe inabililY of the 
heart and lungs 10 provide oxygen at a rate sufficiently fasl to fuel 
energy production by Ihe aclive muscle mass. This belief originates 
from work undertaken in the I 920's by Hill and Lupton. A result is 
that most. if nOI all. of Ihe siudies explaining the effects of cxercise 
training or detraining or other interventions on human physiology 
explain these changes in terms either of central adaptations increasing 
oxygen delivery to muscle or of pc·ripherai adaptations that modify 
the rales of oxygen or fuel utilization by thc active muscles. Yel a 
critical review of Hill and Luplon's results shows Ihat they inferred 
but certainly did not prove that oxygen limitation develops during 
maximal exercise. Furthermore. more modern srudies suggest that. if 
such an oxygen limitation docs indeed occur dunng maximal exercise. 
it develops in about 50% of test subjects. Thus. an alternative mech· 
anism may need to be evoked to explain exhaustion during maximal 
exercise in a rather largc group of subjects. This review proposes that 
the factors limiting maximal exercise performance might be beller 
explained in terms of a failure of muscle contractility ("muscle 
power"). which may be independent of tissue oxygen defiCIency. The 
implications for exercisc testing and the prediction of athletic per· 
formance are discussed. 

MAXIMUM OXYGEN CONSUMPTION. RUNNING 
ECONOMY. MAXIMUM WORKLOAD. MUSCLE 
CONTRACTILITY. MUSCLE POWER. PERFORMANCE 
PREDICTION. 

Probably the single most commonly used procedure 
in exercise physiology is the test for maximum oxygen 
consumption (YO~",,,,). Judging by the frequency with 
which the topic is discussed in lay publications, it would 
seem that the vast majority of runners, swimmers. 
triathletes and cyclists implicitly believe that the Y02m", 
is the single best predictor of athletic potential. 

This article will review the historical development of 
the Y02ma, concept in order to show that the popular 
interpretation of Y02m", test results may be simplistic 
and is based on a fundamental misinterpretation of the 
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historical studies. A more modern interpretation of the 
meaning of this test will be proposed, and alternative 
tests for predicting athletic perfonnance will be re
viewed. 

HISTORICAL OVERVIEW OF TESTING FOR 
MAXIMUM OXYGEN CONSUMPTION 

The concept that oxygen consumption plateaus 
during maximal exercise of progressively increasing 
intensity-the "V02mOX plateau" phenomenon. Prob
ably the first scientists to measure oxygen consumption 
during exercise in athletes were Lindhard at the Uni
versity of Copenhagen (43, 44). Liljestrand and Sten
strom at the Karolinska Institute in Stockholm (41. 42). 
and Herbst (3 I) in Berlin. 

These studies, reported in Gennan, established that 
oxygen consumption increased with running (3 I, 41) 
or swimming speed (42) and that the fastest runners 
had the highest values for oxygen consumption during 
running (31). Herbst (31) also showed that the rate of 
oxygen consumption when running on the spot was 
greatest at 280 steps per minute and did not increase 
further at 320 steps per minute, analagous to the con
cept of a plateau in oxygen consumption with increas
ing exercise intensity. 

The work of Hill, Long, and Lupton. The first Eng
lish-speaking scientist to study oxygen consumption 
during exercise in some detail was Nobel laureate Ar
chibald Vivian Hill, Professor of Physiology at Univer
sity College, London. Hill wrote the following in his 
monograph on Muscular Activity (32): 

In running the oxygen requirement increases continuously as the 
speed increases. attaining enormous values at the highest speeds; 
the actual oxygen intake. however. reaches a maximum heyond 
which no effort can dnve it ... The oxygen intake may attain its 
maximum and remain constant merely because it cannot go any 
higher owing to the limitations of the circulatory and respiratory 
system. 
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In the scientific paper on which this work was based 
(33), this interpretation is emphasized: 

However much the speed be increased beyond this limit, no further 
increase in oxygen intake can occur: the heart, lungs, circulation 
and the ditTusion of oxygen to the active muscle-fibres have attained 
their maximum activity. At the higher speeds the requirement of 
the body for oxygen ... cannot be satisfied ... lactic acid aCCu
mulates, a continuously increasing oxygen debt being incurred, 
fatigue and exhaustion setting in. 

This interpretation has been perpetuated in a number 
of popular texts of exercise physiology (2, 4, 8, 9, 26, 
45,47,48) and review articles (24, 57). 

Clearly it is important to scrutinize the experimental 
data of Hill and Lupton (33) to detennine exactly how 
they established I) that oxygen consumption reached a 
maximum during running "beyond which no effort can 
drive it" and 2) that the oxygen debt increased at high 
exercise intensities causing "lactic acid" to accumulate 
in muscle and blood, particularly as their explanations 
for the biochemical basis of the "oxygen debt" are now 
known to have been seriously in error (28), 

The basic experimental protocol used by Hill and his 
colleagues (33-35) was to have the test subjects run for 
three minutes at different speeds on a circular grass 
track 85 m in circumference. Oxygen consumption was 
measured with a Douglas bag every thirty seconds for 
each of the three minutes that the subject ran. Some of 
the data reported by Hill and Lupton (33) and Hill et 
al. (34, 35) were measured in Hill when he was 35 years 
old. The data for their first study (33) of Hill have been 
redrawn in Figure L Their interpretation of these data 
was the following: 

When muscular exercise is taken in man at a constant speed, the 
laclic content of his active muscles increases gradually from its 
resting minimum at the start. The rise in lactic acid content 
increases the rate of oxidation, so that finally, if the oxygen supply 
be adequate, a ~steady state" is reached in which the ratc of lactic 
acid production is balanced by the rate of its oxidative removal, 
and its concentration remains constant in the muscle as long as 
exercise at that speed is maintained. The lower Ihree curves repre
sent a genuine steady stale, the uppermost curve only an apparenl 
slead), slale in which the oxygen intake is at its maximum and the 
oxygen debt is rapidly increasing. 

Hill and Lupton concluded that the constant oxygen 
consumption they measured at the fastest running 
speed (16 km -hr- I in Figu re I) represented an apparent, 
not a true steady state on the basis I) of Hill's feelings 
of fatigue during the run and 2) their interpretation of 
the meaning of the "oxygen debt," which they knew to 
increase after exercise of increasing intensity. 

Specifically, from his feelings of fatigue, Hill con
cluded that he would be unable to maintain that pace 
for even 10 min, Consequently, he surmised that his 
real rate of oxygen consumption must have exceeded 
that which was measured during that specific exercise 
bout. This was a circular argument; Hill used his belief 
that oxygen limitation explained his fatigue as the basis 
for his argument that an oxygen limitation was indeed 
present. 
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.'illure I-Time cowse of the rise in oXYllen consumption at three 
different runninll speeds for A. V. Hill, from Hill and Lupton (33). 

As Hill and Lupton (33) had previously established 
that the excess post-exercise oxygen consumption, 
tenned the "oxygen debt" by them, increased with 
increasing severity of the preceding exercise, they also 
concluded that Hill's "oxygen debt" and, therefore, his 
blood lactate levels must have been greatest after his 
run at the fastest speed. Based on these reasonings, they 
(34) proposed the following: 

... if human muscles be similar in their general oxidative capacity 
to frogs' muscles. the recovery process in a human muscle should 
be complete in 2 or 3 minutes .... The recovery process is indeed 
complete in about that time, al\er an etfort so gentle, that the 
oxygen supply is completely adequate (during the exercise-au
thor's addition). The extreme PfQlonll3tion of the recovery process 
after very severe exercise cannot be explained simply by consider
ations of a deficient oxygen supply (during exercise). Something 
has happened, in the first few minutes of recovery. or during the 
exercise itself, while the oxygen supply was still inadequate. which 
has rendered subsequent recovery slow .... If the oxygen supply is 
adequate, as it is after very mild exertion, the lactic acid formed 
rapidly passes through the recovery mechanism, and reappcars in 
a minute or two as glycogen .... After severe exercise. the oxygen 
supply is at first inadequate to allow the whole of the lactic acid 
present to pass immedialely through the recovery mechanism (to 
g1ycOllen); the acid ... diffuses slowly into the blood stream .. . 
causing the phenomena of objective and subjective fatigue .. . 
(from) the bloodstream its oxidative removal is prolonged and 
eonstitutes the second phase of recovery. In such severe exercise 
the lactic acid is continuously accumulating in the muscles, the 
maximum oxygen intake (depending upon the capacity of the hear! 
and lungs) being inadequate to ... cope with the production of 
lactic acid .... Considering the case of running, ... there is clearly 
some critical speed for each individual ... above which, the maxi
mum oxygen intake is inadequate, lactic acid accumulating, a 
continuously increasing oxygen debt being incurred, fatigue and 
exhaustion selling in. 

Hill and Lupton (33) provide no evidence that they 
actually measured concurrently either the oxygen debt 
or muscle or blood lactate levels during these or sub
sequent studies. To have shown that the oxygen uptake 
they measured in Hill at 16 km·hr- ' was indeed max
imal, they would have had to run Hill at a higher speed, 
probably 18 km.hr- 1

, and to have measured either the 
same or a lower oxygen consumption as that measured 
at 16 km·hr- I

• 
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Technical limitations would seem to be the reason 
why they failed to undertake these additional, critical 
experiments: 

Greater speeds were nO! comfortable on our small track. and in 
any case much higher speeds cannol be maintained long enough 
to allow uS sufficient foreperiod and collection interval. The form 
however of the o.ygen uptake curve ... approaching a constant 
level of 4 Iitre~/min. makes it obvious thai no useful purpose would 
be served by investigating hlgher speeds in this way (35), 

However, as they did not repeat these experiments at 
higher running speeds (33). they could not conclude 
that oxygen consumption was indeed maximal at 16 
km· hr-'. Thus, their major conclusion that oxygen 
consumption reaches a plateau during exercise of pro
gressively increasing intensity was not proven. 

The data shown in Figure 2 confirm that during these 
experiments Hill did not reach a plateau in his rate of 
oxygen consumption with increasing running speed. 
The data show a linear relationship between Hill's mean 
rate of oxygen consumption and his running speed at 
three different speeds. There is no evidence that a 
plateau in oxygen consumption developed at the high
est running speeds. Interestingly, the values for oxygen 
consumption measured in Hill are similar to those in 
the modem literature (40), indicating the remarkable 
accuracy of Hill and Lupton's measurements. 

Additional data for Hill's oxygen consumption at 
different running speeds published in a subsequent 
paper (35) also fail to show a plateau in oxygen con
sumption with increasing running speed (Figure 3). 
These data do show a clear ventilation t urnpoi nt, as 
first noted by Bainbridge (3) and Douglas et al. (23) 
and subsequently by Owles (49), who first described the 
lactate turn point. 

[n summary, the sole conclusion that can be drawn 
from Hill, Long, and Lupton's work is that they consid
ered the maximum oxygen consumption to be that 

Ili 
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RUNNING SPEED (km hOU"! I 

Figure 2-Average stesdy-state oxygen cOlISumplion of A. V. Hill at 
three different rUllDi~ speeds, from Hill and Lupton (33). Also shown 
is the linear regression equal ion for oxygen consumplion and runnillfil 
speed from Leger and M" .. ..,r (40). 
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Figure 3-o"ygat consumption, nnlilatioll, and respiratory ex
challfile ratio for A. V. Hili when running al different speeds (note Ihe 
clear .entllalion llimpoint al 14,5 km.hr- I

), from Hill and LliploD 
(33). 

value of oxygen consumption measured 2 to 3 min 
after the athlete had started exercising at an intensity 
that he could maintain for about 10 min. They did not 
establish that the rate of oxygen consumption plateaus 
during exercise of increasing intensity. They were 
amongst the first to record the ventilation tumpoint or 
"respiratory anaerobic threshold," although they did 
not describe this phenomenon in detail. 

Early research after Hill. Long. and Lupton. Wyn
dham et al. (67) were amongst the first to reinvestigate 
this phenomenon in detail. They began their article 
with the following statement: 

In a classic study of Ihe physiology of e.ereise. Hill and Lupton 
noled a) Ihat cach individual h3S a maximum level of oxygen intake 
per minute. b) thai Ihe level varies from one individual to another 
and c} that Ihe exIra work done above the maximum level of 0,. 
intake is by means of ·anaerobic~ metabolism, i.e. the oxygen 
reQuiremenl compnses 0, inlake plus an ~o, debt." 

The evidence showing that Hill and Lupton did not 
establish any of these has been presented. 

The study of Wyndham et al. (67) is important 
because it remains one of the few detailed studies that 
have attempted to determine whether a true plateau in 
oxygen consumption occurs during interrupted exercise 
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of progressively increasing intensity. These workers 
measured the rate of oxygen consumption at a number 
of different workloads of increasing intensity in four 
subjects. They repeatedly determined the oxygen con
sumption at the highest workloads the subjects were 
able to sustain. As is shown in Figure 4, in none of the 
subjects was there a true plateau in oxygen consump
tion at the highest workloads; rather, the values showed 
an asymptote of varying degrees of steepness. In two 
subjects (8 and C), the asymptote was less evident than 
it was in subjects A and D. Wyndham et al. (67, 68) 
proposed that the Y02ma, value should be taken as the 
mean of three values falling on the asymptote. provided 
they did not di ffer by more than 0, I 5 1. min - 1 • 

The interpretation of these findings is influenced by 
the different protocol used to measure oxygen con
sumption at low and high workloads. At the low work
loads, expired air was sampled for 3 minutes starting 
after 3 and \0 min of exercise. However. at the highest 
workloads. a single sample of expired air was collected 
from 2 to 3 min. Thus, it is not impossible that the 
asymptote in oxygen consumption observed by Wyn
dham et al. (67) could be an artefact of the testing 
procedure. 

For example, it is not established that the blood flow 
distribution and muscle fibre recruitment patterns are 
the same during maximal exercise lasting 3 min as they 
are during more prolonged exercise at low intensity. It 
is likely that, during maximal exercise of short duration, 
a majority of the high glycolytic fast-twitch muscle 
fibres with low oxidative capacity (Type liB fibres) are 
recruited in addition to the slow-twitch oxidative and 
fast-twitch oxidative (Type HA) fibres (63). Activation 
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of the Type liB fibres might occur during exercise of 
near maximal intensity without a further linear increase 
in oxygen utilization, not because an oxygen limitation 
is present but because maximum exercise activates 
oxygen-independent metabolism in these fast-twitch 
muscle fibres. 

Changes in muscle and blood pH levels during max
imal exercise could also influence oxygen transport at 
high workloads. Furthermore. the economy of move
ment might improve at high workloads, causing an 
apparent plateau in oxygen consumption. Thus, the 
asymptote in oxygen consumption found at high exer· 
cise workloads could be a result either of I) an altered 
muscle fibre recruitment pattern at peak exercise, 2) 
pH-dependent changes in oxygen transport. or 3) im
proved economy of movement. rather than indicating 
a true state of oxygen limitation. 

In their article, Wyndham et ai, (67) also referred to 
the criteria for maximum oxygen consumption devel
oped by other workers active at that time. They noted 
that Robinson and his colleagues (52. 53) at the Har
vard Fatigue Laboratory avoided the issue of the oxygen 
plateau by defining the Y02mu as the highest value for 
ox ygen consumption measured during exercise that was 
severe enough to exhaust the subject in less than 5 min. 
Their analysis of Astrand's (l) published figures was 
that these failed to show a plateau in oxygen consump
tion with increasing exercise intensity and that the 
oxygen consumption of his subjects was ~in fact, still 
increasing" at the highest workloads. They also con
cluded that the definition or a plateau used by Taylor 
et al. (62) was not appropriate as those workers consid
ered that the first value on the asymptote was the 

B 

/ . 
o 

Fllllre 4-OxYll"n consumption at dif
ferelll work rates ill fOllr subjects stud
ied by Wyadham et aL (67). Note the 
absence of a dear plateau in oxnen 
consllmplion 'With increasillllworkioad 
in subjects Band C. 

~ 3 Measured for 3 'ilinutes 

X at 2 ... 10 minutes 
o 

2 

5000 

3 IT'lnute 02 
sample 

10 000 

C-259 

1 minute 

02 sample 

from 2·3 
mmLJles 

WORK RATE 11105 rr,in" 

Aile; Wyndham el aI., (1951}) 

5000 10000 



Paper 39 

EXERCISE TF:STING AND PREDICTION OF ATHLETIC PERFORMANCE 323 

Y02"", and did not study higher workloads at which, 
as shown by the work of Wyndham et al. (67). oxygen 
consumption was still increasing. 

Taylor et al. (62) also used the protocol subsequently 
adopted by Wyndham et al. (67) with all its potential 
limitations; in particular. they sampled expired air for 
I min starting after I min 45 s of exercise. It is certainly 
not established that a true steady state is reached after 
only I min 45 s of maximal exercise. Thus. the conclu
sion of Taylor et al. (62) that they were able to identify 
a plateau in oxygen consumption in 108 of 115 subjects 
during uphill treadmill running must. according to the 
argument of Wyndham et al. (67), also be treated with 
circumspection. 

The final historic paper that deals with the oxygen 
plateau concept is that of Mitchell et al. (46). They too 
opened their article with a quotation from Hill (32): 
"Oxygen intake attains ... its maximum and remains 
constant ... owing to the limitation of the circulatory 
and respiratory system." They used essentially the same 
testing procedure as that adopted by Taylor et al. (62) 
except that they began measuring oxygen consumption 
even earlier (one and a half minutes) after the onset of 
exercise. In contrast to the findings of Taylor et aI. (62). 
they did not show a plateau in oxygen consumption in 
28% of subjects. Their published figure (Figure I in 
their article) also fails to show a plateau in oxygen 
consumption with increasing exercise intensity in the 
total group of subjects. 

More recent studies. A number of modern research
ers have commented on the frequency with which they 
have been able to identify a plateau in oxygen con
sumption during maximal exercise. 

Cumming and Borysyk (17) showed that, whereas 
between 54 and 78% of 65 men aged 40-65 reached 
values of blood lactate (>8 mmo!· I -I), respiratory ex
change ratio (>1.12). and heart rate (within 5 beats· 
min-' of average for age) that were considered maximal 
or near maximal, only 43% showed the equivalent of a 
plateau phenomenon (an oxygen uptake at the maxi
mum workload 10% below the expected for that work 
rate). They also noted that there was no correlation 
between these four criteria for maximum work, a find
ing which they could not explain: "To some extent. 
they are all indicators that the oxygen transport system 
is fully taxed and exercise is increasingly being carried 
out anaerobically." They concluded: "The plateau is 
theoretically exact. in practice it is much less so." 

Cumming and Friesen (16) and Cunningham et al. 
(18) reported a plateau in less than 50% of young boys. 
similar to the finding of Astrand (I). Sidney and 
Shephard (58) demonstrated a plateau in approximately 
75 % of elderly subjects. On the basis of these studies. 
Shephard (57) has concluded that it is difficult to deter
mine an oxygen plateau in children and in older per-

sons. Despite this, Shephard begins the same article 
with the statement: "During treadmill exercise, maxi
mum effort is halted by central circulatory failure." 
These two opposing statements can only be reconciled 
if one assumes that the failure to demonstrate the 
Y02ma> plateau phenomenon indicates that the tested 
subject was not sufficiently motivated to exercise to the 
intensity at which a central limitation to exercise per
formance would become apparent. 

However, this conclusion would be valid only if the 
alternative possibility that maximal exercise might be 
limited by factors other than the central circulation 
were shown not to be true. In a similar vein, it should 
be noted that the results of blood doping studies, which 
are frequently cited as proof that maximum exercise 
performance is limited by tissue oxygen deficiency. 
cannot be interpreted unless there is good evidence that 
maximal exercise performance in the pre-doping test 
was limited by the failure of the central circulation to 
maintain adequate tissue oxygenation. In the most 
frequently cited of such studies (5, 60), no attempt was 
made to determine this; in fact, there is no evidence 
that the subjects in that study reached a plateau in 
oxygen consumption during any of the maximal exer
cise tests. Thus, in retrospect, the authors may have 
been guilty ofa circular argument similar to that of Hill 
and Lupton. 

Furthermore, whereas the increase in Y02ma, induced 
by blood doping lasted 16 wk in the study of Buick et 
al. (5), enhanced running performance was present for 
only I wk, indicating a dissociation between changes in 
maximal running performance and in tissue oxygen 
delivery. 

The interpretation of this research method and of 
those studies in which the effects of hyperoxia (64) or 
induced anemia (6) on exercise performance and 
Y02ma, have been reported is further complicated by 
the finding that all of these procedures also alter either 
acid-base balance (64) or whole-body lactate kinetics as 
shown by reduced blood lactate levels during submax
imal (60) or maximal (60) exercise, including a shift in 
the lactate turnpoint (6). Indeed, Welch (64) has con
cluded that the ergogenic effect of hyperoxia is not 
likely due to improved oxygen delivery to muscle but 
is more likely a result of altered acid-base and respira
tory responses to exercise. It remains the onus of those 
undertaking future studies of blood doping to prove 
that the same does not apply to their work. 

Finally it should be noted that, in all the studies in 
which the appropriate parameters have been measured, 
it has been found that the increase in tissue oxygen 
delivery following induced erythrocythemia exceeds the 
measured increase in tissue oxygen utilization (60). A 
possible explanation for this which was not considered 
by these authors (60) is that oxygen supply to muscle 
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was not limiting either before or after induced erythro
cythemia. Thus, the active muscles had no use for the 
surplus oxygen provided after blood doping. 

The final study relevant to the plateau phenomenon 
is that of Freedson et al. (27). They found that less than 
40% of 30 I adults undergoing maximal exercise testing 
showed a plateau in oxygen consumption according to 
the criteria of Mitchell et al. (46) and Taylor et al. (62). 

In summary, the evidence presented to date does not 
prove conclusively that oxygen uptake reaches a plateau 
during maximum exercise in all subjects. Furthermore, 
a plateau value does not by itself indicate that a limi
tation in oxygen delivery or utilization is present at 
maximal exercise but could result from the other factors 
detailed previously. Thus, it has not been disproved 
that, when present, the plateau phenomenon might be 
an artefact of the testing protocol. It would seem that 
the minimal criteria for identifying a true plateau phe
nomenon would be a failure of oxygen consumption to 
rise during exercise of progressively increasing intensity 
lasting at least 5 min or during interrupted testing in 
which the maximum workloads are sustained for at 
least 3 to 5 min. 

Finally, it is the author's contention that, unless 
studies of induced erythrocythemia establish either that 
oxygen limitation was present during maximal exercise 
in the pre-<ioping condition or that the principal effects 
of this procedure are not to alter either skeletal muscle 
"contractility," lactate kinetics, acid-base balance, or 
the ventilatory response to exercise, they cannot be 
interpreted. At present it is not clear that the presence 
of an oxygen limitation in skeletal muscle can be in
ferred from the respiratory gas exchange data. It would 
seem that, even when the plateau phenomenon has 
been identified in any subject, biochemical evidence of 
tissue hypoxia will also need to be gathered to prove 
that an oxygen limitation is present. 

IMPORTANCE OF THERE BEING OR NOT BEING 
A PLATEAU IN OXYGEN CONSUMPTION DURING 
EXERCISE OF INCREASING INTENSITY 

A conclusion that has naturally been drawn from the 
conventional interpretation that a hypoxia-induced fail
ure of mitochondrial ATP production explains exhaus
tion during maximal exercise (Figure 5) is that the 
improved exercise tolerance that develops with training 
or other interventions must be a result solely of adap
tations that enhance whole-body oxygen utilization ca
pacity. Thus, improvements in Y02max that result from 
physical training or other interventions have been ex
plained on the basis either of central adaptations en
hancing oxygen delivery to the tissues or of peripheral 
adaptations including increased muscle capillarization 
and an increased mitochondrial oxidative capacity 
(29,36). 
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Yet this explanation clearly ignores the possibilities 
that I) tissue oxygen deficiency may not have been the 
factor limiting maximal exercise in the untrained state 
and 2) even if tissue oxygen deficiency had been present. 
it might have limited performance during maximal 
exercise by acting on factors other than the rate of 
mitochondrial ATP production. Indirect evidence for 
this latter possibility is the finding that I) maximal 
exercise at extreme altitude does not appear to be 
limited by high blood lactate levels or by indications of 
central limitations in cardiac or respiratory function 
(61, 66), 2) exhaustion during maximal exercise occurs 
at a lower oxygen consumption during cycling than 
during running in the same subjects (24), and 3) blood 
lactate levels at exhaustion during progressive treadmill 
exercise testing are lowest in the very best athletes 
(Noakes et aI., unpublished data). 

The alternative possibility is that maximal exercise 
performance is determined by other factors, for exam
ple the development of progressive dyspnea (see below) 
or skeletal muscle factors, in particular those controlling 
the rate and force of myofibrillar cross-bridge cycle 
activity (Figure 6), and which include myofibrillar AT
Pase activity and the amount of calcium bound by 
troponin-C during contraction. It is possible that a 
failure of either intracellular calcium transport or an 
alteration in myosin ATPase activity or both might 
occur during maximal exercise either on the basis of 
pH-dependent changes in the active muscles or because 
of a fall in tissue P02 that is insufficient to influence 
mitochondrial oxidative metabolism. 

It is clear that we need to consider that any increase 
in exercise capacity that results either from training or 
from other interventions may act primarily by altering 
muscle cross-bridge activity rather than by increasing 
mitochondrial oxidative capacity or by altering the 
respiratory response to exercise, thereby delaying the 
onset of progressive dyspnea. There will always be an 
increase in maximum oxygen consumption with any 
increase in maximum work capacity. provided the ef
ficiency of movement does not change (Figure I I-see 
below). However, this increase in oxygen consumption 
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Failure of 
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Figure 5-The traditional interpretation of ho .. a plateau In oxygen 
consumption during maximal exercise leads to fatigue. 
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Figure 6-Proposed mechanism for the failure of muscle cross-bridge 
cycle activilY during maximal exercise. 

may be the result, not the cause, of changes in either 
muscle cross-bridge activity or the ventilatory response 
to exercise. 

HOW ARE V02max TEST RESULTS INTERPRETED 
IN THE ABSENCE OF THE PLATEAU 
PHENOMENON? 

If one accepts uncritically that each YO~m .. test is 
always limited by tissue oxygen deficiency, then inap
propriate conclusions may be drawn in those tests in 
which no plateau in oxygen consumption develops, as 
might have occurred in some of the blood doping 
studies. 

An example of this potential error is shown in our 
own studies of renal transplant patients (Kempeneers 
et al., unpublished data). These patients have usually 
been physically inactive for prolonged periods and have 
been treated with corticosteroid agents; both of these 
factors are likely to induce muscle weakness. 

We found that training produced significant increases 
in both the YO~n,", and in the maximum run time to 
exhaustion of these subjects. However, in the initial 
maximal exercise test, the subjects showed evidence for 
a peripheral, not central, limitation to their exercise 
tolerance as their values for "maximal" heart rate, 
maximal ventilation and respiratory quotient and peak 
blood lactate levels were low. In addition, none showed 
evidence for a plateau in oxygen consumption with 
increasing exercise workload. 

During retesting after training, the subjects exercised 
for longer and reached higher values for maximum 
heart rate, ventilation, respiratory quotient, and blood 
lactate levels without a change in the lactate tum point, 
principally because they were more powerful and were 
therefore able to exercise to higher workloads. Thus, 
the increase in YO 2m .. that developed in these subjects 
with training resulted from peripheral changes in mus
cle power and were not likely due to central cardiovas-

cular changes increasing oxygen delivery to the active 
muscles. This example shows that care must be exer
cised in the interpretation of YOzm" test results in 
persons who initially have muscle weakness which is 
likely to alter with training. 

Similar care must be taken in the interpretation of 
YOzmax test results in athletes undergoing either pure 
sprint training or detraining. For example, the anoma
lous finding that strength training in humans (65) and 
sprint training in rats (22) increases YOZm", without 
increasing muscle oxidative capacity (13, 22, 36) can 
be explained on the basis of training-induced increases 
in muscle power analogous to those found in our renal 
transplant patients. Thus, during exercise testing after 
training, the sprint- and strength-trained athletes 
achieve higher maximum workloads and therefore 
higher YO~m., values due to peripheral, not central, 
adaptations. 

The training study of Daniels et al. (20) and other 
studies of detraining provide additional indirect support 
for the belief that factors other than mitochondrial 
oxidative capacity explain changes in exercise capacity. 
Thus, Daniels et al. (20). showed that changes in run
ning performance with training occurred without equiv
alent changes in Y02ma,. They concluded that "phys
iological adaptations not integrated in the test of YO 2m a, 

... contribute to training-induced improvements in 
run ning performance." 

Similarly, the work of Costill et al. (14, 15) demon
strates a clear dissociation of exercise performance, 
muscle power, and muscle oxidative capacity with de· 
training in swimmers. This is depicted in Figure 7 
which shows that the swimmers' performances irr 
proved with a week of detraining, whereas muscle 0: 

dative capacity fell by up to 50% during the sar 
period. 
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This is a particularly important study as it shows that 
performance under these experimental conditions was 
linked to muscle power, not to muscle oxidative capac
ity, and that an increase in performance can occur 
despite a fall in muscle oxidative capacity. Therefore, 
the effects of training and detraining on exercise per
formance cannot always be predicted solely on the basis 
of changes in muscle oxidative capacity. 

V02m •• AS A PREDICTOR OF ATHLETIC 
POTENTIAL 

The very earliest studies established that the Y02m• x 

expressed relative to body weight was highest in the best 
runners (1,31,53). Thus, credence was given to the 
belief that the Y02m", would always be a good predictor 
of athletic potential (10, 12, 21,25, 39, 69). 

However, a more critical interpretation shows that, 
whereas the Y02max i~ a good predictor of athletic 
performance when a heterogenous group of athletes 
with quite different athletic abilities is studied, it is a 
relatively poor predictor when athletes of similar ability 
are evaluated (7, II, 47. 50). The key to the interpre
tation of this finding was provided first by Costill and 
Winrow (II) and later by Daniels (19). 

Costill and Winrow (II) showed that, when two 
athletes with the same Y02max values but with different 
running abilities were compared, the running economy 
of the faster runner was superior (Figure 8). Although 
not reported by these authors, the faster and more 
economical runner must also have achieved a higher 
maximum workload at Y02ma" as predicted by their 
data and reproduced in Figure 8. Thus, the faster runner 
was characterized by being both more "economical" 
and more "powerful. ft 

Daniels (19) reported the converse finding of two 
runners with quite different V02ma, values but with the 

Figure 8-RelalioDship of oxygen cost and 
runoinll speed for two athletes with similar 
vo,_ .. ~alues but witb different best stand
ard 42. 2 km standard marathon times and 
differenl running economies, from Costlll and 
Winrow (II). Note that peak treadmill run
niDI! speed also differs between tbe two ath
letes. 
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same running ability. The feature of similarity shared 
by these runners was that they reached the same peak 
treadmill running speed during maximal exercise. Their 
different YO,m", values at the same peak running speed 
resulted from their marked differences in running econ
omy as shown in Figure 9. 

Taken together, these studies indicate that, for the 
prediction of athletic performance, the Y02ma, cannot 
be interpreted without reference to the economy of 
movement of the different athletes. Furthermore, they 
suggest that the factor predicting athletic performance 
is neither the absolute YOlm .. value nor the running 
economy but may be related to a factor of muscle 
"power" measured as the peak workload reached during 
the maximum treadmilI running (54; Noakes et aI., 
unpublished data) or swimming (30) test or isokinetic 
muscle power measured in swimmers (55). The failure 
of the majority of (21, 38, 59), but not all (7), studies 
to show a significant relationship between running 
economy and athletic performance indicates that run
ning economy cannot be the principal factor predicting 
athletic performance. 

Data from some of our own studies support these 
findings. Figure IO (top) shows the oxygen cost of 
running, the Y02m", , and the peak treadmill running 
speed achieved by three runners with best standard 
marathon times falling in a narrow range of 2 h 30 min 
to 2 h 35 min. It is clear that the only variable that is 
similar in these runners is the peak treadmill running 
speed. In common with the finding of Daniels (19-
Figure 9), the V02m", and running economy of these 
athletes are quite different. 

Figure IO (bottom) shows the same variables for 
runners with similar Y02m", values of 65-71 ml.kg- ' . 
min-I but whose best 42,2-km standard marathon per
formances range from 3 h 12 min to 2 h 8 min. In this 
group, the most dissimilar variable is the peak treadmill 
running speed. It should be noted that, at a running 
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Figure 9-Relationship or oxygen cost and running 
speed ror two athletes .. ith different "0,-. values and 
different running economy but with similar running 
performances and peak treadmill rUMing speeds, from 
Daniels (19). 

After Daniels (1974) 
O~---r--~--~r---~~'----r---.----~--' 

80 

~ 70 
Z 
z 
:::> 
0::::-
u.' 
O.~ 60 
I-~ 

8 '~ 
UN 

ffi ~ 50 
(!) E 
>--
~ 

70 

~ 
Z 60 z_ 
::J~ 

0::'" 
u. E 
0_ 
..... '01 50 
1/) .. 

ON Uo 
Z_ 
W E 
~-40 

~ 

11 12 13 14 15 16 

RUNNING SPEED (km hour-I) 

• V02 max 

o Peak tread mill running 
speed 

\::! 
c'i 

~ e .. 
::; 
on 
III 
'" 

17 

c: 
0 
~ 

:;; ,. 
::; 

;;; 

'" 
~ ~ M ffi ffi ro ~ 

RUNNtNG SPEED (lc.m hr -1) 

speed of 17,7 km· hr-I, running economy predicts run
ning performance as the best runners in this group are 
also the most economical. It is clear from Figure 10, 
however, that neither running economy nor V02m .. is 
the principal factor predicting athletic performance. 
Our studies from which these data come confirm this 
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Figure IO-Top: Relationship or oXYKen COIIt and run
ninK speed ror three runners with similar best 42,2 Ir.m 
standard marathon rulllling times but with different "0-. values. Note that the regression line ror oxygen 
consumption and running speed is based on steady-state 
exercise at speeds up to 21 Ir.m. hr- I (54), .. hereas the 
peak treadmill runninll speed .. as measured durin!! a 
JII'OIIressive incremental exercise test (54).lbe apparent 
plateau in oXYl:I'n consumption at peak ruMing speeds 
shown In this figure is an arteract or depicting data 
collected under t .. o different experimental conditions 
on one graph. Bonom: Relationship or oxygen cost and 
rUMing speed ror rour runners .. ith similar "0,_ . 
.a1ues but with different best 42,2 Ir.m marathon times. 
Note that peak treadmill running speed, DOt "0, __ or 
running economy, best predicts 42,2 km marathon time 
in these athletes. 

and show that peak treadmill running velocity (r 
-0,90) and the running velocity at the lactate tumpoint 
(r = -0,88) are the best predictors of running perform
ance, whereas running economy (r = 0,20) and V02m .. 

(r = -0,76) are less good predictors (Noakes et aI., 
unpublished data). 
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Training can influence both running economy and 
the maximum achieved workload; thus, it may have a 
variable effect on Y02m.,. If the effect on running 
economy is greater than the effect on peak achieved 
workload, then Y02ma. can actually fall with training. 
Such an effect has been most clearly shown in training 
studies of rats undertaken in our laboratory (Lambert 
et aI., unpublished data). These studies show that ini
tially Y02ma, fell slightly with training whereas peak 
achieved workload and running economy improved 
markedly (Figure I I). Usually, however, the increase in 
peak achieved workload exceeds the increase in running 
economy; thus, Y02ma• rises with training. 

Nevertheless, these studies show that it is not possible 
to interpret changes in Y02ma. with training and de
training if the changes in running economy and peak 
achieved workload are not also reported. U nfortu
nately, few researchers report all these variables in their 
studies. 

In summary, it is suggested that the primary variable 
predicting athletic potential, at least in running, is the 
maximum speed or workload that the athlete can 
achieve during the maximum test. The actual value for 
the oxygen consumption measured at that peak work
load will be dependent on each athlete's running econ
omy. What determines the maximum speed or work
load achieved during the maximal test is presently 
unclear but may relate either to the skeletal muscle or 
to respiratory factors detailed earlier. In our own pre
liminary findings we have found that the fastest IO-km 
runners have the most powerful muscles when mea
sured on the isokinetic cycle ergometer (Stevenson et 
aI., unpublished observations). Jones and McCartney 
(37) have also found a relationship between Y02ma. and 

32 
CONTROL 

30 

l' Lambert et al. (1987) 
O~~/-'I----rl--~I;---'I----'I----TI---'I 

9 12 15 18 21 24 27 

RUNNING TIME (mins) 

Figure 11-Vo,_ .. oxygeo cost of running and run time to exhaustion 
during a prOlll'essife Incremental exercise test in control rats and in 
rat trained for 8 wk. Note that running economy and run time to 
exhaustion, but oot VO,_" are altered by training-unpubliShed data 
of Lambert et al. 
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total work output during maximal isokinetic exercise 
of 30 s duration. Together these findings suggest that 
skeletal muscle contractility differs between fast and 
slow runners and between runners with high and low 
Y02ma, values. 

OTHER PREDICTORS OF ATHLETIC POTENTIAL 

The case has been made that the peak achieved 
workload is a better predictor of running performance 
than is either the Y02",,, or the running economy. It is 
clear, however, that both the lactate turnpoint and the 
respiratory ventilation threshold ("anaerobic thresh
old") are additional variables that accurately predict 
athletic performance, especially in running races of 10-
42 km (38, 59). However, what is less apparent is why 
these variables should predict performance at race dis
tances from 5-42 km. What are the physiological cues 
that athletes monitor during races of those distances, 
and which are related to their blood lactate levels? 

A likely explanation has been provided by Reybrouck 
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Figure 12-Changes in oxygen consumption, in ventilation, in heart 
rate, and in blood lactate levels during 40 min of exercise at the 
ventilation threshold for prolonged .. ork (VT) and at a higher work
load (VT + 20W), from data of Reybrouck et al. (51). Note Ihe 
terminal increase in ventilation, in heart rate, and in blood laerate 
levels at the higher workload. 
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et al. (51), who have identified two ventilation turn
points for exercise. The first corresponds with the res
piratory ventilation threshold ("anaerobic threshold") 
and the lactate turnpoint and is identified during pro
gressive exercise to exhaustion; the second is identified 
as the ventilation rate, oxygen uptake, or workload that 
can be maintained for 20-40 min without there being 
a progressive increase in ventilation. Prolonged exercise 
undertaken at workloads beyond that threshold causes 
a progressive increase in ventilation, heart rate, oxygen 
consumption, and blood lactate levels (Figure 12). 

Clearly, the second ventilation threshold (ventilation 
threshold for prolonged exercise) identifies a non
steady-state condition corresponding to blood lactate 
levels of approximately 4 mmol· I-I, a finding that 
might also explain the predictive value of the 4 mmol· 
J -I blood lactate level proposed by Heck et aI. (30). lt 
is clear that prolonged exercise at intensities above the 
second ventilation threshold may ultimately be limited 
by progressive dyspnea. Possibly the predictive value of 
blood lactate levels during exercise can be explained on 
the basis of related changes in ventilation. 

CONCLUSIONS 

The belief that oxygen delivery alone limits maximal 
exercise performance has straightjacketed exercise 
physiology for the past 30 yr. Thus, performance, par
ticularly during maximal but also during submaximal 
exercise, has been explained exclusively in terms of 
oxygen transport and oxygen and fuel utilization, and 
other factors determining muscle contractile function 
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ABSTRACT 
NOAKES. T. D. Challenging beliefs: ex Africu ,'emp" aliquid lIovi. 
Med. Sci Sport.I' £.ren·., Vol. 29, No.5, pp. 571-590,1997. The basis 
of the scientific method is the development of intellectual models, the 
predictions of which are then subjected to scientific evaluation. The 
more robust tcst of any such model is one that aims to refute or falsify 
its predictions, Successful refutation forces revision of the model: the 
revised model persists as the "truth" until its predictions are. in turn, 
refuted. Thus, any scientific model should persist only as long as Il 
resisb refutation. An unusual feature of the exercise sciences is that 
cenain core beliefs are based on an historical physiological model that, 
it will be argued, has somehow escaped modern. diSinterested intel
lectual scrutiny. This panicular model holds that the cardiovascular 
systcm has a limited capacity to supply oxygen to the aclive muscles. 
espeCially during maximal exe",ise, As a result, skeletal muscle oxy
gen demand ou"trips supply causing the development of skeletal 
muscle hypoxia or even anaerohio:-;is during vigorous exercise. This 
hypoxia stimulates the onsel of lactate production at the "anaembic." 
"lactate." or ventilation thresholds and initiates biochemical processes 
that terminate maximal exercise. The model further predicts that the 
important effect of training is to increase oxygen delivery to and 
oxygen utilization by the active muscles dunng exercise. Thus. adap
tations that redu<.:e skeletal muscle anaerobiosi!'l during exer<.:ise explain 
all the physiological, biochemical, and functional changes that develup 
with training. The historical ba,is for this model" the original re,earch 
of Nobel Laureate A. V. Hill which was interpreted as evidence that 
oxygen consumption ··plateau~·· during progressive exercise to exhaus
tion. indicating the development of skeletal muscle anaen.,hio,is. This 
review confirms that Hill's research failed to establish the existence of 
the "plateau phenomenon" durin~ exercise and argues that thb core 
component of the historical model remains unproven, Furthermore. 
definitive evidence that ,keletal muscle anaerobiosi, develops during 
submaximal exercise at the anaembic threshold initiating lactate pro
duction by muscle and its accumulation in blood is not currently 
available. The finding that exercise performance can improve and 
metabolism alter before there are mea,urable ,keletal muscle mito
chondrial adaptations could indicate that van abies unrelated to oxygen 
use by muscle might explain 'omc, if not all, training-induced changes. 
To accommodate these uncenointies, an alternate physiological model 
is proposed in which skeletal muscle contractile activity is regulated by 
a series of cemral, predominantly neural, and peripheral, predomi
nantly chemical. regulators that act to prevent the development of 
organ damage or even dealh during exercise in both health and disease 
and und~r demanding environmental conditions. During maximal ex-
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ercise, the peripheral regulation of skeletal muscle function and hence 
of oxygen use by skeletal muscle, perhaps by vanables related to blood 
flow, would prevent the development of muscle rigor, especially in 
persons with an impaired capacity to produce ATP by mitochondrial or 
glycolytic pathways. Regulation of skeletal muscle contractile function 
by central mechanisms would prevent the development of hypotension 
and myocardial ischemia during exercise in persons with hean failure, 
of hyperthermia during exercise in the heat, and of cerebral hypoxia 
during excrcise at extreme altitude. The challenge for future genera
tions of exercise physiologists is to identify how the body anticipate, 
the possibility of organ damage and evokes thc appropriate control 
mechanism(s) at thc appropriate in"an!. 

YO,,,,.,. A~AEROBIOSIS, ANAEROBIC THRESHOLD, 
LACTATE, MITOCHONDRIA, CARBOHYDRA TE, SCIENTIFIC 
METHODS, POPPER 

The invitation to present the J. B. Wolffe Memorial 
Lecture is one of the greatest honon; to which an 
exercise scientist can aspire. I am very mindful of 

the unique nature and real significance of this lecture. I 
am also acutely aware that among those who have pre
sented this lecture are the intellectual giants of our dis
cipline-the gods who have inspired me and many others 
to greater effort. Not once in my most extravagant dreams 
did I ever ellpect to share this moment with such illus
trious names, and I am humbled by that association. 

But with this great honor comes an important respon
sibility: to fashion a message that will be relevant to the 
diverse interests of all members of the College. How can 
one possibly say anything that will be an inspiration to 
such a broad community of scientists? 

My colleague, Dr. Randy Eichner, has called me a 
"gentle iconoclast." The less-guarded assessment of a 
fellow scientist from the Antipodes, is that "loose can
non" might be a more appropriate epitaph. In keeping 
with those labels. I wish to review some contentious 
beliefs in exercise physiology to illustrate my under
standing of the nature of scientific inquiry. Although the 
focus will be on exercise physiology, r hope there will be 

C-268 



572 Official Journal of the American College of Sports Medicine 

a broader message for all exercise scientists, regardless of 
their specialization. 

WHY ME? 

When invited to deliver this lecture, my immediate 
response was to wonder why I had been so honored. My 
conclusion is that my selection resulted from the pivotal 
influences of (i) having been born and trained in Africa; 
(ii) the impact of North America on my life and its 
scientists on my career; (iii) the nature of my training in 
medicine; and (iv) perhaps somewhat surprisingly, by my 
lack of formal training in the exercise sciences, especially 
in biochemistry and research methodology. 

THE INFLUENCE OF AFRICA 

Two facts about the continent of my birth, Africa, are 
not widely appreciated. The first is that one of the oldest 
known medical texts, the Papyrus Ebers dated 1550 BC 
(40, p. 21), comes from Egypt. Indeed, the first correct 
description of the pulmonary circulation may have been 
made by the Egyptian physician, Ibn AI-Nafis (55, p. 
264), four centuries before William Harvey provided 
what is usually accepted as the definitive initial descrip
tion of the systemic and pUlmonary circulations. 

The second fact is that the ancestral humanoids prob
ably evolved on the plains of South and East Africa and 
not in the far East as originally supposed. 

The initial discovery underpinning the African origin 
of Man was made by Professor Raymond Dart (26,27), 
formerly Dean of the Medical School of the University of 
the Witwatersrand in Johannesburg. The lesson of his 
discovery is twofold. First, Dart drew his conviction from 
a single observation that the foramen magnum of the 
skull unearthed in Taung, Botswana, and later named by 
him. Australopithecus Africanus (Southern Ape). was 
situated directly over the vertebral column. Dart con
cluded that this could only occur if Australopithecus 
walked upright. Second. Dart's postulate that Australo
pithecus was an early hominid was initially ridiculed, 
perhaps because of twin prejudices that little of value 
comes from Africa and that humans must have evolved in 
some more exotic location, probably in the East, perhaps 
in Java. However, Dart persisted in his certitude, and 
additional findings in both South and East Africa con
firmed his faith in what has been acknowledged as one of 
the 20 most significant discoveries of the 20th century. 
Professor Dart epitomized the scientist's need to follow 
his or her intuition even if based on a single, but con
clusive. observation. Dart was also one of the first Afri
can scientists to show that our continent does perhaps 
have something to offer the international scientific com
munity. 

Perhaps either of these could justify Pliny's statement 
to the effed that there is always something new from 
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Africa. But for the purpose of this paper, the title ex
presses the pride that J and my fellow scientists in the 
developing world have for our respective nations and 
their scientific and other achievements. 

Another unusual benefit of living in South Africa for 
the past four decades has been the opportunity to partic
ipate in an extraordinary social and political change. My 
fortune was to have been prepared, at least in part, by a 
short period of study in the United States at the time of 
that nation's own greatest recent social upheaval. 

THE EARLY AND CONTINUING INFLUENCE OF 
THE UNITED STATES OF AMERICA 

My first direct contact with the United States occurred 
as a high school exchange student studying at Huntington 
Park High School in Los Angeles for the 1967/68 aca
demic year. For one who had studied at a racially segre
gated school fashioned on the privileged British public 
school model. the abrupt exposure to the more open and 
egalitarian society that I encountered in Los Angeles had 
a profound and lasting effect. It introduced me to the idea 
that two nations could operate at polar ends of the social 
structure. Perhaps that experience made me wonder what 
exactly is the "truth." 

Later described as the year which "shaped a genera-
tion" and which "like a knife blade, ...... severed past 
from future" (75), 1968 taught me about the rapidity with 
which change can occur-a feature that is perhaps less 
surprising to citizens of the United States than to a young 
South African, at least in the 1960's. lt was also during 
that period that the event occurred that would have the 
single greatest influence on my future career; an event to 
which the United States made a crucial contribution. 

THE INFLUENCE OF THE WORLD'S FIRST 
SUCCESSFUL HUMAN HEART TRANSPLANT 

On Sunday, December 3, 1967, the world's first suc
cessful human heart transplant was performed at what 
would become my alma mater, Groote Schuur Hospital, 
in Cape Town by a South African team led by Professor 
Christiaan Barnard (5). I shared the wonderment of my 
host nation that such an historic achievement had oc
curred outside the United States. In fact, this event, which 
stimulated my decision to follow a medical career, was 
possible only because of the brilliant tutelage that Bar
nard received at the University of Minneapolis under 
cardiac surgeon and scientist, Professor Owen Wangen
stein (7). Wangenstein arranged that when he returned to 
South Africa after completing his training, Barnard was 
accompanied by a special gift from President Lyndon 
Johnson and the United States government--the first 
heart-lung machine ever brought to the African continent 
(22). Without the generosity of that gift from the United 
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States, perhaps I would not have followed my career in 
the exercise sciences. 

Two features were crucial for Barnard's success. First, 
he required inordinate courage for he knew that two 
consecutive failed cardiac transplantations would termi
nate his surgical career. In fact, the early results of 
Barnard's team were the best of any group then perform
ing that operation (6). 

Barnard's courage is a feature of his Afrikaner (Dutch) 
heritage and was strengthened by a capacity to think 
differently, an attitude epitomized by his statement that: 
"Most of us think along straight lines, like a bus or a train 
or a tram. If the destination isn't up on the board, few of 
us would know where we are going-and that applies 
even to scientific researchers who should know better. 
We tend to let tradition lead us by the nose. It takes an 
effort of will to break out of the mold" (22, p. 65). 

So my choice of career was strongly influenced, albeit 
indirectly, by the rich and outward-looking academic 
culture that is perhaps the finest of the many astonishing 
achievements of the United Stated of America and one of 
its great gifts to the international scientific community. 
That intellectual inspiration has only increased with time, 
not least through my more than twenty-year membership 
of the American College of Sports Medicine and through 
contact with the exceptional scientists who ensure the 
continued excellence of our discipline. 

THE INFLUENCE OF MY MEDICAL TRAINING 

As a result of the influence of Professor Barnard's 
achievement, I entered medical school at the University 
of Cape Town in early 1969. During my medical training 
I acquired other insights that I now consider valuable. 
The first is the need to understand the whole body. In 
medicine this insight is imperative because disease, like 
health, invades all the body's organs. Similarly, no med
ical or biological problem exists in an isolated section of 
the body. There are advantages, even for exercise scien
tists, to appreciate the broader picture and to avoid in
temperate specialization in a small region or tissue of the 
body. 

The second lesson that one immediately learns when 
first exposed to patients is one's high level of personal 
stupidity. Indeed, there is a collective level of medical 
ignorance, so brilliantly described by Dr. Lewis Thomas 
(108, p. 10): "The greatest single achievement of science 
in this most scientifically productive of centuries is the 
discovery that we are profoundly ignorant ... I wish there 
were some formal courses in medical school on medical 
ignorance; textbooks as well, although they would have 
to be very heavy volumes. We have a long way to go." 
Indeed, the beauty of the textbooks of ignorance would 
be their accuracy. I am reminded of these quotations 
whenever a scientist expresses the ignorance of absolute 
certainty. Regardless of any appearance of individual 
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brilliance, we are each profoundly ignorant. And never 
more so than when we are absolutely certain of our 
conviction. 

A third lesson is the crucial importance of challenging 
the truth. The single characteristic that distinguishes 
medicine from other "alternative" practices is the con
trolled clinical trial in which the merit of a particular 
medical intervention is compared either with doing noth
ing or with the established practice(s). The results of such 
trials cause medical "truths" to be recycled very rapidly. 
Indeed, medical "truths" change with the weekly appear
ance of the New England Journal of Medicine and many 
other influential medical publications. Thus, the empha
sis of medical research is specifically to disprove and 
thereby to improve current practice. It is this ethos which 
distinguishes medicine from those professions that are 
based on fixed beliefs that are hallowed, changeless, and 
beyond question. My Professor of Medical Biochemistry, 
Wieland Gevers, encouraged the heresy that the active 
skeletal muscles may not become "anaerobic" during 
exercise and that separate biochemical processes explain 
the production of lactate and protons by the active mus
cles during exercise (38). 

This distinctive characteristic of medicine to challenge 
the truth (88) explains the intellectual paradox captured 
in the quotation attributed to a former Dean of Harvard, 
Dr. Sydney Burwell by G. W. Pickering (92), himself 
formerly Professor of Medicine at the University of Lon
don: "My students are dismayed when I say to them, 
'Half of what you are taught as medical students will in 
10 years have been shown to be wrong. And the trouble 
is, none of your teachers know which half. '" 

WHAT MY MEDICAL TRAINING FAILED TO 
TEACH ME 

Like most medical doctors who have experienced a 
traditional clinical training, I have very real gaps in my 
understanding of the tools of science, including statistics 
and research methodology. My undergraduate training 
also occurred before the modem explosion of knowledge 
in both biochemistry and the exercise sciences. As a 
result, much of my knowledge is self acquired; my tutors 
have been the writers of what I consider to be some of the 
classic texts in my field of interest (3,17,23,80,98). 

Learning in this way has important disadvantages, but 
one unique advantage is the avoidance of indoctrination, 
which is the tendency towards a stubborn, if subcon
scious, acceptance of a specific scientific mind set or 
prejudice that we may acquire from our venerated tutors 
whom we may assume to be intellectually infallible (62). 
For a crucial outcome of our scientific training is that it 
conditions us to accept only a limited sample of all the 
possible truths. 

Ignorance can be a formidable attribute if it provides 
the freedom to consider any intellectual possibility. For it 
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is such ignorance that can encourage the development of 
novel scientific insights. 

WHAT SCIENCE HAS TAUGHT ME 

The concept of refUtability and the burden of 
disproof. In his intluential text, Viennese philosopher 
Sir Karl Popper (93). posed the fundamental question: 
What identifies empirical science and therefore distin
guishes it from pseudoscience? He concluded that: "A 
statement (a theory. a conjecture) has the status of be
longing to the empirical sciences if and only if it is 
falsifiable" (93). According to this criterion. a statement 
or theory is falsifiable, that is, able to be refuted, if and 
only if there exists at least one potential falsifier-at least 
one basic statement that conf1icts with it logically. He 
continues that the falsifier does not itself have 10 be 
known to be true, only that it logically refutes the con
jecture. 

In Popper's view, an important aim of science is there
fore to generate theories that are able to be refuted (fal
sified). Successful refutation (falsification) of successive 
conjectures leads 10 new and occasionally revolutionary 
theories, each of which is likely to be somewhat closer to 
the truth than its predecessors. Victor KOlIch (59) was one 
of the tirst to bring this to the attention of modem 
exercise scientists. 

Popper also concludes that we will never know 
whether a specific conjecture is the final truth because 
our scientific methods and our logic are too imprecise 
ever to be certain that we have subjected a particular 
theory to every possible test of falsification. Thus, a 
theory that has yet to be refuted is the nearest we ever 
approach the truth. In this analysis, even Einstein's the
ory of relativity is simply a conjecture which has, for the 
most part. escaped refutation (116). Einstein understood 
this for he wrote: "No fairer destiny could be allowed to 
any physical theory than that it should itself point out the 
way 10 introducing a more comprehensive theory in 
which it lives on as a limiting case" (35, p. 131). 

These are lofty goals, but they do not always reflect 
reality. For the surprising nature of much scientific en
deavor b a profound resistance to those new ideas that 
threaten to refute favored dogmas. 

The development of intellectual mind-sets (par
adigms). A characteristic of the scientific mind is the 
development of intellectual mind-sets or frameworks 
within which we interpret all new information (62). Pop
per described this subconscious process accordingly: 
"Thinking people tend to develop some framework into 
which they try to tit whatever new idea they may come 
across; as a rule, they even translate any new idea which 
they meet into a language appropriate to their own frame
work. One of the most characteristic tasks of philosophy 
is to attack, if necessary, the framework itself' (93). 

Paper 40 

MEDICINE AND SCIENCE IN SPORTS AND EXERCISE 

The value of these intellectual frameworks is that, 
when accepted by the entire community, they facilitate 
communication. The basis for this common understand
ing does not need to be reviewed endlessly as all the 
expens in that field accepts the truth of the model and its 
predictions. Frameworks or paradigms represent those 
scientitic areas in which an intellectual truce has been 
declared, the intellectual battles have been fought. the 
arguments have been exhausted, and a common consen
sus has been achieved. There is a common acceptance 
that no further advantage can be gained by arguing the 
intellectual basis of the paradigm. Rather. the accepted 
framework makes predictions which scientists are then 
able to evaluate. Kuhn (62) refers to this as "normal" 
science. As elegantly described in the analogy of Fried
man (37), the danger of such frameworks is that, like 
clothes, these ideas become comfortable and are not 
easily discarded. "Accepting a new paradigm is like 
acquiring a new wardrobe. Initially, the garmeflls fit well. 
look. stylish, and are suitable for almost all occasions. 
However, with the passage of time. the clothes become 
too loose or too tight, frayed and tattered, and the wearer 
begins to feel unsuitably dressed for cenain events. At 
this point, he or she can either alter the outfits or purchase 
a new wardrobe. But the older clothes are not so easily 
cast aside. They are more comfonable in some ways. they 
served long and well, they are like old friends; a certain 
attachment has set in. Indeed the wearer may decide to 
keep the old wardrobe and restrict his or her activities 
accordingly, passing up occasions at which the clothes 
seem OUt of place. The activities that are dropped become 
defined as unimportant and eventually no longer belong 
10 the wearer's 'real' world. Choosing a new wardrobe, 
on the other hand, is comparable to what Kuhn terms a 
'paradigm revolution': the basic framework that defines 
activity is altered. and 'normal' science is replaced with 
a new range of possibilities. We may call this a 'new 
reality' " (37). 

Paradigms and model-dependent reality. The 
eminent mathematician Stephen Hawking has written a 
remarkably successful popular book on astrophysics (42). 
His book describes models from which we can attempt to 
understand how the universe is (currently) believed to 
work. The models make predictions that can be tested. 
bUI these are nOI guaranteed to be either true or real. As 
Hawking explains: "We cannot distinguish what is real 
about the universe without a theory ... (But) ... 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, independent of a 
theory or model with which to interpret itT (43, p. 38). 

Exercise scientists spend their academic lives devel
oping models of how the body works. We need 10 re
member that these models do not necessarily reflect 
reality or absolute truth. 
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The nature of truth in scientific endeavor. Con
sideration of these views allows one to propose that 
scientific truth is subject to change which often occurs 
with rude suddenness; that truth is model-dependent; and 
that truth reveals itself through refutation of the less-true. 

If truth is constantly in flux. it follows that one measure 
of the vigor of any scientific discipline is the frequency 
with which its major hypotheses are refuted and refor
mulated. On this basis. a science like astrophysics might 
be considered vigorous as the ideas and theories in the 
discipline are always in flux. So one might ask, how do 
my particular areas of interests, exercise physiology and 
spons medicine. measure up? 

This analysis begins by considering two hypotheses. 
the refutations of which have been readily accepted. Then 
follows an analysis of five topics which, in my opinion. 
provide evidence for substantial resistance to novel in
terpretations. suggesting that the concept of refutability is 
not always eagerly accepted in all areas of our discipline. 

ACCEPTED REFUTATIONS IN THE EXERCISE 
SCIENCES 

My introduction to more serious science started with 
an attempt to refute the statement which claimed that: "A 
search of the literature has failed to document a single 
death due to coronary atherosclerosis among marathoners 
of any age. Marathoners were defined as those complet
ing 42.2 km in under 4 hours and only autopsied cases 
were considered" (8). This statement formed the basis for 
a conjecture which soon became known as the Bassler 
hypothesis: "As no cases of fatal atherosclerosis have 
been documented in marathon finishers of any age, it 
follows that such activity confers virtual immunity from 
fatal heart attacks" (102). To this was added the rider: 
", .. it is biologically impossible for atherosclerosis to 
progress in anyone capable of even walking the 42-km 
distance! Indeed reversal of the disease is seen" (10), 
Insurance against heart attack could also be achieved 
with a relatively small investment: "For the nonsmoker 
who trains at distances over 6 miles for a total of 100 
miles. protection starts here and continues as long as he 
continues running" (9). The dramatic growth of marathon 
running at that time helped to popularize Bassler's thesis. 

This conjecture has the characteristic of a scientific 
theory as it is open to refutation, which was provided by 
a single report detailing the deaths of marathon runners 
from coronary atherosclerosis (87). This refutation was 
readily accepted (95), perhaps because it does not impact 
on the more important hypothesis, also the subject of a 
previous Wolffe lecture and for which there is no con
tradictory evidence: that persons who are vigorously ac
tive may live longer and suffer less from heart attacks. 
hypertension. diabetes mellitus, and certain cancers than 
their less acti ve peers (89). 
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Seldom is a single case report sufficient to refute an 
hypothesis; more commonly, a more detailed experiment 
is required. The study of Coyle et al. (24) provides a fine 
example of work that resolved a controversy that had 
raged for at least 50 years and that had important prac
tical implications for athletes competing in endurance 
events. Those authors evaluated the popular conjecture 
that held that only water should be ingested during ex
ercise. This hypothesis stems from the intellectual model 
that holds that carbohydrate ingestion during exercise 
delays the rate of gastric emptying, slowing the rate at 
which fluid is delivered to the small intestine, thereby 
promoting the development of dehydration and the prob
ability that heat injury will develop especially during 
prolonged exercise (84,85). The hypothesis drew strength 
from a study, published in the New England Journal of 
Medicine in 1981 (36), which concluded that: " ... cor
rection of hypoglycemia by glucose ingestion (during 
prolonged exercise) does not consistently delay exhaus
tion or alter the subjective sensation of exertion during 
the exercise. These findings thus do not support a role for 
glucose ingestion in improving performance during pro
longed exercise, and they may have relevance to endur
ance sports such as marathon running." 

What is particularly remarkable is that these conjec
tures were universally accepted despite the presence of a 
number of refutations, published half a century earlier, 
that clearly showed that carbohydrate ingestion either 
reversed or delayed the onset of fatigue during prolonged 
exercise, including marathon running (21,33,66). Indeed, 
on the basis of the evidence available in 1936, Gracf 
Eggleton (34, p. 153) had written that: "When they (long 
distance runners) have run to exhaustion, the level 01 
blood sugar is found to be abnormally low ... If thf 
eating of sugar candy during a race was encouraged, .. 
it seems possible that new records might be achieved in 
long-distance running." As Popper has warned, it is usu
ally unwise to accept a conjecture for which there is a 
single logical refutation already present in the literature. 
Yet, in this example, besides the three published refuta
tions, there was a substantial volume of anecdotal evi
dence favoring the ergogenic benefits of carbohydrate 
ingested during prolonged exercise (83,86). 

Coyle et al. (24) confirmed the validity of these his
toric refutations by showing that, when they ingested a 
concentrated carbohydrate beverage, trained endurance 
cyclists who had not eaten for 12 h, were able to exercise 
for up to 33% longer than when they ingested a sweet
ened placebo. 

The above example should teach us two important 
lessons. One is that any hypothesis can be immunized 
from all attempts at refutation once it becomes the es
tablished mind-set supported by influential scientists. As 
MiUer (73, p. 10) has exhorted: "It is the perpetuation of 
errors that interferes with our understanding; and it is 
this, rather than their perpetration, that we must exert 
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ourselves determinedly to avert." Influential scientists 
can harm their discipline if they lose the desire to chal
lenge the dogmas they have created. 

The second important lesson of this example was the 
rapidity with which its results were accepted by the 
scientific community; how swiftly its conclusions were 
integrated into a new intellectual model. and how deci
sively this new information altered the eating and drink
ing habits of athletes competing in endurance events. 
Usually novel ideas that refute the existing mind-set are 
accepted only by the next generation of scientists. 

Another refutation that has been less readily accepted 
deab with the popular prejudice that people collapse 
during or after prolonged exercise, especially mal"dthon 
and ultramarathon running, because they develop dehy
dration-induced hyperthermia (85). This theory can be 
questioned on two grounds. The tirst is the finding that 
the vast majority of athletes who collapse during or after 
exercise, or with the experimental condition termed "heat 
strain" (100), do not have abnormally elevated rectal 
temperatures (53,96,97,100) and are therefore not suffer
ing from hyperthermia. If the theory linking hyperther
mia to dehydration (118) is correct, then the athletes with 
the condition are probably not excessively dehydrated. 
Similarly, collapse from «heat strain" is not prevented by 
adequate fluid ingestion (100), indicating that dehydra
tion is not an etiological factor for collapse from this 
condition. But adequate fluid ingestion during exercise 
especially in the heat does confer significant physiolog
ical benefits and does increase substantially the duration 
of exercise that can be sustained before the onset of 
collapse from "heat strain" (100). 

More to the point, the finding that 85% of such col
lapses in competitive athletes occur after the athlete has 
already completed such distance races (53), suggests that 
severe dehydration is not the primary determinant of 
collapse. For if severe dehydration caused collapse by 
reducing the circulating blood volume and hence the 
cardiac output, one would expect dehydration-induced 
collapse to occur during exercise when the cardiovascular 
system is under the greatest stress. Instead, the majority 
of such collapses occur at the end of exercise when the 
cardiovascular system is reverting to the resting state and 
the athlete may be experiencing postural hypotension 
(54). 

Attempts to promote this line of argument (85) con
tinue to be ignored because of the entrenched mind-set 
that dehydration alone explains the majority of the med
ical problems that develop during exercise. The historical 
origin of this prejudice has been described (85). 

Why are novel ideas accepted with reluctance by 
the scientifiC community? Popper (93, p. 14) has de
scribed why scientists find it so difficult to discard their 
intellectual wardrobes: "Most of us ... hold a great 
number of theories consciously .. and we may be pre
pared both to defend these by argument and to give them 
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up when good arguments are brought against them. But 
we also hold theories that we take for granted more or 
less unconsciously and therefore uncritically; and these 
uncritically held theories often contain the strongest rea
son for continuing to hold those other theories con-
sciou.dy (author's emphasiS) ...... it may become nec-
essary to attack beliefs which, whether or not they are 
consciously held, are taken so much for granted that any 
criticism of them is felt to be perverse or insincere. 
Whenever the framework itself is attacked, its defenders 
will as a rule interpret, and attempt to refute, the attack 
within their own adopted framework." 

Hawking has described the same phenomenon (43, p. 
36): "The theory always came first, put forward from the 
desire to have an elegant and consistent mathematical 
model. The theory then makes predictions. which can be 
tested by observation. If the observations agree with the 
predictions, that doesn't prove the theory; but the theory 
survives to make further predictions, which again are 
tested against observation. If the observations don't agree 
with the predictions, one abandons the theory. Or rather, 
that is what is supposed to happen. In practice. people are 
very reluctant to give up a theory in which they have 
invested a lot of time and effort. They usually start by 
questioning the accuracy of the observations. If that fails, 
they try to modify the theory in an ad hoc manner. 
Eventually the theory becomes a creaking and ugly edi
fice. Then someone suggests a new theory in which all 
the awkward observations are explained in an elegant and 
natural manner." 

Hawking also identifies a popular method that is used 
to delay the acceptance of a new conjecture. In this 
technique labeled "refutation by denigration," the scien
tific credibility of the person who questions the accepted 
model is brought into doubt and his or her professional 
standing is subtly undermined. It is the classic technique 
of shooting the messenger so that the message may be 
conveniently ignored. This method is unfortunately still 
quite popular in the exercise sciences. It has no part in 
mature science and must be exposed whenever and wher
ever it reveals its ugly presence. 

It would seem that even the intellectually brilliant are 
not immune from this reluctance 10 accept a new intel
lectual model. Both Newton and Einstein, two of the 
most revolutionary scientist~. could not accept predic
tions of their own theories that were in conflict with a 
religious dogma. Newton refused to accept that the ab
solute position in a space of a large object could not be 
defined as this conflicted with his belief in an absolute 
God. Similarly, Einstein would not believe that the po
sition of the very small was also indeterminate (the He
issenberg Uncertainty Principle) because it also con
flicted with his religious belief. "God," Einstein wrote, 
"does not play dice" (43, p. 91). His prediction of the 
existence of astronomical black holes lead Hawking to 
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suggest that: "God not only plays dice but also sometimes 
throws them where they cannot be seen" (43, p_ 103). 

I have encountered five intellectual frameworks in the 
exercise sciences that, in my opinion, have to a lesser or 
greater extent, become "ugly and creaking edifices." A 
feature of the majority is that they share a common origin 
in the hypothesis that the active skeletal muscles contract 
anaerobically during high intensity exercise. What are 
these conjectures and what evidence or logic might seem 
to refute them? 

SOME UGL V AND CREAKING EDIFICES 

1_ The maximum oxygen consumption of Hill 
(V02max'hiJI)' The work of Nobel Laureate Archibald 
Vivian Hill et al. (47-51) fonns the basis for the popular 
conjecture that an oxygen limitation develops during 
maximal exercise causing skeletal muscle hypoxia to 
terminate exercise. The critical tlaw in logic perpetuated 
in those studies has been described in two previous tu
torial lectures to our College and in one publication in 
this journal (82). These refutations of Hill's conjecture 
and its potential implications for some crucial areas of the 
exercise sciences have, with a few notable exceptions 
(2,77,78,99), been essentially ignored. Perhaps this 
fourth attempt to challenge an entrenched mindset will be 
more successful! 

In their experimental series, Hill et al. measured oxy
gen consumption (VO~) every 30 s in subjects who ran 
for 3 min at different speeds on a circular grass track 
85 m in circumference. Their relevant findings are repro
duced (again) in Figure I. The authors' interpretation of 
their data was the following (49): 

"When muscular exercise is taken in man at a constant 
speed, the lactic content of his active muscles increases 
gradually from its resting minimum at the start. The rise 
in lactic acid content increases the rate of oxidation, so 
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The use of a circular argument 

Hence: 
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Figure 2-Hill's conclusion that his oxygen consumption was less than 
his requirement when running at 16 km'h- I (Fig. I), was based on a 
circular argument. His subconscious assumption was that fatigue duro 
ing exercise is owing to oxygen deficiency in the active muscles. 

that finally if the oxygen supply is adequate, a 'steady 
state' is reached in which the rate of lactic acid produc
tion is balanced by the rate of its oxidative removal, and 
its concentration remains constant in the muscle as long 
as exercise at that speed is maintained. The lower three 
curves represent a genuine steady state and the uppermost 
curve only an apparent steady state in which the oxygen 
intake is at its maximum and the oxygen debt is rapidly 
increasing." 

Hill and Lupton concluded that the constant V02 they 
measured at the fastest running speed (16 km'h - 1 in Fig. 
I) represented an apparent, not a true, steady state. The 
basis for this conclusion was a circular argument based 
on Hill's subconscious model explaining fatigue during 
exercise (Fig. 2). For Hill began with the subliminal 
premise that fatigue during exercise is caused by an 
oxygen deficiency; he naturally interpreted his findings 
within that conceptual framework. 

From the subjective feelings of the fatigue that he 
experienced when he ran at 16 km'h - 1, Hill drew the 
equally subjective conclusion that he must have devel
oped an oxygen deficiency. As a result he concluded that 
his real V02 must have been higher than that which was 
objectively measured at 16 km'h - 1. Thus. Hill et al. (50) 
speculated: "Considering the case of running, .. there is 
clearly some critical speed for each individual. . , above 
which. the maximum oxygen intake is inadequate. lactic 
acid accumulating, a continuously increasing oxygen 
debt being incurred, fatigue and exhaustion setting in." 
Hill (47) further concluded that: "The oxygen intake may 
attain its maximum and remain constant merely because 
it cannot go any higher owing to the limitations of the 
circulatory and respiratory systems." 

Not only did Hill et al. (50) fail to measure concur
rently either the oxygen debt or muscle or blood lactate 
levels during these or subsequent studies, they also failed 
to subject their hypothesis to the accepted process of 
refutation. For the next logical study would have been to 
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Figure 3--TJ:tere is a linear relationship between running speed and 
the average VO, measured al the different running speeds shown in 
Figure 2. The relationship is similar to thaI reported in the literature. 
Data redrawn from Hill and Lupton (49) as previously puhlished in 
reference 82. Noakes, T. D. Implications of exercise testing for predic· 
tion of athletic performance: a contemporary perspective. M.d. Sci. 
Sport. E.rerc. 20:319-330,1988. 

measure Hill's V02 when he ran at a speed faster than 16 
km'h -I. Their hypothesis would have been supported if 
the V02 at that higher speed was either the same or lower 
than that measured at 16 km'h - 1 • 

However, as that experiment was not performed, Hill 
et al. could not conclude that Hill's VOz had "plateaued" 
and was indeed maximal at 16 krn'h -I. Thus, their major 
conclusion that V02 reaches a plateau during exercise of 
progressively increasing intensity was not proven be
cause this test of refutation was not conducted. Fortu
nately, it is possible to submit their conclusion to retro
spective refutation. 

The data shown in Figure 3 contirm that Hill did not 
reach "some critical speed ... above which the maximum 
oxygen intake is inadequate." For the data clearly show a 
linear relationship between Hill's mean V02 at three 
different speed~. Hence, there is no evidence in these data 
for the plateau phenomenon, indicating that any postu
lated V02max'Hill had not occurred. The implications of 
this refutation of Hill's conjecture are two-fold. First, it 
raises the question of whether the plateau phenomenon 
indicating V02m., really exists (82). Second, by logical 
extension, it questions the hallowed notion than anaero· 
biosis develops during exercise and that it is this anaer
obiosis that induces specific physiological and biochem
ical changes that terminate high intensity exercise. 

Hill and Lupton (49) were silent on the mechanisms 
causin~ fatigue during exercise at or above their postu
lated V02max'HiII' They proposed only that "lactic acid" 
was involved but evaded the issue of how elevated "lactic 
acid" concentrations either in muscle or blood cause 
fatigue (49). 

If Hill and Lupton's work offers no basis for the 
hypothesis that V02 plateaus during maximal exercise, 
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what other evidence is there to sustain this particular 
conjecture? 

After Hill and Lupton's work, the next classical study 
usually considered as additional definitive proof of the 
plateau phenomenon is that of Mitchell et al. (74). How
ever, that study was not designed to test the V02max'Hill 
hypothesis for it began by echoing Hill's assumption that, 
during progressive exercise, there is a workload at which 
"maximal oxygen intake per unit of time is reached; 
beyond this point the workload can usually be increased 
still further but, ordinarily, oxygen intake levels off or 
declines" (74, p. 538). Rather, the aim of that study "was 
not, however, merely to re-examine previously estab
lished characteristics of maximal oxygen intake but, 
rather, to inquire into its physiological meaning" (74, p. 
543). Hence, they determined the cardiorespiratory 
changes, in particular in cardiac output and in arterial and 
venous oxygen tensions including the arteriovenous 
(AV)oxygen difference, that occurred during steady state 
exercise of short duration at near maximal exercise in
tensities. During those experiments, V02 was calculated 
from expired gas samples collected during the last minute 
of consecutive, but interrupted, exercise bouts that lasted 
2.5 min. 

Their principal finding was that increases in both car
diac output and in the A V oxygen difference contributed 
to the maximal oxygen consumption, with the rise in 
cardiac output being the more important. They concluded 
that "the maximal oxygen intake is a measure of cardiac 
capacity and the ability to increase the A V oxygen dif· 
ference, not of the ability of the vascular bed to accom
modate left ventricular output" (74, p. 545). As an aside, 
they also reported that 72% of subjects showed a "plateau 
phenomenon" defined as an increase in V02 of less than 
54 ml at the highest exercise workload. But that finding 
had no bearing on their conclusion. Based on Hill's 
conclusions, the authors had already assumed that there is 
a V02 m.,.Hill which is determined by limitations in the 
cardiovascular system. 

But does that study also provide any definitive infor
mation about the "plateau phenomenon"? The only phys
iological model, which allows conclusions to be drawn 
from the testing protocol used by Mitchell et al. (74) in 
which the interrupted exercise bouts last less than 3 min, 
is one in which V02 rises very rapidly at the onset of 
exercise, reaching its maximum within 90 s of the onset 
of exercise. If that model is incorrect, then conclusions 
about the "plateau phenomenon" cannot be drawn from 
that testing protocol. For example, an apparent "plateau 
phenomenon" would occur with the testing protocol of 
Mitchell et al. (74) if the initial rate of increase in V02 
were the same for all the high work rates that they 
studied. Proof that their interrupted testing protocol iden
tifies a real plateau in V02 would require that additional 
samples be taken at later time points to ensure that there 
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had been no further increase in V02 after the first 2.5 min 
of exercise. 

Subsequent searches have found the "plateau phenom
enon" to be elusive (2,25,82). An early attempt to identify 
this phenomenon in adult men concluded that: "The 
plateau is theoretically exact, in practice it is much less 
so" (25). The most recent review published in September 
1995 (56) concluded that: "there is no general agreement 
on the use of specific criteria for establishing that V02rnax 

has, in fact, been achieved." 
Only one study has attempted directly to determine 

whether oxygen consumption during progressive, ramp 
~xercise reaches a maximum "beyond which no effort 
;an drive it" (47). Myers et al. (78) summed V02 over 
Jne or more breaths during both steady-state and pro
~ressive (ramp) exercise. Using a rolling average, they 
:ontinuously calculated the rate and direction of change 
n V02 throughout exercise. They showed that there is 
:onsiderable variability in V02 measured breath-to
)reath or averaged over short intervals and that this 
lariability is a result of changes, predominantly in tidal 
IOlume. The result is that instantaneous V0 2 does not 
·ise as an exactly linear function of a progressively in
:reasing (ramp) work rate but in a rather more irregular 
)altern. This variability is reduced when longer sampling 
imes are used so that V02 rises as a linear function of 
vork rate when sampling times of 60 s or more are used. 

Myers et al. (78) concluded that the rate of change in 
V02 during ramp exercise is erratic and frequently tran
;iently negative indicating a "plateau phenomenon" even 
juring submaximal exercise. They proposed that: " ... 
;onsiderable variability exists in the slope of the change 
in V02 with a consistent change in external work ... 
suggesting that a plateau (defined as the slope of a V02 
sample at peak exercise that does not differ significantly 
from a slope of zero) in V02 is not a reliable physiolog
ical marker for maximal effort" (78). 

This finding has implications for the duration of the 
sampling period used to establish whether the plateau 
phenomenon exists; the shorter the sampling period, the 
less likely it is that a definitive plateau phenomenon will 
be identified. One might suggest that a phenomenon that 
can be identified only with some difficulty and under 
certain specific experimental conditions is unlikely to be 
a fundamental biological truth. 

In summary, Hill's original interpretation of his own 
data is in error. This error has been perpetuated for 70 
years with the result that Hill's theory of the plateau 
phenomenon, although unproven, persists as a fiercely 
protected paradigm in the exercise sciences. It is impor
tant that we appreciate the uncertain status of the plateau 
phenomenon so that we are not unwitting agents of its 
continued perpetuation. 

2_ Progressive muscle hypoxia limits maximal 
exercise performance_ The second creaking and ugly 
edifice follows directly from the first. It holds that hyp-
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oxia develops in the active muscles during exercise and 
that this hypoxia causes fatigue and therefore limits max
imal exercise performance under all conditions. This 
model holds that the hypoxia results from an inability of 
the heart to increase its cardiac output sufficiently to 
match the maximum demands of the active skeletal mus
cles (98). 

The first issue of concern with the theory of muscle 
hypoxia is that there is no logical reason why exercise 
should terminate shortly after the development of the 
plateau phenomenon as is usually described. This ignores 
the known capacity of skeletal muscle to generate energy 
by oxygen-independent metabolism. 

Figure 4 is a usual textbook figure showing the rates of 
A TP production that can be sustained for varying dura
tions of exercise. The diagram indicates the large capac
ity for oxygen-independent ATP production that can be 
activated during high intensity exercise of short duration 
(less than 10-30 s). But if the plateau phenomenon is 
correct, it requires that progressive ramp exercise, which 
starts at a low work rate, does not activate fully the 
oxygen-independent metabolic pathways. For the plateau 
phenomenon predicts that exercise terminates immedi
ately or shortly after the maximum skeletal muscle oxi
dative capacity has been reached and without full acti
vation of the oxygen-independent metabolic pathways. 

Figure 5 presents the argument more directly. It shows 
that adding the maximum ATP-generating capacity of 
only the oxygen-independent glycolytic pathway (- 500 
mmole-min -I) (105) to the maximum skeletal muscle 
oxidative capacity, measured as the V02 max.Hill' should 
allow the athlete to continue exercising to a work rate 
equivalent to an additional V02 of 1.7 L-min- I after the 
development of the plateau phenomenon. No proponent 
of the plateau phenomenon has yet described this phe
nomenon. 
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Figure 5-The additional energy provided by the maximum rate of 
oxygen-independent glycolytic A TP production should allow exercise 
to continue to a work rate 1.7 L-min-' above that at the theoretical 
"plateau phenomenon" which, it is assumed, corresponds to the max
imum achieveable skeletal muscle oxidative capacity. 

Accordingly, one might hypothesize that progressive 
exercise to exhaustion in which exercise starts at sub
maximal work rates must terminate before the maximum 
rates of oxygen-independent ATP production are 
reached. If this is correct. it suggests that contraction of 
the exercising muscles ceases before their maximum 
metabolic capacity- in particular their maximum capac
ity for oxygen-independent ATP production-is used. 
Specific findings in both healthy and diseased subjects 
support this interpretation. 

First. the novel study of Spriet et al. (104) was de
signed specifically to determine whether skeletal muscle 
forced to exercise under ischemic and ultimately anaer
obic conditions would continue to contract until ATP 
depletion and rigor developed. To test this theory, the 
quadriceps muscle group of human subjects was rendered 
ischemic by the application of a pressure tourniquet to the 
upper thigh and forced to contract repetitively by elec
trical stimulation. 

The key findings were (i) that skeletal muscle ATP 
concentrations fell to 57% of the resting values and (ii) 
that skeletal muscle contractile function fell progres
sively. More importantly, rates of muscle ATP produc
tion fell coincident with falling rates of muscle ATP use. 
Thus, the likely conclusion is that under ischaemic con
ditions and, by extension, presumably also under hypoxic 
conditions. skeletal muscle contractile function and 
hence rates of muscle ATP use are regulated to prevent 
any large variance in the protected variable skeletal mus
cle ATP concentrations. If correct, this model represents 
a substantial change from the traditional model of Hill 
(47) which postulates that energy demand outstrips sup
ply during high intensity exercise. The new model pro
poses that energy demand is regulated by the rate of 
energy supply specifically so that demand can never 
outstrip supply. 
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In diseases of skeletal muscle metabolism including 
muscle phosphorylase deficiency and the mitochondrial 
myopathies in which capacity to produce ATP by either 
oxidative or glycolytic pathways is reduced, exercise 
does not cause an abnormally large reduction in skeletal 
muscle ATP concentrations (67). This provides further 
evidence for the hypothesis that skeletal muscle contrac
tile function and its rate of ATP use is regulated by the 
rate of muscle ATP supply so that muscle ATP concen
trations are protected. 

Perhaps the most striking example of this phenomenon 
occurs during exercise at extreme altitude, for example, 
at or near the summit of Mount Everest (8848 m). Max
imum oxygen consumption falls with the reduction in 
barometric pressure so that at altitudes in excess of 
8000 m the \T02mo. is elicited even by the most gentle 
exercise. Indeed, even in climbers using supplemental 
oxygen. maximum effort near the summit of Mount Ever
est consists of prolonged periods of rest interspersed with 
very brief bouts of exercise. The experience is perhaps 
best described by the first man to reach the summit of 
Mount Everest without the use of supplemental oxygen. 
Reinhold Meisner ( 107): "We can no longer keep on our 
feet to rest. ... Every 10-15 steps we collapse into the 
snow to rest, then crawl on again." 

On tirst principles, one would predict that Meissner's 
symptoms were caused by a severe metabolic acidosis 
resulting from profound muscle hypoxia causing very 
high circulating blood lactate concentrations. This pos
tulate was tested by Howard Green et al. (39) in the 
landmark Operation Everest II study which was made 
possible largely through the tenacity of Dr. John Sutton. 

They showed that peak blood lactate concentrations 
during maximal exercise fell rather than increased as a 
function of increasing altitude (39). This observation, 
now known as the "lactate paradox," is not novel. David 
Dill (32, p.173) first described the phenomenon in 1938 
and proposed that: "The inability to accumulate much 
lactic acid in great heights or to disturb the internal 
economy of the organism so profoundly as at sea level 
may be looked upon as useful safeguards against over
exertion. It is as though the body, realizing the delicacy 
of its situation with regard to oxygen supply, sets up an 
automatic control over anaerobic work which renders 
impossible the severe acid-base disturbances which can 
be voluntarily induced at sea leveL" Notice Dill's pro
foundly novel suggestion that an automatic internal con
trol may act as a safeguard to regulate skeletal muscle 
contraction. A recent study has confirmed that his expla
nation for the lactate paradox is correct. 

Kayser et al. (60) exposed the same group of subjects 
to exercise at 122 and 5 050 m above sea level. During 
exercise, integrated electromyographic (IEMG) activity 
of the vastus lateralis muscle was measured. IEMG ac
tivity increased progressively during exercise at sea level 
but not at altitude. Furthermore, TEMG activity was sub-
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stantially higher at exhaustion at sea level than at altitude. 
But IEMG activity increased in subjects exercising at 
altitude when they inhaled 100% oxygen and were able to 
exercise to higher work rates. 

The interpretation of these findings is that skeletal 
muscle recruitment is reduced during exercise at altitude. 
Hence the authors concluded that: "These results suggest 
that during chronic hypobaric hypoxia, the central ner
vous system may playa primary role in limiting exhaus
tive exercise and maximum accumulation of lactate in 
blood" (60). 

The "lactate paradox" is also observed in patients with 
certain chronic medical conditions including chronic re
nal (61) and cardiac disease (31). The logical assumption 
is that patients with renal failure are unable to exercise 
because of an anemia that reduces oxygen transport ca
pacity to the active muscles during exercise: in heart 
failure, there is a reduced capacity to increase blood flow 
to the active skeletal muscles during exercise. As a result. 
the muscles of both groups of patients should develop a 
premature hypoxia during exercise. leading to the pro
duction of high and limiting concentrations of lactate in 
muscle and blood. But this does not occur. 

For example. a recent study (31) of the physiological 
responses to maximal exercise in patients with heart 
failure showed that blood lactate concentrations and rates 
of pulmonary ventilation were substantially lower in pa
tients than in age-matched controls at any % V02m .. , (Fig. 
6). Furthermore. patients showed severe morphological 
abnormalities in skeletal muscle. The probable conclu
sion is that the impaired exercise tolerance of these pa
tients results either from a reduced capacity to recruit 
skeletal muscle during exercise or from impaired skeletal 
muscle contractile function. 
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Indeed. the peripheral nature of the lactate paradox can 
be shown in persons with heart failure who have under
gone cardiac transplantation. Derman (31) has also com
pared the exercise capacity of patients before and after 
cardiac transplantation with that of controls. She showed 
that there were small but insignificant increases in peak 
workload and V02m., 2 months after cardiac transplan
tation, but peak venous blood lactate concentrations re
mained low and abnormal skeletal muscle histology 
scores were not improved (Table I). All values were 
significantly different from those measured in controls. 
Subsequent studies suggest that. in the absence of exer
cise training. skeletal muscle histological abnormalities 
persist for at least 12 months after cardiac transplanta
tion. 

Another study (72) confirms that peak V02 remained 
very low (-16 mL-kg-I'min- ' ) and did not increase 
during the first 12 months after cardiac transplantation, 
confirming that replacing the heart does not normalize 
the impaired exercise tolerance and low peak V02 values 
of patients with chronic heart failure. 

In summary. these studies indicate that progressive 
skeletal muscle anaerobiosis is an unlikely mechanism 
limiting or impairing exercise performance in a variety of 
experimental and clinical settings. Rather, these findings 
invite the hypothesis that skeletal muscle contractile 
function is regulated during exercise in both health and 
disease by a hierarchy of central and peripheral mecha
nisms. the goal of which is likely to prevent organ dam
age, including death. The evidence for this grand hypoth
esis is the following: 

Skeletal muscle function during exercise appears to be 
regulated by different mechanisms (i) to prevent the 
development of muscle ATP depletion causing irrevers
ible skeletal muscle rigor during high intensity exercise 
(67.104); (ii) to prevent cerebral hypoxia during exercise 
at altitude (32.39.60); (iii) to prevent a catastrophic fall in 
blood pressure (98) that would reduce perfusion of the 
diseased coronary arteries in chronic heart failure; (iv) to 
prevent catastrophic hyperthermia (heatstroke) during 
prolonged exercise in the heat (81); and (v) to prevent 
glucopenic brain damage during prolonged exercise 
when hypoglycemia results from liver glycogen deple
tion (3). 

Perhaps the tantalizing challenge for exercise scientists 
is to define the control mechanisms that provide these 
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safeguards. Central control mechanisms may include 
brain receptors for hypoxia to limit exercise at altitude, 
for blood glucose concentrations to limit exercise during 
hypoglycemia, and for temperature to prevent heatstroke. 
Peripherally-based receptors would need to link meta
bolic and cardiovascular signals. The intriguing finding 
that blood flow may regulate skeletal muscle contractile 
function independent of oxygen delivery (106) raises the 
possibility that a peripherally-located flow signal may 
also regulate skeletal muscle contractile function. Indeed, 
the possible role of the vascular endothelium needs to be 
considered. 

A credible hypothesis can be advanced to explain why 
skeletal muscle contractile function should be controlled 
by its blood flow. Rowell (98) has concluded that overall 
cardiovascular function is regulated during imposed 
stresses including exercise to maintain the arterial blood 
pressure. A major determinant of this control is regula
tion of blood flow to, and blood volume distribution in, 
the different arterial and venous bed~. During exercise, 
skeletal muscle contractile activity is the major determi
nant of the overall blood flow and blood volume distri
bution with the result that the greater percentage of the 
cardiac output is directed to the active skeletal muscles. 

Thus, it makes sense that the variable, skeletal muscle 
contractile activity, which can most effect whole body 
blood flow distribution during exercise and therefore the 
maintenance of an adequate blood pressure, should itself 
be regulated by the blood flow it receives. If blood flow 
does regulate skeletal muscle contractile function, then 
the maximum cardiac output would indeed limit peak 
exercise performance as traditionally argued (3,74,98). 
However, this limitation would not be determined by a 
limiting rate of oxygen delivery to the working muscles, 
but rather by a limiting cardiac output that is unable to 
counter the blood pressure lowering effects of any addi
tional fall in total peripheral resistance that would occur 
if further skeletal muscle recruitment were to induce 
additional vasodilation in an attempt to increase skeletal 
muscle blood flow further. 

In summary, the testable hypothesis is proposed that 
exercise under different conditions is limited in both 
health and disease by a regulated process of skeletal 
muscle "mechanical arrest." During high intensity exer
cise, this control would prevent the development of irre
versible damage (rigor) in the active skeletal muscles. 
This control could be provided by blood flow regulation 
of skeletal muscle contractile function and could result 
from the accumulation of metabolites which reduce skel
etal muscle contractile activity and hence the blood flow 
requirement. On theoretical grounds, control of overall 
skeletal muscle contractile function by blood flow is an 
attractive hypothesis as it provides the link for the simul
taneous regulation of overall cardiovascular function 
with skeletal muscle metabolism and contractile activity. 
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Perhaps the challenge for exercise scientists is better to 
understand the effectors that might regulate this elegant, 
albeit still hypothetical, model. 

3. Anaerobiosis explains the onset of lactate pro
duction by skeletal muscle at the "anaerobic 
threshold." The third creaking and ugly edifice holds 
that oxygen delivery to the active muscles becomes in
adequate, not at the V02ma"Hill' but at a lower work rate. 
This hypothesis stems from another central component of 
Hill and Lupton's belief that "Iactic acid" accumulates in 
muscles that contract anaerobically. thereby developing 
an "oxygen debt." The modem confirmation that blood 
and muscle lactate concentrations increase during ~ub
maximal exercise has fortified this belief that anaerobi
osis develops in muscle before the plateau in V02 at a 
submaximal exercise intensity since identified as the 
"anaerobic threshold" (109-111,114). Extension of this 
hypothesis holds that the reSUlting metabolic acidosis 
which develops at, and accelerates above, the anaerobic 
threshold leads to bicarbonate buffering of the excess 
hydrogen ions released in this process causing an in
creased CO2 production. This, in turn, stimulates venti
lation leading to simultaneous "anaerobic" and "ventila
tion" thresholds (eqs. I and 2). 

Glucose -> 2 laclalC + 2H + III 

H+ + HCO;- -> H,O + CO, 121 

There are four potential sources of refutation of this 
specific model. 

First, the terminology is inexact. Anaerobic means in 
the absence of oxygen. But as every manufacturer of 
expensive equipment for the measurement of V02 during 
exercise will be quick to assert, whole body V02 is not 
zero during submaximal exercise. Hence, the muscles are 
not contracting anaerobically during submaximal exer· 
cise. An important discipline of science is to use words 
according to their exact meanings. When applied to sub
maximal exercise. the use of the term "anaerobic" is 
clearly incorrect. Perhaps the intended meaning is that 
the active muscles becomes hypoxic during exercise in 
which case the more correct term should be the "hypoxic 
threshold." If so. the existence of an hypoxic threshold 
should be identifiable during progressive exercise. 

If such a threshold exists, then at some submaximal 
work rate below the V02ma,.HiII' V02 must begin to lag 
behind demand, rendering the active muscles increas
ingly hypoxic. At that point, V02 will no longer increase 
linearly with increasing work rate. Thus, the hypoxic 
threshold should be identifiable as a submaximal work 
rate well below the V02",a"Hill at which V02 no longer 
increases as a linear function of increasing work rate (Fig. 
7). 

But this too does not occur. For if the average sampling 
time is sufficiently long (30- 60 s), so that the breath-to
breath variation in V02 (77) is smoothed, V02 rises as a 
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Figure 8-Whole body VO, rises as a linear function of increasing 
work rate wlthoot evidence for 8n hypoxic threshold al subroaxiroal 
work rates or, in this series or a "plateau phenomenon:' Data from 
rererence 30. o.nnls, S. C., T. D. Noakes, and A. N. BmdI. Ventilation 
and blood ladale itlCftll!re exponenlially during incremental exercise. 
J. SptJrtl Sci. 10,431-449. 10}0}1. 

linear function of im .. teasing work rate even to exhaustion 
with no evidence of a plateau at the hypoxic threshold 
(30) (Fig. 8). Thus. the absence of this theoretical hy
poxic threshold during the submaximal component of the 
maximal exercise test is the second potential refutation of 
this creaking and ugly hypothesis. 

The third potential refutation of this hypothesis has 
been provided by new studies of lactate kinetics during 
submaximal exercise. The question addressed by these 
studies is: "What stimulates muscles to increase their 
production of lactate. thereby causing blood and muscle 
lactate concentrations to rise during exercise?" 

The popular explanation for the increase in the blood 
lactate concentrations during exercise is probably not 
greatly different from that described in the classic text
book (4): "The production of lactic acid, which culmi
nates in a muscular contraction, is a non-oxidative pro
cess and can take place in the absence of oxygen: its 
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subsequent removal is an oxidative process and demands 
an adequate supply of oxygen. Fletcher and Hopkins 
consider that the appearance of lactic acid precedes, and 
is intimately bound up with, the mechanical shortening of 
the muscle whereas its oxidation is effected after the 
contraction is over, and brings about the return of the 
muscle to its former resting condition." 

Their explanation includes two ideils: first, that "lactic 
acid" is produced exclusively by non-oxidative or anaer
obic processes, and second, that lactic acid is the mes
senger that induces the muscle to contract. The latter 
postulate is now known to be incorrect; calcium, not 
lactic acid. is the chemical that initiates muscle contrac
tion. Furthermore. if blood lactate concentrations rise 
only as the result of hypoxic conditions in muscle. then 
this model predicts that blood lactate concentrations 
should be zero at all exercise intensities below the "hy
poxic" threshold. 

The first major advance in the understanding of factors 
determining the rise in blood lactate concentrations dur
ing exercise was provided by George Brooks et al. (14-
17). Their work has established that the blood lactate 
concentration is the result of two processes, the produc
tion of lactate (appearance. Raj and its removal (disap· 
pearance. Rd) and that these processes can be studied 
with the use of radiolabeled tracers. This technique is still 
not widely used. and this may perhaps explain why these 
fundamental concepts have yet to receive more universal 
acceptance . 

Using this technique, Dr. Holden MacRae, currently of 
Pepperdine University in Malibu, together with Professor 
Steven Dennis and Dr. Andrew Bosch in our laboratory. 
completed a series of experiments determining the effects 
of endurance training on lactate metabolism measured 
with C l4 lactate tracers (68-70). Figure 9 shows changes 
in blood lactate concentrations, V02• lactate Ra and Rd. 
and carbohydrate oxidation during exercise at ditTerent 
work rates. It shows that even at low work rates of 60 W 
equivalent in these subjects to about 30% V02mo., there 
was an appreciable lactate Ra. Clearly lactate production 
at low work rates cannot be a result of skeletal muscle 
hypoxia. As rates of lactate disappearance (Rd) matched 
lactate Ra, blood lactate concentrations remained con
stant at those low work rates, but were not zero. 

Both lactate Ra and Rd rose as curvilinear functions of 
increasing work rate. But at higher work rates, lactate Ra 
exceeded lactate Rd so that the blood lactate concentra
tion began to rise. At those work rates, V02 continued to 
rise as a linear function of work rate without any evi
dence for an "hypoxic threshold" coincident with thi~ 

increasing rate of lactate production and rising blood 
lactate concentrations. 

The figure also shows that the curvilinear rises in 
lactate Ra and Rd and in the blood lactate concentrations 
are matched by a curvilinear increase in the rate or 
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Figure 9-Changes in blood lactate concentrations, VO" lactate Ra, 
lactate Rd, and rates of carbohydrate oxidation with increasing work 
rate during progressive exercise to exhaustion. Note that blood lactate 
concentrations. lactate Ra. lactate Rd, and rates of carbohydrate oxi
dation all increase as curvilinear functions of increasing work rate and 
that lactate Ra, lactate Rd. and blood Iaclate concentrations are not 
zero at low exercise intensities. VOl also increases linearly with in
creasing work rate without evidence for an "bypoxic threshold." 

carbohydrate oxidation measured under steady state con
ditions at the different work rates. 

Hence these studies confirm 0) that blood lactate con
cenlrations are not zero at rest; Oi) that there is a mea
surable lactate Ra at rest and at low exercise intensities; 
(iii) that lactate Ra and Rd both rise with increasing work 
rate until a submaximal V02 is reached, at which Ra 
exceeds Rd causing blood lactate concentrations to rise; 
(iv) that the work rate at which lactate Ra exceeds Rd 
corresponds to a VO~ that is rising as a linear function of 
increasing work rate without evidence for an "hypoxic 
threshold;" and (v) that lactate Ra, Rd, blood lactate 
concentrations, and mtes of carbohydrate oxidation and 
of ventilation (30) all increase as curvilinear functions of 
work rate suggesting perhaps that a common metabolic 
sequence links these phenomena. 

Indeed the fourth source of refutation of the traditional 
model is a more reasoned explanation for the metabolic 
sequence that might explain these curvilinear relation
ships. It is based on the more modem understanding of 
how protons are generated with increasing rates of car
hohydrate oxidation during exercise. Central to this the
ory is the contention that proton production during exer
cise is a continuous and not a threshold phenomenon. 

Equations I and 2 show the original interpretation of 
how anaerobiosis induces the conversion of glucose to 
lactic acid with the production of two protons that are 
buffered in the blood by bicarbonate ions with the release 
of CO~, which then stimulates ventilation at the hypo
thetical ventilation threshold. This interesting hypothesis 
is threatened by its inaccuracies. 

For the critical point ignored in equation 1 is that the 
conversion of glucose to lactate generates ATP. When 
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the ionic charges associated with this conversion are 
added to the original equation, it is clear that there is no 
net proton production when glucose is converted to lac
tate (29,38,71) (eq. 3). Hence the question arises: From 
where might the protons arise during accelerated glyco
lysis? 

Glucose + 2Mg ADP- + 2Pi2- -+ 2laetate- + 2 MgATP'- [31 

One argument (29,38) holds that protons accumulate 
during high intensity exercise because such exercise must 
be fueled almost exclusively by carbohydrate metabo
lism. The conversion of glucose or glycogen to lactate or 
pyruvate generates ATP; the protons required for that 
ATP synthesis are generated by the steps of the glycolytic 
pathway. Subsequent hydrolysis of glycolytically-pro
duced ATP releases protons that are not needed for the 
resynthesis of ATP by that pathway (eq. 4). This con
trasts with the resynthesis of ATP via either oxidative 
phosphorylation or net creatine phosphate breakdown. In 
those pathways the H+ ions arising from ATP hydrolysis 
are re-consumed in ATP resynthesis: 

pyruvate 
or 

lactate -

MgATp2- .... MgADP + ~ 
, , 

H+ 

glucose 
or 

glycogen 

[4] 

At first, the protons generated by high rates of glycolytic 
ATP breakdown are (i) taken into the mi tochondria with 
pyruvate. Oi) used in the reduction of pyruvate to lactate 
via the cytosolic pyruvate- t- NADH + H+ <- -lactate 
+ NAD+ equilibrium. and (iii) buffered by intracellular 
histidine residues and by inorganic phosphate. However, 
unbuffered intracellular protons leave the cell via the 
sarcolemmal Na + IH + exchangers and the H + + lactate
symport. As a result, this model predicts (i) that muscles 
"dump" lactate to remove H+ into the bloodstream when
ever carbohydrate utilization is increased to provide en
ergy for exercise of very high intensity and (ii) that the 
respiratory compensations for "lactic acidosis" are not 
"threshold" responses to muscle hypoxia as has been 
proposed (109-111,113). 

Indirect evidence for this postulate has been provided 
by MacRae et al. (70) who studied the effects of training 
on blood lactate concentrations, lactate Ra and Rd, and 
the ventilatory responses to exercise in previously un
trained cyclists. 

Figure 10 (left panel) shows that this training program 
greatly reduced the blood lactate concentrations at any 
submaximal work rate. However. the effect of training on 
the ventilatory response to exercise was relatively mod
est. Thus. training dissociated the relationship between 
changes in blood lactate concentrations and in ventilation 
predicted by the anaerobic threshold hypothesis. A num
ber of other interventions have also dissociated these two 
variables (41,45,57.118). Perhaps the most telling such 
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A B 
Figure to-Effects of training on blood lactate concentrotions and rates of ventilation with increasing VO,. as well as the relationship between the 
rlltes of ventilation and carbohydrate oxldallon (left panel). Note that the linear relationship between the rates of ventilation and of carbohydrate 
oxidation is unaltered by training. RighI panel shows the effects of exercise training on hlood lactate concentrations and on lactate Ra and ISl"tate 
Rd at increllsinK rates of carbohydrate oxidation. Data from reference 70. MacRae, H. S-H., T. D. Noakes, and S. C. Dennis. Role of decreased 
carbobydrate oxidation on slower rises in ventilation with increa..lnK exercise inlensity after lraining. liur. J. Appl. I'hy.,joL 71:52J...529, 1995. 

finding is that patients with McArdle's syndrome who 
lack the enzyme, glycogen phosphorylase. and whose 
skeletal muscles are therefore unable to produce lactate 
during exercise nevertheless show a "ventilation thresh
old" (41). perhaps reSUlting from some residual capacity 
to generate glycolytic A TP. Interestingly, a linear rela
tionship between ventilation and the rate of carbohydrate 
oxidation was unchanged after training (Fig. 10. lell 
panel). Figure 10 (right panel) shows that training re
duces the blood lactate concentration at any rate of car
bohydrate oxidation because lactate Ra is reduced 
whereas lactate Rd is unchanged (68). 

The finding that the rates of ventilation and of carbo
hydrate oxidation are linearly related both before and 
after training can be explained by a physiological model 
in which the progressive curvilinear increase in carbohy
drate oxidation during ramp exercise causes a progressive 
increase in the rate of H+ production according to equa
tion 4. In turn. this continual increase in proton produc
tion causes the exponential increase in ventilation with 
increasing work rate. a relationship that was unaffected 
by exercise training. 

In summary, there are four crucial sources of refutation 
for the anaerobic threshold hypothesis. In particular, the 
terminology is incorrect; there is no identifiable "hypoxic 
threshold" during progressive exercise; studies of lactate 
kinetics show that blood lactate concentrations rise dur
ing exercise when lactate Ra exceeds lactate Rd; and, 
finally, the conversion of glucose or glycogen to lactate 
does not produce H+' Rather, utilization of glycolyti
cally-produced ATP releases the H+ which are recon
sumed only if the ATP is regenerated via the oxidative 
mitochondrial pathways. Hence H+ production by mus
cle is not a threshold phenomenon but increases progres
sively with increasing rates of carbohydrate and glyco
lytic ATP use. Thus, all the phenomena traditionally 
described on the basis of an "anaerobic threshold," might 
be better explained by the progressively increasing rate of 

carbohydrate oxidation that occurs during ramp exercise 
of increasing intensity. 

Therefore, one might argue that the lactate "anaerobic" 
threshold is a theoretical concept for which, like the 
Bassler hypothesis and the \102max'Hill' there is currently 
no firm experimental support. Furthermore, no logical 
argument can be presented to support this specific con
jecture. Rather, an alternate hypothesis is compatible 
with all the present observations. 

4. Mitochondrial adaptations and exercise per
formance. If oxygen delivery to muscle determines ex
ercise performance. then it has been logical to assume 
that any training adaptations that improve exercise per
formance, must also enhance oxygen delivery to, and 
utilization by, the active muscles during exercise. The 
universal finding that the \102max increases with training 
(3,98), is compatible with this interpretation. 

Furthermore, since the earliest study showing that 
chronic exercise produces mitochondrial adaptations in 
those skeletal muscles that are active during the training 
program (28,52), it has been assumed that these changes 
also explain the training-induced adaptations in skeletal 
muscle metabolism and performance. But such cross
sectional studies are unable to prove this assumption. To 
verify that skeletal muscle mitochondrial adaptations 
cause the training-induced changes in metabolism and 
performance, it b necessary to show that mitochondrial 
changes, metabolism, and performance all change in the 
same temporal sequence and to a similar degree during 
longitudinal training studies. But such longitudinal stud
ies have shown that training-induced changes in exercise 
performance or metabolism can occur without or before 
there are measurable skeletal muscle mitochondrial ad
aptations. 

For example, in one study (64) rats were trained for 
either 4. 8, or 12 wk and sequential changes in their run 
time to exhaustion during maximum and submaximum 
exercise, and in their skeletal muscle oxidative capacity 

C-282 



586 Official Journal of the American College of Sports Medicine 

were measured. The unexpected finding was that run 
time to exhaustion increased before skeletal muscle ox
idative capacity altered. 

Similarly. a study in hUmans showed that the addition 
of six to eight sessions of very high intensity training to 
their usual endurance-type training program substantially 
improved the performance of cyclists during a simulated 
40-km time trial in the laboratory (112). That training 
effect occurs without measurable changes in the activities 
of key skeletal muscle mitochondrial and glycolytic en-
1)imes (1 B). 

Similarly, training-induced changes in metabolism 
during exercise can occur before skeletal muscle mito
chondrial enzyme activities increase. This has been 
shown most clearly by Phillips et a!. (90,91). Their stud
ies show that five consecutive daily training sessions, 
each of 2 h duration at 60% of V02ma" altered the 
metabolic response to exercise in previously untrained 
humans. These adaptations occurred before there were 
measurable changes in skeletal muscle mitochondrial en
zyme activities. These metabolic adaptations were more 
marked after 30 d of training, by which time the first 
changes in the activities of the mitochondrial enzymes. 
SDH. MDH. and B-HAD, were measured. 

Thus, the conclusion from these studies must be that 
factors other than increased skeletal muscle mitochon
drial enzyme activities explain the early changes in ex
ercise performance and metabolism that result from aer
obic endurance training. The point is that skeletal muscle 
adapts in many ways to exercise training and the intel
lectual challenge is to determine (i) which of those 
changes explain the training-induced alterations in me
tabolism and performance and (ii) what are the real 
physiological and biochemical effects of the increased 
skeletal muscle mitochondrial enzyme activities. For ex
ample, studies showing that weight training can increase 
aerobic endurance performance and V02", •• suggest that 
skeletal muscle strength may be a factor influencing 
endurance capacity (82). 

S. A high carbohydrate diet maximizes perfor
mance during training. The belief that a high carbo
hydrate diet is essential for the maintenance of optimal 
daily training loads stems from the Original research that 
followed the introduction of the skeletal muscle biopsy 
technique in Sweden in the 1960's (1.11,46). This re
search established that the higher the cariJOhydrate con
lenl of the diet during the last few days before an ex
hau~ting exercise bout, the higher the initial muscle (and 
liver) glycogen content and the longer the duration of 
exercise that could be sustained until fatigue (Fig. 11). 
More modem studies confirm that a high carbohydrate 
diet can also increase performance during a set exercise 
lask in which the speed of completion, rather than the 
duration of exercise, is the measure of performance (94). 
The logical assumption is that the ideal diet for a single 
exercise bout to exhaustion would also be optimum for 

C-2S3 

300 

Paper 40 

MEDICINE AND SCIENCE IN SPORTS AND EXERCISE 

Diets % caronn 
CHO FAT PRO 

er..wCHo 5 
o MIxed 5Z 
eHlpCHo It! 

e 

54 
27 
10 

Z 

41 

r.0.93 
p < 0.800II1 

End......,."" time 01 75"" VO, Ma. (bours) 

Figure 1 I-There is a linear relationsblp between the startinll muscle 
glycogen cooten! and the duration for which & subsequent bout of 
endurance exercise clln be sustained. From data of reference 11. Berg· 
strom, J., L. Hermansen, E. Hultman. lind B. Saitin. Diet, muscle 
g1ycOilen. and phYsKal performance. Acla. PItJsioi. ScIl/.tI. 71:14(1-150. 
1%7. 

repeated daily bouts of exercise, that is. for daily training. 
Thus. the consensus opinion is that a diet rich in carbo
hydrate (>70% of total energy intake) should be ingested 
by all endurance athletes during training ( 1.11.18,23,44. 
79,83). 

Three potential sources refute this consensus. 
First, athletes do not eat such rich carbohydrate diet~ 

during training. In a review of the literature, Hawley et al. 
(44) show that the percentage of the energy intake pro
vided by carbohydrate in the habitual diets of athletes has 
not changed materially over the past 50 years. This is 
despite the recent intrusion of sports nutritionists dedi
cated to the promotion of high carbohydrate diets for all 
endurance athletes. Thus, the diets of some marathon 
runners in the 1948 Olympics contained 44% carbohy
drate (12); a more recent study found that carbohydrate 
contributed only 52% of the dietary energy intake of a 
group of marathoners (19). Figure 12 shows that these 
findings are representati ve of all the reported studies. 
This information is important because it conflicts so 
absolutely with what athletes are told. It is important that 
we should discover whether our scientific advice is in
correct. 

The second source of refutation are interventional stud
ies that have measured the effects of alterations in dietary 
carbohydrate content on performance during training. 
Two such studies (63,103) have shown that performance 
during training was not materially different in athletes 
eating diets with either high or low carbohydrate con
tents. Sherman and Wimer (10 I) have concluded that: 
"The hypothesis that insufficient dietary carbohydrate 
during training causes low muscle glycogen concentra
tions that. in tum. cause diminished training or perfor
mance capabilities and overreaching or staleness, is not 
strongly supported by the literature." 

The third potential source of refutation are studies 
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showing that a period of adaptation to a low carbohydrate 
diet may improve subsequent performance during pro
longed ex.ercise. An early study in our laboralory showed 
that subjects who adapted to a low (7%) carbohydrate 
diet for 2 wk were able to exercise for longer during an 
exercise bout at 60% V02ma, that was preceded by bouts 
of high inlensity exercise (65). Similarly, ~uoio et aI. 
(76) showed that endurance time at 70-85% VOZm., was 
increa.ed in athletes who had pre-adapted to a high 
(4{)%) fat diet. 

Pre-adaptation to a high fat diet may enhance perfor
mance by inducing specifk adaptations in the skeletal 
muscle mitochondrial enzymes that increase the capacity 
to oxidize fat during exercise (20). This adaptation may 
explain why subjects who have adapted to a high fat diet 
continue exercising with muscle glycogen concentrations 
that are lower than those causing exhaustion in subject~ 
who habitually ingest high carbohydrate diets (65). 

Therefore. the conclusion must be that the ergogenic 
effects of a high carbohydrate diet are established only 
for acute ingestion during the last 3 or more days before 
a single bout of prolonged endurance e}l;ercise. There is a 
need to study the ergogenic effects of dietary manipula
tions other than a high carbohydrate diet, especially in 
activities that last more than 3-4 h and in which a greater 
cupacity for fat oxidation might enhance performance, 
especially when muscle glycogen concentrations are low. 

CONCLUSION 

The English scientist of the last century, Thomas HU}l;
ley (58, p. 3), wrote that: ''The known is finite, the 
unknown is infinite; intellectually we stand on an island 
in the middle of an illimitable ocean of inexplicability. 
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Our business in every generation is to reclaim a little 
more land." 

I come from the city of Cape Town. which is situated 
on a small peninsula surrounded by two great oceans at 
the very base of Africa. From that isolated peninsula so 
far away from the intellectual capitals of the world. I have 
fashioned a challenge for exercise scientists to reclaim 
some more land in our young discipline. I have indicated 
the debt that lowe to the United States and to this College 
and its members. I have tried to repay some of that debt 
by challenging especially the young members of our 
College to be true to the aims and methods of scientific 
endeavor as I understand them. The core challenge is 
always to question the very beliefs that we hold most 
dear. 

The central conjecture that I have questioned originates 
from the statement by Hill et al. in the 1920's to the effect 
that: ''The oxygen intake (during maximal exercise) may 
attain its maximum and remain constant merely because 
it cannot go any higher owing to the limitations of the 
circulatory and respiratory systems." This conjecture ha~ 
exerted a profound influence on the teaching of exercise 
physiology for the past 70 years. It predicts a physiolog
ical model in which exercise. especially of high intensity. 
causes the oxygen demand of the active muscles to out
strip the available oxygen supply. requiring the muscles 
to contract in the face of a developing anaerobiosis. This 
physiological model also predicts: that anaerobic condi
tions in muscle terminate maximal exercise; that the 
onset of anaerobiosis occurs at the anaerobic or lactate 
threshold, causing blood lactate concentrations to rise 
during submaximal exercise; and that the principal effect 
of exercise training must be to induce skeletal muscle 
mitochondrial and capillary adaptations that increase the 
capacity of those muscles to use a limiting oxygen supply 
during exercise. 

Yet the contradictory evidence is absolute. Hill's orig
inal conclusions were not supported by his own findings. 
Therefore, the original basis for this physiological model 
is without substance. If the basis for the model is in 
doubt, then it behooves us to question vigorously the 
further predictions of that original model. 

The alternate model proposes that skeletal muscle con
tractile function is regulated by a hierarchy of controls 
specifically to prevent damage to any of a number of 
different organs. Severe anaerobiosis is one specific end
point that must be thwarted so that irreversible rigor and 
necrosis in the active muscles is prevented. The challenge 
for exercise scientists is to understand how the body 
anticipates the potential for organ damage and how skel
etal muscle contractile function is regulated specifically 
to preclude any such calamities. 

No doubt many will be tempted to reject this new 
conjecture as the rantings of an irreverent and ill-edu
cated foreigner. But that would be the most Simple re
sponse because it does not require that one question 
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personal dogmas. Former United States President Wil
liam Taft. who was himself raised in Cincinnati. the city 
hosting this year's J. B. Wolffe Memorial lecture. warned 
against this approach: "We cannot meet new questions 
nor build the future if we confine ourselves to the dogmas 
of the past." 

This capacity to embrace new ideas and to challenge 
the dogmas of the past is perhaps the greatest treasure 
bequeathed to the world by the United States and West
ern culture. Columnist Jeff Wise (117) captured the im
portance of this influence: "If the West means anything at 
all. it is not a specific set of values, but a meta-value, an 
idea about ideas. It is about throwing open the gates to the 
richness of world culture and daring to embrace the best 
of what you find. The prospect can be intimidating; it 
promises wholesale cultural changes. possibly radical 
ones." 

Perhaps the dare for our young exercise scientists is to 
be open to these ideas from Africa, regardless of the 
wholesale. perhaps intimidating intellectual challenges 
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that they may pose. We will best serve our science if we 
continuously question all our beliefs, regardless of their 
origin or how hallowed they have become. 
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Editor's Note: In 1997, we published the 19961. B. Wolffe 
Memorial Lecture by T. D. Noakes entitled "Challenging 
Beliefs: a Africa Semper Aliquid Novi" (Med. Sci. Sports 
Exerc. 29:571-590, 1997) and by request a response to the 
challenge by Basset and Howley entitled "Maximal Oxygen 
Uptake: 'Classical' versus 'Contemporary' Viewpoints" 
(Med. Sci. Sports aerc. 29:591-603, 1997). As expected, 
Noakes decided to rebut the response of Bassett and How
ley, and the following presentation is his rebuttal. 

As Editor-in-Chief, I encourage scientific debate, espe
cially when our fundamental concepts are challenged and 
new concepts are proposed based upon sound principles of 
scientific inquiry. In my opinion, the arguments of Noakes 
should be heard, digested, and subsequently investigated as 
to their scientific fallibility. The aforementioned articles and 
the following presentation are the initial process in the 
evaluation of Noakes' concepts. As a follow-up to these 
presentations, I have recommended a debate to the 1999 
ACSM Annual Meeting Program Committee, under the 
auspices of the Cardiorespiratory Interest Group, on the 
topic "Why Skeletal Muscles Cannot Become Anaerobic 
During Progressive Maximal Exercise Testing." If accepted 
by the Program Committee, the debate will be chaired by 

BASIC SCIENCES 
Commentary 

Bengt Saltin, M.D .• and the discussants will be Pro-Tim
othy Noakes, M.D., and Con-Brian J. Whipp, Ph.D. This 
debate will be another part of the scientific inquiry neces
sary to address the challenge of Noakes. I encourage all our 
members and readers to become aware of the issues raised 
and in the future to accept or reject the concepts developed 
by Noakes based upon the weight of scientific evidence 
generated. 

I am constantly reminding my students that to have one's 
fundamental concepts challenged requires us, as scientists, 
to respond with factual reasons as to why the challenge is 
incorrect and not respond that the challenge is incorrect 
because it does not fit what one's penional reference base 
expounds. In my opinion, the challenge by Noakes is one 
that we as members of the scientific community, which 
accepts the concept of maximum oxygen consumption 
(VOZm •• ) and its measurement as a parameter ofphysiolog
ical function, must address and one that may lead us to 
accept a revised definition of VOZmax . 

Peter B. Raven, Ph.D., FACSM 
Editor-in-Chief 

Maximal oxygen uptake: "classical" versus 
"contemporary" viewpoints: a rebuttal 

TIMOTHY DAVID NOAKES 

Depanment of Exercise and Sports Science and Bioenergetics of aercise Research Unit of the Medical Research 
Council. University of Cape Town, Spons Science Institute of South Africa. Newlands. 7700, SOUTH AFRICA 

ABSTRACT 

NOAKES. T.D. Maximal oxygen uptake: "classical" versus "contemporary" viewpoints: a rebullal. Med. Sci. Sports Exerc .• Vol. 30, 

No.9, pp. 1381-1398. 1998. Bassell and Howley contend that the 19961. B. Wolffe lecture is erroneous because: I) A. V. Hill did 
establish the e.istence of the "plateau phenomenon." 2) the maximum o.ygen consumption (VO,m.,) is Iirruted by the development 

of anaerobiosis in the active muscle, and 3) endurance performance is also determined by skeletal muscle anaerobiosis because the 

VO,~ is the best predictor of athletic ability. As a result. 4) cardiovascular and not skeletal muscle factors determine endurance 

performance. They further contend that Hill's "scientific hunches were correct," requiring "only relatively minor refinements" in the 

past 70 yr. But the evidence presented in this rebunal ,hows that Hill neither sought nor believed in either the "plateau phenomenon" 

or the concept of the individual maximum oxygen consumption. These twin concepts were created by Taylor et al. (97) in 1955 and 

erroneously attributed to Hill. Rather Hill believed thai there was a universal human VO,m .. of 4 L'min- I HIS error resulted from his 

incorrect belief that the real VO,. unmeasurable because it includes a large "anaerobic component." rose exponentially at running speeds 

greater than 13.2 km'h -I. But Hill and his colleagues were indeed the first to realize the danger tltat a plateau in cardiac outpur (CO) 

and hence in VO, would pose for the heart itself. For unlike skeletal muscle, the pumping capacity of the heart is both dependent on, 

but also the determinant of, its own blood supply. Thus. if the CO reaches a peak causing the "plateau phenomenon." the immediate 
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cause of [hal peak will have been a plateau in myocardial oxygen delivery, causing a developing myocardial ischemia. The ischemia 

mUSI worsen as exercise continues. beyond the supposed YOz ··plateau." To accommodate this dilemma. Hilt and his colleagues 

propo~ed a governor "either in the heart mu:sde or In the nervous system" neces~ary to prevent myocardial ischemia developing during 

maximal exerci~e. Thi~ governor would cause maximal exercise to terminate before the development of a plateau in either coronary 

!low. CO. or Y02 • or Ihe onsel of skelelal muscle anaerobio.i •. Accordingly. a new physiological model is proposed in whIch skelelal 

muscle recruitment is regulated by a central "governor" !'ipecifically to prevenl the development of a progressive myocardial ischemia 

thaI would preceed the development of sKeleral muscle anaerobiosis during maximum exercise. As a result cardiovascular function 

"limil'" maximum exercise capacilY. probably as a resull of a "millng myocardial oxygen delivery. The model is compalible wilh all 

the published finding. of cardiovascular funclion during exercise in hypobaric hypoxia, in which Ihere is a greater likelihood Ihat 

myocardial hypoxia will develop. Key Words: Y02m ... ANAEROBIOSIS. ANAEROBIC THRESHOLD. OXYGEN DEBT. 

PLATEAU PHENOMENON, A. V. HILL. CARDIO-VASCULAR SYSTEM. SCIENTIFIC METHODS 

I
n the written address delivered by his son at the opening 
of the Institute in Paris that would bear his name in 
perpetuity, Louis Pasteur implored his audience to 

"Worship the spirit of criticism" (73). If we are to advance 
the exercise sciences, then each 1. B. Wolffe lecture should, 
at least in part, excite that spirit of criticism. 

I am therefore most thankful to my North American 
colleagues, Drs. Bassett and Howley (4), for fashioning the 
contrary arguments to aspects of the 1996 1. B. Wolffe 
lecture and other of my writings. Such criticisms are an 
essential ingredient of the scientific process when they iden
tify issues that require more careful analysis and explana
tion, thereby encouraging a more critical introspection. 
However, it is my view that Bassett and Howley's rebuttal 
was based upon an erroneous analysis of the published 
record, including my own, and contains critical errors of fact 
and interpretation. Also, the authors appeared to have 
missed two impoTlllnt subthemes of the 1. B. Wolffe lecture. 

The first is that data can only be interpreted in the frame
work of a specific model. In the words of Stephen Hawking 
(26): "How can we know what is real, independent of a 
theory or model with which to interpret it?" The truth is 
"true" only in the context of the specific model through 
which it is affirmed. Hence the real significance of any 
experimental study is the wisdom it reveals about the model 
used to interpret its findings. Throughout their review. Bas
sett and Howley (4) repeatedly use their model, which I term 
the cardiovascular/anaerobic model of exercise physiology 
and athletic performance. to interpret data which they then 
claim "proves" their model. But a model cannot be used to 
prove itself. This is precisely why information that refutes 
the predictions of a model is so valuable. 

Second, a model should be considered correct only for as 
long as it explains all the observed phenomena. When there 
is information to refute a model, then the scientist's duty is 
to retire that old and dilapidated model not to fortify it 
against all criticism. 
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The central theme of the 1. B. Wolffe lecture was an analysis 
of the cardiovascular/anaerobic model of exercise physiology 
and athletic perfonnance, which enjoys the support of the 
majority of exercise physiologists. The lecture included an 
analysis of the original studies (28,30-32,35-38) that created 
the model and presented some experimental evidence that 
refutes three inferences from the model. These inferences are: 
I) that progressive muscle hypoxia limits maximal exercise 
performance, 2) anaerobiosis explains the onset of lactate pr0-

duction by skeletal muscles at the "anaerobic tlueshold," and 
3) that mitochondrial adaptations alone explain changes in 
performance with endurance training. 

In their response, Bassett and Howley (4) argue that I 
have drawn erroneous conclusions from the studies of Hill 
and his colleagues and review other studies which, in their 
assessment, "prove" the cardiovascular/anaerobic model. 
These studies "prove" that the maximum oxygen consump
tion (V02mu ) is indeed limited by the development of 
anaerobiosis in the active skeletal muscles. So, too, is en
durance performance because the V02maK is the best pre
dictor of athletic ability. Finally, they wish to refute my 
earlier writings from other sources that speculate on those 
factors other than skeletal muscle oxygen delivery that may 
determine athletic performance; they did not recognize that 
the 1. B. Wolffe lecture included an updated and substan
tially revised version of those speculations. More important 
to this debate was their failure to explain why no studies 
have yet refuted the cardiovascular/anaerobic model. As 
Einstein wrote of his own theories: "No amount of experi
mentation can ever prove me right; a single experiment may 
at any time prove me wrong" (17). Thus the authentic 
intellectual challenge for Bassett and Howley was to contest 
the refutations to the cardiovascular/anaerobic model that I 
presented, not to ignore these and instead to rehash conven
tional arguments that "prove" the traditional model and 
which are, in any case, available elsewhere. I present my 
rebuttal to Bassett and Howley's response to the Wolffe 
lecture structured according to the topics they have argued. 

A. V. HII.L'S CONCEPT OF THE V02MAX 

Did Hill and his colleagues establish the plateau 
phenomenon? I first became interested in the plateau 
phenomenon while writing the first edition of Lore of Run-
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ning (66). I was drawn to the topic by a statement in 
Costill's book (II): "Since the early work of Hill and 
Lupton (35), exercise physiologists have associated the lim
its of human endurance with the ability to consume larger 
volumes of oxygen during exhaustive exercise" (pp. 25-26). 
While this statement is factually correct, an analysis of the 
original publications of Hill et al. (35-38) revealed that none 
had studied the relationship between oxygen consumption 
and endurance performance. In fact, the oxygen consump
tion of seven athletes running at speeds up to about 17 
km'h -I was essentially all of relevance that was measured. 
From these rather meager data, a series of assumpt.ions. 
subsequently described and analyzed in detail, generated a 
hypothesis linking oxygen consumption to endurance per
formance. The reality was somewhat less than the expecta
tion generated by Costill's text. 

During my analysis, I happened upon Hill's circular ar
gument (Fig. 2 in 69) in which he used his personal feelings 
incorrectly to identify a supposed "plateau phenomenon" 
when he ran at 16 km·h -I for 250 s (Fig. 2 in (68); Fig. 3 
in (69)) plus supporting text). These findings formed the 
basis of a 1987 ACSM tutorial lecture, the publication (68) 
of which has been quite extensively referenced previously 
without major rebuttal. In response, Bassett and Howley 
briefly note that "Noakes (68,69) criticizes Hill, contending 
that he lacked the data to show a plateau in \,02max (sic) 
with increasing running speeds. However, Table 1 and Fig
ure 2 show the original data from A. V. Hill's paper (38). 
Clearly A. V. Hill did demonstrate a plateau in himself and 
also in subject J (whose O2 was nearly identical at 4.25 and 
4.98 m's -I despite a marked increase in oxygen require
ment). In his 1988 article (68), Noakes chose to re-fit Hill's 
velocity versus \'02 data using a linear equation. We are 
puzzled by this reinterpretation of A. V. Hill's data since it 
appears to be biased toward the view that a plateau does not 
exist. Hill was not guilty of "circular reasoning" as Noakes 
suggests but rather conducted experiments that clearly dem
onstrated the \'02 plateau." Unfortunately Bassett and How
ley have not applied due care in their analysis. nor was the 
contentious data correctly referenced. They supplied page 
numbers from an earlier companion paper by Hill et al. (37). 

However, the contentious data (Table I and Figure 2 in 
their response) comprise 28 measurements of oxygen con
sumption (\'02) in seven different athletes. Of these 28 
measurements, 14 were collected in Hill himself (subject 
H). The remaining 14 measurements were collected in six 
other subjects, three each in four subjects and one each from 
the final two subjects. Hill et al. (38) admit to modifying 
four of the 14 results in athletes other than Hill. In their 
words: "The observations on the two latter have been 're
duced' to the same body-weight as A. V. H. before plot
ting." They do not explain how these data were transformed, 
why such transformation was necessary. or whether that 
transformation influenced their conclusions. 

For my original paper (68), I considered that only the 14 
unmodified measurements on Hill provided sufficient ma
terial for reliable retrospective analysis. I remain uncon
vinced that one can reasonably expect to identify a "plateau 

. "XIMAL OXYGEN UPTAKE: A REBUTIAl 

-.... 
I 
c: -~ 

Co 
N 

0 
> 

4.5 

4.0 

3.5 

3.0 

2.5 • 

• 

Y = 0.2·X + 0.9 
r = 0.89 

10 12 14 16 
Running speed (kl'h-1j 

Figure I-The 14 data points for VOl measured at different running 
speeds in A. V. Hill (38). There is a linear relationship between VOl 
and running speed without evidence of a ''plateau phenomen,on." Note 
the large (16%) variation in measured VOl at 12 km'b- and the 
discrepantly high VOl measured at 14.5 km·b-'. Notice also the dis
crepancy between the predicted V02 with increasing running speed 
(Line A; Fig. 2) with the actually measured V02 in Hill at increasing 
running speeds (this Figure). Reference 38. HOI, A. V., C. N. H. Long, 
and H. Lupton. Muscular exercise, lactic acid, and the supply and 
utllization of oxygen: pans VII· VIII. Proc. R. Soc. B 97:155--176,1924. 

phenomenon" and hence sustain an influential physiological 
theory from a total of three measurements of \'02 in each of 
four athletes, and one each in another two. However, it 
appears that Bassett and Howley have no such concerns. 
They accept these data as absolute proof of the "plateau 
phenomenon" because: I) Hill's data showed a "plateau 
phenomenon," and 2) the \'02 of one athlete (J) increased 
by only 30 mL'min -I when his running speed increased by 
0.7 m·s- I

. To arrive at this conclusion, they discarded: 1) 
the contrary evidence that the "plateau phenomenon" did 
not occur in the three other subjects (75% of the sample) in 
whom three data points were measured (subjects S, W, and 
C.N.H.L) and 2) my analysis of the other set of measure
ments (35) which irrefutably established that Hill did not 
exhibit a "plateau phenomenon" when running at 16 km'h- I 

for 250 s (Fig. 2 in (68); Fig. 3 in (69)). Such selective 
analysis, in particular their reluctance to acknowledge, let 
alone refute, Figures 1-3 in the 1. B. Wolffe lecture (69), 
does not provide adequate data for an observer of this debate 
to arrive at an informed decision. 

We return to the 14 measurements made on Hill (Table I 
in (4). Those data are reproduced here in Figure I. The 
relationship between \'02 and running speed is described by 
the linear equation (y = 0.7x + 0.9; r = 0.89) without 
evidence for a "plateau phenomenon," as originally argued 
(68). Therefore, I contend that Bassett and Howley have 
failed to provide evidence to support their contention that I 
erred and that Hill and his colleagues were "not guilty of 
circular reasoning" and "clearly demonstrated the \'02 
plateau." 

But there are additional concerns about the research 
methods common to Hill and his colleagues and subsequent 
researchers and should have been acknowledged by Bassett 
and Howley, given their interest in how a maximal effort is 
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identified (41). Were Hill and his cOlleagues to submit these 
data for publication today, an indifferent reviewer would 
inquire whether the "plateau phenomenon," detected by 
Bassett and Howley in those classic data, was an artifact of 
the specific methods used by Hill and his colleagues. For 
example, to prove the plateau phenomenon with an inter
rupted protocol in which a single V02 is measured at each 
exercise load, that sample must capture the peak V02 for 
that work rate. This is especially relevant at the highest work 
rates when the duration of exercise is shorter so that a true 
steady state may never be reached. 

Hill and his colleagues sampled expired air for 30 s 
beginning about 220 s after the onset of exercise. They did 
not prove that this method captures the peak V02 for each 
particular work rate (running speed). Hence additional sam
ples measured later than 220 s after the onset of exercise 
might have revealed yet higher VOz in Hill. A later study 
(97) suggests that this is unlikely at the range of work rates 
tested by Hill and his colleagues. Yet Hill and his colleagues 
did not exclude this possibility, which could certainly apply 
at the much higher work rates of which modem athletes are 
capable. 

But Hill and Lupton (35) were well aware of an upward 
drift in V02 during more prolonged steady-state exercise. 
When Hill ran at 240 mmin- ' (14.4 km'h- I ), his V02 
increased from 3590 to 3910 mL·min - I from the third to the 
26th minute. Hill concluded that this could probably be 
"attributed to a painful blister on the foot causing inefficient 
movement" «35), p. ISS) and hence did not consider alter
nate explanations. Interestingly, Hill's V02 (53 
mL'kg-I'min- l

) at the end of that exercise was close to his 
supposed V02ma> of 57 mL'kg -I'min - I when he ran at 17 
km'h -I for only 250 s (Figs. 1 in (68, 69)). Hill almost 
certainly never established his true V02max (Fig. 2 in (68); 
Fig. 3 in (69». 

In their study Taylor et al. (97) identified two other 
factors that could interfere with the V02m .. measured with 
the methods of Hill and his colleagues. First, any reduction 
in the rate at which V02 increased at the onset of exercise 
"may result in apparent declines in the maximal oxygen 
intake ... which are in reality only the reflection of the fact 
(that) the rate of increase in oxygen intake is smaller than 
normal" (p. 79). 

The second factor was improvements in running economy 
that would reduce the V02 at any workload and hence the 
V02max and that could also theoretically induce an artifac
tual "plateau phenomenon," as discussed subsequently. But 
the major criticism, raised previously (68,69), was that Hill 
should have run at speeds faster than 17 km·h -I if he wished 
to prove that his V02 had indeed leveled off at either 16 
km·h -I (Figs. I in (68, 69» or at 17 km'h -I (Fig. I). The 
reasons why Hill considered this unnecessary are discussed 
subsequently. 

The question that begs an answer is: Why did Hill and his 
colleagues include all 28 measurements for their analysis 
and not just the 14 that I have included in Figure I? The 
answer provides the astonishing realization, not previously 
identified, of what exactly Hill and his colleagues did con-
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Figure l-Hill and Lupton (35) predicted that the relationship he· 
tween VO. and running speed was exponel'tial and comprised a lim
iting real oxygen consumption of 4 L'min- (Line A) and an aCCIlDlU
lating oxygen debt. Together these reduced the renal oxygen cost of 
running at different speeds (Line B). The universal V0Zmn of 4 
L'min -, was achieved at a running speed of" 13.2 km·h - I. HiKher 
running speeds could he achieved only because of a large capacity for 
anaerobic metabolism in bumans causing high rat .. of muscle glycogen 
use and heat accumulation. Because many athletes are able to run 
faster than 13.2 km'h -I for prolonged periods, this model predicts that 
the "plateau phenomenon~ can be present for extended periods (min
utes to hOllrs) before it cauoes the termination of exercise. Reference 
35. Hill, A. V. and H. Lupton. Mll5Clllar exercise. lactic acid. and the 
supply and utilization of oxygen. Q. J. M~d. 16:135-171. 1923. 

c1ude. For their conclusions were quite different from those 
that all others (11,53-55,67.82,83,97'\01,103) have pre
sented retrospectively. 

For Hill and his colleagues did not search for the plateau 
phenomenon. as do modem exercise physiologists, by ana
lyzing the successive measurements of V02 in individual 
subjects as first suggested by Taylor et a!. (97). Rather they 
considered the data as a collective and based their conclu
sion on the finding that no measured VOz exceeded 4 
L'min - I in any of their studies. Hence their interpretation 
was that there is an absolute V02m.. of 4 L'min -I in 
humans: "The oxygen intake attains its maximum value, 
which in athletic individuals of about 73 kilograms body 
weight is strikingly constant (in the case of running) at 
about 4 L per minute" (author'S emphasis) «38), p. 157); 
"The fonn, however, of the oxygen intake curve of Figure I, 
approaching a constant level of 4 L per minute, makes it 
obvious that no useful purpose would be served by inves
tigating higher speeds in this way" «38), p. 157); and "The 
amount of work which the heart has to do is enormous. and 
it seems to reach its limit. in the case of athletic people, 
when about 4 L of oxygen are taken in per minute" «31), 
pp.230-231). 

So I conclude that Hill et al. (38) interpreted the 28 
measurements in their Figure 1 as if all the data had come 
either from a single individual or from separate but physi
ologically identical individuals. As no subject achieved a 
VOz greater than 4 L'min -I, they concluded that this was 
the universal limit (plateau) for all humans. Thus, paradox
ically the authors of the very study that spawned the concept 
of the individual plateau phenomenon and the individuality 
of the V02m .. believed neither. 

There were two contributory reasons for this fixation with 
a universal human V02m .. of 4 L'min -I. The first was the 
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belief that V02m •• rises exponentially with increasing run
ning speed as shown in Figure 2, reproduced from Figure 3 
in Hill and Lupton (35). The figure incOIporates their theory 
that the total oxygen demand of running (Line B) exceeds 
the measured V02 (Line A) at speeds above 220 m's- I (13.2 
km'h -I), this difference increased exponentially with fur
ther increments in speed. Hence they identified that the 
original "anaerobic threshold" or what became known as the 
"plateau phenomenon" began at a running speed of 13.2 
km·h -'. Line A confinns their belief that the V02m •• in 
humans is 4 L'min -I. Interestingly, another publication (29) 
indicates that Hill knew that humans can run faster than 13.2 
km'h -I for many hours. The implication is that Hill and his 
colleagues must have concluded that skeletal muscle anaer
obiosis can be present for hours before it causes the termi
nation of exercise. 

Interestingly, Bassett and Howley appear to misrepresent 
the original figure and the interpretation of Hill and his 
colleagues, because they write: "By measuring steady-state 
V02 values at different speeds, (Hill and Lupton) demon
strated a linear relationship between running speed and 
V02." In fact, their acceptance of the cardiovascular/anaer
obic model made it impossible for Hill and his colleagues 
ever to consider a linear relationship between running speed 
and V02. a logical inconsistency missed by Bassett and 
Howley. A similar inconsistency identified in the 1. B. 
Wolffe lecture. concerns the absence of a plateau in V02 at 
those submaximal work rates above the "anaerobic thresh
old" (Fig. 7 in (69)). Figure 2 shows that Hill and his 

MAXiMAl OXYGEN UPTAKE: A REBUTIAL 

colleagues were not similarly inconsistent because their line 
identifying the measured V02 (Line A) does not increase at 
running speeds greater than their postulated "anaerobic 
threshold" at 13.2 km-h -I. But V02 does increase linearly 
with increasing work rate (running speed) (14,68). As a 
result, the V02 predicted by Hill and his colleagues be
comes gravely inaccurate at faster running speeds and was 
close to 100 mL 02'kg-I'min'l at 18 km-h- I (Fig. 2) 

compared with the real value of about 62 mL 
02'kg -I-min -I (Fig. 2 in (69)). 

The effect of this error would be to implant the subcon
scious conclusion that it mattered not whether any individ
ual's V02m •• was 4 (55 mL 02-kg - I'min - 1 for the 73 kg 
Hill), 5 (68 mL 02'kg-l-min -I), 6 (82 mL 02'kg-l-min-I), 
or even to (134 mL 02-kg-l-minl) L-min- I

. For the 
unmeasured "anaerobic" contribution would exceed even 
that highest value at all running speeds above 20 km-h -I 
(Fig. 2). Thus it would be pointless to measure V02 (and 
hence V02ma.) at faster running speeds, as the measured 
component would account for less than 50% of the "real" 
V02. As Hill, Long and Lupton «37), p. 135) wrote: "The 
maximum recorded oxygen intake in man, breathing air. and 
the total energy made available by the use of this amount in 
oxidizing foodstuffs is relatively so small that no severe 
exercise of any kind could be taken were man limited, in his 
movements, to energy provided through the contemporary 
supply of oxygen". Interestingly this is the precise model 
currently used to explain energy metabolism in exercising 
reptiles (5). But. unlike Hill and his colleagues, Bennett 
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realizes that this system does not allow activity other than of 
high intensity and short duration: "Anaerobic metabolism 
(in reptiles) appears to be particularly useful in and used for 
fueling intense activities of short duration but of great eco
logical importance (e.g .• territorial defense. nest emergence" 
(p. 131). 

Hill and his colleagues derived these incorrect conclu
sions exactly because their cardiovascular/anaerobic model 
predicts a running speed at which oxygen demand outstrips 
supply. Accordingly. they had to develop an elaborate 
method to predict the "anaerobic" contribution to energy 
consumption during running. They termed this anaerobic 
contribution the "oxygen debt" (30,35.37). More recently 
the term "excess postexercise oxygen consumption" 
(EPOC) has been preferred (20). As they found that the 
"oxygen debt" so measured increased as an exponential 
function of the work rate, so they were bound to conclude 
that the "real" oxygen cost of exercise rose exponentially 
with increasing running speed (Fig. 2). With the wrong 
model. they were bound to reach false conclusions. 

Interestingly, Hill should have realized the enormity of 
his error and perhaps at some time later in his career he 
might have. For he used this model to extrapolate the du
rations for which different running speeds could be main
tained by athletes with the universal VOzmax of 4 L'min- I 

and an estimated "oxygen debt" capacity of 10-20 L. 
Whereas the model produced reasonable results for ordinary 
athletes running short distances (35), its predictions become 
progressively more inaccurate when applied to longer dis
tances or to the world's best runners. 

For example, his model forced Hill to predict that no 
athlete could sustain a running speed of 348 yards'min" I 
(19.2 krn·h - I) for much more than 10 min (31, p. 239). Yet 
another of his papers (29) showed that the world records for 
middle and long distance running events were held by 
athletes able to run faster and for longer than the limits 
imposed by Hill's model. For example, that model predicts 
that when running 10,000 m in 30 min, the then world 
record holder would have consumed 330 L of oxygen (Fig. 
2) of which a maximum of 120 L (30 min at a V02max of 4 
L'min- I

) would have come from ollygen consumed during 
the event. This would leave an ollygen debt of 210 L as 
against their estimated maximum human oxygen debt of 
10-20 L. Thus the model could not account for 200 L of 
ollygen, 60% of the total. The reptilian form of energy 
metabolism, surmised by Hill and his colleagues, was 
clearly unable to ell plain the performances of world-class 
human athletes of the 1920s. 

This revelation could ell plain why Hill and his colleagues 
did not attempt to predict running speeds for races longer 
than 2 miles (35, p. 159) and why they did not discover the 
accepted physiological principle that athletes maintain dif
ferent %VOZma• at different racing distances (66,67). Rather 
they had to predict that speeds faster than 13.2 km'h - 1 

always required IOO%VOzma• (Fig. 2). 
Thermodynamic and metabolic considerations also indi

cate that, according to Hill's model, no world record holder 
could ever finish any running race lasting more than a few 
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minutes. Standard calculations reveal that the body temper
ature of an athlete running at 18 km·h - J would rise by 1°C 
every 2.8 min if the V02 were 94 mLOzkg-I'min- 1 at that 
running pace. The rate of muscle glycogen use at that V02 

would have to be 46 g·min - I. Thus after 15 min of exercise, 
the athlete's core temperatures would have reached 42.5°C 
and his total body carbohydrate stores would have been 
depleted. The point is that these calculations could have 
alerted Hill to the magnitude of his error, particularly as he 
was conversant with the thermodynamics of muscle con
tracrion (30,33,34). But Hill seems to have been more in
terested in formulating models than in verifying, or better 
refuting, their predictions (25). Perhaps the identification of 
these errors might have forced Hill to question his cardio
vascular/anaerobic model of exercise physiology and human 
performance. 

Figure 2 identifies a second discrepancy in the logic of 
Hill and his colleagues. For they had previously concluded 
that Hill's ollygen consumption equaled the oxygen demand 
at all running speeds below 16 krn·h -I (Figs. I in (68, 69) 
plus accompanying text). Indeed in Figure I, Hill and his 
colleagues actually measured a linear increase in measured 
V02 when Hill ran at speeds up to 17 krn'h -]. Yet in their 
conceptual Figure 2, the oxygen demand ellceeds supply at 
all running speeds above 13.2 km'h - I so that at 16 km.h -I, 
the predicted "anaerobic" contribution contributes close to 
50% of the ellpected V0 2. These discrepancies result from 
the inconsistent logic used by Hill and his colleagues to 
identify the onset of "anaerobiosis" in their different studies. 

Other factors that contributed to Hill and his colleagues' 
erroneous belief in a universal VOZma• of 4 L'min -I resulted 
from the small size of the track on which their testing was 
perfonned, as well as the equipment they used. As reported 
previously (68,69), Hill acknowledged that their testing 
methods limited the peak running speeds they could study: 
"Greater speeds were not comfortable on our small track" 
«38), p. 157); "We have been unable hitherto to continue 
the observations on H at the higher speeds, owing to the 
smallness of the track making faster running on it impossi
ble" «35), p. 159). Notable in their apparatus used to mea
sure V0 2 during exercise (Fig. 4 in (37» is the small inlet 
aperture of the respiratory valve. The resistance to flow in 
that valve might have contributed to the feelings of breath
lessness reported by Hill when he ran at 16 km·h - I and 
which he erroneously considered to indicate that he had 
reached his V02 plateau (Fig. 3 in (69». Finally and face
tiously, Hill may personally have believed in this universal 
mallimum because his was the highest V02max that he and 
his colleagues ever reported (4172 mL'min- l

; 57 
mL'kg-I'min- ' ) (35). 

In summary. Hill and his colleagues did not describe the 
"plateau phenomenon" as currently understood. Rather they 
believed there to be a universal V02max of 4 L'min -I. They 
drew this erroneous deduction because their original intel
lectual model was based on the belief that skeletal muscle 
anaerobiosis develops during ellercise (Fig. 2 in (69». As a 
result they concluded that an "ollygen debt" develops during 
ellercise. Measurement of that "ollygen debt" led to the 
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erroneous conclusion that V02 rises exponentially with in
creasing running speed. Accordingly they found no logical 
reason ever to test any athlete running faster than 17 
km·h - I. For at that speed the measured oxygen intake com
prised only 66% of the erroneously predicted total oxygen 
requirement (Fig. 2). Hill was the main subject for these 
studies. As Hi II weighed 73 kg and as his V02 at 17 km'h- I 

was 57.7 mL 02'kg-I'min-1 (Fig. I), so the conclusion was 
drawn circuitously that there is a universal V02m"" of 4 
L'min- I (73 kg X 57.7 mL 02·kg-l·min-I). 

The true relevance of the study of Myers et sl. 
(50). In this response to Bassett and Howley, I provide 
another interpretation of the studies of Myers et al. 
(57,59,60). The interpretation of that study by Bassett and 
Howley was the following: 'This was a rather unique and 
intricate approach to analyzing data, which had not previ
ously been used. If the slope of the change in V02 were 
equal to zero, it meant a perfectly linear increase in V02 

over time. A positive value meant that the rate of increase in 
V02 was less than it had been previously, though V02 could 
still be climbing. During submaximal exercise the slope of 
the change in V02 varied about zero, suggesting a fairly 
linear increase in V02 •.•. However, in the final 1-2 min of 
the ramp test, some subjects had values that differed signif
icantly from zero, indicative of a leveling off in V02• Myers 
et al. (60) noted that only 33% of their subjects (2 of 6) met 
the criteria for a plateau established by Taylor et al. (97). 
This failure to demonstrate a plateau in all subjects is 
consistent with previous studies using more conventional 
open-circuit spirometry techniques. The authors concluded 
that the plateau is not a reliable physiological marker for 
maximal effort in all subjects. This is precisely the reason 
that investigators have spent considerable effort in finding 
other objective physiological criteria for the determination 
of V02m •• (41)." 

However, Myers (57), the author of this research, pro
vides the exact opposite explanation for a change in V02 

slope of zero: " .... If oxygen uptake were no longer in
creasing (while work increases continuously), the slope of 
the relationship between the two variables would not differ 
statistically from zero." Hence a zero slope indicates a 
plateau in oxygen consumption, not a "perfectly linear in
crease in V02," as Bassett and Howley wish us to believe. 

Correctl y interpreted, the real value of the studies of 
Myers et al. (59,60) were that they have established for the 
first time that the "plateau phenomenon" occurs also during 
submaximal exercise. Myers (57) concludes: "It appears that 
the slope of the change in oxygen uptake throughout pro
gressive exercise varies greatly despite a constant, consis
tent change in external work and the use of large, averaged 
samples. This degree of variability would appear to preclude 
the determination of a plateau by most definitions ... Recent 
data from our laboratory (59,60) and others (68) suggest that 
the plateau concept has limitations for general application 
during standard exercise testing" «57) pp. 102-103). 

Thus I understand the work of Myers et al. (59,60) to 
show that the appropriate technology detects many "plateau 
phenomena" occurring randomly throughout progressive 
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exercise to exhaustion. If the "plateau phenomenon" also 
occurs during submaximal exercise, it cannot indicate the 
onset of anaerobiosis as demanded by the cardiovascular/ 
anaerobic model. Hence the really novel contribution of this 
work was to question further the physiological meaning of 
the "plateau phenomenon" and hence the essential founda
tion on which the cardiovascular/anaerobic model has been 
constructed. To suggest that this work simply rediscovers 
old knowledge that supports the cardiovascular/anaerobic 
model is not consistent with deductive reasoning. 

The fmding that the "plateau phenomenon" occurred ran
domly during both the submaximal and maximal segments 
of progressive ramp exercise identified another issue re
cently addressed by Duncan et al. (16). Interrupted testing of 
the kind used by Taylor et al. (97) and all the other "clas
sical" workers (1,2,53,55,79,80,84,97,103) may be more 
likely to identify the "plateau phenomenon" than the pro
gressive exercise protocols of the type used by Myers et al. 
(59,60) and others (14) which became popular when on-line, 
real-time measurements of V02 first became feasible. As 
early as 1940, Taylor (95) noted: 'The trend of oxygen 
consumption at maximal levels is of great significance be
cause of the prevailing view that the ability to absorb oxy
gen is a limiting factor in individual physical performance. 
As summarized in Figure 3, oxygen consumption is by no 
means always deficient at exhaustion levels. In fact, in 50% 
of cases no deviation in the linear increase of oxygen intake 
occurs at exhaustion and in the remaining cases this value 
may accelerate more often than fall off." 

One obvious difference between progressive and inter
rupted testing is thal the latter occurs over a few days, as 
many as five in the original study of Taylor et al. (97). This 
invites the question: Is the "plateau phenomenon" an arti
fact, resulting from rapid physiological adaptations that 
develop in response to three to five exercise bouts on suc
cessive days? For example, rapid but quite small (-3%) 
adaptations in running economy in response especially to 
uphill treadmill running or walking on the previous test days 
could produce an artifactual "plateau" on the final test day 
when the highest work rate was achieved (Fig. 4). 

Interestingly, Taylor et al. (97) acknowledged that 
changes in running economy did occur and might impact on 
the maximum oxygen consumption so measured: "Men 
have been able to complete the (same) work task in the 
presence of a 17% loss of maximal oxygen intake. It should 
be kept in mind, however, that there is good reason to 
believe that repeated bouts of running on the treadmill 
result in improved skill for performing the task and reduced 
oxygen cost (author's emphasis). If the workload chosen is 
close to workloads which fail to elicit a maximal oxygen 
intake in a given subject, then a substantial improvement in 
skill in running on the treadmill could result in a reduction 
of the apparent maximal oxygen intake ... Such a situation 
could result in a lower oxygen intake which was nol the 
result of any loss of performance by the cardiorespiratory 
system" (p. 77). 

Thus, while Taylor et al. (97) concerned themselves with 
the effects of long-term changes in running economy that 
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non. The development of on·line, real time measurements of V02 led 
to the introduction of progressive exercise testing which appears to 
produce the "plateau phenomenon" less frequently than does inter· 
rupted testing conducted on successive days (16,95). References: 16. 
Duncan, G. E., E. T. Howley, and B. N. Johnson. Applicability of 
V01maJi criteria: discontinuous versus continuous protocols. Med. Sci. 
Sports Exerc. 29:273-278, 1991; 95. Taylor, C. Studies in e.ercise 
physiology. Am. J. PhysioL 135:27-42, 1941. 

would apparently lower the \102m .. measured at a previ· 
ously determined maximal workload, they did not consider 
the effects of the previous exercise bouts on running econ
omy on the final test day and hence the possibility that this 
might produce an artifactual "plateau phenomenon" (Fig. 4). 
But this remains a possibility that needs to be refuted. 

Others have noted the converse difficulty, that of deter
mining the "plateau phenomenon" when there are clear and 
progressive improvements in running economy, resulting 
from such interrupted testing on successive days. For ex· 
ample, Seeherman et al. (88) observed that the treadmill 
running economy of animals improved for 2-6 wk. Only 
thereafter could the "plateau phenomenon" be identified: 
"An average of 6 to 8 wk of daily treadmill exercise was 
required for each determination of \l02ma," (p. 22). If 
limiting oxygen consumption always terminates maximal 
exercise, it is surprising that such a protracted process is 
required to establish that relationship. Finally, although Bas· 
sett and Howley (4) vigorously defend the existence of the 
"plateau phenomenon," a previous publication by Duncan et 
al. (16) concluded that: " ... a \102 plateau is not a prereq
uisite for defining \l02max and is of limited use as a primary 
objective criterion for evaluating the quality of a graded 
exercise test." One is left to question what really is the 
significance of the "plateau phenomenon," if any. 

FACTORS LIMITING V02MAX 

As they now admit that the "plateau phenomenon" is an 
occasional feature of maximal exercise (and also of sub· 
maximal exercise according to the findings of Myers et aJ. 
(59,60)) and hence of "limited" value, Bassett and Howley 
must present an alternate argument to sustain the cardiovas
cular/anaerobic model of exercise physiology and athletic 
performance. They thus argue that the "plateau phenome· 
non" is not critical to their model as "there is a tremendous 
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body of evidence suggesting (author's emphasis) that oxy· 
gen transport is the limiting factor for \l02max" so that any 
contrary argument, more particularly that proposed by my· 
self, is nccessarily "tlawed." 

Accordingly, they begin their defense of this section with 
what has become the standard textbook statement: "Physi· 
ologists have closely examined a number of factors that may 
limit \102m .. , including: I) pulmonary diffusion capacity 
for oxygen, 2) maximal CO, 3) the peripheral circulation, 
and 4) the metabolic capacity of skeletal muscle .... Today 
most physiologists believe that the capacity of the central 
cardiovascular system to transport oxygen to the tissues is 
the principal determinant of \l02max (82). The evidence for 
this view is not based on a plateau in oxygen intake, as 
Noakes asserts, but on a large lIumber of scientific experi· 
ments that will be discussed." 

But is it really true that the "plateau phenomenon" is 
irrelevant to the belief that limitations in oxygen transport 
determine the \102m3.? 

My readings suggests that Taylor et al. (97) were the first 
to interpret the "plateau phenomenon" as understood and 
described in the majority of current exercise physiology 
textbooks: "The classic work of Hill (30) has demonstrated 
that there is an upper limit to the capacity of the combined 
respiratory and cardiovascular system to transport oxygen to 
the muscles. There is a linear relationship between oxygen 
intake and workload until the maximum oxygen intake is 
reached. Further increases in workload beyond this point 
merely result in an increase in oxygen debt and a shortening 
of the time in which the work can be performed" (p. 78). But 
Figure 2 shows that Hill actually believed the relationsh.ip 
between running speed and \102 to be exponential so that the 
universal \l02m3x of 4 L'min - I was reached at a running 
speed of 13.2 km·h - I although, as shown in Figure I. Hill 
reached this universal \l02m3x at 17 km'h - I. Perhaps Taylor 
(97) are responsible for establishing the historic myth that 
Hill and his colleagues both searched for and identified a 
"plateau phenomenon." Taylor et al. (97) also concluded 
that the existence of the "plateau phenomenon" proves that 
the cardiovascular system limits oxygen delivery to the 
periphery and that skeletal muscle anaerobiosis limits max· 
imal exercise performance. 

The next substantive paper of Mitchell et al. (55) begins 
with the statement: "According to Hill, maximal oxygen 
intake is reached when oxygen intake per unit time has 
attained ... its maximum and remains constant ... owing to 
the limitation of the circulatory and respiratory systems." In 
their subsequent classic review, Mitchell and Blomqvist 
(53) extend this interpretation: "If a person is subjected to 
progressively increasing workloads, there is a linear rela· 
tionship between workload 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 .... Maximal oxygen uptake is the greatest 
amount of oxygen a person can take in during physical work 
and is a measure of his maximal capacity to transport 
oxygen to the tissues of the body. It is an index of maximal 
cardiovascular function .... and, therefore is valuable in the 
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evaluation of abnonnal cardiovascular function." Clearly 
Mitchell and Blomqvist (53) also use the existence of the 
plateau phenomenon to conclude: I) that exercise capacity 
is limited by factors relating exclusively to oxygen use and 
2) that cardiovascular function limits the V02max• 

Other influential physiologists, Wyndham et aI. (103) 
began their study of the "plateau phenomenon" with the 
following statement: "In a classic study of the physiology of 
exercise, Hill and Lupton (35) noted that: I) each individual 
has a maximum level of oxygen uptake per minute, 2) the 
level varies from one individual to another, and 3) the extra 
work done above the maximum level of O2 intake is by 
means of "anaerobic" metabolism, i.e., the oxygen require
ment comprises O2 intake plus an "02 debt." 

Interestingly, these authors had great difficulty identify
ing the plateau phenomenon with repeated testing in their 
subjects. When they applied curve fitting equations to iden
tify the "plateau," they were consistently left with calculated 
V02max values that were lower than the maximum values 
they had actually measured, clearly an impossible conclu
sion. Harris (25) has warned of the need to ensure that the 
facts fit the theory. The "plateau" exercise of Wyndham et 
al. (103) is a clear example of forcing the facts to fit a 
preconceived theory. Wyndham et al. (103) also concluded 
that the methods of neither Astrand (1) nor of Taylor et al. 
(97) could establish "the level of maximum oxygen uptake." 
Perhaps at the same time they might have asked whether 
they were studying something that does not exist. 

As the authors also refer to the worX of Rowell, it is 
appropriate also to review his opinions (82,83): "Hill and 
Lupton (1923) showed that oxygen uptake does not contin
uously increase with increasing work intensity until intol
erable levels of effort are reached. Rather a plateau of 
oxygen uptake is eventually reached well before the effort 
becomes intolerable. Hill and his colleagues went on to 
show that individuals could exen:::ise for brief periods at 
levels exceeding those required to elicit this plateau, that is, 
beyond V02max ' Our ability to define the functional limits of 
the cardiovascular system has provided a powerful scientific 
base from which to investigate many aspects of regulation. 
This functional limit occurs at the maximal oxygen uptake 
(V02ma,,) which, by definition, equals the product of max
imal values of heart rate (HR), stroke volume, and arterio
venous oxygen difference (Fick principle)" «82), p. 213). 
Finally Rowell concludes: "In summary, the capacity to 
increase oxygen uptake during exercise is limited in nonnal 
humans by the ability to raise the CO" (82, p. 246). 

Thus Rowell uses the historically erroneous interpretation 
of Hill and his colleagues' work also to conclude that: 1) 
oxygen delivery limits maximal exercise because of a lim
ited CO and 2) the V02max defines the functional limits of 
the cardiovascular system. 

Similarly in a recent review, Wagner (99) writes: "The 
fundamental point is that a maximal rate of O2 utilization 
can in fact be shown experimentally to exist in nonnal 
skeletal muscle .... Thus, in intact mammals at very high 
exercise levels, it can generally be shown that even if 
external power is increased, there is no significant funher 
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rise in V02 (2,30,88). The positive linear relationship be
tween external power and V02 characteristic of submaximal 
exen:::ise flattens out (or asymptotes) to define V02max .... " 

Thus Wagner argues that the "plateau phenomenon" 
proves that there is a maximal rate of oxygen consumption 
by muscle. Interestingly, his commitment to the "plateau 
phenomenon" is not entirely unconditional for he includes 
the enigmatic observation: "Even limiting oneself to a dis
cussion of V02max does not preclude confusion because 
V02max is a somewhat elusive variable both conceptually 
and experimentally." Clearly something has happened more 
recently to produce doubts about the certainty of the "pla
teau phenomenon," at least in Wagner's mind. Yet he does 
not allow these doubts to undermine his certainty that an 
oxygen limitation can be identified during maximal exercise 
in humans. This begs the question: What additional direct 
(not inferential) information is available to sustain his belief 
in the face of such uncertainty? 

Bassett and Howley's attempt to discount the pivotal 
importance of the plateau phenomenon as the foundation for 
the cardiovascular/anaerobic model is disingenuous in the 
extreme. Indeed the plateau phenomenon probably qualifies 
as the single most influential concept in modern exercise 
physiology. As shown by the extremely influential opinions 
of Taylor et aI. (97), Rowell (82,83), Mitchell and 
Blomqvist (53), Wyndham et al. (103), and Wagner (99), it 
is the singular physiological observation that underpins the 
cardiovascular/anaerobic model of exercise physiology and 
its predictions. Indeed, had Hill and his colleagues not 
advocated the plateau phenomenon, there would have been 
no logical basis for the brace of studies quoted by Bassett 
and Howley as "proof" of the cardiovascular/anaerobic 
model of exercise physiology and athletic performance. For 
the simple reason that these is still no published evidence 
proving that muscles become anaerobic during exercise and 
that this anaerobiosis then limits maximal exercise perfor
mance. Were such direct evidence available, it would have 
been quoted extensively by these authors in preference to 
the indirect evidence provided by the "plateau phenome
non." 

Hence there is no direct proof for the cardiovascular/ 
anaerobic model of exercise physiology and athletic perfor
mance. Nor, indeed, as Mitchell et aI. (55) warned four 
decades ago: 'The view that cardiac capacity is the deter
minant of maximal oxygen intake is surmise, not established 
fact." 

The studies reviewed by Bassett and Howley in this 
section of their response have produced results that are 
compatible with the cardiovascular/anaerobic model but 
which do not prove its truth. For none excludes the possi
bility that exen:::ise performance and V02max might be lim
ited by other factors that are also influenced by interventions 
that improve exercise performance or the V02max , seem
ingly by increasing exclusively oxygen delivery to the ex
ercising muscles. This represents the classic scientific di
lemma of proving causation and excluding association 
between apparently related phenomena. Unequivocal proof 
of the cardiovascular/anaerobic model requires data show-
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ing that the oxidative capacity of the mitochondria in the 
maximally exercising muscles is limited by an inadequate 
oxygen supply caused by a failure of the pumping capacity 
of the heart. 

The cardinal point is that, without the "plateau phenom
enon," the cardiovascular/anaerobic model has no greater 
claim to be the sole and authentic explanation of exercise 
physiology and athletic performance than does any other 
competing model. But such is the primacy enjoyed by the 
plateau phenomenon and the cardiovascular/anaerobic 
model of exercise physiology and athletic performance 
(1,2,30-32,35-38.41.53-55,82-85,97,99,10 I, 103), that all 
other competing models have been rigorously ignored, per
haps even suppressed. The 1. B. Wolffe lecture tried to 
encourage a broader, more inclusive perspective. 

For example, the obvious point ignored by many is that 
muscles do not work by oxygen alone; they contract in 
response to activation of central and peripheral neural path
ways with coupling of excitation to contraction by the 
complex processes leading to calcium release from the sar
coplasmic reticulum and its binding by the thin filament 
proteins. Nor is it prudent to ignore the possibility that the 
activity of the thick and thin filament proteins might con
tribute to skeletal muscle contractile activity during exer
cise, as occurs in the heart (43). The question that has to be 
asked is: Why have so few modem exercise physiologists 
championed these possibilities, preferring rather to accept 
the cardiovascular/anaerobic model as the sole reasonable 
explanation for human exercise physiology and athletic 
performance? 

The only explanation I can offer is that most exercise 
physiologists have ignored any other possibility simply be
cause of the oppressive hegemony of the cardiovascular/ 
anaerobic model and the unusual vigor of its proponents in 
protecting their particular model. Consider Bassett and 
Howley's certitude: "(Noakes') view assumes that the cross
bridge cycling rate is the limiting factor in distance running. 
However, cross-bridge cycling cannot occur without ade
quate quantities of ATP supplied by aerobic metabolism. 
The majority of the evidence points to the cardiorespiratory 
system as being the limiting factor for oxygen uptake (which 
is the quantitative measure of aerobic metabolism)". Thus 
the only "evidence" these authors can provide to "prove" 
that cross-bridge cycling does not limit maximal exercise 
performance is not a body of published fmdings disproving 
a specific conjecture, for example, that myosin ATPase 
activity is related to exercise performance, but rather an 
uncritical devotion to an unproven model that, as I have now 
shown for the third time, is based on a mythical foundation 
(68,69). 

Thus the I. B. Wolffe lecture included a series of exam
ples in which there is clear evidence that maximal exercise 
is defmitely not limited by skeletal muscle anaerobiosis and 
hence by a failure of the cardiac pumping capacity. These 
examples include exercise at extreme altitude (40,44), in the 
heat (63-65), and in persons with renal (45) and cardiac 
disease (102), especially following cardiac transplantation 
(15). In none of these conditions does the defect appear to 
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be in either oxygen delivery to or oxygen utilization by the 
exercising mlJSe"les. Rather the primary defect is either in 
central recruitment of muscle contraction (definitely in ex
ercise at moderate to extreme altitude (44) and possibly in 
other conditions) or because of impaired skeletal muscle 
contractile function resulting from changes either in excita
tion/contraction coupling or in the function of the thick or 
thin filament proteins. The crucial distinction is that the 
defect in these conditions is not in oxygen provision and 
energy production, but in the processes of skeletal muscle 
recruitment and contraction. 

That many do not appreciate this crucial distinction is 
apparent in the traditional explanation that the poor exercise 
tolerance of patients with metabolic muscle diseases results 
from impaired oxygen utilization by their diseased muscles. 
Rather the primary defect, as suggested by the "lactate 
paradox" (69) is likely an inability of their diseased muscles 
to generate sufficient force for there to be a normal oxygen 
requirement. Thus the low V02max in these patients is the 
result, not the cause of their poor exercise tolerance, as also 
found in patients with renal (45) or cardiac disease (15,101). 
Abnormalities in skeletal muscle force generation, perhaps 
resulting also from a reduced total muscle mass, and not in 
oxygen delivery or utilization, explain the poor exercise 
tolerance of these patients. 

Despite these arguments, there is indeed good reason to 
believe that the V02m•x must be regulated by the central 
cardiovascular function in healthy individuals. I contend 
that in contrast to the conventional arguments, the proof of 
this hypothesis requires the absence of a plateau in CO and 
in V02 • Furthermore if cardiovascular function regulates or 
limits the V02max , then skeletal muscle anaerobiosis cannot 
develop during maximal exercise. The questions to be ad
dressed are: I) Does the pumping capacity of the heart limit 
the VOZma.,? and. ifso, 2) what are the consequences for the 
heart? 

Bassett and Howley (4) present another common conclu
sion in this section: "However, in the vast majority of 
healthy subjects the evidence points to the pumping capacity 
of the heart (CO) as being the major limiting factor for 
V02max '" Other highly influential exercise physiologists 
have concluded similarly (6,82,83,85). But the pumping 
capacity of the heart is seldom directly measured in healthy 
subjects during maximum exercise. Hence this conclusion 
must be based not on directly measured evidence but on 
inferences drawn from other information, perhaps from the 
measurement of the V02 and from the (theoretical) exis
tence of the "plateau phenomenon." Figure 5 has been 
redrawn from the classic paper of Mitchell and Blomqvist 
(53). It shows the clearly defined plateau in oxygen con
sumption in this subject when the work rate exceeds stage 4 
of the test corresponding, interestingly, to Hill's universal 
V02max of 4 L'min - I. During the submaximal portions of 
the exercise test (stages I to 4), increases in work rate cause 
essentially linear increases in CO, stroke volume, and HR. 
When the VOz plateaus at stages 4 and 5, these variables 
must also level off, hence proving that the pumping capacity 
of the heart limits the V02max ' 
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Figure 5-The classical diagram or Mitchell and Blomqvist (53) de
picting the expected changes in VO" stroke volume (SV), HR, and CO 
during progressive exercise to exhaustion. Note that whereas the "pla
teau" in VO, is clearly identified, no plateau in SV, HR, and CO is 
sbown 85 data ror these cardiovascular variables were not included at 
workloads beyond tbe VO,." ... Relerence 53. Mitchell, J. H. and G. 
BJomqvisl. Maximal oxygen uptake. New Engl. J. Med. 284:1018-1022, 
1971. 

Surprisingly, Mitchell and Blomqvist (53) do not provide 
data for these cardiovascular measures once the V02m .. has 
been reached (Fig. 5). A more recent review by Mitchell of 
that paper (54) also lacks such data. Perhaps as serious 
scientists they were correctly reluctant to speculate on what 
they had not measured. Or perhaps they realized the di
lemma that such a conclusion posed, especially for the heart. 

For the issue that must ultimately be addressed is: What 
are the consequences of the cardiovascular/anaerobic model 
for the hean itself? Or, alternatively, if the CO limits the 
V02m .. , what limits the CO? For the heart is also a muscle. 
The cardiovascular/anaerobic model predicts that (skeletal) 
muscle function fails when its oxygen supply is inadequate. 
Hence if logic is to be preserved, the failure of the hean's 
pumping capacity, in Rowell's words "to raise the CO" at 
the V02m., must result from an inadequate (myocardial) 
oxygen supply. Hence coronary blood flow must plateau 
sometime before the CO levels off at the V02m ... This 
limiting coronary blood flow induces myocardial "fatigue," 
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Figure 6-Diagram showing the expected cardiovascular changes that 
produce the "plateau phenomenon," if the cardiovascular/anaerobic 
model is correct. Note that a plateau in coronary btood Row (CF) 
caustng myocardlall!K:hemla must occur before the CO levels orr, and 
well berore skeletal muscle anaerobiosis develops at the plateau in yO,. 
Furthermore, continuing exercise after the plateau in CF and yO, 
must cause a precipitous rail in CO as a resuh or progressively in
creasing myocardial ischemia. 

causing the plateau in CO and hence in the V02m",,, leading 
only thereafter to skeletal muscle anaerobiosis. Thus by this 
logic, the coronary blood flow must be the first physiolog
ical function to show a "plateau phenomenon" during pro
gressive exercise to exhaustion (Fig. 6). 

Hill et al. (36) anticipated this dilemma: "Cenain it is that 
the capacity of the body for muscular exercise depends 
largely, if not mainly, on the capacity and output of the 
heart. It would obviously be very dangerous for that organ 
to be able, as the skeletal muscle is able, to exhaust itself 
very completely and rapidly, to take exercise far in excess of 
its capacity for recovery ... The enormous output of the 
heart of an able-bodied man, maintained for considerable 
periods during vigorous exercise, requires a large contem
porary supply of oxygen to meet the demand for energy ... 
When the oxygen supply becomes inadequate, it is probable 
that the heart rapidly begins to diminish its output, so 
avoiding exhaustion; the evidence for this, however, is in
direct, and an important field of research lies open in the 
study of the recovery process in hean muscle, on the lines 
of which it has been developed in skeletal muscle" (p. 443). 
As a result: "It would seem possible that a deciding factor in 
the capacity of a man for severe prolonged exercise may 
often be the efficiency of his coronary circulation" ((30), p. 
108). 

Medicine & Science in Sports & Exercise 1391 

C-298 



Hence the interpretation of Hill and his colleagues is 
unambiguous and internally consistent. Their model pre
dicts that the first event leading to exhaustion during max
imal exercise is an inadequate oxygen supply to the heart. 
This impairs myocardial function causing a leveling of the 
CO, a reduced skeletal muscle blood flow, and ultimately 
skeletal muscle fatigue as depicted in Figure 6. They pos
tulate that the heart must reduce its CO specifically to 
prevent the development of a large "oxygen debt." 

But even this explanation is unsatisfactory as it still fails 
to explain what physiological events terminate maximal 
exercise. For it is now Icnown that the heart has no capacity 
to generate an "oxygen debt." Rather, an inadequate myo
cardial oxygen supply at the Y02mIU would induce the 
symptoms of angina pectoris (43), which would terminate 
maximal exercise. But it is nOw also Icnown that this does 
not occur, at least in healthy humans without coronary artery 
disease. Thus all the evidence shows that none of the mark
ers of myocardial ischemia, including electrocardiographic 
ST -segment displacement (77), myocardial release of lactate 
(27), and increases in both the end-diastolic and end-systolic 
ventricular volumes with a reduction in stroke volume 
(82,83), has been measured in healthy athletes at maximum 
effort. Rather myocardial lactate uptake occurs across the 
myocardium at those high exercise intensities (21,27) which 
induce the highest rates of lactate release from the exercis
ing muscles. 

No modem physiologist has been sufficiently brave to 
tackle this intellectual dilemma inherited from Hill and his 
colleagues. For it is not appealing to suggest that myocardial 
ischemia limits maximal exercise in healthy individuals. 
Furthermore, all the published evidence refutes these logical 
predictions of the cardiovascular/anaerobic model. 

Conclusions. There is an obvious discrepancy in the 
logic presented in the previous two sections by Bassett and 
Howley. For they initially argue with great conviction that 
the "plateau phenomenon" was indeed identified by Hill and 
his colleagues. Next they argue the opposite; that the "pla
teau phenomenon" is not universally present and can be 
identified in a variable proportion of subjects as shown in 
their own studies (I6). Although this is an important admis
sion, it is hardly novel. Taylor et al. (97) who were the first 
researchers after Hill and his colleagues specifically to an
alyze the "plateau phenomenon" wrote that "there are con
ditions under which a maximal oxygen uptake cannot be 
elicited" (p. 143). One wonders why it has taken so long for 
this admission to be forthcoming from some devotees of the 
cardiovascular/anaerobic model. Perhaps it is because this 
admission unearths another logical nightmare: If a subject 
terminates exercise without demonstrating a "plateau phe
nomenon," does this indicate that skeletal muscle anaerobi
osis limited their exercise, according to the cardiovascular/ 
anaerobic model? Proponents of the cardiovascular/ 
anaerobic model must either respond in the affirmative or 
abandon their model. Yet in confirming their model, they 
commit the logical error revealed in Figure 3. 

Statements 1-4 form the logical basis of the cardiovas
cular/anaerobic model of exercise physiology. Yet if state-
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ment 1 is true, then so too must be its converse, that is, that 
the absence of the plateau phenomenon indicates that skel
etal muscle is adequately perfused and oxygenated during 
maximal exercise (statement 2). 

Hence the finding (statement 5) that the plateau phenom
enon is present in as few as 50% of subjects during maximal 
exercise (1,4,14,16,41,55,57,59,60,95-97,99,103) leads to 
the logical conclusion (statement 7) that factors other than 
skeletal muscle anaerobiosis must limit exercise in a sizable 
proportion of athletes or indeed in all athletes if one accepts 
the findings of Myers et al. (59,60). This was the essential 
conclusion of the 1. B. Wolffe lecture which developed what 
might be termed "the regulated skeletal muscle contraction 
model of exercise physiology and athletic performance." 

Denying this conclusion introduces)the logical conflict 
between statements 2 and 6. But as I have argued earlier, it 
is the very absence of the plateau phenomenon that more 
likely proves that central cardiovascular function regulates 
or "limits" the Y02max' 

ROLE OF OXYGEN DELIVERY IN 
DETERMINING ENDURANCE 
PERFORMANCE 

In this section, Bassett and Howley set out to show that 
physiological variables relating to oxygen transport also 
predict endurance performance. They wish to prove that 
oxygen delivery determines endurance performance as, in 
their opinion, it also determines maximal exercise perfor
mance. 

I would argue that it is essential to undertake research in 
the scientific area in which one professes expertise. Perhaps 
it is bold of me to suggest that the quotation of Thomas 
Huxley (42) is particularly appropriate to their presentation: 
"Science is organized common sense where many a beau
tiful theory was killed by an ugly fact." This section of 
Bassett and Howley's response produced a beautiful theory 
despite a host of ugly facts that disprove it. For example, the 
conceptual error that a statistical relationship proves causa
tion was used as justification of their position. Furthermore, 
in proving statistical relationships it appeared that they 
selectively ignored a large body of evidence showing the 
opposite, namely, that these variables are either unrelated or 
only poorly related to endurance performance. For example, 
the studies Bassett and Howley quoted to "prove" that 
YOZmax and running economy predict racing performance 
included athletes whose performances differed by 18 min 
(38%) in a 16-km race (Fig. 10 in (4)) and by 9 min (20%) 
in a IO-km race (Fig. 12 in (4)). But in studies of athletes 
whose performances are more similar, neither Y02max 

(9,10,12,13,71,74,75,87) nor running economy (71) was a 
good predictor of running performance. Even in their Figure 
12, the running economy of the four fastest lO-km runners 
was identical, yet their performances differed by 4 min 
(9%). By their logic, this absence of statistical association 
must therefore disprove the theory that oxygen delivery 
determines endurance performance in elite athletes. In ath
letes with similar abilities the best predictor of performance 
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is usually a measure of the peak: workload achieved during 
exercise (19,56,68,71,86,87). Indeed, the study of Morgan et 
a1. (56) showed a significant negative correlation between 
V02ma• and 10-km racing speed in a group of runners with 
similar best IO-km times. 

The second disagreement between Bassett and Howley 
and myself in this section is the absence of a valid concep
tual framework to explain how oxygen delivery determines 
endurance performance. Bassett and Howley believe a link 
exists among oxygen delivery, exercise intensity, and 
changes in blood lactate concentrations: "However. what 
was needed was a single measurement that would incorpo
rate all three variables and simplify the prediction of per
formance. The answer was provided by the classic study of 
Farrell et al. (18) dealing with the link between lactate 
accumulation and performance." In fact, that "classic" study 
(18) suffered from the very limitation, already identified, 
since it also concerned athletes whose performances varied 
substantially. The range of finishing times for 42 km in the 
13 marathon runners in that study varied from 2 h 17 min to 
3 h 49 min, a variation of 67%. Similarly the range of 
V02rnax values in the group ranged from 36-59 mL 
0zkg -I'min I. When athletes of similar abilities are stud
ied, the lactate threshold, however defined, and indeed any 
measurement derived from the blood lactate concentration, 
is of "negligible" value in predicting athletic performance 
(39). 

But even if the blood lactate concentration is always an 
excellent predictor of endurance performance. this does not 
"prove" that oxygen delivery determines endurance perfor
mance. For the cardiovascular/anaerobic model provides the 
only conceptual link between oxygen consumption. exercise 
intensity and blood lactate concentration. Thus their Figure 
13 provides another example of how Bassett and Howley 
interpret data exclusively according to the cardiovascular/ 
anaerobic model. specifically to "prove" that model. The 
authors do not explain how they interpret their Figure 13. 
Presumably they would argue that the greater the running 
economy and the higher the V02mu, the faster the running 
speed at which "anaerobiosis" first develops and. hence. the 
greater the running speed that can be achieved before the 
blood lactate concentration rises. The rise in blood lactate 
concentration then detennines endurance performance in an 
unspecified way. 

However, this interpretation ignores the substantive sec
tion in the J. B. Wolffe lecture which dissociates skeletal 
muscle lactate production from skeletal muscle oxygen de
livery (7,8,20,46-48,50,58,91). The onset of blood lactate 
accumulation is more likely related to the rate of carbohy
drate oxidation (7,14,48) than the V02, as required by the 
cardiovascular/anaerobic model. Thus, there is no longer 
any logical reason to interpret blood lactate concentrations 
as an index of skeletal muscle anaerobiosis according to the 
cardiovascular/anaerobic model. As already argued, it was 
this error that led Hill to draw all his erroneous conclusions. 
Modem exercise physiologists should not continue to repeat 
his errors if they wish to advance knowledge (25). 

MAXIMAL OXYGEN UPTAKE: A REBUTIAL 

Bassett and Howley concluded this section with a critique 
of my view that a factor related to running speed over a 
shorter (sprint) distance may also predict performance at 
much longer distances of 5-50 km in groups of athletes who 
specialize in those long distances. I did not conclude that 
this means that sprinters would be the best distance runners. 
Rather I concluded that the best distance runners must have 
muscles that are both very powerful (and hence can generate 
a fast sprinting speed) and have superior fatigue resistance. 
The accuracy of this prediction is shown by our more recent 
work (9) which shows that the best distance runners (5-42 
Ian) yet studied are almost as fast as superior miIers at 
distances of 1-2 km. But the muscles of the distance runners 
have substantially greater fatigue resistance. 

ROLE OF MUSCLE FACTORS IN 
DETERMINING ENDURANCE 
PERFORMANCE 

I have argued that proponents of the cardiovascular/an
aerobic model face key logical dilemmas when they propose 
factors that limit maximal exercise performance (Fig. 3). 
Not least is the logical inference that if CO limits the 
V02ma., then the limitation in CO must result from myo
cardial ischemia. But their challenge becomes even more 
daunting when the same model is used to explain endurance 
performance, as do Bassett and Howley: "In contrast to 
Noakes' assertion, the research literature provides consid
erable support for the hypothesis that performance in en
durance events is limited by oxygen delivery 
(mL'kg -Iomin -I). which is set by the subject's V02mu and 
the percent of V02ma• that can be maintained." 

First, why should prolonged endurance exercise in which 
the oxygen consumption is not maximal and therefore not 
limiting be determined by oxygen delivery to the active 
muscles? Besides their argument provided in the previous 
section, Bassett and How ley also quote this statement of Hill 
et a!. (38) to support their belief: "Some individuals can 
naturally run or walk uphill for long periods without dis
tress. This may be partly a matter of diffusion constant of the 
lungs for oxygen; largely. however, it is probably one of the 
capacity of the heart itself." But this interpretation invites 
the question: If the ability to exercise without fatigue during 
prolonged exercise results from the "capacity of the heart 
itself," then it follows that the onset of fatigue during pro
longed exercise must be caused by heart fatigue. that is, by 
the onset of cardiac failure with a reduced capacity to pump 
blood to the active muscles. Hence the cardiovascular/an
aerobic model can only explain endurance performance if 
the heart itself also limits that performance. Yet there is no 
logical physiological explanation for this proposed depen
dence. Rather one is forced to postulate that the progressive 
development of cardiac failure during prolonged exercise 
reduces skeletal muscle blood flow inducing anaerobiosis 
and skeletal muscle fatigue. But the development of cardiac 
failure during prolonged exercise is the exception. not the 
rule (52), and produces a unique set of symplOms and signs 
quite unlike those present in normally fatigued athletes. 
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Furthermore, blood lactate concentrations are low at exhaus
tion following very prolonged exercise (51), a further ex
ample of the "lactate paradox" discussed previously. I 
would note that Bassett and Howley's proposition that 
changes in muscle H+ and glycogen concentrations affect 
exercise performance is extraneous to this discussion. These 
represent a different model of fatigue (70,72) separate from 
their cardiovascular/anaerobic model. 

Second, the model fails to explain why exercise is im
paired in the heat when the oxygen and blood supply and 
metabolism of the active muscles are normal (63-65) or at 
altitude when the "lactate paradox," as fully detailed in the 
J. B. Wolffe lecture, reveals itself as it does also in patients 
with various chronic diseases or in those exhausted by 
prolonged exercise. Third, this model cannot explain why 
treatment with dichloroacetate (OCA), a metabolic stimula
tor of the pyruvate dehydrogenase complex, increases 
V02m .. and maximal exercise performance (49), reduces 
the rise in blood lactate concentrations during submaximal 
(49,98) and maximal exercise (49), and maintains higher 
muscle PCr concentrations during exercise (98). These stud
ies indicate that metabolic events in skeletal muscle can alter 
exercise performance and metabolism independent of 
changes in skeletal muscle oxygenation. 

Fourth, the model cannot explain why elite black South 
African distance runners, the fastest group of distance run
ners yet studied, performed significantly better at distances 
beyond 5 kID than did a group of middle distance runners 
whose V02m .. values were the same (9). The discrepancy in 
performance increased with increasing race distance. Nor 
can this model explain why women with either lower mea
sured V02m .. values (89) or who are slower over racing 
distances of 10-42 km (3) begin to outperform men in races 
longer than 56 km. 

Fifth, this model cannot explain why the form of muscle 
weakness which develops during the course of prolonged 
exercise like marathon racing (61,62,76) persists for at least 
7 d after exercise and is characterized by impaired skeletal 
muscle contractile activity (62) and altered electromyo
graphic activity (92). It would seem probable that this weak
ness is in some way linked to the development and expres
sion of fatigue during prolonged exercise. Its persistence 
after exercise proves that it is not caused by the transient 
metabolic changes occurring during exercise. 

Similarly, this model cannot explain the personal obser
vations (68,69), common to all athletes, that the inability to 
train vigorously every day or to increase one's pace near the 
finish of an endurance running event is associated with 
discomfort in the leg muscles. Measurement of lower than 
maximum HRs under both conditions suggests that the 
symptoms result from factors other than cardiac fatigue and 
are most likely related to the changes in skeletal muscle 
function described by Nicol et al. (61,62), Pullinen et al. 
(76), and Strojnick and Komi (92). 

It was precisely because of these discrepancies that 1 
concluded that the cardiovascular/anaerobic model cannot 
explain fatigue and performance under all conditions. Hence 
another mod.el was necessary. Initially I argued that a mus-
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cle factor alone must predict exercise performance (66-68). 
That a localized muscle factor is involved in the form of 
fatigue studied by Spriet et al. (90) is clear. They showed 
that force production by ischemic skeletal muscle contract
ing in response to external stimulation falls progressively, 
ceasing before the development of irreversible ATP deple
tion and skeletal muscle rigor. 

But my original model was not entirely satisfactory, not 
least because it ignored the role of central neural factors 
which limit exercise performance at altitude and explain that 
form of the "lactate paradox" (22,44). The same mechanism 
might also explain why exercise terminates in the heat even 
though skeletal muscle blood flow and metabolism are un
affected (63,64). It also seems unlikely that precooling en
hances endurance performance exclusively by a peripheral, 
skeletal muscular effect. Hence by the time of the J. B. 
Wolffe lecture, the model had been refined substantially. 
The model that I have now proposed is one in which 
"skeletal muscle contractile activity is regulated by a series 
of central, predominantly neural, and peripheral, predomi
nantly chemical, regulators that act to prevent the develop
ment of organ damage or even death during exercise in both 
health and disease and under demanding environmental 
conditions" «69), p. 571). Unfortunately, this model was 
not acknowledged by Bassett and Howley. 

V02MAX PARADIGMS OF HILL 
VERSUS NOAKES 

Bassett and Howley list the contributions made by Hill. I 
contend that the majority of Hill's ideas are now antiquated 
as argued here. Nor am I the firs t so to argue. 

In 1969, Harris (25) published a classic paper describ
ing how the "oxygen debt" also attributed to Hill and his 
colleagues achieved a mythical status in the exercise 
sciences even though the facts consistently showed that, 
like phlogiston, it did not exist: "Excess lactate represents 
the last major attempt on the part of physiologists to fit 
the facts into the classical conception that 'oxygen debt' 
is due to the metabolism of lactate. Two generations have 
been mesmerized by this conception and each has failed 
to fit the facts to the theory." He continued: "Much of the 
present-day exercise physiology is still based on the 
misconceptions of the past; and the time has come to call 
a halt to the over-earnest examination of largely fortu
itous relationships between the concentrations of lactate 
or pyruvate in the blood and the recovery volume of 
oxygen ... The theory of oxygen debt looks backwards 
from the premise that the muscle cell has to make good 
something which is lost during work, endowing the hu
man cell with the all-to-human property of hindsight. We 
should now begin at the other end, start with the chemical 
disturbances produced by contraction and see how (not 
why) they cause the muscle cell and the body to increase 
its uptake of oxygen" (p. 389). 

Perhaps Harris' sentiments about the "oxygen debt" apply 
equally to: I) Hill and Lupton's 1923 concept of the uni
versal V02m •• , 2) the description by Taylor et al. (97) of a 
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mythical "plateau phenomenon" that was neither looked for 
nor ever identified by Hill and his colleagues, 3) Wasserman 
and McIlroy's (101) description of the "anaerobic thresh
old"; and 4) the cardiovascular/anaerobic model of exercise 
physiology and athletic performance (69), that all these 
erroneous ideas have spawned. Perhaps, as Harris con
cludes, "we have been looking ... for something which is 
not there." 

Indeed I continue to emphasize that it is the absence, not 
the presence of the plateau phenomenon, that is the stronger 
evidence that cardiovascular function regulates or "limits" 
the Y02max ' 

Conclusion: the common theory of Hill and No
akes. This more extended analysis of the work of Hill and 
his colleagues has discovered why the "plateau phenome
non," as currently understood. is implausible precisely be
cause it predicts that exercise terminates when the oxygen 
demands of the exercising skeletal muscles exceed their 
supply. 

For the inherent weakness in Hill's cardiovascular/anaer
obic model is simply stated: The heart is a muscle, just as is 
skeletal muscle, dependent on an adequate oxygen supply 
for its contraction. But unlike skeletal muscle the heart is 
dependent on its own pumping capacity for its oxygen 
supply. Hence if the CO reaches a peak and can rise no 
further, the immediate cause will have been a plateau in 
(coronary) blood flow and the immediate effect will be a 
developing myocardial ischemia. The knock-on effect of 
this will be a further reduction in myocardial contractile 
function, a further fall in CO, and more severe myocardial 
ischemia. Thus, the inability of the heart "to raise its CO" at 
the Y02max (83) must be both the result and the cause of a 
developing myocardial ischemia, according to the model 
that holds that oxygen deficiency impairs muscle function. 

Hence according to the cardiovascular/anaerobic model, 
the logical end point of vigorous exercise must be a pro
gressive and irreversible myocardial ischemia with the de
velopment of angina pectoris. As this does not occur in 
healthy human athletes, some other mechanism must inter
vene to prevent the CO reaching a maximum while the 
oxygen demands of the tissues continue to rise. 

Proponents of the cardiovascular/anaerobic model have 
not acknowledged that Hill had himself realized that his 
model was fatally flawed. So he introduced modifications. 
unrecognized until again revealed here: "It would seem 
probable ... that the heart is able to regulate its output, to 
some extent, in accordance with the degree of saturation of 
the arterial blood, either of that which reaches it through the 
coronary vessels or by some reflex in other organs produced 
by a deficient oxygen supply (author's italics). From the 
point of view of a well coordinated 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 
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versa. This mechanism would tend ... to act as a "gover
nor," maintaining a high degree of saturation of the blood" 
«38), pp. 161-162). 

Hence Hill and his colleagues realized that even if the 
ultimate limits for maximal exercise are set by the cardio
vascular system, some mechanism (other than skeletal mus
cle anaerobiosis) must be present to terminate exercise be
fore the heart is itself damaged by the very plateau in CO 
that is theoretically necessary to explain the "plateau phe
nomenon" and the development of skeletal muscle anaero
biosis (Fig. 6). Thus they proposed the existence of a "gov
ernor" in either the myocardium or nervous system, 
specifically to terminate exercise before myocardial damage 
developed. 

Contrast this to my model proposed in the J. B. Wolffe 
lecture (69): "The alternate model proposes that skeletal 
muscle contractile function is regulated by a hierarchy of 
controls specifically to prevent damage to any of a number 
of different organs. Severe anaerobiosis is one specific end 
point that must be thwarted so that irreversible rigor and 
necrosis in the active muscles is prevented. The challenge 
for exercise scientists is to understand how the body antic
ipates potential for organ damage and how skeletal muscle 
contractile function is regulated specifically to preclude any 
such calamities" (p. 587). 

Thus the more logical analysis of Hill and his colleagues, 
ignored by all modem exercise scientists, has exposed the 
one critical weakness of my model. It is that skeletal muscle 
anaerobiosis can only ever occur after myocardial ischemia 
has developed (Fig. 6). 

Perhaps the strengths of my model and that of Hill and his 
colleagues can now be combined into an even more con
temporary hypothesis: Skeletal muscle recruitment and con
tractile function are regulated by a hierarchy of controls, 
specifically to prevent damage to any of a number of dif
ferent organs. During maximal exercise, progressive myo
cardial ischemia preceding skeletal muscle anaerobiosis 
must be thwarted so that neither the heart nor the skeletal 
muscle develops irreversible rigor and necrosis with fatal 
consequences. 

CARDIOVASCULAR FUNCTION DURING 
EXERCISE AT ALTITUDE: A CRUCIAL TEST 
OF THE HILLJNOAKES MODEL 

An important test of this combined model is provided by 
studies of the cardiovascular response to exercise at increas
ing altitude in which the progressive reduction in the arterial 
oxygen tension increases the probability that myocardial 
ischemia will develop during maximal exercise. If skeletal 
muscle function at altitude is limited by an inadequate 
oxygen delivery and is not regulated to prevent the devel
opment of myocardial ischemia. then the peak CO during 
maximum exercise must be the same or higher at altitude 
than at sea level. But if the heart is to be protected from 
myocardial ischemia during maximal exercise at increasing 
altitude, then the falling arterial oxygen content and hence 
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TABLE 1. Cardiorespiratory measures at different altitudes: Operation Everest II. 
--- _ .. 

__ Alli!ude (m) __ Sea level 6100 m 7620 m 8848 m 
... -----

paD, (Torr) 87 34 33 28 
Maximum work ra:e (Ws) 300-360 18~210 120 120 
Ventilation (L'min-'I 125 161 162 184 
Heart rate (beats'mm-') 168 137 122 118 
Cardiac output (L'min -') 24 20 16 16 
avO, (mL'L -') 154 106 89 67 
~, (TorrL _____ 19 12 14 14 

avO,. arlenal minus venous oxygen difference: PVO" mixed venous oxygen tension; 
Data are from reference 94: Sutton. J. R .. J. T. Reeves. P. D. Wagner. et al. Operation 
Everest II: oxygen transport during exercise at e.Veme simulated altitude. J. Appl. 
Physiol. 64:1309-1321, 1988. 

the reduced potential for oxygen delivery to the myocar
dium must cause a progressive reduction in maximum CO 
with increasing altitude. Furthermore, the absence of myo
cardial ischemia during maximal exercise at extreme alti
tude when the arterial oxygen tension is barely sufficient to 
maintain cerebral function would be consistent with the 
presence of the governor proposed by Hill and his col
leagues. 

Table I lists peak cardiorespiratory measures at different 
altitudes measured during the epic Operation Everest II 
(24.40,78,81,93,94,100), As the arterial oxygen tension falls 
with increasing altitude, peak achieved work rate, HR, and, 
most significantly, CO fall substantially whereas maximum 
ventilation rises (94). No electrocardiographic evidence of 
myocardial ischemia was detected during maximum exer
cise at any altitude up to 8840 m (8\,94). Indeed left 
ventricular systolic function was maintained and perhaps 
even enhanced during maximal exercise at a simulated al
titude of 7620 m (78,93), Hence the authors concluded that 
"limitations of performance may have been caused by other 
factors, and reduced HRs and COs at maximum effort (at 
altitude) were the result rather than the cause of the reduced 
maximal O 2 uptake". 

But a more insightful observation is that at any work rate 
CO was the same at sea level and at any higher altitude up 
to the highest tested (8840m) (40,94). 

Hence at altitude CO is not increased during exercise to 
compensate for the reduced arterial oxygen content. Thus 
the body makes no attempt to increase CO to optimize 
oxygen delivery to the tissues at increasing altitude. The 
sole conclusion must be that the oxygen demands of 
skeletal muscle are not pre-eminent during exercise at 
altitude, Rather, skeletal muscle recruitment must be reg:
ulated, perhaps by the governor first proposed by Hi II, 
probably to protect the heart from an hypoxia that would 
be inevitable were the oxygen demands of the skeletal 
muscles. not the heart, the priority, This governor is 
presumably responsible for reduced skeletal muscle re
cruitment and the lower than expected blood and muscle 
lactate concentrations during maximum exercise at alti
tude (44), 

If skeletal muscle function is indeed regulated to prevent 
myocardial hypoxia at altitude. the question becomes: what 
physiological variable is sensed by the governor? Logic 
suggests that the variable must be related to oxygen delivery 

1396 Official Joumal of the American College of Sports Medicine 

C-303 

Paper 41 

to, or use by, the myocardium. Table I shows that the 
oxygen tension in the mixed venous blood draining from the 
systemic circulation including skeletal muscle and from the 
heart in the coronary sinus is the only variable that is the 
same at maximal exercise at all altitudes. Hence one possi
bility is that the venous oxygen tension in either mixed 
venous or coronary sinus blood is the variable that is sensed. 

But since myocardial and not skeletal muscle oxygen
ation is at risk during exercise at altitude, it would be more 
likely that the oxygen tension in the coronary vascular bed 

would be the monitored variable. 
Indeed the study of Grover et al. (23) showed that the 

coronary sinus P02 is the same during submaximal exercise 
at all altitudes from sea level to 3100 m, suggesting that "the 
coronary circulation is autoregulated to maintain coronary 
sinus blood O2 tension constant" (23). This would mean 
that, at altitude, coronary flow must increase in proportion to 
the reduction in the arterial P02 to maintain a constant 
coronary sinus oxygen tension. 

Hence, the rate of either coronary flow or of myocardial 
oxygen delivery would provide the necessary input for the 
appropriate functioning of Hill's governor. 

In summary, the evidence from these altitude studies 
shows that the heart is prevented from developing myocar
dial ischemia during maximal exercise even at extreme 
altitude in keeping with Hill and Noakes' model that skeletal 
muscle function is regulated to prevent organ, especially 
heart damage during exercise. The evidence further dis
proves the model which holds that the oxygen demands of 
the exercising muscle are preeminent and that exercise is 
limited only after oxygen delivery to the exercising skeletal 
muscles becomes inadequate (4). 

As the ultimate source of all those controversial ideas that 
have so entranced his scientific progeny, Nobel Laureate 
A. V. Hill would hopefully have no option but to agree with 
this updated version of his original contributions. It would 
be in keeping with his pithy conclusion derived late in his 
career: "I have long believed, and am still inclined to be
lieve, that all theorie~ of muscle contraction are wrong. But 
they have been very useful in stimulating new research. In 
fact, many of the best t.heories are self destructive, by 
provoking fresh inquiry and leading to new facts which they 
cannot explain. The only useless theories are those than 
cannot be tested and can explain everything" «34), pp. 
362-363). 
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A popular concept in the exercise sciences holds that fa
tigue develops during exercise of modenlte to high inten
sity, when the capacity of the cardiorespiratory system to 
provide oxygeu to the exercising mllScles falls behind their 
demand inducing "anaerobic" metabolism. But this car
diovascular/anaerobic model is unsatisfactory because (I) 
a more rigorous analysis indicates that the first organ to 
be affected by anaerobiosis during maximal exercise 
would likely be the heart, not the skeletal muscles. This 
probability was fully appreciated by the pioueering exer
cise physiologists, A. V. Hill, A. Bock and D. B. Dill, but 
has been systematically ignored by modern exercise physi
ologists; (ii) no study has yet definitely established the 
presence of either anaerobiosis, hypoxia or ischaemia in 
skeletal muscle during maximal exercise; (iii) the model is 
unable to explain why exercise terminates in a variety of 
conditions including prolonged exercise, exercise in the 
heat and at altitude, and in those with chronic diseases of 
the heart and lungs, without any evidence for skeletal 
muscle anaerobiosis, hypoxia or ischaemia, and before 

The nature of the physiological and biochemical ad
aptations that occur in response to physical training 
has been extensively studied in humans and other 
mammals. This information is readily available and 
is likely to be well known to most exercise scientists 
(Saltin & Gollnick 1983, Holloszy & Coyle 1984). 
Similarly there is an extensive literature on the cellu
lar mechanisms believed to cause the fatigue that de
velops during exercise (Fitts 1994). 

In contrast, fewer studies have evaluated the extent 
to which these adaptations explain the improvements 

• Based on Keynote addresses presented at the Fourth IOC 
World Congress on Sports Sciences, Monte-Carlo, Monaco, 
October 22~26, 1997 and the IV Scandinavian Congress on 
Medicine and Science in Sports, Lahti, Finland, 5-8 Novem
ber 1998, 

there is full activation of the total skeletal nruscle mass, 
and (iv) cardiovascular and other measures believed to re
late to skeletal muscle anaerobiosis, including the maxi
mum oxygen consumption (VOl max) and the "anaerobic 
threshold", are indifferent predictors of exercise capacity 
in athletes with similar abilities. This review considers four 
additional models that need to be considered when factors 
limiting either short duration, maximal or prolonged sub
maximal exercise are evaluated. 1bese additional models 
are: (i) the energy supply/energy depletion model; (iI) the 
muscle power/muscle recruitment model; (iii) the bio
mechanical model and (iv) the psychological model. By 
reviewing features of these models, this review provides a 
broad overview of the physiological, metabolic and blo
mechanical factors that may limit exercise performance 
under different exercise conditions. A more complete 
understanding of fatigue during exercise, and the relevauce 
of the adaptations that develop with tnlining, requires that 
the potential relevance of each model to fatigue under dif
ferent conditions of exercise must be considered. 

in performance that occur with different types of 
physical training (Acevedo & Goldfarb 1989, Daniels 
et al. 1978, Hawley et at 1997, Houston et al. 1979, 
Moore et aL 1997, Ramsbottom et aL 1989, 
Westgarth-Taylor et al. 1997, Weston et al. 1997) and 
which presumably result from changes that delay the 
onset or development of fatigue. There are at least 
three probable reasons for this. 

First, many exercise physiologists may consider 
this to be the work of the coach, not of the scientist. 
Or, accustomed to the tightly controlled conditions 
of laboratory research, some scientists may be reluc
tant to undertake field-based studies of performance 
in which all the different variables influencing human 
performance are not easily controlled. Human per
formance is influenced by many variables, not least 
those involving the psyche. Many scientists may feel, 
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perhaps justifiably, that these variables cannot be suf
ficiently well controlled in field studies for there to be 
meaningful findings. 

Second, there is a dearth of tools to measure accu
rately human performance in the laboratory. If sports 
performance cannot be measured frequently with a 
high degree of precision in the laboratory, then train
ing-induced changes in exercise performance are not 
quantifiable. As a result, most studies use physiologi
cal surrogates to predict changes in exercise perform
ance. The most widely used performance surrogate is 
the maximum oxygen consumption (V02 max). But, 
the very use of this specific measure has helped to 
entrench a particular and, perhaps, unquestioning 
dogma of the factors that likely determine human ex
ercise performance (Noakes 1988, 1997, 1998). 

As a result, most of the training studies reported 
in the literature have measured the physiological and 
biochemical responses of the human to training and 
have paid less attention (i) to the extent to which hu
man exercise performance is altered by different 
training programmes and (ii) to the specific physio
logical adaptations which explain training-induced 
changes in athletic performance. 

Indeed, an important weakness in our current 
thinking in exercise physiology is that we lack certain 
knowledge of the precise factors that determine fa
tigue and hence limit performance in different types 
of exercise under a range of environmental con
ditions. In part, this is because some scientists remain 
unaware that their research is based on the (subcon
scious) acceptance usually of one specific model of 
human exercise physioLogy (Noakes 1997, 1998). But 
it would be very surprising if one single physiological 
model adequately explains human exercise perform
ance under all conditions. 

Accordingly, the aim of this review is not to de
scribe how the body adapts to physical training. This 
information is freely available, largely descriptive and 
not particularly contentious, so that its review is un
likely to challenge how we think about our science. 
Rather I will use this opportunity to pose two ques
tions: What physiological models have exercise scien
tists developed (and subconsciously accepted) for the 
study of the physiological and biochemical determi
nants of fatigue during exercise? And which specific 
physiological, metabolic or biomechanical attributes 

Table 1. Current physiological models to understand the physiology of 
training for enhanced endurance performance 

(a) The cardiovascular/anaerobic model 
(b) The energy supply/energy depletion model 
(c) The muscle recruitmem (central fatigue)/muscle power model 
(d) The biomechanical model 
(e) The psychologicaVmotivational model 
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might explain superior athletic performance and en
hanced resistance to the development of fatigue? 

Current physIological models to understand the 
physiology of training for enhanced endurance 
performance 

Table I lists five different models that are commonly 
used to study and explain the likely physiological and 
other training-induced changes that may improve, 
especially, endurance performance, probably by de
laying or preventing the onset of fatigue. Each model 
has its own proponents, usually those with a special 
expertise in the specific areas embraced by the model. 
Thus, the cardiovascular/anaerobic model is pro
moted usually by cardiovascular and respiratory 
physiologists; the energy supply/energy depletion 
model is favoured by the exercise biochemists; the 
muscle power/muscle recruitment model is advocated 
by muscle physiologists, and some biomechanists and 
neuro-physiologists; the biomechanical model by bio
mechanists, and the psychological/motivational 
model by sports psychologists. 

Yet it is highly improbable that the factors explain
ing human exercise performance under all conditions 
are restricted to one physiological system or to one 
scientific discipline. Thus, human performance is un
likely to be adequately defined by any of these uni
tary models that are often presented as if they are 
mutually exclusive. The complexity of the physiologi
cal and other factors determining human perform
ance is emphasized when the limitations of each of 
these models are exposed. 

The cardiovascular/anaerobic model 

Maximal exercise 
This model holds that endurance performance is de
termined by the capacity of the athlete's large heart 
to pump unusually large volumes of blood and oxy
gen to the muscles. This allows the muscles to achieve 
higher work rates before they outstrip the available 
oxygen supply, developing skeletal muscle anaerobi
osis (Fig. I) (Noakes 1988, 1997, 1998, Bassett & 
Howley 1997). This model remains the most popular 
for explaining why fatigue develops during exercise; 
how the body adapts to training; how these adap
tations enhance performance and, as a consequence, 
how effective exercise training programmes should be 
structured. 

This model predicts that training increases "cardio
vascular fitness" especially by increasing the body's 
maximum capacity to consume oxygen, measured as 
the maximum oxygen consumption (V02 max). This 
effect results from an increased maximum capacity 01 
the heart to pump blood (the cardiac output) and 
an enhanced capacity of the muscles to consume that 



Paper 42 

The classic theory of fatigue according to 
the Cardiovascular! Anaerobic Model of 
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Fig. 1. The Cardiovascular/Anaerobic Model of Exercise Physi
ology and Athletic Performance holds that the heart has a limit
ing maximum cardiac output that is reached at the onset of a 
"plateau phenomenon", ascribed incorrectly to the work of Hill 
and colleagues (Hill et a!. 1924, Hill 1927). As a result, blood 
and hence oxygen flow to the exercising muscles falls behind 
demand, inducing anaerobic metabolism. Metabolites of anaer
obic metabolism, in particular hyd rogen ions, then inhibit 
muscle contraction, inducing fatigue. 

oxygen, the latter by increasing skeletal muscle capil
larization and mitochondrial mass. It is argued that 
these adaptations delay the onset of skeletal muscle 
anaerobiosis during vigorous exercise, thereby reduc
ing blood lactate concentrations in muscle and blood 
at all exercise intensities above the so-called "anaer
obic threshold". The delayed onset of this blood lac
tate accumulation then allows the exercising muscles 
to continue contracting for longer at higher intensit
ies before the onset of fatigue. 

In addition, these changes increase the capacity of 
the muscles to use fat as a fuel during exercise, there
by enhancing endurance performance (according to 
the Energy Depletion model, described subsequently) 
(Saltin & Gollnick 1983, Holloszy & Coyle 1984). An 
important but unrecognized prediction of this model 
is that increases in coronary blood flow must be an 
essential adaptation to training (Noakes 1998). The 
higher coronary blood flow allows a greater pumping 
capacity of the heart producing a greater cardiac out
put to perfuse the exercising muscles, which can then 
achieve a higher exercise capacity. 

This model finds strong support from the confir
mation that these changes, with the exception of a 
greater coronary flow which is inferred, not proven, 
do indeed result from training, as fully documented 
in the literature. The key question is whether these 
changes are causally linked; that is, do these changes 
cause the change in exercise performance or do they 
occur pari-passu with other adaptation(s) that are the 
real cause of changes in exercise performance. For 
there are important deficiencies in this model which 
are fully argued (Noakes 1988, 1997) and counter
argued (Noakes 1998, Bassett & Howley 1997) else
where and will not be repeated here. 

Physiological models to study exercise 

Perhaps the major but overlooked limitation of this 
model is that, if the pumping capacity of the heart 
does indeed limit oxygen utilization by the exercising 
skeletal muscle, then the heart itself will be the first 
organ affected by any postulated oxygen deficiency 
(Noakes 1998). This was first recognized by Hill and 
his colleagues as early as 1925 (Hill et al. 1924). Para
doxically it was the incorrect interpretation, by 
others, of the work of Hill and his colleagues, in par
ticular their supposed description of a plateau phe
nomenon (Noakes 1998), that forms the (mythical) 
foundation for the cardiovascular/anaerobic model of 
exercise physiology. Yet those who popularized this 
mythical interpretation of the work of Hill and his 
colleagues, failed also to record what Hill considered 
to be the physiological cause (and equally the conse
quence) of the fatigue that develops during maximal 
exercise. 

For the interpretation of Hill and his colleagues 
was unequivocal: "Certain it is that the capacity of 
the body for muscular exercise depends largely, if not 
mainly, on the capacity and output of the heart. It 
would obviously be very dangerous for the organ to 
be able, as the skeletal muscle is able, to exhaust itself 
very completely and rapidly, to take exercise far in 
excess of its capacity for recovery ... When the oxygen 
supply becomes inadequate, it is probable that the 

Which organ is at greatest risk 
during maximum exercise? 

- cardiac - blood 
~:::::, , Limiting 

output supply to 

~ =;. J _ J
mll8de 

Fatill"e I( m!:.~Dsm 
(tactate; H+) 

Fig. 2. The weakness of the Cardiovascular/Anaerobic Model 
of Exercise Physiology and Athletic Performance is thai the at
tainment of a maximum cardiac output has more serious conse
quences for the heart than it does for the skeletal muscles as 
the first organ 10 be affected by a maximum cardiac output 
would be the heart itself. Continuing to exercise with a fixed 
(maximum) cardiac output would cause myocardial ischaemia. 
The heart, unable to increase coronary flow (dependant on an 
increase in cardiac outpull, would be unable to balance the in
creased myocardial oxygen demand caused by lhe very increase 
in work rate, theoretically necessary to define the mythical "pla
teau phenomenon" of Hill and his colleagues. Many early re
searchers believed that the heart did indeed develop ischaemia 
during maximal exercise, leading 10 a fall in cardiac output (Hill 
et al. 1924, Bainbridge 1931, Hill 1927, Dill 1938). 
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heart rapidly begins to diminish its output, so avoid
ing exhaustion ... ". 

The point identified by Hill and his colleagues, and 
since ignored by all subsequent generations of exer
cise physiologists, is that the heart is also a muscle, 
dependent for its function on an adequate blood and 
oxygen supply. But, unlike skeletal muscle, the heart 
is dependent for its blood supply on its own pumping 
capacity. Hence any intervention that reduces the 
pumping capacity of the heart, or demands the heart 
somehow to sustain an increased work output by the 
exercising muscles without any increase in cardiac 
output and coronary flow (as theoretically occurs 
when the "plateau phenomenon" develops), imperils 
the heart's own blood supply. Any reduction in coro
nary blood flow will consequently reduce the heart's 
pumping capacity, thereby inducing a vicious cycle of 
progressive and irreversible myocardial ischaemia 
(Fig. 2). It would seem logical that human design 
should include controls to protect the heart from ever 
entering this vicious circle. 

Hence if (skeletal) muscle function fails when its 
oxygen demand exceeds supply then, for logical con
sistency, the inability of the pumping capacity of the 
heart to "raise the cardiac output" at the V02 max 
(Rowell 1993), must also result from an inadequate 
(myocardial) oxygen supply caused by a plateau in 

What causes the ''plateau'' in cardiac 
output at the V02 max? 

:- 1.0+ tl·~ 
.:. 0.5 

o 1 3 4 5 6 
work rate 

From: Noakes TD. Med Sci Sports Exerc 1998: 30: 1381-8. 

Fig. 3. According to the logic of the Cardiovascular/Anaerobic 
Model of Exercise Physiology and Athletic Performance, coro
nary flow must be the first physiological variable to "plateau" 
during progressive exercise to exhaustion. The peak in coronary 
flow would then induce a plateau in cardiac output as a result 
of a progressive myocardial ischaemia. Continuing to exercise 
with a fixed cardiac output and coronary flow would rapidly 
cause an ischaemia-induced fall in cardiac output and in coro
nary flow, and hence in whole body oxygen consumption. This 
logic was accepted by the early proponents of this model (Hill 
et al. 1924, Bainbridge 1931, Hill 1927, Dill 1938) but has since 
been overlooked by exercise physiologists for the past 75 years. 
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coronary flow. This limiting coronary blood flow in
duces myocardial "fatigue", causing the plateau in 
cardiac output and hence in the V02 max leading, 
finally, to skeletal muscle anaerobiosis. Thus, by this 
logic, the coronary blood flow must be the first 
physiological function to show a "plateau phenom
enon" during progressive exercise to exhaustion (Fig. 
3). All subsequent physiological "plateaus" must re
sult from this limiting coronary flow (Noakes 1998). 

Whereas the most influential modern exercise 
physiologists have enthusiastically embraced this 
mythical basis for a "plateau phenomenon" for the 
past 75 years, none seems to have grasped this logical 
prediction of the "plateau phenomenon", which is 
that the "plateau phenomenon" requires the heart to 
fatigue first before skeletal muscle fatigue can de
velop. But this was clearly a concept with which the 
pIOneering exercise physiologists were entirely 
comfortable. Thus, in addition to the conclusion of 
Hill and his colleagues, already quoted, both Bock 
and Dill (Bainbridge 1931) also believed that myocar
dial hypoxia causes a fall in the cardiac output at the 
point of fatigue during high intensity exercise: 

"The blood supply to the heart, in many men, may 
be the weak link in the chain of circulatory adjust
ments during muscular exercise, and as the intensity 
of muscular exertion increases, a point is probably 
reached in most individuals at which the supply of 
oxygen to the heart falls short of its demands, and 
the continued performance of work becomes difficult 
or impossible" (p. 15). Hence they proposed that: 
"Another factor, which may contribute to the pro
duction of this type of fatigue, is fatigue of the heart 
itself" (p. 229). 

"Although the occurrence of fatigue of the heart 
in health is not very clearly established, a temporary 
lowering of the functional capacity of the heart, in
duced by fatigue of its muscular fibres, might gradu
ally bring about during exercise an insufficient blood 
supply to the skeletal muscles and brain. The lassi
tude and disinclination for exertion, often experi
enced on the day after a strenuous bout of exercise, 
has been ascribed to fatigue of the heart as its pri
mary cause" (p. 229). Hence they concluded: "The 
heart, as a rule, reaches the limit of its powers earlier 
than the skeletal muscles, and determines a man's 
capability for exertion". 

In summary, the early physiologists who believed 
that skeletal muscle anaerobiosis limits maximal exer
cise clearly understood that any plateau in cardiac 
output, necessary for there to be a limiting skeletal 
muscle blood flow, must result from a plateau in coro
nary blood flow which would expose the heart to a 
progressive myocardial ischaemia that would worsen 
as exercise was prolonged. 

Perhaps the reluctance of modern physiologists to 
acknowledge these concepts stems from the current 
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appreciation that progressive myocardial ischaemia 
does not occur during maximal exercise in healthy 
athletes (RaskofT et aJ. 1976), even though there is 
good evidence that it is a limiting cardiac output that 
probably determines the V02 max (Rowell 1993). 
Thus, one postulate might be that even if cardiac out
put limits maximal exercise as seems likely (Noakes 
1997), termination of exercise must occur before the 
heart actually reaches that maximum and hence wel1 
before skeletal muscle anaerobiosis can develop 
(Noakes 1998). Hence for 75 years, exercise physiol
ogists may have focused on the incorrect organ as the 
site of any potential anaerobiosis that may develop 
during maximal exercise (Hill et al. 1924, Bainbridge 
1931, Hill 1927, Hill et al. 1924). 

How might a maximal cardiac output be reached 
without the development of myocardial ischaemia? 
The argument that the rate of cardiac filling, due 
either to a limiting venous return or the effects of a 
restrictive pericardium (Stray-Gundersen et al. 1986) 
may limit the maximal cardiac output, whilst super
ficially attractive, is still unable satisfactorily to ex
plain which physiological events terminates exercise. 
Such an argument fails for the reason that the con
tinuation of exercise beyond that (however limited) 
maximal cardiac output must still cause a progressive 
myocardial ischaemia to develop (Fig. 2). Hence, even 
if the cardiac output is limited by factors unrelated 
to the development of myocardial ischaemia (for ex
ample, a limiting venous return), the continuation of 
exercise beyond that point of limitation must induce 
myocardial ischaemia and the development of chest 
pain (angina pectoris) that would terminate exercise. 

Perhaps it is more logical to speculate that maxi
mal exercise terminates as part of a regulated process 
before the absolute maximum cardiac output and 
coronary blood flow are achieved. Interestingly Hill 
and his colleagues seem to have been the first to sug
gest a solution to this dilemma as early as 1924: 
"From the point of view of a well co-ord inated mech
anism, ... it would clearly be useless for the heart to 
make an excessive effort if by doing so it merely pro
duced 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 circu
lation as soon as a serious degree of unsaturation oc
curs, and vice versa. This mechanism would tend to 
act as a governor maintaining a high degree of satu
ration of the blood" (Hill et al. 1924, p. 161--162). 

Clearly no such governor has yet been discovered, 
perhaps because no physiologists have yet searched 
for it. But there is clear physiological evidence for the 
existence of such a governor. The evidence comes 
from studies of skeletal and cardiac muscle function 
at altitude. For if oxygen deficiency real1y does de
velop in either heart or skeletal muscle during maxi-

Physiological models to study exercise 

mum exercise, its appearance will likely be more eas
ily identifiable during exercise at altitude under con
ditions of hypobaric hypoxia. Furthermore, such 
experiments should identify in which organ - heart 
or skeletal muscle - anaerobiosis first becomes ap
parent; the heart, according to the ideas of the pion
eering British and North American exercise physiol
ogists, or the skeletal muscles, according to the influ
ential group of modern exercise physiologists 
(Noakes 1998). 

The original studies of exercise at altitude were 
undertaken by a research group co-ordinated by Dill 
and his colleagues from the Harvard fatigue labora
tory. This research established two crucial findings. 
First, that peak blood lactate concentrations during 
maximum exercise fell with increasing altitude (Ed
wards 1936), a phenomenon since labelled the "lac
tate paradox" (Hochachka 1989). Second, that maxi
mum heart rate and cardiac output likewise fell dur
ing exercise at increasing altitude (Christensen 1938, 
Dill 1938). 

Edwards (1936) interpreted the "lactate paradox" 
at altitude accordingly: "The inability to accumulate 
large amounts of lactate at high altitudes suggests a 
protective mechanism preventing an already low ar
terial saturation from becoming markedly lower ... It 
may be that the protective mechanism lies in an inad
equate oxygen supply to essential muscles, e.g. the 
diaphragm or the muscles". 

The existence of the "lactate paradox" was con
firmed during the epic laboratory experiment of exer
cise and acclimatization at simulated high altitude, 
Operation Everest II (Green et al. 1989). That study 
found that muscle lactate concentrations achieved 
during maximal exercise at the highest equivalent alti
tude achieved during that experiment (8848 m -
equivalent to the summit of Mount Everest) were no 
higher than when at rest at sea level. 

Hence, in as much as high muscle lactate concen
trations would have to be present if the exercising 
muscles were contracting "anaerobically", this study 
proves that exercise at extreme altitude terminates 
when the exercising muscles are contracting in fully 
aerobic conditions. 

Similarly Operation Everest II (Sutton et al. 1988) 
confirmed these original and subsequent studies 
<Pugh 1964, Vogel et al. 1974) showing that heart rate 
and cardiac output are substantially reduced during 
exercise at extreme altitude. The key observation is 
that the peak cardiac output falls with increasing alti
tude. This response is equally paradoxical for those 
who believe that the delivery of an adequate oxygen 
supply to the exercising muscles is the cardinal prior
ity during exercise (Noakes 1998). For logic demands 
that if the principal responsibility of the cardiovascu
lar system during exercise is the achievement of an 
(ultimately inadequate) oxygen supply to skeletal 
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muscle, then the maximum cardiac output during ex
ercise at increasing altitude must either stay the same 
or even increase at increasing altitude in order to limit 
the effects of the progressive reduction in the arterial 
oxygen content. 

Yet the evidence is absolutely clear. The heart 
makes the exactly opposite adjustment - maximum 
cardiac output falls with increasing altitude (Sutton 
et al. 1988). The reduction is due to the reduction in 
heart rate; stroke volume and myocardial contrac
tility are, if anything, enhanced during peak exercise 
at altitude (Reeves et al. 1987, Suarez et al. 1987). 
Hence the conclusion must be that some currently 
unrecognized mechanism must exist to insure lhat the 
heart does not become "anaerobic" during maximal 
exercise at any altitude - from sea level to the summit 
of Mount Everest - in healthy humans. 

Interestingly Christensen, but not Dill, interpreted 
this phenomenon correctly: "Christensen and I dif
fered in our interpretation of his measurements of 
respiratory and circulatory function in exercise (at 
altitude). In his opinion, the chief limiting factor is 
the ventilation of the lungs. In the hardest grade of 
work at any station, the pulmonary ventilation 
reached about as high a value as at sea level, while the 
maximal cardiac output became less as the altitude 
increased. He thinks this means that the heart has an 
untapped reserve; it is circulating blood fast enough 
to carry to the tissues all the oxygen supplied by the 
lungs" (Dill 1938, p. 170--171). 

These studies invite two precise conclusions. First, 
that the oxygen demands of the skeletal muscles are 
not the cardinal priority and hence are not "pro
tected" during maximum exercise, at least at extreme 
altitude. Second, neither the skeletal muscles nor the 
heart becomes "anaerobic" during maximal exercise 

/.~ 
r-~H~ea--rt--' ~ r.~~u-sc·le~ 
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deli~ery 
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Fig. 4. The "governor" postulated by Hill could be activated by 
a limiting myocardial oxygen delivery. As a result, there would 
be a reduced activation of the exercising skeletal muscle by the 
cerebral motor cortex. There is compelling evidence for the 
presence of this reflex during exercise at altitude (Kayser et al. 
1994) with the result that neither the heart (Sutton et al. 1988, 
Reeves et al. 1987, Suzrez et al. 1987) nor the skeletal muscles 
(Green et al. 1989) develop "anaerobiosis" during maximal ex
ercise at extreme altitude. 
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under conditions of hypobaric hypoxia. The sole con
clusion must be that some type of "governor", as 
originally proposed by A.Y. Hill, must limit maxi
mum exercise at altitude. Furthermore, it would be 
difficult to explain why the same control mechanism 
should not act similarly during maximum exercise at 
sea level. 

In summary, a number of famous studies have 
shown that under the precise conditions likely to in
duce anaerobiosis in either the heart or skeletal 
muscles - maximal exercise at altitude - neither the 
heart nor the skeletal muscle show any evidence 
whatsoever for "anaerobic" metabolism. This unex
pected finding can be explained only if there is a 
"governor", probably in the central nervous system, 
whose function is likely to prevent the development 
of myocardial ischaemia. The same governor could 
also serve the identical function also at sea level, 
thereby preventing the development of myocardial 
ischaemia during maximum exercise at sea level, ac
cording to Fig. 2. As Dill (1938) concluded, probably 
correctly: "The capacity of the heart, as has already 
been suggested, is restricted at high altitude because 
of the deficiency in supply of oxygen to it" (p. 15). 
But the important point is that the heart never actu
ally develops an oxygen deficiency at altitude or at 
sea level; the governor acts to terminate exercise be
fore that deficiency becomes apparent. 

The final confirmation for the presence of this the
oretical governor comes from the study of Kayser et 
al. (1994). They showed that skeletal muscle recruit
ment, measured as skeletal muscle EMG activity at 
peak exercise, falls with increasing altitude, but in
creases acutely with oxygen administration. They 
conclude: "during chronic hypobaric hypoxia, the 
central nervous system may play a primary role in 
limiting exhaustive exercise and maximum accumu
lation of lactate in blood". This study therefore 
proves the existence of the neural effector limb of 
Hill's postulated governor (Fig. 4) and its activity 
during exercise at altitude. 

Interestingly, had the human body been designed 
to function according to the modern physiologists' 
cardiovascular/anaerobic model, which requires that 
anaerobiosis first develops in skeletal muscle before 
maximal exercise is terminated, no climber would 
ever have reached the summit of Mount Everest or 
other high mountains, even with the use of sup
plemental oxygen. Rather, all would have succumbed 
to a combination of myocardial ischaemia and cer
ebral hypoxia whilst their skeletal muscles were exer
cising vigorously and unrestrainedly, in pursuit of an
aerobiosis and fatigue, according to the model de
picted in Fig. I. 

Figure 4 therefore summarizes the hypothetical 
existence and action of the" governor", first proposed 
by A.Y. Hill. It is postulated that receptor(s) exist in 
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the heart, to assess the adequacy of any of all of the 
following: coronary blood flow, coronary oxygen de
livery or myocardial or coronary venous oxygen ten
sion. Before any of these reach some predetermined 
limit, the motor cortex in the brain reduces skeletal 
muscle activation. As a consequence, skeletal muscle 
recruitment either fails to rise further or it falls. limit
ing the work output of the body, indicating the onset 
of "fatigue". The fall in work output by the body 
reduces myocardial oxygen demand and, as a conse
quence, the threat of myocardial ischaemia is averted. 

Alternatively it may be that myocardial adenosine 
triphosphate (ATP) concentrations are sensed and 
"defended" in much the same way as appears to be 
the case for skeletal muscle, as discussed subsequently 
(Fitts 1994. Spriet et al. 1987). Reduction of myocar
dial ATP concentrations could lead directly to a re
duction in myocardial contractile force as occurs in 
"myocardial stunning" (Braunwald & Kloner 1982). 
This could explain the onset of cardiac failure during 
maximal exercise in persons with coronary artery dis
ease but could not explain why, at altitude, left ven
tricular function is enhanced during maximal exercise 
and shows no evidence for "fatigue". 

Accordingly, it is proposed that maximal exercise is 
limited by a regulated process that terminates exercise 
before the development of a progressive myocardial 
ischaemia, that would precede the development of 
skeletal muscle anaerobiosis. This model further pre
dicts that peak coronary blood flow is an important 
determinant of maximum exercise performance, and 
that interventions, including exercise training, that in
crease the maximum cardiac output probably also in
crease the maximum coronary blood flow, as their 
more important effect. 

But this model does not exclude the possibility that 
interventions could also improve exercise perform
ance by altering either skeletal muscle or myocardial 
contractile function or the efficiency of oxygen util
ization, or both (Fig. 5). 

Interestingly, the presence of a "governor" prevent
ing the development of anaerobiosis in either heart 
or skeletal muscle during exercise at altitude has in
teresting implications for theories of the value of ex
ercise training at altitude. For its presence means that 
any beneficial effect of altitude training cannot result 
from repeated exposure of either the heart or exercis
ing skeletal muscle to greater levels of "anaerobiosis" 
than can be achieved during maximal exercise at sea 
level. This might explain why there remains consider
able controversy about the proven value of high in
tensity training at altitude (Boning 1997). 

The additional paradoxes that (i) adaptation to ex
treme altitude is associated with reduced skeletal 
muscle mitochondrial volume and enzyme content 
(Green et al. 1989, Oelz et al. 1986, Hoppeler et al. 
1990); (ii) the skeletal muscle morphology of altitude-

Physiological models to study exercise 

What limits maximal exercise? 

,. _ ~ 1 Peak coronary blood now 

,''' Myocardial elTiciency t Myocanllal conlradility 

',.... t 
... - -I Maximum cardiac oulpul 

Skdetal nnade efDdeDCy t Skeletal mll.de conlnl~tillty 1 

t 
Peak achieyed workload al Umiling .. nil.., outpul 

Fig. 5. According to the HillfNoakes CardiovascularfNeural 
Model of Exercise Physiology and Athletic Performance, per
formance during maximal exercise is ultimately limited by the 
peak coronary blood flow. However, the actual workrate 
achieved at that peak coronary blood flow would be determined 
by the efficiency and contractility of both the heart and the 
active skeletal muscles. 

adapted Nepalese Sherpas is not different from that 
of acclimatized Caucasian climbers (Kayser et al.-
1991) except that (iii) the volume density of skeletal 
muscle mitochondria is significantly smaller in Sherp
as than in untrained sedentary subjects (Kayser et al. 
1991), can best be explained if exercise performance 
at altitude is more likely determined by factors pro
ducing superior oxygenation of the heart, than of the 
skeletal muscles. This model therefore predicts that 
coronary blood flow and perhaps cardiac mitochon
drial mass would be higher in high altitude natives 
and superior performers at high altitude. This would 
explain why high altitude natives achieve almost simi
lar cardiac outputs at sea level and at altitude (Vogel 
et al. 1974), indicating a lesser activation of the "gov
ernor" during exercise at altitude. 

Indeed the ability of high altitude natives to 
achieve high heart rates and cardiac outputs during 
exercise at altitude is associated with "relatively high 
oxygen tension and saturation" (Vogel et al. 1974) 
compatible with this postulate that superior myocar
dial oxygenation might be an important factor deter
mining exercise capacity at altitude. 

Prolonged submuximal (endurance) exercise 
Many physiologists, notably in the past (Bainbridge 
193 I, Hill 1927, Dill 1938) but even today (Bassett & 
Howley 1997), have used this cardiovascular/anaer
obic model also to explain the fatigue that develops 
during prolonged submaximal exercise and conse
quently have evoked changes in cardiovascular func
tion to explain the mechanisms by which exercise 
training improves (endurance) performance during 
prolonged submaximal exercise. 

Yet it is not entirely apparent why changes in the 
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Table 2. World rankings of male Kenyan runners in 1996 

Distance 

800 m 
1500 m 
5000 m 

10000 m 
3000 m steeplechase 
3000 m 

Marathon 

Rankings in world top 10 

1',4,6, 7, 10 
4,5,7,8 
1,7,8,9,10 
3,4,5,6 
1,2, 3, 4, 5,6,8, 9, 10 
1,3,4,5 
4,6 

• The naturalized Dane, Wilson Kipketer, is considered a Kenyan tor the 
purposes at this analysis. 

Table 3. Performances of Kenyans in the I.A.A.F. world cross-country 
championships (1986-1997) 

Kenyan Senior Men, 1st for the last 12 years (1986-1997) 
Kenyan Junior Men, 1st for the last 10 years (1988-1997) 
Kenyan Senior Women, 1 st 5 times in the last 7 years 
Kenyan Junior Women, 1 st 8 times in the last 9 years 
Total: 35 Championships in 49 competitions including 24 individual 

championships. 

maximum capacity to transport and utilize oxygen 
must also explain alterations in performance during 
submaximal exercise when oxygen transport cannot 
be limiting. An early proponent of this (il)logic was 
Sir Roger Bannister who wrote in 1956 that: "The 
muscular effort in long-distance running appears to 
be limited by cardio-respiratory failure as a whole 
and not by premature failure of any part of the inte
gration" (Bannister (956), 

The obvious point is that, whereas the cardiovascu
lar system could indeed set the limit for maximal ex
ercise performance because of a limiting capacity to 
increase blood flow first to the heart, and then to the 
active muscles, it is not clear why cardiovascular func
tion should limit prolonged submaximal exercise 
when blood flow and oxygen supply to muscle must 
be adequate. An Olympic analogy from my (African) 
continent highlights the issues that require debate, 

In the years since Wilson Kiprugut won Kenya's 
first Olympic medal by finishing third in the 800 m at 
the 1964 Olympic Games, the dominance by 
Africans, especially Kenyans. in distance running has 
become a phenomenon unequalled in any other sport 
in the world (Bale & Sang 1996, Tanser (997), Two 
measures of that dominance are provided by the 
world rankings of male Kenyan track runners in 1996 
(Tanser 1997) (Table 2) and of the performances of 
the men and women's team, both senior and junior, 
in the World Cross-Country championships over the 
past 12 years (Tanser 1997) (Table 3). Of particular 
interest is the almost total dominance of the 3000 m 
steeplechase by Kenyans (Table 2), Indeed in excess 
of 90"/0 of the 100 fastest-ever 3000 m steeplechase 
times in the world have been set by Kenyans. Any 
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physiological explanation for the Kenyan's success 
must be able also to explain why these physiological 
attributes, uniquely common in Kenyan runners, of
fer an even greater advantage in cross-country events 
and in the steeplechase, rather than at other distances 
in which repeated jumping and changes in speed do 
not occur, 

Two studies of Kenyan runners failed to provide a 
definitive physiological answer for their manifest su
periority as distance runners although two of the best 
Kenyan runners were the most efficient runners yet 
studied (Saltin 1996, Saltin et at. 1995a,b) (Fig. 6). 
The overriding conclusion was that the Kenyans' V02 

max values were not inordinately high; hence, a su
perior capacity for oxygen consumption during maxi
mum exercise did not explain the Kenyans' manifest 
superiority during more prolonged submaximal exer
cise. In the words of Bengt Saltin, the senior author: 
"A comparison of some data on some of the very 
best runners in Kenya during the last decades and 
world class runners in Scandinavia does not reveal 
much that was not already known or could be antici
pated" (Saltin 1996), 

The only other study of elite (South) African dis
tance runners is that of Coetzer et at. (1993). That 
study, which reported physiological data in the best 
group of distance runners yet evaluated anywhere in 
the world, has been largely ignored. for reasons that 
are not immediately clear. The sole weakness of the 
study was that the physiological characteristics of el-

Superior running economy and peak 
running speed of elite Kenyan runners 
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Fig. 6. In comparison to a group of elite Scandinavian runners 
(the highest running curve), the running economy (V02 at any 
running speed) of former world marathon record holder, Derek 
Clayton. and two of the greatest Kenyan runners, Julius Korir 
and John Ngugi, is substantially better. The Biomechanical 
Model of Exercise Physiology and Athletic Performance pre
dicts that superior running economy would aid elite athletic 
performance by reducing both the rate at which heat is pro
duced during exercise as well as the extent to which Stretch 
Shortening Cycle Fatigue develops during both training and 
racing. This theory predicts that the superior running ability of 
the Kenyans may relate. at least in part. to characteristics of 
their skeletal muscle and tendon elasticit} (see also Fig. 12). 
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Table 4. Characteristics of elite South African distance runners 

Height (cm) 
Weight (kg) 
Aerobic capacity (milko/min) 
Fatigue resistance (% VO, max for 21 km) 
Muscle fibre composition ('to Type I) 

·P=<0.05. 
Data from Coetzer et al. 1993. 

Middle 
distance 

181 
70 
72 
82 
63 

Long 
distance 

16S-
56-
71 
SO' 
53 

ite black South African distance runners were, per
force, compared to those of white South African 
middle distance runners. This comparison group was 
not ideal but was necessary because no other readily 
available group could match the performances of the 
black distance runners at any distance over 5 km. But 
the performances of the black and white runners in 
that study were at least equal in races of 1-3 km. 
Table 4 lists the important findings of that study. 

The black distance runners were lighter and 
smaller, as also reported by Saltin (1996), with a 
slightly lower proportion of type I muscle fibres. But 
the key finding was that the black runners were able 
to run substantially faster at all distances beyond 5 
km despite VOz max values that were the same as 
those of the middle distance runners. Hence the car
diovascular/anaerobic model failed to explain the su
perior endurance capacity of the black distancc run
ners in that study and perhaps also in the studies of 
Saltin and colleagues (Saltin 1996, Saltin et al. 
1995a.b). 

Rather, the important difference was that the black 
runners were able to sustain a substantially higher 
proportion of their V02 max when racing. This is 
shown graphically in Fig. 7, which compares the 'Yo 
V02 max sustained by the black and white runners 
at different racing distances. At distances beyond 5 
km. black runners sustained a significantly higher 0;', 

V02 max than did the white runners and the difTer
ence increased with increasing racing distance. Thus. 
the crucial finding was that the black distance run
ners have superior fatigue resistance, not a higher 
aerobic capacity (V02 max). Hence factors distal to 
the heart, perhaps in the brain or in the muscles. ap
pear to distinguish the very best runners in the world 
from those who are almost as good. 

Interestingly, physiologists have known for at least 
two decades that the % V02 max that athletes can 
sustain during exercise is an important predictor of 
performance (Costill et al. 1973. Davies & Thompson 
1979). Yet we have perhaps failed to emphasize. prob
ably because of a devotion to the cardiovascular/an
aerobic model, that this is likely to be a more import
ant determinant of performance in prolonged exer-

Physiological models to study exercise 

cise than is the VOz max alone. Furthermore. it has 
not been appreciated that the 'X. V02 max sustained 
during exercise is a measure of the athlete's resistance 
to fatigue. 

Hence, the important finding of that study was to 
show that the cardiovascular/anaerobic model may be 
unable to discriminate between very good and su
perior performance in events lasting more than a few 
minutes and which constitute the bulk of sporting 
events. It is consistent with the finding that the V02 
max is a relatively poor predictor of endurance per
formance in athletes whose abilities are relatively 
homogenous (Noakes 1988. 1997, 1998. Davies & 
Thompson 1979, Noakes et al. 1990). The failure 
stems from the inability of this model to measure or 
predict fatigue resistance during prolonged submaxi
mal exercise on the basis of physiological variables 
and performance measured during a single bout of 
progressive, maximal exercise to exhaustion. This 
confirms that the V02 max test does not measure all 
the physiological variables determining success dur
ing more prolonged exercise. 

Further support for this explanation can be sur
mised from other information in Fig. 7, which shows 
that these athletes run at 100% or greater of their 
V02 max in race distances of 1-2 km. Yet it is not at 
those distances that the Kenyans' dominance is most 
apparent. If the Kenyans' success was due to their 
unusually high V02 max values. one would expect 
Kenyans also to be dominant at race distances of 800 
m to the mile, which is not the case (Table 2). 

Indeed, comparison of the performances of the 
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Fig. 7. The % V02 max sustained by elite South African black 
and white distance runners falls with increasing racing distance. 
However. black runners sustain a significantly higher % V02 
max at raCe distances of 10 km and 21 km, indicating superior 
fatigue resistance. Such superiority cannot be explained by the 
Cardiovascular/Anaerobic Model of Exercise Physiology and 
Athletic Performance a, V02 max values of black and white 
athletes in this study (Coetzer et al. 1993) were the same. 
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great British runner, Sebastian Coe, with those of a 
current Kenyan champion, Daniel Komen, provides 
further evidence for this interpretation. Remarkably, 
Komen's best time for the mile is I s faster than Coe's 
best. Yet the real performance difference occurs at 5 
km: Komen's best time is 83 s faster than Coe's best, 
a performance difference of 10%. 

In summary, there are serious theoretical flaws in 
the proposed cardiovascular/anaerobic model of exer
cise physiology and athletic performance (Noakes 
1998), not least because the model predicts that a 
"plateau" in cardiac output must develop before skel
etal muscle anaerobiosis can begin to occur. But any 
"plateau" in cardiac output requires that myocardial 
ischaemia be present either to cause that plateau (ac
cording to the theory that anaerobiosis limits muscle 
function) or as a result of it, as the cardiac output 
determines both coronary and skeletal muscle blood 
flow. As myocardial ischaemia has never been shown 
to develop during maximal exercise in healthy 
humans, so it would seem unlikely that skeletal 
muscle anaerobiosis can develop during progressive 
exercise to exhaustion (Noakes 1998). Rather, it 
would seem that "fatigue" during maximal exercise 
of short duration is part of a regulated neural process 
that prevents the development of myocardial isch
aemia during maximal exercise. 

Whilst this mechanism is designed to protect the 
heart from myocardial ischaemia, only indirectly does 
it determine the actual peak work rate achieved dur
ing maximal exercise (Fig. 5). The actual peak work
rate achieved will depend on the "quality" of the skel
etal and cardiac muscle. Superior myocardial contrac
tility and efficiency of oxygen use would increase the 
maximum cardiac output achieved at any maximum 
(limiting) coronary flow. Similarly at any maximum 
skeletal muscle blood flow, superior contractility and 
efficiency of skeletal muscle contraction would in
crease the peak workrate achieved at that maximum 
cardiac output. This hypothesis forms what might be 
called the CardiovascularlNeural Recruitment Model 
of Exercise Physiology and Athletic Performance. 

Thus, this analysis of the traditional cardiovascu
lar/anaerobic model of exercise performance leads to 
the alternate hypothesis that superior fatigue resis
tance, determined perhaps by the central nervous sys
tem or skeletal muscle contractile function, might ex
plain superior performance in events lasting more 
than a few minutes. This superior fatigue resistance 
cannot be predicted by the cardiovascular/anaerobic 
model which uses exercise tests of short duration and 
in which the fatigue resistance component of endur
ance performance is not measured. By extension, it 
would seem that fatigue resistance is not causally de
termined by the magnitude of the athlete's cardio
vascular capacity. There is also no logical reason to 
believe that fatigue resistance during submaximal ex-
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ercise is determined by either the presence or absencf 
of skeletal muscle anaerobiosis. 

Accordingly, changes in exercise performance that 
result from endurance training are unlikely to be de
termined solely by changes in cardiovascular func
tion, with the exception that increases in maximum 
coronary blood flow would likely be crucial for any 
increases in maximal cardiac output and hence in 
VOz max. It is of interest that the vasodilator ca
pacity of the major epicardial coronary vessel is 
greatly increased in veteran long distance runners 
(Haskell et al. 1993). Perhaps this indicates that an 
important effect of endurance training, possibly at 
some critical growth periods, may be to increase 
maximum coronary blood Row as shown in animal 
models (Scheuer & Tipton 1997). 

Tile energy supply/energy depletion model 

The energy supply model 
The central premise in the cardiovascular/anaerobic 
model is that it is the provision of a substrate (oxy
gen) to muscle that limits exercise performance so 
that fatigue is a direct consequence of a failure of 
oxygen delivery to the exercising muscles. A subtle 
extension of this idea produces a second model which 
proposes that fatigue during high intensity exercise 
may, alternatively, result from the inability to supply 
another substrate (ATP) at rates sufficiently fast to 
sustain exercise. Nobel Laureate A. V. Hill, whose re
search in the 1920s was directly responsible for the 
development of the cardiovascular/anaerobic model 
of exercise performance, also wrote: "The fact re
mains, however, that the chief factor in many forms 
of athletic achievement is the supply of energy and 
its proper and economic utilization" (Hill 1927, p. 
237). Dr Peter Snell, Olympic Gold medallist in the 
800 and 1500 m and former world record holder has 
stated similarly: "Performance in middle and (long) 
distance running ultimately depends upon the run
ner's capacity to produce energy for the duration of 
the event, and on the efficiency with which that en
ergy is translated to running velocity. Thus the pur
pose of training is to improve the energy delivery sys
tems, according to the demands of the event and to 
improve running economy" (Snell 1997). 

Thus, this model predicts that performance in 
events of different durations is determined by the ca
pacity to produce energy (ATP) by the different meta
bolic pathways including the phosphagens, oxygen
independent glycolysis, aerobic glycolysis and aerobic 
lipolysis. Superior performance is then explained by 
a greater capacity to generate ATP in the specific 
metabolic pathway(s) that predominates during that 
activity. Thus, the sprinter is assumed to have a 
greater capacity to generate ATP from the intramus
cular phosphagen stores and from oxygen-indepen-
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dent glycolysis, whereas the ultramarathon runner 
has a superior capacity to oxidize fat (aerobic lipoly
sis) (Hawley & Hopkins 1995). 

Whether this hypothesis is true is uncertain as it 
has yet to be systematically evaluated. To prove this 
model would require (i) that the metabolic capacities 
of these different pathways be shown to be causally 
related to performance in events lasting the different 
durations; (ii) that the specific metabolic pathways be 
shown to adapt predictably with specific training, and 
(iii) that these adaptations alone explain the changes 
in performance that result from training with exer
cises lasting the different durations. Until these 
studies are completed, this model remains hypotheti
cal, but interesting. It must be remembered that the 
truth of this model would need to disprove the op
posing model, described in the previous section, 
which holds that maximal exercise performance is a 
regulated process limited by a failure of central neural 
recruitment. Fatigue at exhaustion, caused by a fail
ure of central recruitment, will always appear to be 
due to a failure of ATP production unless the alter
nate possibility is studied (and excluded) simul
taneously. 

The argument against this model has been intro
duced elsewhere (Noakes 1997). In short, the predic
tion of this model is that exercise must terminate 
when muscle ATP depletion occurs (Fitts 1994), that 
is when the muscle develops rigor. Yet here again, the 
evidence appears clear. ATP concentrations. even in 
muscles forced to contract under ischaemic con
ditions, do not drop below about 60% of resting 
values (Fitts 1994, Spriet et al. 1987, Hochachka 
1994) indicating that muscle ATP concentrations are 
"defended" in order to prevent the development of 
skeletal muscle rigor. As Fi Its (\ 994) has concluded: 
"The overriding evidence suggests that (the high en
ergy phosphates) do not participate in the fatigue 
process; that fatigue produced by other factors re
duces the ATP utilization rate before ATP becomes 
limiting. The most compelling evidence for this con
clusion is that cell ATP rarely falls below 70% of the 
pre-exercise level, even in cases of exercise fatigue" (p. 
82). 

Hence, is appears that the rate of ATP demand by 
the contracting muscles can never exceed the maxi
mum rate of ATP supply because of the close 
matching of ATP demand to the available ATP sup
ply (Spriet et al. 1987, Hochachka 1994). 

There is an obvious analogy to the centrally situ
ated neural "governor" that prevents the develop
ment of myocardial ischaemia during maximal exer
cise at either sea level or altitude. The difference is 
that the "governor" identified by Spriet et al. (1987) 
is clearly located in the periphery and acts even in 
muscles stimulated to contract with an externally ap
plied current. 

Physiological models to study exercise 

It is of interest that the presence of this peripheral 
"governor" is an essential component of the cardio
vascular/anaerobic model as originally conceived 
from the work of Hill and his colleagues, and still 
widely promoted (Fig. I). This hypothesis holds that 
when the rate of ATP production by oxidative sources 
becomes inadequate, high rates of "anaerobic" glyco
lytic ATP production produce metabolites, particu
larly H +, which interfere with energy production and 
cross-bridge cycling causing fatigue and a failure of 
muscle contraction (Fitts 1994). In this way, muscle 
contraction fails not because of a failure of central 
recruitment (as predicted by the Cardiovascular/Neu
ral Recruitment Model - previous section), but be
cause of a peripherally located inhibition of muscular 
contraction. Proponents of this model can cite a large 
body of evidence showing that a number of metabo
lites can interfere with muscle cross-bridge cycling 
measured in vitro in isolated muscle fibres (Fitts 
1994). The necessary assumption is that skeletal 
muscle contracting in vitro in the absence of an intact 
neural system behaves exactly as it would in vivo 
when the influences from the central nervous system 
are intact. But there is a body of evidence that is not 
compatible with these assumptions and conclusions. 

For example, one of the few studies to evaluate 
critically this hypothesis that metabolites, particu
larly H+, can induce skeletal muscle fatigue, is that 
of Mannion et a1. (1995). They found that there is a 
wide range of muscle pH concentrations reached at 
exhaustion during intense exercise showing that if an 
accumulation of H+ limits high intensity exercise in 
vivo, then "considerable interindividual differences 
must exist in the pH sensitivities of the various pro
cesses involved" (Mannion et al. 1995, p. 98). 

Next, they found that in contrast to the prediction 
from in vitro studies, subjects with the highest pro
portion of type II muscle fibres were able to exercise 
to the lowest muscle pH concentrations. In contrast, 
in vitro studies have suggested that type I muscle 
fibres are more resistant to acidosis than are type II 
fibres. Finally, the authors found that subjects with 
a greater skeletal muscle buffering capacity did not 
accumulate more lactate during maximal exercise; 
nor were they able to exercise for longer than did 
those with lesser muscle buffering capacity. They con
cluded that "if acidosis makes any contribution to the 
fatigue during performance of this (high intensity) 
type of exercise, it is an indirect one ... ". 

One possibility is that such exercise is terminated 
by a central governor responding to factors other 
than skeletal muscle pH. Cnder these circumstances 
there would be no relationship between the onset of 
fatigue and muscle acidosis. This would not negate 
the established finding that in vivo, acidosis inhibits 
crossbridge cycling (Fitts 1994). It would mean only 
that this mechanism is not relevant in exercising 
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humans, perhaps because exercise terminates for 
other reasons, in particular to prevent the develop
ment of myocardial ischaemia, before the limiting 
skeletal muscle pH is reached. 

Other relevant findings include the study of Bog
danis et al. (1995), who showed that recovery of 
muscle function following maximal sprint cycling ex
ercise was related to recovery of muscle phospho
creatine concentrations and unrelated to muscle pH 
concentrations during recovery. In addition, Voiles tad 
et al. (1988) showed that the gradual decline in maxi
mum force generation in subjects performing re
peated submaximal contractions for 40-70 min was 
"not due to lactacidosis or lack of substrates for ATP 
resynthesis and must have resulted from excitation! 
contraction coupling failure ... ". Yet terminal exhaus
tion was associated with depletion of intramuscular 
phosphagen stores, but without evidence for acidosis. 

In summary, a metabolic basis limiting high inten
sity exercise of short duration is widely assumed but 
incompletely documented. There is a need to estab
lish whether those metabolic factors that appear to 
limit muscle function in vitro also playa role in vivo 
when the muscle is also under the influence of the 
central nervous system. Thus, the possible contri
bution of neural factors to this form of fatigue needs 
to be excluded before results from in vitro studies are 
extrapolated, without qualification, to the in vivo 
condition. 

The energy depletion model 
The related energy depletion model of exercise per
formance is specific for exercise lasting more than 2-
3 h. It holds, in essence, that: "Depletion of endoge
nous carbohydrate stores has been shown to be a lim
iting factor in the ability to perform long term exer
cise" (Costill et al. 1973). The findings that support 
this conclusion are (i) that fatigue during prolonged 
exercise is associated with depletion of liver (causing 
hypoglycaemia) or muscle glycogen stores (Fitts 1994, 
Bosch et a1. 1993, Coggan & Coyle 1987, Coyle et al. 
1986, Tsintzas et al. 1996), or both; (ii) that reversal 
of hypoglycaemia allows exercise to continue 
(Coggan & Coyle 1987, Coyle et al. 1986, Tsintzas et 
al. 1996, Christensen & Hansen 1939) and (iii) that 
pre-exercise muscle glycogen supercompensation 
(carbohydrate-loading) (Hawley et al. 1997) or carbo
hydrate ingestion during exercise (Coyle et al. 1986), 
or both (Bosch et al. 1996), delays the onset of fatigue 
and improves exercise performance. 

However, it must be remembered that relatively few 
carbohydrate-loading studies have been conducted 
with an adequate placebo control group. It seems 
highly improbable that neither athletes nor re
searchers are completely unaware of the widely re
ported benefits of carbohydrate-loading and that 
such knowledge is without effect on the findings of 
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these trials. Indeed, two of the first such trials which 
included adequate placebo-controlled groups have 
both failed to find any ergogenic effect of pre-exercise 
carbohydrate loading (Burke et al. 1999, Hawley et 
al. 1997) under experimental conditions when such 
an effect might have been expected. 

The finding that the reversal of hypoglycaemia 
alone allows exercise performance to continue 
(Coggan & Coyle 1987, Christensen & Hansen 1939) 
proves conclusively that liver glycogen depletion is 
one form of energy (carbohydrate) depletion that can 
definitely limit exercise performance. Interestingly, 
the rapidity with which the reversal of hypoglycaemia 
restores exercise performance indicates that a central 
neural "governor" must be active, similar to that acti
vated during high intensity exercise at altitude. How
ever, this control would be activated by changes in 
blood glucose concentrations and would act to pre
vent continuing high rates of muscle contraction and 
blood glucose oxidation that would further reduce 
the blood glucose concentration, risking hypogly
caemic cerebral damage. 

But, in as much as no technique has yet been de
vised that will instantly reverse muscle glycogen de
pletion, in the same way that intravenous glucose in
fusion or oral glucose ingestion rapidly reverses hy
poglycaemia, so it is impossible to prove conclusively 
that muscle glycogen depletion alone limits prolonged 
exercise performance. It needs to be remembered that 
there are many physiological changes besides muscle 
glycogen depletion that develop during exercise, and 
that any or all of these could contribute to, or cause 
fatigue during prolonged exercise. In addition, rela
tively little attention has been paid to the possible 
role of central (neural) fatigue (Davis & Bailey 1997) 
as the factor limiting prolonged exercise when muscle 
glycogen concentrations are also very low. Future 
studies of the energy depletion model need to show 
that central neural factors do not cause the fatigue 
currently ascribed to the development of muscle gly
cogen depletion during prolonged exercise. 

Thus. the belief that muscle glycogen depletion 
causes fatigue is an interesting hypothesis that is sup
ported logically by the findings that subjects who are 
exhausted during prolonged exercise develop very low 
muscle glycogen content (Fitts 1994, Bosch et at. 
1993, Tsintzas et al. 1996, Burke et al. 1999), and that 
muscle glycogen is the metabolic fuel required for sus
tained high intensity exercise (Bosch et al. 1993). It 
would seem logical to assume that the two are caus
ally linked at exhaustion during prolonged exercise; 
namely, that the near absence of muscle glycogen in 
exhausted subjects explains why they are unable to 
maintain, let alone increase. their exercise intensity at 
exhaustion. The finding that the vast majority of the 
modern and historical carbohydrate-loading studies 
show that this technique improves endurance per-
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rormance, presumably by increasing muscle glycogen 
utilization and delaying the onset of terminal muscle 
glycogen depletion, strongly supports the theory 
(Hawley et al. 1997). However, the possibility that 
part or all of these findings could also result from 
a placebo effect, acting through the central nervous 
system, needs to be considered (Burke et al. 1999). In 
addition, it is unclear how the inability to produce 
ATP at sufficiently high rates from one fuel source 
can explain this form of fatigue, given that skeletal 
muscle ATP concentrations remain high at exhaus
tion (as they do in all other forms of exhaustion 
(Fitts 1994». 

Nevertheless, there is a body of evidence that con
flicts with the predictions of this hypothesis. For ex
ample, the classic study of Coyle et al. (1986) showed 
that athletes ingesting carbohydrate terminated exer
cise after 4 h when their muscle glycogen concen
trations and rates of carbohydrate oxidation were the 
same as values measured I h earlier when the athletes 
were not exhausted. Another study found that ath
letes who adapted to a high fat diet were able to exer
cise to significantly lower muscle glycogen concen
tIations at exhaustion than when they were carbo
hydrate adapted (Lambert et al. 1994). 

Conversely, He1ge et al. (1996) showed that pre
viously untrained subjects who trained on a high fat 
diet for 7 weeks before switching to a high carbo
hydrate diet for one week increased their pre-exercise 
muscle glycogen concentrations by 44% with only a 
small further increase in performance between the 
seventh and eighth weeks of the trial. Furthermore, 
performance was still substantially worse in fat
adapted subjects than it was in subjects who trained 
for 8 weeks on a high carbohydrate diet and whose 
pre-exercise muscle glycogen concentrations were 
32% lower than fat-adapted athletes exposed to a 
high carbohydrate diet for one week. 

In addition, exercise performance evaluated on 3 
occasions in both dietary groups terminated before 
there was marked muscle glycogen depletion. The 
authors concluded: "Factors other than carbohydrate 
availability are responsible for the differences in en
durance time between the groups" (p. 303); and 
"These observations also indicate that fatigue during 
prolonged moderately intense exercise does not al
ways seem to be closely related to glycogen depletion, 
as is usually stated" (Christensen & Hansen 1939, 
Bergstrom et al. 1967). In his extensive review, Fitts 
(1994) similarly concludes: "It seems unlikely that 
muscle glycogen depletion, low blood glucose, and 
the resultant decline in carbohydrate oxidation is an 
exclusive fatigue factor during prolonged exercise". 
He does, however, acknowledge that "a possibility 
exists that muscle glycogen depletion is causative in 
fatigue via a mechanism independent of its role in 
energy production" (p. 83). 

Physiological models to study exercise 

In addition, to my knowledge, no study has yet es
tablished that training improves endurance perform
ance exclusively by increasing body carbohydrate 
stores and by delaying the onset of carbohydrate de
pletion during prolonged exercise in humans, al
though this finding has been reported in rats (Fitts et 
al. 1975) whose metabolism is substantially different 
from that of humans. 

Similarly, it is currently difficult to explain perform
ance in ultra-endurance events, especially the final 42 
km running leg of the 226 \an lronman triathlon 
events according to this model, which holds that exer
cise of moderately high intensity is not possible once 
there is marked muscle glycogen depletion. After cyc
ling at 40 km' h- 1 for 4.5 h, the lead cyclists would be 
expected to have near total muscle glycogen depletion 
according to data from laboratory studies (Bosch et al. 
1993). Yet the best performers in that event are able to 
run at close to 16 km' h- 1 for a further 160 min. This 
probably represents an exercise intensity of >66% V02 
max. The studies of Rauch et aI. (1998) and O'Brien 
et aI. (1993) suggest that total carbohydrate oxidation 
during very prolonged exercise of up to 6 h duration 
exceeds the estimated carbohydrate stores in liver and 
active muscle by up to 100%. Either these calculations 
are incorrect, or other sources of carbohydrate, in ad
dition to those in the active muscles and liver, must 
contribute to fuel oxidation in events lasting more than 
4-6 h. One possibility is that lactate oxidation of glyco
gen stored in the inactive skeletal muscles contributes 
a substantial additional amount to fuel use during very 
prolonged exercise (Rauch et al. 1998). How increased 
lactate oxidation contributes to performance is not 
known. 

Similarly, provision of carbohydrate at high rates 
intravenously (Coggan & Coyle 1987) cannot extend 
exercise performance indefinitely. Whilst this could 
support the argument that muscle glycogen is the im
portant carbohydrate source limiting exercise per
formance, the alternate possibility is that another 
factor, unrelated to depletion of body carbohydrate 
stores, perhaps a rising body temperature discussed 
subsequently, or central neural fatigue induced by 
other factors, may also limit endurance performance. 

Perhaps there is a necessary rate of carbohydrate 
oxidation that is required to sustain a specific exercise 
intensity and that progressive whole body carbo
hydrate depletion lowers that rate, inducing fatigue. 
If this is correct, then fatigue resistance during pro
longed exercise could be due to the capacity to sus
tain a higher rate of carbohydrate oxidation, and 
hence a higher respiratory quotient (RQ) during pro
longed exercise. Again, this model suffers from the 
persisting logical impasse that a failure to generate 
ATP sufficiently rapidly must cause exercise to ter
minate because of muscle ATP depletion and rigor, a 
phenomenon which does not occur (Fitts 1994). 
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Fig, 8. Laboratory simulation suggests that an elite cyclist cyc
ling 180 km in 4 h 30 min would cycle at an oxygen consump
tion of 57 mllkglmin. Based on the mcasured contribulion of 
fat and carbohydrate oxidation to this energy requirement (col
umns on the left of the figure). this would require the oxidation 
of about 700 g of carbohydrate and 175 g offal. This compares 
to Ihe predicted maximum body stores of 520 g of carbohydrate 
and 5000 g offat in an elite triathletc. Hence this model predicts 
that the elite triathlete must commence the running leg of the 
triathlon with very low or absent whole body carbohydrate 
stores, 

An equally plausible alternate theory postulates 
that superior endurance capacity may be determined 
by the exact opposite; by a superior capacity to oxid
ize fat and hence maintain a lower RQ during pro
longed exercise. The latter possibility is supported by 
at least some evidence. In the studies of Bosch et al. 
(1993). those athletes unable to complete 3 h of exer
cise at 70°;') V02 max after carbohydrate-loading had 
significantly higher RQ during exercise and were 
therefore characterized by an inability to sustain high 
rates of fat oxidation during prolonged exercise. In
deed, simulated metabolic balance studies for the 226 
km Hawaiian lronman triathlon suggest it to be very 
likely that the capacity to oxidize fat at high rates will 
influence running speed late in the race when calcu
lations suggest that muscle glycogen stores are likely 
to be depleted. 

Figure 8 shows the expected energy metabolism 
during 4.5 h cycling at an oxygen consumption of 57 
ml/kglmin. This is equivalent to cycling at 40 kmlh 
and completing the 180 km cycle leg of the lronman 
triathlon in the time necessary to be amongst the race 
leaders. The data for this simulation come from lab
oratory data measured on elite South African cyclists 
(I. Rodger. Unpublished data). 

The simulation predicts that after 4.5 h of cycling 
an elite male lronman triathlete would be expected to 
have oxidized about 700 g of carbohydrate and 175 g 
of fat. This compares to predicted whole body carbo
hydrate and fat stores of 520 g and 5000 g, respec
tively. Hence this model predicts that, at the end of 
the cycle leg, an elite athlete would have depleted his 
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body carbohydrate stores, yet must still run 42.2 km 
at close to 16 km/h if he wishes to be successful. 

Our other laboratory data suggest that after 4.5 h 
of such exercise, the carbohydrate contribution to 
whole body energy metabolism would comprise a 
blood glucose oxidation rate of 1.2 glmin (21 kJ/min) 
and a lactate oxidation rate of 0.6 glmin (10.5 kJI 
min). Together with the average maximum rate of fat 
oxidation that we have measured after 6 h of labora
tory cycling (0.76 glmin; 28 kJ/min), this provides a 
total rate of energy production of 59.5 kJ/min. This 
would provide energy at a rate sufficient to sustain a 
running speed of approximately 12 km/h, sufficient 
to complete the 42 km marathon leg of the lronman 
triathlon in 3 h 30 min (Fig. 9). To equal the best 
marathon time yet run in that race, the athlete would 
be required to oxidize fat at a rate of 1.15 glmin (Fig. 
10). This rate is approximately 50% faster than we 
have measured in cyclists in our laboratory. 

Accordingly, if this metabolic model of fatigue in 
the lronman triathlon is correct, then the difference 
between running the final marathon in 2 h 40 min 
versus 3 h 30 min may simply be a 51% (0.4 glminl 

Ironman simulation 
(..J'~;"i') 'lO En'(lJ,:z.')lnd Til rw. 42.2 bI ill .. Y011JU11' 

Ih40ml. 53 66 74 

3bOOmin 48 60 65 
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Energy comes rrom oJddation (g/mln) of: 
BloodGI ...... Loda .. Fa. 

1 cimini 1.1 

I 
0.6 

I 
0.76 

11 10.5 2M kJ/mio 

3h30mln 42.2 km 159.5 k.Ilmin 

Fig, 9, The top panel of this figul't! shows the oxygen require
ment (V02). the exercise intensity (% V02 max) and the rates 
of energy expenditure that would be sustained by a world-class 
athlete completing the final 42.2 km marathon running leg of 
the Ironman triathlon in times of either 2 h 40 min; 3 h 00 min; 
or 3 h 30 min. Laboratory studies suggest that after a 3,8 km 
swim and a 180 km cycle. the athlete's body carbohydrate stores 
would be depleted so that energy for the running leg would 
come from oxidation of (mainly ingested) blood glucose, blood 
lactate and from circulating free fatty acids derived from muscle 
and adipose tissue triglyceride. To complete the marathon run
ning leg of the Ironman triathlon in 3 h 30 min, the alhlete 
would have to sustain a V02 of 42 mllkglmin (52% V02 max). 
equivalent to an energy expenditure of 59.5 kJ/min, Laboratory 
simulations (Fig. 8) suggest that under these conditions of near 
total carbohydrate depletion, peak glucose oxidation rates are 
1.2 glmin and peak lactate (from glycogen) oxidation rates are 
0.6 glmin. If these data for the maximum capacity to oxidize 
glucose and lactate in the carbohydrate-<lepleted state are cor
rect. then 10 sustain the rate of energy expenditure necessary to 
run the marathon in 03:30:00, the carbohydrate-depleted tri
athlete must oxidize fat at a rate of 0.76 glmin, 
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Fig. 10. To complete the marathon running leg of the Ironman 
triathlon in 2 h 40 min, currently the fastest running time yet 
recorded in the Hawaiian lronman triathlon, the athlete would 
have to sustain a V02 of 53 mllkgfmin (66% V02 max), equiva
lent to an energy expenditure of 74 kJ/min. If the maximum 
capacity to oxidize glucose and lactate in the carbohydrate-de-
pleted state is unchanged from values given in Fig. 9, then to 
sustain such a higlt rate of energy expenditure, the athlete must 
oxidize fat at a rate of 1.15 gfmin. This model predicts that the 
superior ability of the elite Ironman triathlete may result from 
a much greater (approximately 50%) capacity to oxidize fat 
than has been measured in our laboratory experiments of very 
prolonged laboratory exercise involving sub-elite athletes 
(Rauch et a!. 1998). 

greater capacity to oxidize fat when body carbo
hydrate and, especially, muscle glycogen stores are 
depleted. Of course, this model does not negate the 
requirement that such high rates of fat oxidation 
can only be achieved if the central nervous system 
continues to recruit an appropriately large number 
of muscle fibres able to produce an appropriate 
force. 

In summary, the human body has a limited ca
pacity to store carbohydrates. In addition, high rates 
of carbohydrate oxidation are necessary to sustain 
high rates of energy expenditure (in the fed state). 
Furthermore, studies of very prolonged exercise (6 h) 
show that rates of carbohydrate oxidation remain 
high in athletes who ingest appropriate amounts of 
carbohydrate during exercise (Rauch et at. 1998). As 
both muscle and liver glycogen depletion occur in the 
fatigued state, it has popularly been assumed that 
there is a direct causal relationship between, espe
cially, muscle glycogen depletion and the develop
ment of fatigue during prolonged exercise. Yet some 
findings suggest that this relationship may not be 
strictly causal under all circumstances. In addition is 
the logical impasse which requires that any energy 
depletion model predicts that exercise must terminate 
when muscle ATP depletion occurs, leading to muscle 
rigor. In the absence of such evidence. it would seem 
that factors in addition to depletion of body carbo
hydrate store may contribute to, or even cause, fa
tigue during prolonged exercise. 

Physiological models to study exercise 

At present, no study has conclusively established 
that training-induced changes in the capacity to store 
and metabolize carbohydrate during prolonged exer
cise are causally related to training-induced changes 
in performance in humans, although this relationship 
is frequently assumed. The alternate possibility is 
that the capacity to oxidize fat at high rates when 
body carbohydrate stores are depleted, may delay fa
tigue and determine performance during exercise of 
moderately high intensity that lasts more than 4 h 
and is typified by ultradistance running and triathlon 
events (Fig. 8-10). 

In this regard, the "crossover" concept of Brooks 
and Mercier (1994) is of particular interest. These 
authors argue that fuel choice during exercise 
"crosses over" from predominantly fat to exclUsively 
carbohydrate at exercise intensities above about 80% 
V02 max. They conclude that training produces dif
ferent effects depending on the intensity of the exer
cise being evaluated. At exercise intensities below 
their "crossover" point, training increases fat oxi
dation whereas at higher exercise intensities, training 
increases the capacity to burn carbohydrates. Accord
ing to their concept, exercise at higher intensities 
(>70% V02 max) would be limited as an example of 
energy supply limitations (an inability to sustain high 
rates of carbohydrate oxidation), whereas exercise at 
lower intensities would be limited by muscle glycogen 
depletion. In fact the models are identical - according 
to the energy (muscle glycogen) depletion model, fa
tigue results from an inability to supply ATP suffi
ciently rapidly from fat oxidation (failure of energy 
supply from fat oxidation). The opposite pertains 
during high intensity exercise. In fact, as argued here 
and elsewhere (Fitts 1994), both the energy supply 
and the energy depletion models predict that muscle 
ATP depletion limits exercise. This does not occur; 
hence, the models must be too simplistic to explain 
what has been found. 

The muscle recruitment (central fatigue)/muscle power 
model 

The two previous models are based on the assump
tion that it is either the delivery of substrate either 
in blood (oxygen) or via the glycolytic and oxidative 
pathways (ATP) that limits exercise performance. The 
steps of (i1)logic that have influenced these assump
tions have been described (Noakes 1997, 1998). It re
mains difficult to prove whether or not either of these 
models is correct. Yet both continue to dominate, per
haps subconsciously, research and teaching in the ex
ercise sciences, often to the exclusion of competing 
possibilities. 

An alternate view is that it is not the rate of supply 
of substrate, either oxygen or fuel, to muscle that lim
its its performance but rather the processes involved 
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in skeletal muscle recruitment, excitation and con
traction. 

A failure of central nervous system recruitment of 
skeletal muscle forms the basis for the "central (ner
vous system) fatigue" hypothesis (Davis & Bailey 
1997). This model holds that the brain concentration 
of serotonin (and perhaps other neurotransmitters, 
including dopamine and acetylcholine) alters the den
sity of the neural impulses reaching the exercising 
muscles, thereby influencing the rate at which fatigue 
develops, especially during exercise. Alternatively, 
there may be inhibitory reflexes arising from the exer
cising muscles and which feedback to the spinal cord, 
reducing skeletal muscle recruitment at the level of 
the a-motoneuron. The evidence for both mechan
isms has been extensively reviewed (Davis & Bailey 
1997). 

In brief, a number of studies indicate that manipu
lation of central nervous system neurotransmitter 
concentrations, in particular increasing dopamine 
and reducing serotonin concentrations, can enhance 
exercise performance whereas the opposite impairs 
performance. In addition, there is direct evidence for 
reduced central neural drive to muscle after fatiguing 
muscle contractions (Behm & St-Pierre 1997, Baker 
et al. 1993, Newham et al. 1991). This evidence is 
sufficiently persuasive to believe that central nervous 
system fatigue contributes to fatigue during pro
longed exercise lasting tens of minutes to hours. 

The clear evidence that fatigue at high altitude is 
caused by reduced central nervous system recruit
ment of the exercising muscles has been described. It 
is very likely that the fatigue that occurs during exer
cise in the heat is also likely limited by a failure of 
central recruitment as this form of fatigue cannot be 
explained by any other model. Thus, there is now 
substantive evidence that each athlete can store only 
some limiting amount of heat before being forced to 
reduce the exercise intensity or alternatively cease ex
ercising altogether (Nielsen et al. 1990, 1993, 1997). 
There is no evidence from these studies that exhaus
tion under these conditions is associated with either 
skeletal muscle "anaerobiosis" or energy depletion. 
Rather, that it is either the total heat accumulated or 
its rate of accumulation that limits exercise is con
firmed by intervention studies which show that pre
cooling improves performance (Nielsen et al. 1997, 
Booth et al. 1997) whereas pre-heating has the op
posite effect (Gongalez-Alonso et al. 1999). 

In summary, there is sufficient evidence to suggest 
that a reduced central nervous system recruitment of 
the active muscles terminates maximum exercise at 
high altitudes (and probably also at sea level). The 
same mechanism likely terminates exercise in the heat 
when the body temperature reaches some limiting 
maximum and also when hypoglycaemia develops. In 
all these examples, reduced central recruitment of 
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muscle would function to prevent organ damage 
(Noakes 1997). 

However, the contrasting finding that skeletal 
muscle recruitment, measured as skeletal muscle elec
tromyographic activity, rises during exercise at the 
same workload (Takaishi et al. 1994), is usually inter
preted as evidence for a progressive failure of muscle 
fibre contractile function requiring additional fibre 
recruitment if the required force is to be sustained. 
Thus, this model holds that there is a progressive pe
ripheral fatigue for which the central nervous system 
makes an appropriate adjustment. 

Yet these studies usually impose a constant work
load on the subject for the duration of the activity. 
But competitive sport does not usually involve such 
constant workrates; workrates tend to vary in a 
random, stochastic way (Palmer et al. 1994). We 
found that during prolonged exercise, which in
cludes bouts of self-chosen high intensity exercise 
designed to simulate stochastic exercise, there is a 
progressive reduction in power output during the 
bouts of high intensity exercise (Burke et al. 1999). 
This strongly suggests central fatigue in which, dur
ing bouts of exercise requiring a near maximum ef
fort, there is an inadequate increase in central neu
ral drive to compensate for the expected reduction 
in the power output of the fatiguing skeletal muscle 
fibres (peripheral fatigue). That a relatively small 
percentage of the available muscle mass is ever re
cruited, even during maximal exercise (Sloniger et 
al. 1997), remains a perplexing but relatively under
recognized enigma. Proponents of any model of pe
ripheral limitations for exercise performance need 
to explain why the body does not recruit all its 
available muscle mass to produce the necessary 
force under varying exercise conditions as so-called 
"peripheral fatigue" develops. 

In summary, one interpretation of the muscle re
cruitment (central fatigue) model is that changes in 
central neurotransmitters induce fatigue simply as a 
natural consequence of prolonged exercise and 
changes in the relative balance of the different (ergo
genic and ergolytic) neurotransmitters in the brain. 
No specific physiological value or importance is as
signed to this phenomenon. 

Alternatively, 1 have argued that a reduced central 
activation of the exercising muscles may be necessary 
to protect the human under specific conditions 
(Noakes 1997, 1998). it is postulated that these con
trol mechanisms are necessary (i) to prevent myocar
dial ischaemia during exercise at high intensity; (ii) to 
prevent the development of muscle ATP depletion 
and muscle rigor during high intensity exercise; (iii) 
to prevent myocardial ischaemia or cerebral hypoxia 
during exercise at altitude; (iv) to prevent a fall in 
blood pressure during exercise in patients with 
chronic heart failure; (v) to prevent heatstroke during 
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prolonged exercise in the heat, and (vi) to prevent glu
copaenic brain damage during prolonged exercise 
when hypoglycaemia results from liver glycogen de
pletion. The likely mechanism of control is through 
the regulation either of skeletal muscle recruitment or 
of excitation/contraction coupling in the muscle. 

Muscle power model 
This model holds that muscle contmctile capacity, 
that is the ability of individual muscle cross-bridges 
to generate force, is not the same in the muscles of 
all humans, so that those with superior athletic abil
ity have muscles with a superior capacity to generate 
force (superior contractility) by the individual cross
bridges of the different muscle fibres. This model is 
well accepted by cardiac physiologists, the majority 
of whom would argue that calcium delivery to the 
myofibres and the activity of the enzyme involved in 
ATP hydrolysis, myosin ATPase, rather than sub
strate supply, determine the contractile state of the 
myocardium in both health and disease (Opie 1998). 

I could find only one recent statement using this 
model to explain superior athletic performance, 
specifically in swimming: "First, the strength of the 
muscles used in swimming is a major determinant of 
success in events from 50 m to 1500 m. Tho ugh this 
may not seem surprising, it must be remembered that 
strength per se does not dictate fast swimming. The 
forces generated by the muscle must be effectively ap
plied to the water if they are to propel the body. Thus, 
strength specificity is the key to swimming success" 
(Costill et al. 1992). 

There are rather few studies of the contractility of 
skeletal muscle isolated from athletes. These studies 
generally show that endurance training reduces skel
etal muscle contractility (Fitts et al. 1989, Widrick et 
al. 1996). This establishes that skeletal muscle con
tractility is not an immutable characteristic of the dif
ferent muscle fibre types (Fitss & Widrick 1996). By 
extension, one might speculate that the contractility 
of the specific muscle fibre types might differ between 
athletes of different abilities in different sporting 
disciplines, compatible with this muscle power model. 

In summary, these two models of exercise perform
ance predict that changes in exercise performance 
may result from increased skeletal muscle recruitment 
resulting from enhanced central neural drive, or from 
increased muscle contractile function resulting from 
biochemical adaptations in muscle that increase 
either force production or the rate of sarcomere 
shortening, or both. 

However, the increase in performance resulting 
from these adaptations would occur only to the ex
tent that the cardiovascular limits for exercise per
formance were not exceeded, according to the Car
diovascularlNeural Model. 

Physiological models to study exercise 

The biomechanical model 

There is growing interest in the role of muscles as 
elastic energy return systems which function both as 
springs and torque producers during exercise (Pennisi 
1997, Roberts et al. 1997). Central to this model is 
the prediction that the greater the muscle's capacity 
to act as a spring, the less torque it must produce and 
hence the more efficient it is. The more efficient, more 
elastic muscle will enhance exercise performance, 
especially in weight-bearing activities, by slowing (i) 
the rate of accumulation of those metabolites that 
may cause fatigue during exercise, and (ii) the rate of 
rise of body temperature, thereby delaying the 
achievement of the core temperature that prevents the 
continuation of exercise. 

This new information underscores another import
ant logical weakness of the cardiovascular/anaerobic 
model for explaining enhanced endurance perform
ance. For that model predicts that superior perform
ance during prolonged exercise results from an in
creased oxygen delivery to muscle and an increased 
rate of energy and hence heat production. Thus, ac
cording to that model, the price of running faster is 
that more heat must be produced. But a higher rate 
of heat production would induce fatigue prematurely 
due to excessive heat accumulation, according to the 
findings of Nielsen and colleagues (Nielsen et al. 
1993, 1997). A more logical biological adaptation 
would be to reduce the rate of oxygen consumption 
and hence the rate of heat production by increasing 
the athlete's efficiency (economy) of movement. 

Indeed, if the rate of heat accumulation limits exer
cise performance under specific conditions, then fac
tors that slow the rate at which heat accumulates 
when running fast should enhance performance. Two 
such factors are small size (Dennis & Noakes 1999) 
and superior running economy. A smaller size reduces 
the amount of heat produced when running at any 
speed. When environmental conditions limit the ca
pacity for heat loss, smaller runners will be favoured 
(Dennis & Noakes 1999). 

Further evidence supporting this argument that 
heat accumulation is a factor limiting endurance per
formance, is the finding that race times in both the 
marathon (Noakes 1992) and the longer distance 
track races including the 3000 m steeplechase and the 
10000 m (McCann & Adams 1997) deteriorate as the 
environmental heat load increases. Thus, there is an 
inverse relationship between the environmental heat 
load, measured as the Wet Bulb Globe Temperature 
Index, and the reduction in race performance. 

Therefore, according to this model, the more econ
omical the athlete, the faster he or she will be able to 
run before reaching a limiting body temperature. A 
number of studies indicate that the best endurance 
athletes are also frequently the most economical 
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(Noakes 1992; Fig. 6). Indeed, most training studies 
show that improvements in running economy are per
haps the most likely response to training, especially 
in those who are already well-trained (Svedenhag & 
Sjodin 1985). This adaptation allows the athlete to 
run faster at the same oxygen consumption; thus, he 
or she completes a given distance more rapidly for 
the same average rate of heat accumulation but a re
duced overall heat expenditure. This would be advan
tageous under conditions in which the heat load on 
the athlete increases (during the day). 

Figure 11 shows that this adaptation may indeed 
exist. In a cross-sectional study of recreational (not 
elite) uItramarathon runners, it was found that those 
who trained more were more economical and hence 
could run faster at the same oxygen consumption or % 
VOz max. During competition, the better trained 
athletes ran at the same or a slightly lower % V02 max 
but completed the races in a shorter time (Scrimgeour 
et al. 1986). Hence being more economical, not having 
a higher V02 max, appears to be a more logical tech
nique to enhance endurance performance. 

In contrast, a high aerobic capacity, often a marker 
of poor running economy (Noakes 1988, 1992), 
would likely cause more rapid rates of heat accumu
lation and hence the more rapid onset of fatigue dur
ing prolonged exercise. This finding alone could ex
plain why the best marathon runners usually have 
V02 max values in the range of 63-74 mIlkglmin. 
Less economical runners with higher V02 max values 
(Noakes 1988) have not necessarily been more suc
cessful (Noakes et al. 1990, Noakes 1992). 

Thus, this model predicts that success in endurance 

Training may improve racing performance 
without altering fatigue resistance 
M~~------------------------, 

- 6OkmI .... k 
- >60kmlweek 

so 

~+----r---.----~---.---.--~ 
o 1110 280 300 40U 

Runnl ... lime (raia) 

Fig. II. Ultramarathon athletes who trained more than 60 
km' week-I (the lower running curve) outperformed less well 
trained athletes with similar V02 max values because their su
perior running economy aHowed them to race faster but at a 
lower % V02 mall, thereby finishing races of 10--90 km in 
shorter times. Hence changes in running economy with training 
allow athletes to run faster and at a lower ellercise intensity, the 
opposite of what is usually assumed. 
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events is not likely to result from training that makes 
the athlete ever more powerful with a larger muscle 
mass and greater V02 max. A more likely adaptation 
would be to reduce the athlete's size and increase his 
or her running efficiency. That runners believe they 
run better when lighter, is well known. 

Another African analogy for this prediction is pro
vided by the physiological strategy that the cheetah 
has evolved to survive as a successful predator. The 
cheetah, whose chase is terminated by an elevated 
rectal temperature after running at up to 100 km . h - J 

for less than a minute (Taylor & Rowntree 1973), suc
ceeds because of the animal's small size and probably 
a high degree of running economy (due to elasticity 
provided by the flexible spine). Thus, laboratory ex
periments showed that when the cheetah's rectal tem
perature reached 40.5-4I°C, "the cheetahs refused to 
run ... They would simply turn over with their feet in 
the air and slide on the tread(mill) surface" (Taylor & 
Rowntree 1973). 

The small size of the cheetah and its likely high 
running economy slows its rate of heat accumulation 
just sufficiently for it to outrun the smaller gazelles 
(""25 kg) on which it preys and whose escape is also 
restrained by a rising body temperature (Taylor & Ly
man 1972). Thus the chase between the gazelle and 
the cheetah is probably decided by which individual 
animal accumulates heat more slowly during the 
chase. In contrast, the heavier, more muscular lion 
has evolved a different co-operative, hunting strategy, 
targeting larger but slower mammals. 

Perhaps the point is that smallness and greater run
ning economy would seem to be a technique used to 
increase endurance capacity in one animal, the chee
tah. Logic suggests that this technique may also be 
applicable to elite human athletes. 

A second component of the biomechanical models 
stems from the accumulating evidence that repeated 
high velocity, short duration eccentric muscle con
tractions, as occur during running, induce a specific 
form of fatigue that develops during running races 
and is measurable for at least 7 days after a marathon 
race (Komi & Nicol 1998; Nicol et al. 1991). 

Characteristics of this fatigue are a failure of the 
contractile capacity of the exercised muscles with a 
reduced tolerance to muscle stretch and a delayed 
transfer from muscle stretch to muscle shortening in 
the stretch/shortening cycle. As a result, the durations 
of both the braking and push-otT phases in the run
ning stride are increased, leading to mechanical 
changes in the stride with landing occurring on a 
more extended leg but with greater subsequent knee 
flexion. 

As these abnormalities persist for many days after 
the race (Fig. 12), they cannot be explained by acute 
changes in oxygen or substrate delivery to the 
muscles, or by the elevated body temperature during 
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exercise, as required by the first 3 models. Rather, 
Komi and Nicol (1998) conclude that: "Stretch short
ening fatigue results usually in a reversible muscle 
damage process and has considerable influence on 
muscle mechanics, joint and muscle stiffness as well 
as on reflex intervention". Thus any evaluation of fa
tigue resistance, especially in weight-bearing activities 
like running, needs to consider this specific form of 
stretch/shortening cycle fatigue. 

To return to the Mrican analogy, empirical obser
vation of the running stride and the anatomical struc
ture of the lower limb of Kenyan runners suggests, at 
least to this author, that an evaluation of the elastic 
elements of the legs of elite Kenyan runners and their 
resistance to stretch/shortening cycle fatigue would 
likely be very rewarding. 

For example, it appears that African athletes gen
erally train harder than do Caucasian runners (Tans
er 1997, Coetzer et al. 1993). Especially the training 
volumes and intensities of the Kenyan runners (Tans
er 1997) are unmatched by other athletes. But to 
achieve such training volumes, there must be superior 
resistance to the stretch/shortening cycle damage pro
posed by Komi & Nicol (1998), both in training and 
in marathon racing. 

Hence, another possibility is that the more elastic 
muscles of elite distance runners are better able to 
resist eccentrically induced damage in training. This 
may allow more intensive daily training and hence 
superior adaptations to training. That same superior
ity would also enhance performance during competi
tive racing by delaying the onset of the stretch/short
ening cycle fatigue that is an inevitable consequence 
of repeated eccentric muscle contractions. 

In summary, the biomechanical model predicts that 
superior performance, especially in a weight-bearing 
activity like running, may be influenced by the ca
pacity of the muscles to act as elastic energy return 
systems. Changes in the efficiency and durability of 
this process would (i) enhance movement economy 
and reduce the rate of heat production during exer
cise, thereby enhancing exercise capacity by slowing 
the rate at which the body temperature rises when 
environmental conditions are severe; (ii) enhance the 
quality of training by allowing more rapid recovery 
from stretch/shortening cycle fatigue so that more 
frequent bouts of intensive training can be under
taken and (iii) enhance fatigue resistance during com
petition by increasing resistance to that form of 
muscle damage that develops during repeated cycles 
of stretch/shortening contractions. 

The psychological/motivational model 

This model holds that the ability to sustain exercise 
performance results from a conscious efTort and is 
often included as a component of the central fatigue 

Physiological models to study exercise 

Fatigue during running: the 
biomechanical model 
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Fig. 12. According to the Biomechanical Model of Exercise 
Physiology and Athletic Performance, repetitive eccentric 
muscle contractions, as occurs in the quadriceps and calf 
muscles during running, produces altered muscle function with 
a loss of elastic energy production, requiring an increased work 
during the push-oIT phase of the running stride. The studies of 
Komi & Nicol (1998) and Nicol et at. (1991) show that there is a 
persistent reduction in peak torque and endurance performance 
time of the quadriceps muscle of subjects after they completed 
a 42.2 km marathon race. Integrated electromyograpltic activity 
(IEMG) in both the vast us medialis (VM) and the vast us lat· 
eralis (VL) was also reduced after the marathon. These studies 
show that there is a long-term eITect of marathon running on 
skeletal muscle performance that persists after the muscle's en
ergy stores are replaced, indicating that tltis abnormality is not 
explained by the Energy Depletion Model. It seems probable 
that the marathon "wall" (Noakes 1992) is probably explained 
by these alterations in skeletal muscle function. 

hypothesis (Davis & BaileyI997), But it conflicts with 
one proposal of the muscle recruitment model, which 
holds that exercise performance is regulated at a sub
conscious level and which exists, in part, to prevent 
conscious override that might damage the human. 

It would seem that exercise performance must in
clude at least some component that can be influenced 
by conscious efTort. The dichotomy of physiology 
and psychology has generally prevented adequate lab
oratory evaluation of this model. Any studies show
ing an ergogenic effect of any placebo intervention 
on exercise performance would prove that this model 
contributes, in part, to athletic performance. Any de
tailed discussion of this model is beyond the scope of 
this author's expertise. 

Summary 

This paper has reviewed some of the models currently 
promoted to describe how exercise performance is 
limited by fatigue and enhanced by training. The ar
gument advanced here is that until the factors deter
mining both fatigue and athletic performance are es
tablished more definitely, it remains difficult to define 
which training adaptations are the most important 
for enhancing exercise performance, or how training 
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should be structured to maximize those adaptations. 
This remains a serious weakness for the practical ap
plication of much research in the exercise sciences. 

However, within the constraints provided by these 
models, it would seem that the following training ad
aptations would contribute to enhanced exercise per
formance with training. 
(a) Cardiovascular/neural recruitment model: Rel

evant training adaptations would be those that 
result in an increased V02 max and skeletal 
muscle blood flow during both maximal and pro
longed submaximal exercise. 

According to the model I have presented here, 
a plateau in coronary flow would appear to be 
the factor that limits the cardiac output, and 
hence the V02 max. Thus, an essential compo
nent of training would be to increase the maximal 
coronary flow. 

However, even if the maximal coronary blood 
How limits the maximal cardiac output, the actual 
peak workrate or peak V02 max that is achieved 
wilJ depepd on the contractile state of the myo
cardium and the efficiency with which the heart 
is able to convert that maximum coronary flow 
into a peak cardiac output. Similarly, the actual 
maximum work of which the muscles are capable 
at the V02 max, will equally depend on the econ
omy and contractility of the skeletal muscles. 
Thus, optimum training would not only maxim
ize coronary flow but also the efficiency and con
tractility of both the heart and skeletal muscles. 

Incidentally, according to this model, inter
ventions such as EPO therapy, blood re-infusion, 
or the administration of oxygen, all of which im
prove performance, would act in part by increas
ing oxygenation of the myocardium at maximal 
exercise, thereby allowing a greater cardiac output 
and hence a higher V02 max. 

(b) Energy supply model: The important training ad
aptation would be an increased capacity to store 
and utilize metabolic substrates during exercise 
with a greater capacity to produce ATP and pre
vent a reduction in muscle phosphagen concen
trations under all exercise conditions. Adap
tations in different metabolic pathways would be 
necessary for optimizing performance in activi
ties of different durations and intensities. 

(c) Energy depletion model: A reduced rate of carbo
hydrate utilization during prolonged exercise 
would enhance performance by delaying the on
set of whole body carbohydrate depletion. This 
model predicts that an increased capacity to burn 
fat during prolonged exercise would enhance en
durance performance. That this model can also 
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be considered as an "energy supply" model was 
described above. 

(d) Muscle recruitment and muscle power models: 
These models predict that increased skeletal 
muscle contractile function, a peripheral effect, 
or increased neural recruitment, a central nervous 
system effect, would be advantageous for per
formance during exercise. 

(e) The biomechanical model: A key predictor of the 
biomechanical model is that increased movement 
economy would improve performance by reduc
ing the rate of heat accumulation during exercise. 
This model also explains why a reduced body 
mass would improve performance during pro
longed exercise as it slows the rate of heat ac
cumulation. 

The importance of elastic return energy, espe
cially in weight-bearing sports, and the identifi
cation of stretch/shortening cycle fatigue suggests 
that training may improve elasticity and delay 
stretch/shortening cycle fatigue, perhaps by al
tering the elastic component of skeletal muscle, 
tendons and ligaments. 

Conclusion 

The importance of these conceptual models is that they 
indicate that different physiological systems may de
termine performance under different exercise con
ditions. Hence, exercise physiologists need to consider 
all these models when they design studies to determine 
which are the most important physiological, biochem
ical, neural and other factors determining the changes 
in exercise performance that result from training. 

More importantly, this review shows that many 
findings are incompatible with the predictions of one 
or more of these models. Rather than simply continu
ing to accept these inconsistencies uncritically. the 
modern generation of exercise physiologists should 
challenge old dogmas and so approach more closely 
the unattainable truth (Noakes 1997, \998). 

Key words: fatigue; V02 max; heart; skeletal muscle; 
glycogen; fat metabolism; muscle recruitment; con
tractility. 
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CHAPTER 

The Limits of Exercise for 
the Heart - a New 

Hypothesis 

T D (Tim) Noakes 

7 

In the early 1920s, Archibald Vivian Hill, Nobel Laureate in 
Medicine and former Professor of Physiology at the Univer
sity College, London, together with his colleagues C.N.H. 
Long and Hartley Lupton, developed the concept that the 
heart has a limiting maximum capacity, which is reached 
during maximal all-out exercise lasting between 3-7 min
utes. This limiting cardiac output determines the peak exer
cise capacity by establishing the peak rate of oxygen 
delivery to the exercising muscles. This theory has been the 
Single most enduring feature of the exercise sciences for the 
past 75 years. 

But perhaps the more remarkable realisation is that, on the 
basis of a minimum of data and a surfeit of interpretation, 
Hill and his colleagues developed a model of cardiac func
tion during exercise that included both the exceptionally 
clever and the profoundly incorrect. Worse, that part of the 
theory which is probably the most incorrect, is the one that 
has survived. Their more revolutionary concept has been 
forgotten. These ideas, dormant for 75 years, provide a 
completely novel understanding of how the heart's function 
may be limited during maximum exercise, specifically to 
ensure that myocardial ischaemia cannot develop, at least 
in health. Hill's concept can be extended to provide a novel 
understanding of the physiological basis of fa tigue during 
exercise under a variety of conditions. 

THE ORIGINAL STUDIES OF A.V. Hill 

The legacy of Hill and his colleagues arises from a series of 
experiments undertaken between 1923 and 1925, shortly 
after Hill had assumed the Chair of Physiology at the Uni
versity College, London. In these experiments Hill, and his 
associates, Hartley Lupton and Henry Long, repeatedly 
measured the oxygen consumption of subjects who ran for 
3 minutes at different speeds on a circular grass track, 85 m 
in circumference; the use of laboratory treadmills was still 
in its infancy. On the basis of these experiments, the 
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authors concluded: "Considering the case of running there 
is clearly some critical speed for each individual above 
which, the maximum oxygen intake is inadequate, lactic 
acid accumulating, a continuously increasing oxygen debt 
being incurred, fatigue and exhaustion setting in".l Hilf 
further concluded that: "The oxygen intake may attain its 
maximum and remain constant merely because it cannot go 
any higher owing to the limitations of the circulatory and 
r~spiratory systems." 

The Hili hypothesis. Hence the enduring hypothesisJ
·
7 pro

posed by Hill and his colleagues was that, during exercise, 
there is a workrate, the whole body oxygen demand of 
which exceeds the heart's capacity to supply. As a result, 
oxygen consumption (V02) "plateaus" at that workrate, de
fining the maximum whole body oxygen consumption 
(V02 max). Increasing the workrate beyond the V02 max 
requires an increasing "anaerobic" metabolism. Ultimately 
exercise terminates when the metabolic by-products of 
anaerobic metabolism, especially lactate and H+, interfere 
with both energy production and muscle contractile activ
ity, tenninating exercise. Or in the words of a contempor
ary: "the valuable glycogen inside the muscle-fibres is 
turned into poisonous lactic acid, the muscles become stiff 
and tired, dwindle in power, and finally refuse to function 
until the lactic acid has been turned back into glycogen dur
ing the recuperative process of rest" 8 Hence this model 
predicts that rising muscle and blood lactate concentrations 
and falling pH, act to terminate or "constrain" further exer
cise. 

Furthermore, Hill and his colleagues believed there to be an 
absolute and universal V02 max of 4L.min-1 that occurred 
at a running speed of 13 km.hr-I 9 (Figure 7-1). This inter-

Onselof 
anaerobic: 

metabolism 

U 15 26 
Running speed (km.b· ' ) 

Rt!drtlw" /'0'" A. V. Hut flJld H. Luptolt 
QUfJrI~"yJnlU"alnf M~d;ci"l! 16,' 157,192J. 

Figure 7-1. Hill and his colleagues belieued that oxygen consumptIOn 
(VO,) rose as an exponLntial function of running speed and comprised 
aerobic and anaerobic components. The aerobic component peaked at 13 
km.h- l which constituted the "universal" rruuimum oxygen consumption 
(VO, max) of 4 L.min-l

. Anaerobic m,tabolism increased at running 
speeds above 13 km.h-1 and was the predominant energy source for all 
running speeds above about 18 kmXI. 
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Figure 7-2. In contrast 10 Iheir Iheorelical prediclion (Figure 7·1), Ihe ac' 
lual dala for all erpmmen/s on A. V. Hill show lhal his oxygen con,ump
lion rose linearly 10 lhe highesl running speed of which he was capable 
117 km.h- l

). This anomaly between Figures 7-1 and 7-2 was nol recog
nIsed in H,lI's lifetime. 

pretation was made even though none of their studies 
actually showed an unambiguously identified V02 "pla
teau".9.l2 In fact their most frequently studied subject, Hill 
himself, showed a progressive linear increase in V02 even 
at the highest running speed of which he was capable with
out rapid exhaustion (17 km.hr-I) (Figure 7-2). In as much 
as a continuously rising V02 must indicate a progressive 
rise in cardiac output, these early findings cannot be inter
preted as conclusive evidence that the cardiac output 
reaches a limiting maximum during peak exercise such that 
a further increase in workrate could not elicit any further 
rise in cardiac output. 

In 1955, a section of Hill's work was selectively rediscov
ered and incorrectly interpreted as proof that there is "an 
upper limit to the capacity of the combined respiratory and 
cardiovascular system to transport oxygen to the muscles. 
Further increases in workload merely result in an increase 
in oxygen debt and a shortening of the time in which the 
work can be performed"Y Hence by 1955, the work of Hill 
and his colleagues had been interpreted as proof that maxi
mal exercise of short duration (3-15 minutes) is constrained 
by a limiting capacity for oxygen transport in the body due, 
most likely, to the attainment of a limiting, maximum car
diac output. 

In fact, Hill and his colleagues did not ever show conclu
sively that V~ "plateaus" during maximum exercise,9-12 
nor did they even believe that V02 rises as a linear function 
of an increasing workrate. Rather this was described as an 
exponential function14 as shown in Figure 7-1. The reasons 
for his error have been detailed previously.9 

By 1955 a linear relationship between V~ and (submaxi
mal) exercising workrate had been established. IS Perhaps as 
a result, the first diagrams representing what Hill and his 
colleagues were supposed to have found, took the charac-
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Figure 7-3. On lhe /:asis of Taylor et aI's" 1955 interpretation of Hill's 
"'''rk. lite more modem interpretalion <>j the "plalMII phenomenon" IS 

sh,11J.'n tn this figure, Nole lhot 0:rgfn consumption increases linearly lip 
10 a "plateau" value of 4 Lmin- '; fllrther increases in worlrrale do nvl 
caliS< any forth" increase in YO"~ The exponential increase in blood lac
tate eoncentrali"ns wilh increasing workrale hos been interpreted /0 ind,
cate Ihe onSt't of "anaerobic" metabolism fl."'" during 5ubmaxinlill 
exercise. This conlrasts with Hill's originaltetlehing that "anaerobic" m~ 
labolism began only after Ihe VOl max had been reached (Figure 7-1). 

teristics of that shown in Figure 7_3,16 Here Vo, rises line
arly up to a dearly defined "plateau" (contrast to Figure 7-
1). Note that the Vo, max in this 1972 diagram is 4L,rnin-', 
perhaps revealing the subliminal influence of the universal 
4Lmin-1 VO, max concept formulated nearly 50 years ear
lier by Hill and his colleagues. 

Role of the hfKItf. But this 1955 re-interpretation ot work 
completed 30 years earlier, ignored two of the core tennants 
of Hill's evolving (Cardiovascular! Anaerobic) model of ex· 
ercise physiology. The first was his realisation that if the 
rate of oxygen delivery to skeletal muscle does indeed 
reach a maximum that can be sustained for some variable 
time - the "plateau" shown in Figure 7-3 - then this must 
result from some form of cardiac failure that prevents any 
further rise in cardiac output during the "anaerobic" exer· 
cise that occurs at workrates requiring more than the V02 

max. Thus he proposed that: "The enormous output of the 
heart of an able-bodied man, maintained for considerable 
periods during vigorous exerdse, requires a large contem
porary supply of oxygen to meet the demands for energy. 
When the oxygen supply becomes inadequate, it is probable 
that the heart rapidly begins to diminish its output, so 
avoiding exhaustion,,,'7 This interpretation was not con
fined exclusively to the hallowed lecture halls of the Uni
versity College, London but crossed the North Atlantic to 
be included in the writings of Arlie Bock and David Dill 
co-founders of the Harvard Fatigue Laboratory in Cam
bridge, Massachusetts: 1" "The blood supply to the heart, in 
many men, may be the weak link in the chain of circulatory 
adjustments during muscular exercise, and as the intensity 
of muscular exertion increases. a point is probably reached 
in most individuals at which the supply of oxygen to the 
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heart faUs short of its demands, and the continued perfor
mance of work becomes difficult or impossible,nlB As a re
sult: "The heart, as a rule, reaches the limit of its powers 
earlier than the skeletal muscles, and determines a man's 
capability for exertion,"'· 

Perhaps the reason why this interpretation has been 
ignored is because most now accept the converse; that is, 
that cardiac fatigue or failure does not develop during 
maximum exercise,19 even at extreme altitude under condi
tions 01 profound hypoxla,lQ,21 But none appear willing to 
have asked the question: If not, why not? 

Plateau phenomenon. For logic demands that if cardiac 
output and oxygen consumption reach maximum values at 
the V02 plateau, then so too must muscle blood flow and 
total peripheral resistance. In other words, if the "plateau 
phenomenon" is real, a mechanism must exist that allows 
the active skeletal muscles to increase their work output 
(stage V and VI in Figure 7-3) without any further altera
tion in central or peripheral affiliation. For any such altera
tion, for example, either a rise or fall in total peripheral 
resistance, will increase myocardial oxygen demand by in
creasing either the cardiac pre- or afterload. But, by defini
tion, myocardial oxygen consumption cannot increase when 
the exercising workrate rises beyond the "VO, max" 
Hence any alteration in central or peripheral circulation 
during exerCise at intensities beyond the Vo, max "pla
teau" must cause an imbalance between myocardial oxygen 
demand and oxygen supply, inducing myocardial ischae
mia, according to the very definition of the "plateau" phe
nomenon which requires that the workrate should increase 
without any further rise in myocardial or skeletal muscle 
Vo,. 

Interestingly, one of the original diagrams depicting the 
expected cardiovascular changes during exel'CJ.se at work
rates up to, and beyond those eliciting the "plateau ph.,... 
nomenon", included information on changes in heart rate, 
stroke volume and cardiac output, only up to the workrate 
eliciting the Vo, max, Figure 7-4 has been redrawn from 
the classic paper of Mitchell and Blomqvist.16 It shows the 
clearly defined plateau in oxygen consumption in this sub
ject when the work rate exceeds stage 4 of the test ro~ 
sponding to Hill's universal Vo, max of 4 L.rnin-I. During 
the submaximal portions of the exercise test (stages I to 4), 
increases in work rate cause essentially linear increases in 
cardiac output, stroke volume, and heart rate. When the 
VO, plateaus at stages 5 and 6, these variables must also 
level off, hence proving that the pumping capacity of the 
heart limits the VO, max. 

Surprisingly, Mitchell and Blomqvistl6 did not provide data 
for these cardiovascular measures once the Vo, mal< has 
been reached (Figure 7-4). A more recent review by Mitchell 
of that paper' also lacks such data. Perhaps as serious 
scientists they were correctly reluctant to speculate on what 
they had not measured. Or perhaps they realized the 
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Figure 7-4. An original diagram depicting the plateau phenomenon in 
VO, (top panel; also Figure 7-3), included predicted changes in stroke v0-

lume (SV), heart rate (HR) and cardiac output (CO). Note that although 
the plateau in VO, at 4 L.min- l was identified with no further increases 
during workrate stages 5 and 6, no data are included for predicted 
changes in SV, HR, and CO dunng work stages 5 and 6, "beyond the 
plateau phenomenon". Logic suggests that, if the "pU.tMU phenomerll!n" 
is rMI, then cardiac output should begin to foil shartly after the attain
ment of VOl max, as a consequence of myocardial ischaemia. A. V. Hilt 
and others believed that myocardial ischaemia develops during maximum 
ancise ifor details, see text!. 

dilemma that such a conclusion posed, especially for the 
heart. 

For the issue that must ultimately be addressed is: What 
are the consequences of the cardiovascular/anaerobic 
model for the heart itself? Or, alternatively, if the cardiac 
output limits the VO:z max, what limits the cardiac output? 
For the heart is also a muscle. The cardiovascular/anaerobic 
model predicts that (skeletal) muscle function faili; when its 
oxygen supply is inadequate. Hence if logic is to be pre
served, this failure of the heart's pumping capacity, in 
Rowell's words "to raise the cardiac output" at the VO:z 
max,23 must result from an inadequate (myocardial) oxygen 
supply. Hence coronary blood flow must plateau sometime 
before the cardiac output levels off at the V02 max. This 
limiting coronary blood flow induces myocardial "fatigue", 
causing the plateau in cardiac output and hence in the VO:z 
max, leading only thereafter to skeletal muscle anaerobiosis. 
Thus by this logic, the coronary blood flow must be the 
first physiological function to show a "plateau phenom
enon" during progressive exercise to exhaustion. 

Proposed "governol", When Hill and his colleagues rea
lised that myocardial ischaemia must occur if the "plateau 
phenomenon" is real, they proposed a genuinely novel con-
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Hill's original "governor" of heart function: 

Heart 
Downregulation or 
contractile function 

Figure 7-5. Hill proposed the need for a "guvernor", in either the hMrt 
or the brain, to reduce the extent 10 whiJ:h myocardial ischaemia would 
develop during maximum exercise. This governor would act directly on 
the heart itself. to reduce its contractile state, thereby reducing myocardial 
oxygen demand and protecting the heart from damage during a develop
ing "oxygen debt". 

cept that has escaped the critical attention of subsequent 
generations of cardiologists and exercise physiologists: "It 
would seem probable that the heart is able to regulate its 
output, to some extent, in accordance with the degree of sa
turation of the arterial blood, either of that which reaches it 
through the coronary vessels or by some reflex in other or
gans produced by a deficient oxygen supply. From the 
point of view of a well co-ordinated mechanism, some such 
arrangement is imminently desirable; it would clearly be 
useless for the heart to make an excessive effort if by so 
doing it nearly 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 act as a "governor", 
maintaining a high degree of saturation of blood".17 

Thus, the physiological model of cardiovascular function 
during maximum exercise developed by A.V. Hill and his 
colleagues, requires that a limiting maximum cardiac out
put is reached sometime before the onset of fatigue and the 
termination of exercise. This causes a plateau in blood flow 
to the exercising muscles inducing skeletal muscle anaero
biosis. Such anaerobiosis then causes metabolic changes in 
the exercising muscles which lead to the rapid termination 
of exercise. 

Myocardial ischClfHflIa VI 1Ic.,.,0/ mUleIe CJI1QfHobioIiI. 
But, with respect to maximal cardiac function, the far more 
interesting point is that the plateau in cardiac output neces
sary to induce skeletal muscle anaerobiosis, must cause 
myocardial ischaemia to develop before skeletal muscle 
anaerobiosis. Hill and his colleagues as well as their pro
teges at the Harvard Fatigue Laboratory, David Dill and 
Arlie Bock, did indeed teach that cardiac fatigue or failure 
must develop during maximum exercise at workrates be-
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yond the VOz max. But the novel insight of Hill and his 
colleagues was their proposal that some controlling me
chanism a "governor" - must exist in either the heart or 
the brain to limit the extent of this myocardial ischaemia 
(Figure 7-5). 

In contrast, the major contribution for which Hill and his 
colleagues have been remembered is to the effect that 
"there is an upper limit to the capacity of the combined 
respiratory and cardiovascular system to transport oxygen 
to the muscle. Further incr...ase5 in workload beyond this 
point merely result in an increase in oxygen debt and a 
shorteninl! of the time in which the work can be per
formed.".'3 

The consequence of this interpretation has been that exer
cise physiologists have, for the past 75 years, favoured the 
belief that oxygen transport and its use exclusively deter
mine maximum exercise capacity in humans and other 
mammals and any alteration thereof, whether due to dis
ease, training. or other interventions.3.13.16,Z4-26 This interpre
tation has recently been reaffirmed,4-1 Indeed, for the past 
50 years the focus of argument has not been to test the fun
damental veracity of this hypothesis. Rather the debate has 
centered on the factors that determine the oxygen limitation 
this is supposed to occur at the V02 "plateau" - either the 
inability of the heart to increase oxygen delivery to the 
musdes27 or a limiting capacity for oxygen uptake by the 
maximally exercising skeletal muscles.28 

But not only did Hill and his colleagues fail to provide 
the experimental evidence underpinning any hypothesis 
that an oxygen limitation develops during exercise causing 
fatigue9-12 but they understood the implications, at least for 
the heart, of this model, What is more, they proposed a 
unique controller, a governor, that would limit the extent to 
which myocardial ischaemia would develop, once the VOz 
"plateau" had been reached. 

CHALLENGES POSED BY nils 
INTERPRETATION OF THE WORK OF HILL 

A number of important intellectual challenges arise from 
this interpretation of what Hill and his colleagues actually 
believed. The first is whether or not there is any evidence 
that cardiac output reaches a "plateau" or maximum value 
during intensive exercise, prior to the onset of fatigue, as 
predicted in Figure 7-4. This is an essential component of 
the traditional model.I-7.13.14.1b-18 Yet, to my knowledge, nO 
study has yet actively evaluated this prediction of the 
model, which is surprising, 

A number of studies have measured changes in cardiac out
put with increasing workrate up to those that elicit the VOz 
max.29-34 These show that cardiac output rises linearly with 
increaSing workrate and none suggest any evidence for the 
plateau in cardiac output predicted by the original model 
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of A,V, Hill and his colleagues (Figure 7-4). However, no 
study has looked specifically for a plateau in cardiac output 
that might occur, for example, in the last few minutes of 
exercise of progressively increasing intensity to exhaustion. 
Perhaps the really interesting question is why none have 
yet actively searched for the presence or absence of this 
phenomenon, given the centrality of this postulate to the 
Hill model. 

The second intellectual challenge is to establish whether or 
not there is any published evidence suggesting the presence 
of either a cardiac or neural "governor", I propose that this 
evidence can be found in the phenomenon of the "lactate 
paradox" that develops in healthy humans during maxi
mum exercise at increasing altitude but also during 
maximum exercise at sea level in patients with various 
chronic diseases of the heart or lungS."'lO Especially the 
"lactate paradox" at altitude provides the unambiguous 
test (a) of which organ, either heart or skeletal muscle, is at 
greatest risk for developing anaerobiosis or ischaemia dur
ing maximum exercise and (b) for the possible existence of 
a cardiac "governor", 

For if, according to Hill's original model, myocardial ischae
mia develops as the necessary precursor for skeletal muscle 
anaerobiosis during maximum exercise, then maximum 
exercise at altitude should identify this response even more 
readily than exercise at sea level, Three findings from a ser
ies of studies of cardiorespiratory and metabolic responses 
during maximal exercise at extreme altitude would appear 
to provide the definitive answer to these speculations. 

Maximal exen::/se at extreme oIItIudf)I, Thus it has been 
found that peak muscle and blood lactate concentrations fail 
at increasing altitude3S-31 such that "above an altitude of 
7500 m, no blood lactate is predicted even for maximal ex
ercise, If this extrapolation held good, a well-acclimatized 
climber who reached the surmnit of Mount Everest without 
supplementary oxygen would have no blood lactate. ThlS is 
a paradox indeed, because such a climber is apparently 
more hypoxic during maximal exercise than is any other 
known situation",36 This phenomenon is paradoxical be
cause blood and muscle lactate concentrations should, ac
cording to the traditional Cardiovascular I Anaerobic Model 
of Exercise Physiology,!" increase under the conditions of 
increasing hypoxia or anaerobiosis that would be expected 
during maximum exercise at increasing altitude when arter
ial POz is substantially reduced. 

The most obvious explanation for the "lactate paradox" is 
simply the very low workrates achieved at extreme altitude. 
Skeletal muscle lactate production is most clearly related to 
the external workrate38 so that any reduction in work rate 
would be expected to produce lower muscle and blood lac
tate concentrations. Nevertheless the lactate paradox at alti
tude must indicate (a) that skeletal muscle anaerobiosis is 
not present and (b) that something other than skeletal mus
cle hypoxia or anaerobiosis" constrains" the work output of 
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the skeletal muscles at extreme altitude. But as the tradi
tionaJ modeJ also requires that lactate or other metabolic 
by-products of "anaerobic" metabolism be the "constrai
ner" that limits maximal exercise, so that old model is quite 
unable to explain this additional paradox, which is there
fore conveniently ignored.s-7 Yet something other than ele
vated blood lactate concentrations or tissue hypoxia act to 
"constrain" maximum exercise at increasing altitude. Could 
this be the elusive governor proposed by Hill? 

The second crucial finding is that, with acclimatisation, the 
maximum cardiac output falls during maximum exercise at 
altitude.39 This is the opposite of the expected result. 

Figure 7-6 shows that a reduction in the arterial POz will 
have 2 effects on oxygen transport during exercise. The first 
has been the more readily grasped by exercise physiologists 
- a reduced capacity for oxygen delivery to the exercising 
skeletal muscles. Hence it has been assumed that the princi
pal effect of a reduced arterial P02 will be to increase skele
tal muscle anaerobiosis/hypoxia during exercise.40 

But this interpretation has ignored the second obvious effect 
which is a simultaneous reduction in the capacity for oxy
gen transport to the heart itself (Figure 7-6). Hence when 
the arterial POz is reduced, there is also an increased prob
ability that myocardial anaerobiosis, hypoxia or ischemia 
may also develop. 

As a result, the model of maximum exercise at altitude pro
vides the test of whether it is the heart or skeletal muscles 
that is protected during exercise in an hypoxic environment. 
Thus if the traditional (Cardiovascular/Anaerobic) model is 
correct, then the oxygen demands of skeletal muscles will 

Does tbe oxygen supply to the exercising muscles 
or to the beart limit exercise at altitude? 

Figwre 7-6. During ascenl 10 incretlSing altilude, IIw arlerial oxygen len
sion falls. Exercise physiologisls lutve consislenlly assumed IMI Ihe cru
ciDl effr:cl of Ihis would be 10 reduce Ihe polential for oxygen de/i'lJery 10 
tlw exercising muscles. An equally relewnl effr:cl is .Iso to reduce myo
cardiJll oxygen deli'IJery. if myocardial ischaemia Is likely 10 dewlap dur
ing maximum exercise, Ihen maximum exercise al altilude will Increase 
lhe probahrlity IMI Ihis will Mppen unless altemole conlrol mecMnisms 
exisllo lermimJle exercise beji:rre myocardiJll ischaemia dew •. 
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Does tbe oxygen supply to the exercising muscles or 
to tbe beart limit exercise at altitude? 
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Figwre 7-7. Maximum exercise al emem£ allilude offers Ihe opportunity 
10 determine whelher or nal oxygen deli'lJery 10 IIw exercising skeletal 
muscles drives cordiovasculllr funclkm during such exercise. This would 
be IIw case if the cardiac oulpul rises as lhe arterial oxygen lensron falls 
(in order 10 maximise oxygen delivery 10 Ihe exercising muscles). In con
Ir45l, if oxygen delivery to the he.m determines the maximum (atlowed) 
cardiac output during exercise, lhen lhe cardiac output during ma.timum 
exercise will foil at increasing altitude, 45 the arterial oxygen lensron and, 
hence, maximum myocardial oxygen delivery falls. 

take primacy during maximum exercise under conditions of 
hypoxia. As a result, cardiac output must always be the 
same or greater during maximum exercise at increasing alti
tude with progressively lower arterial POz (Figure 7-7). 

In contrast, if some other mechanism exists, for example if 
it is a limiting myocardial oxygen delivery that "constrains" 
myocardial function according to the proposal of Hill and 
his colleagues, then maximum cardiac output will fall as the 
arterial POz is reduced at increasing altitude (Figure 7-7). 

Hence the finding that the maximum cardiac output falls 
with increasing altitud~9 establishes that, when the arterial 
POz is reduced, the skeletal muscles are unable to maximize 
their potential oxygen supply by forcing the heart to 
achieve its maximum (sea level) cardiac output (Figure 7-8). 
Rather the progressively lower maximum cardiac outputs 
achieved during maximum exercise at increasing altitude 
suggest that whatever "constrains" skeletal muscle activity 
at altitude, also "constrains" cardiac function, probably as a 
direct consequence. 

The lower maximal cardiac oulputs at altitude are also not 
the result of a myocardial ischaemia that could develop 
during maximum exercise at altitude.20,21 For example, 
from their study showing that left ventricular systolic func
tion measured either as the ejection fraction or as the ratio 
of the peak left ventricular systolic pressure to the end sys
tolic volume, was the same durinJi. peak exercise and at alti
tude (7620 m), Suarez et al. concluded that: "Left 
ventricular systolic function is not a limiting factor in com
promising the exercise capacity of nonnal humans on 
ascent to high altitude, even to the peak of Mount Everest". 
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Does the oxygen supply to the exercising muscles or 
to the heart Omit exercise at altitude? 

Conclusion: 
Tbe heart makes no attempt to muimize oxygen 

" delivery to the musdes <at altitude). 
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Figure '7-8. The finding tllJlt the maximum cardillc output falls with pr0-

gressive reductions in arterial oxygen tension at increasing allitude, 
proves llIJll oxygen deifiJery 10 organs other tllJln skeletal muscle deler
mines Ihe maximum oxygen consumption and peak warkra'e achieved 
during exercise (at altitude). 

Hence the conclusions from these studies are that: 

Maximum exercise at extreme altitude is terminated before 
anaerobiosis develops in either heart or skeletal muscle. 

The heart makes no attempt to increase cardiac output and 
therefore maximize O2 delivery to skeletal muscle during 
maximum exercise at extreme altitude. 

Hence something other than tissue hypoxia and the by-pro
ducts of "anaerobic" metabolism in the exercising muscles 
"constrains" maximum exercise at extreme altitude. 

What preventi muscle cmaerobio$i$? Hence the third in
tellectual challenge posed by this novel interpretation is: 
What acts to "constrain" both cardiac and skeletal muscle 
function at extreme altitude such that neither organ be
comes anaerobic, hypoxic or ischaemic during maximum 
exercise under those extreme conditions? The allied ques
tion is whether the same "constrainer" also acts during 
maximum exercise at sea level. 

The study of Kayser et al41 suggests, in my view, the most 
reasonable solution. They showed that skeletal muscle elec
tromyographic (EMG) activity was lower at exhaustion dur
ing maximum exercise at moderate altitude compared to 
sea level. Furthermore, when subjects inhaled 100% oxygen 
during maximum exercise at altitude, the peak exercise 
workrate and muscle EMG activity increased but still did 
not reach sea level values. This suggests that the variable 
constraining skeletal muscle recruitment at altitude 
responds to alterations in the oxygen tension either of the 
inhaled air or, as a result, of one or more of the tissues 
involved in the exercise response. 

The findings of these studies can best be explained by the 
mechanisms proposed in Figure 7-9. 

C-335 

Paper 43 

Chapter 7 The limits of Exercise - a New Hypothesis 123 

Threat of Ischaemia 
causing 

downregulatlon of 
contractile function 

Figure '7-9. A postulated model in which guuemors in the brain and the 
active muscles act to ensure that neither cardiac nor skeletal muscle anae
robiosis develops during maximum exercise. Postulated receplors in the 
heart anticipating perllJlps lhe onset of myocardilll iscllJlemia, act to reduce 
the centl'lll, neural recruitment of the exercising muscles, there"" prevent
ing any further increase in the oxygen demands of the active skeletal mus
cles and, consequently, lhe heart. 

ROLE OF GOVERNORS 

It is postulated that one "governor" exists in the brain. The 
function of that governor is to prevent the development of 
myocardial ischemia whenever a limiting myocardial oxy
gen delivery is approached. This might occur, for example, 
at the very high cardiac outputs (and coronary flows) 
achieved during maximum exercise, or the expectedly high 
and perhaps limiting coronary flows achieved under condi
tions of exerase at low arterial P02 as occurs at extreme 
altitude. Alternatively, at extreme altitude, an added or per
haps primary function of the governor may be to prevent 
hypoxia of the brain. 

Afferent input to the governor may arise from oxygen-sen
sitive receptors in the heart, either in the myocardium or 
the coronary vessels, in the brain, and perhaps also in skele
tal muscle. Alternatively, these receptors may monitor 
changes in intracellular metabolites, perhaps the phospha
gens. These governors would forestall the development of 
hypoxia or ischemia in heart, brain or muscle by reduang 
the central (neural) recruitment of the exercising muscle 
mass whenever a limiting myocardial or cerebral oxygen 
delivery is approached. Reduced skeletal muscle recruit
ment would prevent further increases in peripheral and, as 
a consequence, also myocardial oxygen demands. At 
extreme altitude, reduced skeletal muscle recruitment 
would prevent arterial P02 from falling to levels that 
would induce cerebral hypoXia and unconsciousness. 

The action of these neural governors would explain why 
the peak cardiac output is "constrained" whenever the 
arterial I'G.! is reduced3M2

,43 and alternatively why cardiac 
output increases when this constraint is removed as occurs, 
for example, when patients with chronic obstructive lung 
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disease exercise whilst inhaling oxygen that increases the 
arterial ~.44 

This model would also explain why there is as yet no evi
dence that (i) either cardiac OUtputl6 or skeletal muscle 
blood flow" reach limiting "plateau" values during maxi
mum exercise at sea level or (in that skeletal muscle 
anaerobiosis develops during maximum exercise at sea 
level,e, _9 or (ill) that skeletal muscle or myocardial anae
robiosis devel0,p;; during maximum exercise at extreme alti
tude.211,:n,3s-31,3 Indeed the fundamentally more interesting 
question is why (and how) the intracellular ~ remains 
constant despite large changes in the external workrates of 
both skeletal muscle and heart.43 . .f7-49 But the action of the 
governor would ensure this outcome. 

Figure 7-9 also suggests the existence of another governor, 
foreseen by Hill and his colleagues, and localised to both 
myocardium and skeletal muscle. This "governor" clearly 
established by the studies of Heyndrickx et al.so in cardiac 
muscle and by Spriet et al!1 and Hogan et als2 in skeletal 
muscle, can explain why the contractile function of these 
organs is reduced wherever the arterial 1'02 in the blood 
perfusing those tissues is reduced. 

RELEVANCE OF MODEL TO THE TEACHING 
OF MODERN CARDIOLOGY 

FcJctOl' 11m"",,, maxlmum eXfN'CN PfIdormance. This 
new model proposed here predicts that the maximum car
diac output is only the indirect determinant of the maxi
mum exercise capacity, at least at sea-level. Rather, this 
theory postulates that it is the maximum capacity for oxy
gen delivery to the myocardium that determines the mass 
of skeletal muscle that can be activated and hence the peak 
workrate that can be achieved, during maximum exercise of 
short duration. The actual cardiac output that will be 
achieved at this limiting myocardial oxygen delivery will 
be determined by the contractility of the heart and its effi
ciency with respect to oxygen use. Similarly the actual ex
ternal workrate (rurming speed or cycling velocity, for 
example) that is adtieved will be determined by the con
tractility and efficiency of the mass of active skeletal mus
cles that receives the limiting, maximum oxygen delivery at 
the maximum cardiac output. 

If this model is correct, it suggests that the peak coronary 
blood flow is the most important physiological variable 
measured during maximum exercise. It is interesting, for 
example, that the peak workload adtieved during exercise 
is one of the most accurate predictors of further life expec
tancy in persons with myocardial dysfunction, secondary to 
coronary artery disease. Could this be because the peak 
worJdoad achieved by this group of patients is determined 
directly by the extent of their coronary vascular disease? 

Similarly this model predicts that the subjects with the 
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highest V~ max values should have the greatest capacity 
for coronary blood flow as well as superior cardiac and ske
letal muscle contractility and efficiency. If coronary blood 
flow is such an important determinant of ultimate athletic 
ability, the question that arises is whether this is a genetic 
attribute, fixed at birth, or whether heavy athletic training, 
early in life, might increase the coronary capacity and 
hena: determine the ultimate athletic ability. This might 
explam why young swimmers, especially, train so inten
sively from a young age, a training for which, otherwise, 
there appears to be little physiological lOgic, 

In addition, if this model is correct, it could help explain 
one of the most interesting phenomena in exercise physiol
ogy. Which is that during very high intensity exercise of 
short duration, the work output falls within the first few 
seconds and well before metabolite accumulation could 
begin to limit exercise. This model would predict that the 
governor can anticipate that the maintenance of such a high 
workrate would rapidly induce damage, either to the heart 
or skeletal muscle. As a result, the (subconscious) decision 
is taken to reduce the excessively high workrate, well 
before any such damage could occur. 

Similarly, the traditional argument that the exercise inten
sity that can be sustained falls after 1-2 minutes because of 
an inability to generate A TP sufficiently rapidly, may sim
ply reflect the action of the governor to reduce muscle acti
vation specifically to ensure that myocardial ischaemia does 
not develop. 

Prevtmlfon 01 myocardial IM:haemIa during maJdmum 
exfII'CIN In patients with COlonai}' arffHy t:JIstiIoH. It is 
perhaps surprising that patients with coronary artery dis
ease develop. myocardial ischaemia relatively infrequently. 
It IS surpnsmg because their muscles are presumably 
healthy and hence potentially able to generate a large 
power output, greater than that with which their damaged 
hearts can cope. The presence of the governor would ensure 
that main~ained muscle function would not risk overtaxing 
the capaClty of the damaged heart in patients with an im
paired coronary blood flow. 

Cac.ts4U 01 fatigue In lIceWal muscle cbo«1tHs, includ
Ing McAIdlfl's syndrome. Patients with McArdle's syn
drome are unable to produce lactate during exercise 
~ause of ~he absence of one or more of the glycogenoly
tiel glycolytic enzymes. Yet the exercise tolerance of these 
patients is profoundly impaired. This is inexplicable accord
ing to the traditional model. Furthermore, despite a reduced 
capacity to generate ATP, patients with this condition do 
not develop skeletal muscle rigor during maximum exer
cise. 

The "governor" theory adequately explains why a reduced 
muscle recruitment in response to afferent sensory informa
tion resulting from the abnormal skeletal muscle metabo-
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!ism would terminate exercise before the onset of skeletal 
muscle rigor. 

SUMMARY 

In summary, this chapter provides circumstantial evidence 
for the existence of the "governors" proposed by A.V. Hill 
and his colleagues. Such governors act to "constrain" exer
cise via central, neural mechanisms in order to prevent the 
development of myocardial ischaemia during those forms 
of exercise that elicit a maximum cardiac output. In con
trast, the paradoxically low muscle and blood lactate con
centrations together with an absence of acidosis, during 
maximal exercise at extreme altitude or during exhausting 
exercise in patients with chronic cardiorespiratory diseases, 
indicates that the traditional Hill (Cardiovascular / Anaero
bic) model cannot explain what constrains exercise under 
these conditions. Rather it is likely that the same "gover
nor" must be active, perhaps responding also to a reduced 
PO, in the cerebral circulation. 

Thus, perhaps the most remarkable feature of the enduring 
75-year influence that A.V. Hill and his collea!iues have 
exerted on cardiology and exercise physiology/-7. 13,16 has 
been their irnmortalisation for that which they neither 
taught nor believed and which may be incorrect"-12 But 
their truly irtnovative ideas were that (a) it is the heart, not 
skeletal muscle, that is at greatest risk of anaerobiosis or 
ischemia during maximal exercise at sea level so that (b) a 
governor must exist to limit (their model) or prevent (the 
model presented here Figure 7-9) myocardial ischemia dur
ing maximum exercise9

-
12 

It is a theory ripe for investigation. 
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Summary 

An enduring hypothesis in exercise physiology holds variable then, under conditions in which arterial oxygen 
that a limiting cardiorespiratory function determines content is reduced, maximal e~ercise should terminate 
maximal exercise performance as a result of specific with peak cardiovascular funchon to ensure maximum 
metabolic changes in the exercising skeletal muscle, so- delivery of oxygen to the active tiJuscle. In contrast, if the 
called peripheral fatigue. The origins of this classical function of the heart or some other oxygen-sensitive organ 
hypothesis can be traced to work undertaken by Nobel is to be protected, then peak cardiovascular function will 
Laureate A. V. Hill and his colleagues in London between be higher during hyperoxia and reduced during hypoxia 
1923 and 1925. According to their classical model, compared with normoxia. This paper reviews the evidence 
peripheral fatigue occurs only after the onset of heart that peak cardiovascular function is reduced during 
fatigue or failure. Thus, correctly interpreted, the Hill maximal exercise in both acute and chronic hypoxia with 
hypothesis predicts that it is the heart, not the skeletal no evidence for any primary alterations in myocardial 
muscle, that is at risk of anaerobiosis or ischaemia during function. Since peak skeletal muscle electromyographic 
maximal exercise. To prevent myocardial damage during activity is also reduced during hypoxia, these data support 
maximal exercise, Hill proposed the existence of a a model in which a central, neural governor constrains the 
'governor' in either the heart or brain to limit heart work cardiac output by regulating the mass of skeletal muscle 
when myocardial ischaemia developed. Cardiorespiratory that can be activated during maximal exercise in both 
function during maximal exercise at different altitudes or acute and chronic hypoxia. 
at different oxygen fractions of inspired air provides a 
definitive test for the presence of a governor and its Key words: central governor. altitude. cardiac output. hypoxia. 
function. If skeletal muscle anaerobiosis is the protected hyperoxia. maximal rate of oxygen uptake. muscle recruitment. 

Introduction 

The maximum rate of oxygen uptake (VO,ma,) is a measure 
of the fastest rate at which oxygen (02) can be utilized by the 
body during severe exercise. VO,max is usually considered to be 
an index of cardiorespiratory. circulatory and muscular fitness. 
A lively debate of the definition and limiting factors for VO,ma, 

has enriched the recent literature (Bassett and Howley. 1997; 
Noakes. 1997; Noakes. 1998; Bassett and Howley. 2000; 
Noakes. 2000; Wagner. 2000a). The classical theory (Mitchell 
and Blomqvist. I en I) proposes that exercise is limited only after 
oxygen delivery to the exercising skeletal muscles becomes 
inadequate, inducing anaerobiosis (Bassett and Howley. 1997; 
Bassett and Howley. 2(00). Both cardiorespiratory 02 delivery 
and tissue diffusion limitation are believed to limit VOzmax in 
normal humans during maximal exercise (Roca et al.. 1989). The 
studies of Richardson and colleagues (Richardson et al.. 1999) 
demonstrated reduced cytoplasmic partial pressure of Ch (Poz) 
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at peak Vo, during single-legged exercise even when cardiac 
output was submaximal. These results are consistent with a 
supply limitation to VO,max in trained skeletal muscle, even 
during hyperoxia. Their data also revealed a disproportionate 
increase in intracellular Po, during hyperoxia, which could mean 
that the mitochondrial limits determining peak muscle Vo, are 
approached even at relatively high Po, in trained skeletal 
muscle. Additional theories analyzing the links between 02 
delivery and utilization have also received significant attention 
in the recent literature (Roca et al.. 1989: di Prampero and 
Ferretti. 1990; Wagner. 1991; Wagner. 1992: Wagner. 1995a: 
Wagner. 1995b; Wagner. 2000a). 

An alternative theory postulates that a 'central governor'. 
which regulates the mass of skeletal muscle that is recruited 
during exercise, acts to protect the heart from developing 
myocardial ischaemia during maximal exercise (Noakes, 1997: 
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Noakes, 1998; Noakes, 2000; Noakes, 2001). Thus, a logical 
starting point in the search for a central governor are those 
studies of cardiorespiratory function during acute hypoxia, 
since the possibility that myocardial ischaemia will develop 
is increased during maximal exercise in hypoxia. Studies 
of cardiorespiratory function during chronic hypoxia are 
potentially complicated by additional adaptations or 
maladaptations that might occur in response to sustained 
hypoxic stress. 

Numerous studies have shown that VO,m •• can be modified 
acutely by altering one or more of the variables considered to 
limit this measurement. These acute changes occur before 
structural adaptations, nonnally requiring several weeks to 
develop, can occur. Examples of acute modifications in VO,m .... 
are its increase in response to acute increases in the partial 
pressure of inspired oxygen (PIO,) and, conversely. its 
impairment with decreasing PIo,. Altering arterial oxygen 
content (eao,), either by ascending to altitude or by descending 
in a deep mine to below sea level, or modifying Plo" either in 
a hypobaric chamber or by breathing gas mixtures with varying 
oxygen fractions (Flo,), have all been reported to affect VO,m", 
in a predictable and reproducible manner (Fagraeus et aI., 
1973; Welch et aI., 1974; Wyndham et al., 1970). Also, VO,m •• 
increases with acute red blood cell transfusion (Gledhill, 1982; 
Gledhill, 1985: Spriet et aI., 1986; Gledhill et aI., 1999) and 
decreases with sympathetic blockade (Hughson and 
MacFarlane, 1981; Tesch, 1985; Hughson and Kowalchuk, 
1991). Over a longer (chronic) period, VO,m •• increases with 
endurance training but decreases with detraining (Saltin et aI., 
1 968a) or with prolonged exposure to high altitude (Cymerman 
et aI., 1989: di Prampero and Ferretti, 1990; Ferretti et aI., 
1990; Green et aI., 2000). Structural as well as functional 
changes in cardiorespiratory and neuromuscular function are 
more likely to explain these chronic changes. 

The purpose of the present review is to present the evidence 
for the possible existence of a central governor and to discuss 
the possible mechanisms by which this governor might limit 
VO,m,x and. hence, maximal exercise performance, certainly 
during hypoxia and also, perhaps, during maximal exercise at 
sea level. 

Origin of the central go'Vernor hypothesis 
Whilst preparing a rebuttal to the criticisms by Bassett and 

Howley (Bassett and Howle, 1997) of his previous manuscript 
(Noakes, 1997), Noakes (Noakes, 1998; Noakes, 2000; 
Noakes, 2001) rediscovered the long-forgotten central 
governor hypothesis as originally proposed by Hill, Long and 
Lupton in the 1920s (Hill et aI., 1924a;. Hill et aI., 1924b) In 
1924, that group of classical physiologists, which included the 
Nobel Laureate, A. V. Hill, wrote: 'Apparently, however, the 
limit to which the muscles may be driven, while breathing air, 
is set, not so much by the exhaustion of the muscles themselves 
as by the distress (cardiac and cerebral) resulting from either 
the rise of hydrogen-ion concentration of the blood, or its 
imperfect saturation with oxygen while passing rapidly 

through the lungs" (Hill et aI., 1924b). The authors continued: 
"It would seem probable, and although we have no direct 
evidence, the indirect evidence which we are adducing makes 
it very probable indeed, that the heart is able to regulate its 
output, to some extent, in accordance with the degree of 
saturation of the arterial blood, either of that which reaches it 
through the coronary vessels or by some reflex in other organs 
produced by a deficient oxygen supply. From the point of view 
of a well coordinated 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 
un saturation 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: the breathing 
of a gas mixture rich in oxygen would produce a greater degree 
of saturation of the blood and so allow the output to increase 
until the 'governor' stopped it again" (Hill et aI., I 924b). They 
were also amongst the first to test this hypothesis by 
conducting experiments in which human athletes exercised 
whilst inhaling hyperoxic oxygen mixtures. They summarized 
the resu Its of these experiments thus: "The use of gas mixtures 
containing a high pressure of oxygen enables a considerably 
higher oxygen intake to be attained. The increase is often so 
large that it cannot be due simply to more complete saturation 
of the blood in its passage through the lungs. It is suggested 
that a 'governor' mechanism exist, either in the heart muscle 
itself, or elsewhere, which tends to coordinate the output of the 
heart with the degree of saturation of the blood leaving it" (Hill 
et aI., 1 924b). Just as Hill and his colleagues used modified 
oxygen fractions in the inspired air as a tool to probe the 
mechanisms that regulate Vo,",,, and exercise capacity, so in 
this review we choose also to concentrate on those studies of 
acute (immediate, 1-2 days) hypoxia and hyperoxia which. in 
our opinion, add support to the original hypothesis of Hill and 
his colleagues. 

Studies of exercise under conditions of modified oxygen 
partial pressure (PIo,) 

Numerous studies show that Vo, and cardiac output (Q) alter 
in response to alterations in PIo,. During acute hypoxia, the 
only generally accepted finding is that VO,m.... i~ reduced 
whereas Vo, is unaltered during submaximal exercise 
(Stenberg et aI., 1966; Hughes et al.. 1968; Hartley et aI., 1973; 
Ekblom et aI., 1975; Fulco et aI., 1988; Peltonen et aI., 2001). 
Acute hypoxia increases Q. heart rate (fH) (Asmussen and 
Nielsen, 1955; Stenberg et aI., 1966; Wagner et aI., 1986; 
Peltonen et aI., 2001) and skeletal muscle blood flow (Cal bet, 
2000) at a given submaximal Vo, or workload. 

There is a lesser consensus of the responses of Vo, to acute 
hyperoxia. Some studies indicate a significant increase in 
VO,m .. during hyperoxia compared with normoxia (Welch et 
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al.. 1974: Ekblom et al.. 1975: Welch, 1982; Peltonen et aI., 
2001). whereas others failed to measure any such increase 
(Hughes et al.. 1968: Adams and Welch, 1980). Similarly. 
some studies reported a similar submaximal Vo, during 
hyperoxia and during normoxia (Asmussen and Nielsen, 1955; 
Hughes et al.. 1968), whereas others (Welch et aI., 1974: 
Ekblom et aI., 1975: Peltonen et aI., 200 I) found that the 
submaximal Va, was significantly higher during hyperoxia 
than during normoxia. 

Compared with normoxia, Q is either the same (Asmussen 
and Nielsen, 1955: Davies and Sargeant, 1974; Peltonen et aI., 
200 I) or reduced (Nakazono and Miyamoto. 1987) during 
submaximal exercise in hyperoxia. Skeletal muscle blood 
flow is reduced during submaximal (Welch et aI., 1977) but 
unaltered during maximal (Knight et al.. 1993) exercise in 
hyperoxia. 

Skeletal muscle is not the only organ to which the blood flow 
is altered by changes in Cao,: blood flow to the heart (Hilton 
and Eichholtz, 1925: Baron et aI., 1990; Kaijser et al .. 1990; 
Grubbstrom et al .. 1991) and brain (Jones et aI., 1981) abo 
shows considerable adaptation in response to changes in Cao" 
increasing during hypoxia and falling during hyperoxia. 

There is a general consensus that 02 transport to muscle is 
the principal determinant limiting VO,ma. (Secher et aI., 1977; 
di Prampero, 1985; Rowell, 1986; di Prampero and Ferretti. 
1990: Rowell, 1993). Indeed. it is even more likely that 02 
transport is the factor limiting the VO,m., of endurance-trained 
athletes than of normally active or sedentary subjects (Wagner. 
20ooa). However, as Plo, decreases, the role of the lungs in 
limiting VO'In" increases, whereas the importance of the 
cardiovascular system diminishes (Ferretti and di Prampero, 
1995). 

Maximal cardiac function is reduced during chronic 
hypobaric hypoxia, with a reduction in both maximal heart rate 
(/Hm.,) and maximal stroke volume (Vsm• x) (Vogel et aI., 1974; 
Reeves et aI., 1987). The classic explanation for the reduced 
Qma, during chronic hypoxia includes (i) increased blood 
viscosity from erythrocytosis causing an increased 
haematocrit; Oi) reduced cardiac filling pressures from reduced 
plasma volume; (iii) autonomic changes (either increased 
parasympathetic or reduced sympathetic activity): (iv) hypoxic 
myocardial dysfunction and (v) the possibility that hypoxia 
directly impairs skeletal muscle function, reducing exercise 
capacity so that Qmax is reduced in proportion to the reduced 
work output (Wagner, 2000b). 

However, cardiac catheterization studies performed during 
Operation Everest" (Groves et aI., 1987; Reeves et aI., 1987) 
indicated that, although VSm.. decreased at altitude, the 
decrement was proportional to the decrease in atrial filling 
pressure. indicating that myocardial contractility was 
preserved. Reeves and colleagues (Reeves et aI., 1987) 
concluded that a reduced maximum ventricular filling resulting 
from tachycardia or a reduction in plasma and blood volume 
or both was one possible cause of the reduced Vs. However, 
the point is that the proportional reduction in stroke volume 
and atrial filling pressure indicates that the heart was not 

ischaemic and that any increase in tilling pressure should have 
produced an increase in the stroke volume and cardiac output. 

Suarez et al. (Suarez et aI., 1987) have concluded that: "Left 
ventricular systolic function is not a limiting factor in 
compromising the exercise capacity of normal humans on 
ascent to high altitude. even to the peak of Mount Everest". 
Similarly. Reeves et al. (Reeves et aI., 1987) have concluded 
that "cardiac rate, cardiac output. and myocardial contractile 
function were preserved at extreme altitude ... reduced heart 
rates and cardiac outputs at maximum effort were the result 
rather than the cause of the reduced maximal 02 uptake". 

However, it is important to stress that any reduction in QI11'" 
during either acute or chronic hypoxia is paradoxical according 
to the classical model, which holds that the heart is simply the 
slave 10 the exercising muscles, with the unrequiting task of 
maximizing 02 delivery to the exercising muscle under all 
conditions. Hence, for the classical model to be correct, cardiac 
output must always be maximal at maximal exercise regardless 
of Plo" Flo, or Cao,. Hence, any intervention such as anaemia 
or hypoxia that reduces Cao" thereby threatening oxygen 
delivery to the exercising muscles. must be countered by acute 
changes, the principal aim of which must be to maintain 
oxygen delivery to the exercising muscles. Clearly, the exact 
opposite holds during chronic hypobaric hypoxia. It is also of 
interest that the skeletal muscle blood flow is unaltered at 
maximal exercise during acute anaemia, even though cardiac 
output is submaximal (Koskolou et aI., 1997). 

Furthermore, the changes in left ventricular filling that are 
thought to cause the reduced Vsm •• and ./Hmax during chronic 
hypoxia cannot explain why bothfHmax and Qmax are reduced 
during acute hypoxia since the duration of the hypoxia is too 
short to alter atrial filling pressures consequent to a theoretical 
increase in ventilatory and urinary fluid losses. 

As a result. the prevailing hypothesis is that Qmax should be 
the same during acute and chronic hypoxia so that any 
reduction in VO,max during acute hypoxia is due to the 
narrowing of the arterio-venous oxygen difference [(a-l')o,] 
(Stenberg et aI., 1966). Fig. I explains the basis for this belief 
whilst introducing another interpretation that has been 
overlooked. 

Fig. I shows that any reduction in arterial Po, (Pao,) will 
threaten oxygen delivery to all organs in the body including 
the heart and brain, and not just the skeletal muscles as is the 
usual interpretation. 

Rather, according to this model, the reduced Pau, during 
hypoxia will reduce potential oxygen delivery to both the 
skeletal muscles and the heart. Furthermore, if the heart is 
merely the slave to the skeletal muscles, then Qmax should be 
the same during maximal exercise in both hypoxia and 
normoxia since the heart's sole function is to maximize oxygen 
delivery to the hypoxic skeletal muscles. But if myocardial 
hypoxia must be prevented, then Qma. will fall in proportion 
to the reduction in Pao,o 

A large body of evidence shows that the determinants of 
Qm •• (/Hm •• and Vsmax) are both altered during maximal 
exercise in hypoxia. Thus, several studies found that acute 
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Table 2. The paradox of low cardiac output during single
legged e.xerr:ise in hypoxia 

% Inspired 01 

12 21 100 

Quadriceps Yo, 0.86±0.1 * 1.08±0.2 1.28±0.2* 
(Imin-I) 

Quadriceps blood flow 6.3±0.6* 7.3:t0.9 7.6±1.0 
(] min-I) 

Hearl rate 14S±3 14O±4 136±2 
(beats min-I) 

Quadriceps blood flow 43 52 56 
per hean beat 
(m1 beat-I) 

'Signiflcantly different from norrnoxia (P<0.05). 
From the data of Richardson et aI. (Richardson et aI., 1999). 
Values are means ± S.E.M. (N=5). 

work rate achieved and that both are the result of the small 
muscle mass that is activated in single-legged exercise. 

Maximum heart rate is reduced, in a dose-dependant 
manner, in response to increasingly acute hypoxia, whereas 
maximal plasma norepinephrine and lactate concentrations are 
unchanged during acute hypoxia. Moreover, Lundby and Olsen 
(Lund by and Olsen, 200 I) and Lundby et al. (Lundby et aI., 
2001) found that acutely changing the Flo, by breathing 
oxygen during experimentally induced acute hypoxia increased 
fHma. to sea-level values. A similar result has been reported 
during chronic hypoxia (Kayser et aI., 1994; Savard et aI., 
1995), in which oxygen inhalation increased peak heart rate at 
exhaustion, although ./Hma. was still lower than during 
normoxia. To explain their findings, Lundby and Olsen 
(Lundby and Olsen, 2001) and Lundby et al. (Lundby et aI., 
200 I) reported that blockade with domperidone demonstrated 
that hypoxic exercise in humans activates dopamine D2-
receptors, which cause a reduction in circulating levels of 
norepinephrine. However, this mechanism does not play a 
major role in the hypoxia-induced reduction of ./Hma •. The 
authors suggest that postganglionergic desensitization and not 
downregulation of cardiac adrenoreceptors is responsible for 
the early decrease in ./Hma. during hypoxia. 

The reduction in fHm •• and Qm •• during acute hypoxia 
favours the previous theories (Hill et aI., 1924a; Hill et aI., 
1924b; Ferretti and di Prampero, 1995; Wagner, 2000a) that, 
without parallel upward adjustments in both pulmonary and 
muscle 02 diffusive transport conductance, a very high 
cardiac output would cause substantial arteriaL desaturation 
and aLso impair muscle 02 extraction. Although the reduced 
Qm.. during acute hypoxia wouLd be physioLogically 
beneficiaL, the response remains paradoxical according to the 
classicaL model, which hoLds that the heart's function is 
to maximize oxygen deLivery to muscLe rather than to 
protect Pao,. Hence. the question that demands an answer 
is: What are the mechanisms that constrain the normal 
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increases in Q. VS and fH during severe exercise in acute 
hypoxia? As argued previousLy, the classicaL model proposed 
two separate mechanisms for fatigue during maximal 
exercise. 

First was the development of myocardiaL hypoxia causing a 
progressive cardiac failure. Hence: "The enormous output of 
the heart of an able-bodied man, maintained for considerable 
periods, requires a large contemporary supply of oxygen to 
meet the demands for energy. When the oxygen supply 
becomes inadequate it is probabLe that the heart rapidly 
diminishes its output, so avoiding exhaustion" (Hill et aI., 
I 924a; p. 443). The function of Hill's postulated governor was 
to reduce the work of the heart when myocardial hypoxia 
deveLoped, thereby sparing the heart from damage. This 
concept that myocardiaL failure antedated the development of 
fatigue was included in Bainbridge's textbook. edited by the 
North American exercise physiologists David Dill and Arlie 
Bock: "The blood supply to the heart, in many men. may be 
the weak. link in the chain of circulatory adjustments during 
muscular exercise, and as the intensity of muscular exertion 
increases, a point is probably reached in most individuals at 
which the supply of oxygen to the heart falls short of its 
demands, and the continued performance of work becomes 
difficult or impossible" (Bainbridge, 1931; p. 15). As a result: 
"The heart, as a rule, reaches the limit of its powers earlier than 
the skeletal muscles, and determines a man's capabilities for 
exertion" (Bainbridge, 1931). 

Second, as a result, blood flow to the exercising muscles was 
reduced, inducing anaerobiosis with the production of 'lactic 
acid', the rising intramuscular concentrations of which 
ultimately caused the cessation of exercise (Hill, 1926). 

Clearly, this model cannot explain the fatigue of chronic 
hypobaric hypoxia, including the profound muscle weakness 
at altitude described by Pugh (Pugh, 1958), or the inability of 
Peter Habeler and Reinhold Messner to walk upright to the 
summit of Mount Everest during their oxygen-less ascent, 
since (i) myocardial ischaemia does not occur during maximal 
exercise at extreme altitude (Reeves et al.. 1987; Suarez et aI., 
1987) and (ii) maximum blood lactate concentrations fall in 
proportion to the elevation above sea level (Christensen and 
Forbes, 1937; West, 1986; Green et a\., 1989). the so-call.ed 
'lactate paradox'. As a result "above an altitude of 7500 m, no 
blood lactate is predicted even for maximal exercise. If this 
extrapolation held good, a well-acclimatized climber who 
reached the summit of Mount Everest without supplementary 
oxygen would have no blood lactate. This is a paradox indeed, 
because such a climber is apparently more hypoxic during 
maximal exercise than in any other known situation" (West, 
1986). 

However the 'lactate paradox' is only paradoxical according 
to the classical model, which predicts that the extreme fatigue 
at altitude must result from abnormally elevated blood lactate 
concentrations despite the very low Vo, and work rates when 
climbing at extreme altitude. 

Clearly some other mechanism(s) must be operative, at least 
during chronic hypoxia. 
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Cardiovascular limitations 
Although the natural temptation, according to the classical 

model, is to propose that myocardial hypoxaemia explains the 
reduced fHmax. VS m., and ama, during hypoxia, the study of 
Blomqvist and Stenberg (Blomqvi5t and Stenberg, 1965) failed 
to reveal any electrocardiographic evidence of myocardial 
ischaemia during maximal exercise in acute hypoxia, as also 
shown during exercise in chronic hypoxia. That myocardial 
ischaemia does not develop even during severe exercise in 
either hypoxia or normoxia (Raskoff et aI., 1976) is compatible 
with the theory of a central governor, which prevents the 
recruitment of 50 large a muscle mass that a plateau in cardiac 
output is reached, leading to the myocardial ischaemia 
predicted by the classical model (Noakes, 1998; Noakes, 2000; 
Noakes. 2001). 

To maintain myocardial oxygen consumption during 
hypoxia. a more complete extraction of 02 from the coronary 
blood flow compensates for the reduced Cao, compared with 
sea-level values. During maximal exercise, the additional 
compensatory mechanism of increased coronary blood flow is 
activated. indicating that the normal heart has a 'coronary flow 
reserve' that is activated only during maximal exercise in 
hypoxia (Kaijser et al.. 1990; Grubbstrom et al.. 1991). This 
again supports the theory that a constrainer exists specifically 
to ternlinate the exercise before myocardial ischaemia can 
develop. 

A possible reason why stroke volume falls during hypoxia. 
even when only a single leg is active (Richardson et al.. 1999), 
could be the increase in coronary flow during hypoxia ~ince 
this is accompanied by an increase in coronary arterial pressure 
and stiffness (Templeton et al.. 1972). Any increase in left 
ventricular stiffness would shift the end-diastolic pressure/end
diastolic volume (PEniVED) curve to the left (Janicki et al.. 
1996), reducing VED at the same PED. and leading to a smaller 
VED with a similar PED and. thus. a smaller Vs according to 
the Frank-Starling mechanism. However, this theoretical 
mechanism does not occur even during chronic hypoxia since 
the relationship between Vs and VEl) is the ~ame during 
exercise at altitude and at sea level (Reeves et al .. 1987). It is 
difficult to believe that this mechanism exists only during acute 
hypoxia. 

Alternatively. ventricular interdependence could explain the 
reduced Vs during hypoxia. Acute hypoxia raises pulmonary 
arterial pressure (Cudkowicz, 1970) and right ventricular 
pressure, causing bulging of the interventricular septum 
towards the left ventricular cavity (Ritter et a1.. 1993). This, 
together with a decreased pulmonary capillary wedge pressure. 
indicating a lowered left atrial pressure and, hence. a reduced 
preload, lowers the driving pressure across the mitral valve 
and, consequently, reduces diastolic filling during the rapid 
phase in early diastole (Ritter et aI.. 1993). However. as already 
argued. the unaltered relationship between Vs and VEl) during 
exercise in chronic hypoxia indicates that this mechanism is 
not the principal factor explaining the reduced maximum 
cardiovascular function during chronic hypoxia. 

A third explanation would be simply that the reduced peak: 

workload during hypoxia (Peltonen et al.. 2001) reduces the 
action of the muscle pump, thereby reducing venous return 
(Rowell, 1993), so that the measured cardiovascular changes 
are the result and not the cause of the reduced workload during 
hypoxia. 

It has also been argued that, since pericardiectomy increases 
amax in dogs (Stray-Gundersen et al., 1986), diastolic filling 
therefore limits maximal cardiac output in humans during 
maximal exercise in the upright position. Yet this logic does 
not follow since dogs exercise on all four legs, in which 
position most of their blood volume is at the level of the heart 
(Rowell, 1986: Rowell, 1993) such that diastolic filling 
pressures are optimized. 

Hence, the model of exercise studied by Stray-Gundersen el 
al. (Stray-Gundersen et al.. 1986) is the equivalent of humans 
exercising in the supine position in which position diastolic 
filling pressures are higher at V02max than when humans 
exercise in the upright position (Rowell, 1993). Thus, the 
conclusion must be that. during maximal exercise in the 
upright position in humans. the heart is not at the limit of its 
capacity for diastolic filling. Rather, any limitation to diastolic 
filling must exist 'before' the heart, as may also occur during 
maximal exercise in hypoxia. 

Finally, an increased afterload cannot explain the reduced 
Vs during acute hypoxia since peripheral vascular resistance 
(Vogel et aI., 1974) and mean arterial pressure (Wolfel et aI., 
1991) are unaffected during acute hypoxia (Rowell and 
Blackmon. 1987) and elevated only during chronic hypoxia. 

Furthermore, the finding that the peak exercise heart rate is 
higher in silent ischaemia than in symptomatic ischaemia 
(Visser et aL. 1990) can be interpreted as evidence that the 
response to the sensory signals that cause exercise to terminate 
with submaximal heart rates during acute hypoxia, as in 
ischaemia. may arise from outside the myocardium itself, 
possibly in the central nervous system. 

In summary, direct cardiovascular factors. including 
myocardial dysfunction secondary to hypoxia or ischaemia. 
altered left ventricular diastolic function secondary to an 
increa~ed coronary blood flow or an increased pulmonary 
arterial pressure. are unable to explain the reduced am •• during 
hypoxia. Nor is the reduction in am.. during hypoxia 
compatible with the classical model. which holds that the hean 
is the ;;lave of the exercising muscles and must therefore 
maintain the same amax. especially when oxygen delivery to 
the exercising muscles is threatened by any factor that reduce~ 
Cao2 • 

Cenlral nervous .~ystem limitatio/l 

The elevated a and ftI during acute hypoxia at a given 
submaximal Vo, suggest an augmented sympathetic activity 
(Suarez et aI., 1987) with increased circulating catecholamine 
concentrations (Cunningham et aI., 1965; Manchanda et at, 
1975; E!>courrou et al.. 1984). However, the close relationships 
between blood norepinephrine concentrations. heart rate and 
percentage Vo2m .. are essentially unaffected by hypoxaemia; 
that is, they are all changed in the same relative proportions 

C-344 



Paper 44 

Exercise performance during acute hypoxia and hyperoxia 3231 

(Rowell. 1986). Therefore, it is interesting that Om.x, jHmax. 

VSma, and peak work rate (Pm .. ) are each reduced during acute 
hypoxia. in a situation in which maximal sympathetic activity 
would be expected. 

One possible explanation for the reduced Omax and Pm .. 

during hypoxia is that the limitation originates centrally in the 
brain. If the level of sympathetic activity at a given heart rate 
is the same under normoxic and hypoxic conditions (Rowell, 
1986). then the lower jHmax values during hypoxia could 
indicate a lesser sympathetic stimulation. 

However. the finding that plasma norepinephrine and lactate 
concentrations were similar to normoxic values after maximal 
exercise during acute hypoxia, despite a lower jHmax with 
increasing altitude (Lundby et aI., 200 I), suggests that 
sympathetic activity per se was not reduced but that the 
response of the heart to sympathetic stimulation was blunted. 

These authors (Lundby et aI., 2001) concluded that 
postganglionic desensitization and not a reduction in cardiac 
adrenoreceptor numbers is responsible for the early decrease 
in ./Hm .. during maximal exercise in hypoxia. In accordance 
with this interpretation, Manchanda et al. (Manchanda et aI., 
1975) reported that acute hypoxia reduced the stimulatory 
effects of catecholamines on cardiac function even during 
submaximal exercise. They found that, although cardiac 
performance increased in proportion to the rise in plasma 
catecholamine concentrations during normoxia. the response 
was blunted during acute hypoxia even though plasma 
catecholamine concentrations were elevated. They postulated 
that the depressant effect of increased hypoxaemia and acidosis 
during moderately heavy exercise in acute hypoxia may 
override the cardiostimulatory effects of elevated circulating 
catecholamine concentrations. 

There are. however, studies to indicate that the central nervous 
system itself may act as a 'central governor' during maximal 
exercise in hypoxia. First, the typical signs of peripheral 
neuromuscular fatigue. i.e. an increase in the integrated 
electromyogram signal (IEMG) are absent during chronic 
(Kayser et al.. 1994) and acute (peltonen et al.. 1997) hypoxia. 
Rather. IEMG activity is reduced at peak exercise but increases 
with oxygen administration at altitude (Kayser et aI., 1994). 
Hence. Kayser et al. (1994) conclude that: "during chronic 
hypobaric hypoxia. the central nervous system may play a 
primary role in limiting exhaustive exercise and maximum 
accumulation of lactate in blood". Second. blunting of afferent 
sensory signals from the working muscles does not diminish the 
hypoxia-induced cardiovascular adaptations to acute hypoxia, 
suggesting that the limitations in exercise performance are of 
central origin (Kjaer et aI., 1999). Third, vasomotor depression 
on exposure to acute hypoxia is induced by central hypoxia in 
non-acclimatized subjects (Koller et aI., 1991). Fourth, the 
animal experiments of Jones et al. (Jones et aI., 1981) have 
shown that, as Cao2 falls, regardless of whether this is due to a 
reduction in P0 2 or in haematocrit or both, there is a reciprocal 
increase in cerebral blood flow such that cerebral 02 delivery 
remains constant. This indicates that the brain has the ability to 
sense acute hypoxia and to increase blood flow in response. The 

finding that the extent of the cerebral microvasculature increases 
with chronic exposure to hypoxia (Harik et aI., 1996) further 
indicates the capacity of the central nervous system to sense, and 
to respond to, hypoxia. Moreover, hypoxia has a tendency to 
increase both overall and respiratory perceptions of effort for a 
given absolute V02 (Shephard et aI., 1992). 

All these findings, but most especially those of Kayser et al. 
(Kayser et al.. 1994), support the original central governor 
hypothesis of Hill and colleagues (Hill et aI., I 924a; Hill et aI., 
1924b). as modified by Noakes (Noakes, 1998; Noakes, 2000; 
Noakes, 2001), that skeletal muscle recruitment during severe 
exercise is regulated by a central governor specifically to 
prevent the development of progressive arterial desaturation 
leading to myocardial ischaemia or cerebral hypoxia. Thus, 
reduced Om., and \102m., during acute hypoxia might be the 
result rather than the cause of the reduced skeletal muscle 
recruitment (peltonen et aI., 200 I). The postulated pathways for 
this effect are presented in Fig. 2. 

Further evidence for the existence of a central governor is 
provided by an analysis of the theories of the relationship 
between V02max and exercise performance and how these 
predict the responses of both to either hypoxia or hyperoxia. 
Two different interpretations exist: one favours the belief that 
V02max directly determines the maximal workload that can be 
achieved: the other that V02m•x is the effect rather than the 
cause of the measured exercise performance. If VO,max 

determines maximal exercise performance, then \102m •• and 
exercise performance should change in direct and equal 
proportion during acute hypoxia and hyperoxia compared with 
values measured during normoxia. However, this is not the 
case: all the earlier and modem studies show a greater change 
in Vo2max than in maximal performance both during hypoxia 
and hyperoxia (Saltin et aI., 1968b; Drinkwater et aI., 1979: 
Maresh et aI., 1983; Fulco et al.. 1988: Roca et aI., 1989; 
Knight et al.. 1993: Peltonen et al.. 1995; Gore et aI., 1997; 
Nielsen et aI., 1998; Pehonen et aI., 200 I). Furthermore. the 
change in exercise duration at a constant workload during 
either hypoxia or hyperoxia exceeds the measured changes in 
V02max under those conditions (Fagraeus et aI., 1973; Adams 
and Welch, 1980). 

Although exercise performance and Vo2max do not change 
equally with changes in FlO" an interesting finding is the 
strongly positive correlation between changes in maximal 
workload and Om.. during both hypoxia and hyperoxia 
(Peltonen et al.. 2001). supporting the theoretical existence of 
a central governor linking cardiac function and exercise 
performance (Fig. 2). 

Finally, it is of interest to speculate about the site of the 
oxygen sensor that appears to link cardiovascular function and 
exercise performance during hypoxia and hyperoxia. Noakes' 
original suggestion was that the oxygen tension in the coronary 
vascular bed would be the monitored variable to prevent the 
development of a progressive myocardial ischaemia (Noakes, 
1998; Noakes, 2000; Noakes, 200 I: Fig. 2). 

Alternatively. other studies suggesting that a central 
governor limits exercise during hypoxia or at altitude (Koller 
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St Clair Gibson, A., E. J. Schabort, and T. D. Noakes. 
Reduced neuromuscular activity and force generation during 
prolonged cycling. Am J Physiol Regulatory Integrative Comp 
Physiol 281: R187-R196, 2001.-We examined neuromuscu
lar activity during stochastic (variable intensity) 100-km 
cycling time trials (TT) and the effect of dietary' carbohydrate 
manipulation. Seven endurance-trained cyclists performed 
two 100-km TT that included five 1-km and four 4-km high
intensity epochs (HIE) during which power output, electro
myogram (EMG), and muscle glycogen data were analyzed. 
The mean power output of the 4-km HIE decreased signifi
cantly throughout the trial from 319 :!: 48 W for the first 
4-km HIE to 278 :!: 39 W for the last 4-km HIE (P < 0.01). 
The mean integrated EMG (IEMG) activity during the first 
4-km HIE was 16.4 :!: 9.8% of the value attained during the 
pretrial maximal voluntary contraction (MVC). IEMG de
creased significantly throughout the trial, reaching 11.1 :!: 
5.6% during the last 4-km HIE (P < 0.01). The study estab
lishes that neuromuscular activity in peripheral skeletal 
muscle falls el with reduction in power output during 
bouts of hi tensity exercise. These changes occurred 
when <20% of available muscle was recruited and suggest 
the presence of a central neural governor that reduces the 
active muscle recruited during prolonged exercise. 

electromyogram; muscle; power output; carbohydrate; glyco
gen 

PREVIOUS STUDIES OF THE FATIGUE process during endur
ance cycling exercise have examined the ability offuel 
substrates such as carbohydrate (CHO) or fat to atten
uate these fatigue processes (5, 11). These studies have 
used either an open-loop design in which there is no 
fixed endpoint so that subjects terminate exercise of 
their own volition or a closed-loop design in which 
either the distance or duration of exercise is predeter
mined. They have shown that the ingestion of CRO 
before or during the trial increases the time to fatigue 
during the open-loop design or decreases the time re
quired to complete the trial during closed-loop design 
experiments (7, 8, 23, 24, 48). 

The mechanisms for this enhancement are unknown 
hut are generally assumed to result from changes in 
skeletal muscle metabolism (30), which delay the onset 
of muscle glycogen depletion, or as a result of the 

Address for reprint requests and other correspondence: A. St Clair 
Gibson. MRClUCT Bioenergetics of Exercise Research Unit, Univ. of 
Cape Town. Sport Science Institute of South Africa, PO Box 115, 
!{ewlands, 7725 South Africa (E-mail: agibson@sports.uet.ac.za). 

prevention or reversal of hypoglycemia (10). But it 
remains unclear why altered skeletal muscle metabo
lism induced by muscle glycogen depletion should in
duce fatigue. Thus Fitts (15) concludes that muscle 
glycogen depletion has not been identified as the exclu
sive cause of fatigue during prolonged exercise. Simi
larly, using an intermittent closed-loop sprint model, 
Bangsbo et al. (2) showed that decrements in skeletal 
muscle power output were not tightly correlated with 
any measured metabolic changes. They suggested that 
other factors, in particular neural control mechanisms. 
could cause fatigue during prolonged closed-loop exer
cise. 

Yet there are relatively few studies of the contribu
tion of neural factors to fatigue during prolonged, sub
maximal exercise. Rather, research investigating any 
possible neural basis for fatigue has used surface or 
invasive electromyographic (EMG) techniques during 
submaximal or maximal isometric or isokinetic con
tractions. 

It is usually found that during submaximal isometric 
or isokinetic contractions, the subject is able to in
crease the motor command to counteract the reduction 
of force output thought to be due to metabolic changes 
in the recruited but fatiguing muscle fibers (12, 19,21). 
Peripheral fatigue of this type is thus defined as a 
decrease in the force-generating capacity of the skele
tal muscle due to altered crossbridge cycle activity, to 
excitation/contraction coupling failure, or to failure of 
the action potential propagation in the presence of 
unchanged or increasing neural drive (43). 

Thus, if exercise-induced metabolic factors, in par
ticular muscle glycogen depletion, cause peripheral 
fatigue during prolonged exercise, there may be a pro
gressive increase in neural efferent drive to the active 
skeletal muscles. Increased neural efferent drive 
would initiate the recruitment of additional muscle 
fibers to offset any decrement in force production by 
the substrate-depleted, fatiguing muscle fibers. 

In contrast, central fatigue is defined as a reduction 
in efferent motor command to the active muscles re
sulting in a decline in force or tension development 
(13). Although some studies have shown that maximal 
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voluntary contraction (MVC) and integrated EMG 
(IEMG) are decreased by -30% after a 42-km mara
thon foot race (33), no study has examined the changes 
in central neural efferent drive during exhaustive en
durance exercise or the effect of CRO manipulation on 
this central command. 

The aim of this study was therefore to examine 
neuromuscular activity and force output in the active 
skeletal muscle and the effect of CRO manipulation on 
this neuromuscular activity during prolonged cycling 
involving a stochastic closed-loop exercise design that 
mimicked normal racing conditions. In addition, the 
study was adequately placebo controlled and evaluated 
endurance-trained individuals performing at their own 
volition and subjective maximal capacity. 

METHODS 

Aspects of this study have been published in a companion 
paper that evaluated metabolic changes and performance 
during these trials (9). 

Subjects. Seven endurance-trained male cyclists, accus· 
tomed to riding for prolonged periods (3-4 h), participated in 
this study. At the time of the investigation, each subject was 
riding between 250 and 500 km/wk. Before commencement of 
the trial, all subjects were informed that the purpose of the 
investigation was to test two different sports supplements 
designed for race preparation. The study was approved by 
the Ethics and Research Committee of the University of Cape 
Town Faculty of Health Sciences. Subjects gave written in
formed consent in accordance with the guidelines outlined by 
the American College of Sports Medicine (1). The subject 
characteristics are shown in Table l. 

Preliminary testing. On their first visit to the laboratory, 
subjects were tested for peak oxygen uptake (V02poa1oJ and 
peak sustained power output (PPO) on their own bicycles, 
which were mounted on the Kingcycle ergometer (described 
below). After a 5- to 10-min warm-up at a self-selected inten
sity, the test commenced at a workload of200 W; the load was 
then increased by 20 W/min until the subject could no longer 
maintain the required power output. The subject's PPO was 
taken as the highest average power produced during any 60-s 
period of the exercise test. During these incremental tests to 
exhaustion, subjects were requested to remain in a seated 
position to prevent whole limb recruitment pattern changes 
initiated by changing from a seated to a standing cycling 
position. 

Throughout the maximal test, subjects wore a face mask 
attached to an Oxygen Alpha automated gas analyzer (Jag
uar, The Netherlands). Before each test, the gas analyzer 
was calibrated using a Hans Rudolf 5530 3-liter syringe and 
a 5% COz-95% N2 gas mixture. Analyzer outputs were pro
cessed by an IBM computer that calculated minute ventila-

Table 1. Subject characteristics 

Age, yr 
Mass, kg 
V02 J1'IUlk 

ml'kg-l'min-1 
lImin 

Peak power output, W 
P:W, W/kg 

Mean:,::SD 

28:!:4.5 
72.1 :!:6.7 

63.9:!:4.7 
4.6~O.6 

411:!:52 
5.7:!:O.5 

Range 

22-37 
62-81 

58.0-70.2 
3.5-5.2 
313-464 
5.1-6.2 

V02peak, peak oxygen uptake; P:W, power-to-weight ratio (n = 7). 

tion, oxygen consumption, and rates of carbon dioxide pro
duction using conventional equations. Each subject's V02peak 

was taken as the highest oxygen uptake measured during 
any 60-s period of the test. 

After completing the maximal test, subjects performed a 
familiarization ride on the Kingcycle (Kingcycle, High Wy
combe, UK) ergometry system, which allows cyclists to ride 
on their own racing bicycles in the laboratory. After removing 
the front wheel, the subject's bicycle is attached to the er· 
gometer by the front fork and supported by an adjustable 
pillar under the bottom bracket. The bottom bracket support 
is used to position the rolling resistance of the rear wheel 
correctly on the air-braked flywheel. The ergometer was 
calibrated as previously reported in detail (35). The familiar
ization ride consisted of the first 25 km of the l00-km time 
trial (IT; described below). Subjects were requested to uride 
as fast as possible" and were not given any feedback other 
than their elapsed distance. Before the trial, all subjects were 
told that the subject with the fastest time in either trial 
would receive a financial reward at the end of the trial. This 
was done to motivate subjects to complete the trial in the 
fastest time possible. 

Dietary intervention. Individual food plans were con
structed for each subject based on body mass (BM) and food 
preferences. Each subject was supplied with his food intake 
for the 72-h period before each trial. Menu plans were pro
vided in written form, and the food assigned to each meal was 
individually prepared and packaged so that the need for 
further preparation by subjects was minimized. Subjects 
were required to record their actual food and fluid intake in 
dietary logs to account for any portion of meals left uncon
sumed or any additional intake. Although some food items 
differed between subjects, each cyclist received identical 
breakfast, lunch, and dinner menus for both of his trials, 
with the CHO intake of these meals designed to provide 6 
g·kgBM-l·day-l. Snacks were then provided for each day to 
provide the dietary source of differentiation between TI. For 
the CHO-loading diet, subjects received 1,200 ml of water 
each day and a number of sports bars (Gijima, Sasko, Paari, 
South Africa) calculated to provide an additional 3 g 
CHO·kg- 1 ·BM-l. Each sports bar had a composition of27 g 
CHO, 6.5 g fat, and 2.7 g protein. For the placebo trial, daily 
snacks were provided in the form of 1,200 ml of an artificially 
sweetened, low-calorie drink that was described to the sub
jects as a "CHO-Ioading" drink. Total energy (4,149 == 315 vs. 
2,726 == 202 kcal; P < 0.05), protein (110 == 7 vs. 88 :!: 6 g; P < 
0.05), and fat (126 == 9 vs. 79 == 7 g; P < 0.05) intake were 
significantly higher during CHO compared with placebo 
trials. 

Experimental trials. Each subject completed a random 
crossover design of two experimental TI separated by 7 days. 
Subjects performed their TI at the same time of day under 
standard laboratory conditions (-20°C, 55% relative humid
ity). Subjects were requested to perform the same type of 
training for the duration of the experimental period and to 
refrain from heavy physical exercise on the day preceding a 
TI. Training diaries were kept to assess compliance to this 
condition. On the morning of an experiment, subjects re
ported to the laboratory between 0700 and 0800, 12-14 h 
after an overnight fast. At this time, the Kingcycle ergometer 
was calibrated, after which subjects consumed a standard 
breakfast providing 2 g of CHOIkg BM. After resting quietly 
for 105 min, a preexercise muscle biopsy sample was taken 
from the vastus lateralis of the right leg according to the 
technique of Bergstrom (4) as modified by Evans et al. (14). 
After this procedure, the subject mounted his bicycle and 
began a 5-min self-paced warm-up. 
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Exactly 2 h after the subjects had consumed breakfast, 
they commenced the 100-km TI. To mimic the stochastic 
nature (variable nature) of cycle road races (36), the TI 
included a series of high-intensity epochs (lITE): five 1-km 
HIE after 10,32,52, 72, and 99 km, as well as four 4-km HIE 
after 20, 40, 60, and 80 km. Just before commencement of 
these sprints, an investigator gave a distance countdown and 
instructed the cyclist to complete the sprint in the fastest 
Lime possible as soon as he reached the specific distance at 
which the sprint started. Subjects viewed a diagram of the 
"course profile," which graphically illustrated where the l
and 4-km lITE occurred before and during each ride. Instan
taneous power output was recorded at each 500-m split of 
both the 1- and 4-km HIE to provide an estimate of the 
average power output for that HIE. Subjects were instructed 
to complete the total distance as well as the HIE, in "the 
fastest time possible." The only feedback given to subjects 
during TI was their elapsed distance and heart rate (HR). 
Subjects were not informed of their total time or their times 
for the HIE until completion of the experiment. Throughout 
each TI, power output, speed, and elapsed time were moni
tored continuously and stored for later analysis. HR was 
recorded using a SportTester HR monitor (Polar Electro, 
Kempele, Finland). We previously reported that the between
test correlation for the time taken by eight well-trained 
cyclists and triathletes to complete this protocol was 0.93 
[95% confidence interval (CI), 0.79-0.98], and the within
cyclist coefficient of variation was 1.7% (95% CI, 1.1-2.5%) 
(39). 

During the 100-km ride, subjects ingested a 7 g/100 ml 
glucose polymer solution at a rate of 15 ml-kgBM-1-h-'. 
This drinking regimen was intended to replace -80% of 
sweat loss (32) while providing CHO at - 1 g-kg BM-l. 
min -l, the maximum rate at which muscle can oxidize exog
enous glucose (22). A fan was positioned to cool the subjects 
during their TI. The average sweat loss was estimated as the 
average fluid intake plus weight change over the trial of all 
seven subjects. Immediately on completion of the TI, a sec
ond biopsy was taken from the same leg at a distance 4 cm 
distal to the first incision. No metabolic measurements were 
taken during the trials, as the TI were performance trials 
and it was felt that interfering with the athletes during the 
trials would impair their performance by distracting their 
concentration. 

Isometric testing. Before the start of each cyclist's TI, his 
quadriceps muscle strength was tested on a Kin-Com isoki
netic dynamometer (Chattanooga Group). The knee exten
sors were tested isometrically at a knee angle of60·, with the 
reference point being full knee extension. Each subject per
formed four submaximal familiarization 5-s isometric knee 
extensions at -50% of maximal effort. two 5-s isometric knee 
extensions at -70% of maximal effort, and two 5-s isometric 
knee extensions at -90% of maximal effort. Subsequent to 
this familiarization and warm-up protocol, subjects per
formed four maximal 5-s second isometric contractions. The 
MVC attained in these four trials was used for subsequent 
analysis. Subjects were directed to begin maximal effort 
immediately and not "save" effort for the final seconds of the 
test. Subjects were verbally encouraged during the test to 
exert maximum effort. 

EMG testing. Before maximal isometric strength testing 
on the Kin-Com isokinetic dynamometer, EMG electrodes 
with a bandwidth of 20-500 Hz and sensitivity of <0.08 \.LV 
were attached to the "belly" of the rectus femoris muscle. The 
skin overlying the vastus lateralis muscle was carefully pre
pared. Hair was removed by shaving, the outer layer of 
epidermal cells were abraded, and oil and dirt were removed 

from the skin with an alcohol swab. Triode electrodes 
(Thought Technology Triode, MIEP01-00, Montreal, Can
ada) were placed on the muscle site as described above and 
linked via a fiber-optic cable to the FlexcomplDSP EMG 
apparatus (Thought Technology) and host computer. A 50-Hz 
line filter was applied to the EMG data to prevent interfer
ence from electrical sources. Each test was sampled at 1,984 
Hz for the duration of the two TI and isometric tests, thus 
yielding raw signals. 

Five seconds of raw data were collected at the midpoint of 
each 1-km HIE (10.5, 32.5, 52.5, 72.5, and 99.5 km), 4-km 
HIE (22, 42, 62, and 82 krn), and at three nonsprint distances 
(5, 55, and 95 km) during each TI. 

The raw EMG signals were full-wave rectified, the move
ment artifact was removed using a high-pass second-order 
Butterworth filter with a cut-off frequency of 15 Hz, 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. This IEMG data was used 
for subsequent analysis. 

The frequency spectrum of each HIE of the raw EMG data 
was analyzed using a fast Fourier transformation algorithm. 
The frequency sPfctrum analysis was restricted to frequen
cies in the range 5-500 Hz, as the EMG signal content 
outside of this range consists mostly of noise. The frequency 
spectrum from each epoch of data was compared with that 
derived from the MVC, and the amount of spectral compres
sion was estimated. This was performed using the technique 
described by Lowery et al. (28) as a modification of the work 
ofLo Conte and Merletti (27) and Merletti and Lo Conte (31). 
The spectrum of the raw signal of each epoch was obtained, 
and the normalized cumulative power at each frequency was 
calculated. The shift in each percentile frequency (i.e., at 0, 
50, 100% of the total cumulative data) was examined. The 
percentile shift was then estimated by calculating the mean 
shift in all percentile frequencies throughout the midfre
quency range (i.e .. 5-500 Hz). This method has been sug
gested as a more accurate estimate of spectral compression 
than median frequency analysis, which uses the value of a 
single (50th) percentile frequency only (27, 28, 31). This 
change in mean percentile frequency shift (MPFS) data was 
used for subsequent analysis. 

All EMG data were normalized by dividing the value at 
each time point during the cycle trial by the EMG value 
obtained during the MVC performed before the start of each 
TI. IEMG and MPFS data were therefore expressed as a 
percentage of this MVC data. 

Analytic techniques. Muscle samples were subsequently 
freeze-dried; dissected free of blood, connective tissue, and 
fat; and weighed. Muscle glycogen content was determined 
after acid hydrolysis by a hexokinase method (25). The coef
ficient of variation for this assay in this laboratory is <5% for 
duplicate glycogen assays of a single piece of muscle and <7% 
for assays of the glycogen content of separate pieces of the 
same muscle biopsy sample (22). 

Statistical analyses. Data from both TI were first com
bined and analyzed, and, subsequent to this, data were also 
analyzed to assess differences between the CHO and placebo 
trials. The EMG and force data are also expressed as nor
malized data, as described above. Differences in the HIE 
times and HIE power outputs, IEMG and MPFS data, and 
glycogen concentrations were examined using repeated
measures ANOVA, whereas glycogen use and total 100-km 
time and total power output were compared using Student's 
t-tests. All data are reported as means :!: SD, and all calcu
lations were performed using Statistica for Windows (Ver
sion 6, Statsoft, Tulsa, OK). 
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RESULTS 

The mean V02peak value for the subjects was 63.9 :!:: 
4.7 ml·kg-1·min- 1, and PPO was 411 :!:: 52 W (Table 
1). Their maximal force output during the pretest MVC 
was 703 :!:: 119 N. The mean power output during the 
100-km 'IT and the time taken for completion were 
256 :!:: 39 W and 148.27 :!:: 10.11 min, respectively. 

The mean power output, IEMG, time taken, and 
MPFS for the five 1-krn HIE for the group are shown in 
Fig. 1. The mean power output for the first 1-km HIE 
decreased significantly throughout the trial from 379 :!:: 
52 to 300 :!:: 63 W for the last 1-km HIE (P < 0.01). The 
mean IEMG activity during the first 1-krn HIE was 
19.6 :!:: 12.8% of the value attained during the pretrial 
MVC. IEMG decreased significantly from this initial 
value throughout the trial to 11.34 :!:: 5.62% attained 
during the last HIE (P < 0.05). Time taken for each 
1-km HIE increased significantly from 1.22 :!:: 0.07 for 
the first HIE to 1.36 :!:: 0.11 min for the last HIE (P < 
0.01). MPFS for the first 1-km HIE compared with the 
pretest MVC was 84.8 :!:: 9.3%. MPFS increased signif
icantly throughout the test and the value for the last 
HIE was 98.0 :!:: 14.4% (P < 0.01). 

The mean power output, IEMG, time taken, and 
MPFS for the four 4-km HIE for the group are shown in 
Fig. 2. The mean power output decreased significantly 
throughout the trial from 319 :!:: 48 W for the first 4-km 
HIE to 278 :!:: 39 W for the last HIE (P < 0.01). The 
mean IEMG activity during the first 4-km HIE was 
16.4 ::':: 9.8% of the value attained during the pretrial 
MVC. IEMG decreased significantly from this initial 
value throughout the trial to ILl:!:: 5.6% during the 
last HIE (P < 0.01). Time taken for each 4-km mE 
increased significantly from 5.37 :!:: 0.32 for the first 
4-km HIE to 5.67 :!:: 0.11 min for the last HIE (P < 
0.01). MPFS for the first 4-km HIE compared with the 
pretest MVC was 91.3 :!:: 9.3%. Although MPFS in
creased throughout the IT, with the value for the last 
HIE being 95.7 :!:: 14.7%, this increase was not signif
icant. 

The HR changes during the three self-paced, five 
1-krn HIE, and four 4-km HIE for both 'IT are shown in 
Fig. 3. The HR during self-paced cycling increased 
significantly from 152 :!:: 11 beats/min after 5 krn to 
164 :!:: 12 beats/min after 95 km (P < 0.01). The HR 
during the 4-km HIE was maintained at 175 :!:: 8 
beats/min for the first 4-km HIE to 175 :!:: 9 beats/min 
for the last 4-km HIE. The HR during the 1-km HIE 
increased from 172 ± 10 beats/min after the first 1-km 
HIE to 175 ± 9 beats/min after the last 1-km HIE. 
None of these differences was statistically significant. 

With regard to the effects of CHO manipulation, 
there were no significant differences in the force output 
generated during the pretest MVC between CHO 
(720 ± 158 N) and placebo (684 ± 72 N) trials. Nor 
were there significant differences in the decrease in 
power output and IEMG between CHO and placebo 
trials during either the 1-km HIE (Fig. 4) or 4-krn HIE 
(Fig. 5). There were no significant differences in the 
increase in time taken and PFS between CHO and 
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Fig. 1. Power output (W). integrated electromyogram (lEMG; 90), 
time (min), and mean percentile frequency shift (MPFS; %) changes 
for the entire group during the l-km high-intensity epoch (HIE). 
'P < 0.05, time point 1 vs. time point 5 IEMG; "P < 0.01, timepoillt 
1 vs. time points 4 and 5; time, power, and MPFS. 

placebo trials during either the 1- or 4-km HIE. There 
were also no significant differences in HR changes 
between CHO and placebo groups during either the 
self-paced trial, 1-km HIE, or 4-km HIE. 

As reported previously (8), the dietary CHO intake 
was significantly higher when subjects were CHO 
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loaded (9.0 :t 0.3 g/kg BM) compared with the placebo 
diet (5.8 :t 0.2 g/kg BM; P < 0.05). The preexercise 
muscle glycogen concentrations we " ntly 
higher in the CHO trial (572 :t 107 g dry wt) 
compared with the placebo trial (485 :t 128 mmollkg 
dry wt; P < 0.05). There were also no significant dif
ferences in postexercise muscle glycogen values be
tween CHO (96 :t 63 mmolJkg dry wt) and placebo 
(55 :t 28 mmolJkg dry wt) trials (Fig. 6). There were no 

significant differences in glycogen use during the TT 
between CHO (476 :t 66.5 mmol/kg dry wt) and placebo 
(431 :t 116 mmollkg dry wt) trials, as previously re
ported (8). 

A representative illustration of normalized IEMG 
activity of rectus femoris activity during l-krn HIE for 
one subject is shown in Fig. 7. No obvious EMG pattern 
changes were detected during cycling activity during 
either TT as subjects fatigued. 

DISCUSSION 

In this study, we report two unexpected findings. 
First, we found that IEMG activity declined parallel 
with decreases in power output and increases in the 
time taken to complete repeat 1- and 4-krn high-inten
sity exercise bouts during a 100-krn cycling TT. Second, 
we found that these changes occurred although only 
-20% or less of the available muscle activated during 
an MVC was recruited at any time during the cycling 
TT. 
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The first finding of decreased IEMG activity associ
ated with decreased power output was unexpected, as 
previous studies have described that IEMG activity 
increases during prolonged submaximal exercise (12, 
19, 21). As described previously, increasing IEMG ac
tivity generally indicates the recruitment of a greater 
number of motor units controlled by the development 
of a peripherally located fatigue due either to skeletal 
muscle mechanical damage or metabolic substrate per
turbations (21). However, some other studies have re
ported decreased IEMG activity after prolonged sub-

maximal exercise. For example, Nicol et al. (33) found 
that MVC and IEMG decreased by -30% in subjects 
studied after a 42-km marathon foot race. They spec
ulated that this was caused either by insufficient con
scious effort or altered central recruitment strategies. 

The findings of this study therefore show, for the first 
time, that neuromuscular activity starts to decline 
early in the exercise activity despite the conscious 
efforts of the subjects to maintain maximal power out
put. Others have shown that during isometric contrac
tions these changes effect not only the active muscles 
(18) but also synergistic muscles uninvolved in the 
exercise (38). 
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750 

CHO PLACEBO 
Fig. 6. Muscle glycogen content before (solid bars) and after (open 
bars) the lOO-km 'IT and muscle glycogen (hatched bars) use during 
the lOO-km TT for CHO and placebo groups ('P < 0.05 preexercise 
muscle glycogen in CHO compared with placebo trial). dw, Dry wt. 

These findings could be due to fatigue originating in 
the motor cortex or to decreased efferent output from 
the motor cortex secondary to inhibitory influences 
arising from elsewhere in the body or to reflex muscle 
recruitment changes arising directly from groups III 
and IV metaboreceptor afferent input from the periph
eral muscles at the spinal cord level (37). Previous 
studies that examined cortical and efferent output 
changes during isometric contractions (16, 17, 44) 
found that fatigue of the motor cortex was not respon
sible for decreased efferent command. Rather, the 
changes in motor command were regulated by changes 
"upstream" from the motor cortex, either excitatory or 
inhibitory changes in other brain structures, or as a 
result of failure to recruit corticospinal neurons due to 
decreased afferent input from group III and IV affer
ents in the exercising muscles. Changes in neuromus
cular activity in our study could therefore be due to 
commands generated in the higher cortical structures 
or in response to afferent input from metabolic changes 
in the peripheral organs or both. 

The protocol in this study was of a closed-loop design 
so that subjects knew the length of the trial and the 
number of sprints to be performed during the trial. 
Ulmer (45) speculated that efferent command signals 
to skeletal muscles regulate not only the spatial and 
temporal pattern of motion but also control the meta
bolic rate by adjustment of power output. He specu
lates that a central "programmer" would consider the 
time necessary to complete both the sprints and the 
total activity and the metabolic changes in the differ
ent body systems involved during exercise. The pro
grammer would then regulate those systems so that 
the individual would complete the activity without 
bodily damage or premature fatigue. This regulatory 
system is described as teleoanticipation. In our study, 
the decrease in neuromuscular activity during the 
sprint activity may represent teleoanticipation, in 
which the power output was subconsciously decreased 
despite external encouragement and each subject's 
maximal conscious effort. 

A limitation of our study was that the efferent neural 
command was measured only in the rectus femoris 

muscle. Other lower limb muscles might have received 
either excitatory or inhibitory commands different to 
those measured in that muscle. Other studies have 
shown that muscle recruitment patterns change dur
ing fatiguing activity (2, 33, 34). For example, Takaishi 
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et aL (42) showed that recruitment pattern changes 
during cycling were cadence dependent so that differ
ent muscles were used at different cadences. Thus it is 
possible in this study that the recruitment strategies of 
the lower limb were altered as the cyclists became 
fatigued during the TT, with other muscles being re
cruited to different levels compared with the changes 
measured in the rectus femoris muscle. The decrement 
in power output was -21%, whereas the decrement in 
IEMG activity was -42% during the 1-km high-inten
sity bouts. Similar differences were found during the 
4-km high-intensity bouts. These findings suggest that 
recruitment strategies of different muscles involved in 
cycling activity must vary, as either a relative increase 
in force is provided by the remaining rectus femorus 
muscles not tested or other muscles are recruited to a 
greater extent compared with the rectus femoris dur
ing the high-intensity cycling activity. However, the 
study of Sacco et aL (38) found that reduced recruit
ment of one fatigued muscle was associated with re
duced recruitment of synergistic muscles and there 
was a decline in both the overall IEMG and power 
output during the cycling trial. 

It is also unlikely that these findings can be ex
plained by the biomechanics of cycling preventing 
greater levels of muscle recruitment. Studies in our 
(unpublished observations) and other laboratories (29, 
46) have shown that during open-loop exercise testing, 
including progressive exercise to exhaustion for mea
surement ofVo2max, IEMG activity increases with in
creasing work rate in a repeatable manner (29). In
deed, further studies in our laboratory (26) have shown 
that in stochastic exercise of short duration (1 h), 
power output and TEMG activity decreased during the 
first sprints similar to the finding in this study. How
ever, in contrast to the finding in Figs. 1 and 2, in that 
study both power output and IEMG activity increased 
in the final sprint, indicating that IEMG activity was 
tracking power output changes and that decrements in 
IEMG during the first few sprints could not be ex
plained solely by temperature, conductivity, or elec
trode placement changes during the triaL Hence the 
decrements in IEMG activity and low percentage of 
muscle recruitment throughout this trial are not an 
artifact of the testing method used. These findings 
were reproduced on two separate occasions in the 
above study as part of a repeatability trial (26). 

It was previously suggested that alterations in exci
tation/contraction coupling or in the contractile appa
ratus (2, 20) may be responsible for the decrement in 
power output during fatigue. Although no obvious cy
cling EMG pattern changes occurred (Fig. 7) during the 
HIE bouts, excitation/contraction coupling impair
ments may also be a cause of the reduced neuromus
cular activity and force output decrements. 

The decreases in power output during the 1 (Fig. 4)
and 4-km (Fig. 5) HIE bouts occurred similarly in both 
trials despite different starting muscle glycogen con
centrations induced by the different dietary practices. 
Hence the progressive reduction in power output and 

neuromuscular activity was not related to differences 
in preexercise muscle glycogen concentrations. 

The second important finding was that these de
creases in power output occurred despite the recruit
ment of -20% or less of the muscle mass during the 
cycling TTs compared with during the MVC. Previous 
studies have also shown the recruitment of an equally 
small muscle mass during cycling activity (40). Meta
bolic studies have shown that all available muscle 
fibers are never completely activated during maximal 
treadmill running (41), with -41-90% of muscle fibers 
being recruited in different subjects during horizontal 
treadmill running and -40-80% during uphill run
ning. 

Despite the low percentage of muscle fiber recruited 
at any instance in this study, severe muscle glycogen 
depletion occurred at the end of the trial coincident 
with marked subjective fatigue in both CHO and pla
cebo groups. Such low muscle glycogen concentrations 
could not have occurred if only the same 20% or less of 
all muscle fibers were recruited during the entire TT. 

Therefore, we conclude that the decreased neuro
muscular activity was part of a strategy in which the 
recruitment patterns of either the entire lower limb or 
individual muscle fibers in the same muscle were al
tered during the fatiguing process. Thus different mus
cle fibers must have been recruited at different times 
so that previously Quiescent muscle fibers were re
cruited to replace fatiguing fibers at the same time that 
overall efferent neural command was decreasing. 

Indeed, Enoka and Stuart (13) suggested that re
cruitment of motor units in the same muscle alternate 
during fatiguing activity to attenuate fatigue during 
sub maximal activity. Recently, Westgaard and De 
Luca (47) confirmed that motor unit substitution and 
alternation occurs during submaximal isometric con
tractions. They speculated that efferent neural com
mand patterns must have knowledge of the previous 
activation history and temporal variation in recruit
ment activity and that this substitution phenomenon 
protected motor units from excessive fatigue during 
sustained submaximal isometric contractions. Further 
studies examining the relationship between glycogen, 
glycogen phosphorylase, and succinyl dehydrogenase 
histochemical changes in type I and II fibers during 
this protocol and IEMG and power output from the 
agonist and antagonist muscles are needed to confirm 
the findings of this study. 

The percentile frequency shift increased signifi
cantly during the 1- and 4-lun HIE exercise bouts after 
showing a leftward spectral compression in the first 
HIE relative to that during MVC. The initial leftward 
spectral compression may be related to the dynamic 
nature of cycling. A rising core temperature increases 
spectral density toward the higher frequencies (6). 
Although not measured, it is likely that rectal temper
ature rose progressively during this trial and might 
have explained this effect. It is also possible that these 
changes were related to a recruitment strategy in 
which larger, fatigue-sensitive type II fibers were se
lectively recruited later in the trial (3). 
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Surprisingly, decreases in IEMG and power output 
were not associated with any significant changes in HR 
during either the 1- or 4-km HIE (Fig. 3). Furthermore, 
heart rate rose significantly during the self-paced cy
cling (Fig. 3). These findings indicate that the subjects 
perfonned to their own maximal volitional capacity 
and support the conclusion that the neuromuscular 
activity changes were subconsciously generated. In 
contrast, reduced conscious effort would have been 
shown by reduced HR during both the HIE bouts and 
the steady-state exercise. Subjects also indicated ver
bally that they were working at maximal effort during 
all the HIE bouts and subjectively appeared completely 
exhausted at the completion of the trial. Indeed, the 
terminal glycogen concentrations were amongst the 
lowest ever recorded in this laboratory, indicating an 
exhaustive conscious effort. 

Finally, we note that the first HIE bouts were per
fonned at an intensity of ~90% ofthat achieved during 
their V02pcak protocols and at -70% of their V02p cak 

intensity in the last HIE bout. Therefore, at no stage 
did subjects perform at power outputs higher than 
those reached during their Vo2max test. 

In conclusion, the main findings of this study were 
that during 1- and 4-km HIE cycling bouts, IEMG 
declined parallel to decreases in power output and 
increases in time taken to complete these HIE. These 
changes occurred despite only -20% or less of the 
available muscle fibers being recruited at any time 
during the time trial. Decreases in power output and 
IEMG activity were not associated with a reduction in 
HR during either 1- or 4-km HIE despite significant 
increases in HR during self-paced cycling. Although 
preexercise eHO loading significantly increases pre
trial muscle glycogen concentrations, this did not in
fluence any of the variables measured during the trial. 

On the basis of these findings, we postulate that the 
progressive reduction in neuromuscular activity may 
be the cause of fatigue in this trial as an anticipatory 
mechanism occurring at a subconscious level. Further 
work examining multiple physiological systems, in
cluding afferent input and central command genera
tion during dynamic endurance cycling activity, is 
needed to verify these findings. 
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Abstract The purpose of this study was to examine and 
describe the neuromuscular changes associated with 
fatigue using a self-paced cycling protocol of 6O-min 
duration, under warm. humid conditions. Eleven sub
jects [mean (SE) age 21.8 (0.8) years; height 174.9 
(3.0) em; body mass 74.8 (2.7) kg; maximum oxygen 
consumption 50.3 (1.8) mI, kg . min-I] performed one 
6O-min self-paced cycling time trial punctuated with six 
I-min "aU out" sprints at to-min intervals, while 4 
subjects repeated the trial for the purpose of determining 
reproducibility. Power output, integrated electromyo
graphic signal (IEMG), and mean percentile frequency 
shifts (MPFS) were recorded at the mid-point of each 
sprint. There were no differences between trials for 
EMG variables, distance cycled, mean heart rate, and 
subjective rating of perceived exertion for the subjects 
who repeated the trial (n 4). The results from the re
peated trials suggest that neuromuscular responses to 
self-paced cycling are reproducible between trials. The 
mean heart rate for the II subjects was 163.6 
(0.71) beats' min-I. Values for power output and 
IEMG expressed as a percentage of that recorded for the 
initial sprint decreased during sprints 2-5, with norma
lised values being 94%, 91%, 87% and 87%, respec
tively, and 71%, 71%, 73%, and 77%, respectively. 
However, during the final sprint normalised power 
output and IEMG increased to 94% and 90% of initial 
values, respectively. MPFS displayed an increase with 
time; however, this was not significant (P 0.06). The 
main finding of this investigation is the ability of subjects 
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to return power output to near initial values during the 
final of six maximal effort sprints that were included as 
part of a self-paced cycling protocol. This appears to be 
due to a combination of changes in neuromuscular 
recruitment, central or peripheral control systems, or the 
EMG signal itself. Further investigations in which 
changes in multiple physiological systems are assessed 
systematical1y are required so that the underlying 
mechanisms related to the development of fatigue during 
normal dynamic movements such as cycling can be more 
clearly delineated. 

Key words Integrated electromyographic 
signal· Fatigue' Temperature· Self-paced 
cycling . Power 

Inb'oduction 

The ease with which trained athletes perform masks 
the complex interactions between the physiological 
systems involved. Successful performance relies on the 
maintenance of neuromuscular function; however, 
factors such as temperature may interfere with such 
control systems and their function (Montgomery and 
MacDonald 1990). The most notable modification to 
the neuromuscular system during exercise is the de
velopment of fatigue. Although a common experience, 
a century of investigation has been unable to com
pletely elucidate a common physiological basis for this 
phenomenon, as the complexity of the neuromuscular 
system does not fllcilitate the evaluation of all of the 
events that occur during fatigue development. Electr
omyography (EMG) allows for one aspect of the 
neuromuscular system to be assessed, that of motor 
unit pool activation patterns (Viitasalo and Komi 
1977). While the measurement of myoelectric activity is 
a classical approach to investigating the motor control 
of human movement, multiple factors other than fa
tigue may induce changes in this variable (Oska et al. 
1996). 
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Central to the study of fatigue is the definition that is 
employed. In general, fatigue is viewed as an unavoid
able and negative consequence of physical activity, since 
the outcome almost exclusively results in reduced per
formance and function (Kirkendall 1990). However, 
such a view limits the understanding of this phenome
non. It may be more appropriate to view fatigue as a 
safety mechanism, modulated by either central or pe
ripheral input, preventing metabolic crisis and preserv
ing the integrity of the muscle fibre (Sargeant 1994), thus 
preventing the development of injury or death by forcing 
a reduction in the intensity or cessation of activity 
(Noakes 1998; Wagenmakers 1992). As suggested pre
viously (Kay and Marino 2000), fatigue should be 
viewed as a continuous process that transforms the 
functional state, with exhaustion being the point at 
which exercise is terminated. 

Traditionally, submaximal endurance exercise has 
been used to assess and infer a level of "fatigue". Such 
protocols do not facilitate the systematic study of muscle 
fatigue, since no provision is made for the periodic as
sessment of muscle force/power output, permitting only 
a "snapshot" of the physiological events associated with 
muscular exhaustion (Lewis and Fulco 1998). Alterna
tively, it may be possible to quantify muscle fatigue 
following dynamic movements such as running and cy
cling by performing static contractions at the completion 
of exercise. However, this may not allow for adequate 
crossover between the musculature used to develop the 
fatigue and those used to assess it. Moreover, the inev
itable delay in assessment would result in a partial re
covery of force production capacity (Lewis and Fulco 
1998). Furthermore, the results of previous investiga
tions suggest that fatigue development is activity and 
contraction-type specific (Enoka and Stuart 1992; Kay 
et al. 2000; Tesch et al. 1990). Studies by Nielsen et al. 
(1993) and Gonzalez-Alonso et al. (1999) indicate that a 
potential limiting factor for human performance is the 
capacity to store heat. The conditions of elevated tem
perature and humidity reduce the capacity of the body 
to dissipate heat to the environment, thus increasing the 
internal thermal load. According to the model presented 
by these authors, environmental thermal stress would 
increase heat storage, thus prematurely developing 
fatigue during exercise. 

With such specificity in the factors associated with the 
onset of fatigue it seems appropriate, if not essential, 

that data describing the development of fatigue be ob
tained from the performance of specific activities. It is 
recommended that the investigation of muscle function 
take place during normal movements where numerous 
factors combine to complicate the application and 
interpretation of the resultant neuromuscular patterns 
(Sargeant 1987). In response to the paucity of data 
describing the development of fatigue under dynamic 
conditions, this study was undertaken to examine and 
describe the neuromuscular events associated with 
fatigue using a self-paced cycling protocol of 60-min 
duration, under elevated environmental conditions. 

Methods 

Subjects and experimental design 

Eleven subjects (8 men, 3 women) were recruited for the study. All 
were physically active, and were familiar with cycling exercise and 
the performance of intense physical activity for extended periods. 
The mean physical characteristics of the subjects are given in 
Table I. The study was conducted with the approval of the Ethi~ 
in Human Research Committee of the University, and each subject 
signed a Jetter of informed consent. InitiaUy all subjects completed 
an incremental test to exhaustion. This was followed by a famil
iarisation session 7 days later, which incorporated the Self-paced 
cycling protocol to be undenaken in the experimental trials under 
similar experimental and environmental conditions. 

Seven to 14 days after all subjects had completed the incre
mental test and familiarisation session, all subjects completed at 
least one experimental trial. In order to assess the reproducibility of 
neuromuscular responses to exercise of this nature, 4 of the II 
subjects repeated the trial at least 5 days following tbe initi~1 
experimental trial. 

Peak power determination 

During this session of the study, descriptive data were collected and 
all subjects underwent a progressive incremental test to exhaustion 
for the determination of peak power output and peak oxygen 
consumption (V02p •• ">' Subjects performed this test using his or 
her own bicycle, which was mounted onto an electromagnetic 
trainer (Tacx, Technische Industrie Tacx, Wassenaar, The Neth
erlands). Following a brief warm-up at a self-selected intensity, the 
test commenced at a workload of 100 W. The load was then in
creased by lOW at 30-s intervals until the required power output 
could no longer be maintained. At aU limes throughout the test 
subjects were required to remain in a seated position. 

During the maximal test, subjects breathed through a two-way 
non-rebreathing valve (series 2700 large, Hans Rudolph, St. Louis, 
Mo., USA), using respiratorY tubing of 2.74 m length and 3.5 em 
diameter (Hans Rudolph). Expired air passed via the respiratory 

Table I Data are given as the means, standard error of the mean (SE) and range for physical characteristics and peak physiological 
variables for I I subjects (8 males, 3 females). (ESF Sum of skinfolds,fc~,' maximum hean rate achieved during incremental power tests, 
V02J>"'f peak oxygen consumption) 

Parameter Age Height Mass l:SF V02P".k fern .. Peak Mean power Total 
(years) (cm) (kg) (mm) (mi, kg . min-') (beats'min-') power (W) output (W) distance 

cycled (km) 

Mean 21.8 174.9 74.8 109.0 50.3 186.2 285.6 215.1 29.06 
Range 18-26 164-197 57.2-86.0 62.(}-211.0 37.7-58.3 169-202 22(}-310 131-297 20.1-36.0 
SE 0.8 3.0 2.7 17.2 1.8 2.8 11.3 14.8 1.5 
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tubing to an automated gas analyser (Quinton Instrument Com
pany, Bothell, Wash, USA). The pneumotach (Hans Rudolph) and 
gas analysers were calibrated prior to analysis, using a 3-1 syringe 
and gasses of known concentration. Expired air passed through a 
mixing chamber of 5.5-1 volume and subsequently sampled at 30-s 
intervals. 

Performance trial 

The performance trial required participants to undertake a 60-min 
self-paced cycling time trial, with the primary goal to complete the 
greatest distance possible within the allotted time. Throughout the 
trials the average temperature and humidity was 33 ± 0.3 °C and 
64 ± 0.2%, respectively. Trials were performed with subjects using 
their own bicycle, which was mounted onto the electromagnetic 
cycle trainer that was used in the peak power tests. During the trial 
subjects were allowed to alter the gear ratio and pedalling cadence 
as required. In all attempt to represent the stochastic nature of 
cycle racing and to provide an additional measure of performance, 
six I-min "all out" sprints were included in the performance trial. 
Sprints were scheduled during the 10th, 20th, 30th, 40th, 50th, and 
60th min of the trial. Subjects were encouraged to perfonn a 
maximal effort for the entire duration of the sprint. Throughout all 
sprint intervals subjects were required to remain in a seated posi
tion to prevent alterations in muscle fibre recruiunent patterns that 
result from changes in posture. The intra-class correlation for 
distance cycled for this protocol has been previously determined to 
be 0.93. Furthermore, the within-cyclist coefficient of variation 
(CV) following the completion of at least one familiarisation trial 
for this protocol is 1.34% (Marino et aI., unpublished observa
tions). 

Participants were instructed to complete the greatest distance 
possible in the allowed time, taking into consideration the sprints. 
Prior to each sprint the investigator gave subjects a time count 
leading up to the commericement of the sprint. During the trial 
subjects viewed a course profile indicating where sprints occurred, 
and were permitted to monitor elapsed time and heart rate (fc). 
Power output (W) and distance (km) were monitored throughout 
each experiment and were recorded at 5-min intervals. During all 
trials, a fan providing a constant wind speed of 3 m . S-I was 
placed directly in front of the subject and positioned so that the 
airflow was directed towards the head and torso when in a normal 
cycling position. Throughout the cycling trials fluid (water) was 
available to the participants ad libitum to a maximum of 200 ml. 

Subjects were requested to perform the same type of physical 
activity for the duration of the study and to refrain from heavy 
physical exercise on the day prior to the time trial. Participants 
were requested to standardise their fluid and food intake for the 
day preceding the trial, as well as for the day of the time trial. In 
addition, subjects were required to abstain from the ingestion of 
alcohol, caffeine, and tobacco for 24 h prior to each trial. 

Neuromuscular measurements 

Prior to exercise, EMG electrodes with a bandwidth of 20-450 Hz 
were attached to the "belly" of the rectus femoris muscle. The skin 
overlying these muscles was carefully prepared. Hair was shaved 
off, the outer layer of epidermal cells abraded, and oil and dirt were 
removed from the skin with an alcohol swab. Differential surface 
electrodes (Delsys, Boston, Mass., USA) were placed on the muscle 
site as described above, and linked via insulated cable to the signal 
acquisition apparatus (Bagnoli 4, Delsys) and host computer, 
which was equipped with data acquisition software (Delsys). EMG 
data were sampled at 1024 Hz during all tests, thus yielding raw 
signals; no notch filter was applied. The EMG electrodes consisted 
of a parallel bar configuration with an inter-electrode distance of 
10 mm. The reference electrode consisted of a gel adhesive elec
trode. The site for the reference electrode was prepared as described 
above and positioned over an electrically neutral and mechanically 
sta ble si teo 
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Raw EMG signals were full-wave rectified. The movement ar
tefact was removed using a high-pass second order Butterworth 
filter with a cut-off frequency of 15 Hz, then the signal was 
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. Commencing at the midpoint of each of the 
six sprints. 5 s of EMG data were obtained. The mean EMG ac
tivity for each 5-s interval was then calculated. The data collected 
during the initial sprint is described as 100% EMG activity; while 
all subsequent data were normalised by using this \·alue as the 
denominator in Eq. I: 

Sprint (x) value = absolute value x (Volts)lsprint I value x 100 

( I) 

where x represents sprints 2-6 to be compared with the values from 
sprint I. All subsequent sprints were normalised with respect to 
time against the value obtained in the initial sprint. Corresponding 
data for power output was normalised with respect to time using 
the above procedure. 

The frequency spectrum of each epoch of the raw EMG data 
was 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 epoch 
of data was compared with that from the first epoch, and the 
amount of spectral compression was estimated. This was performed 
using the technique described by Lowery et al. (1998), as a modi
fication of the work of Lo Conte and Merletti (1996) and Merletti 
and Lo Conte (1997). The spectrum of the raw signal of each epoch 
was obtained and the nonnalised cumulative power at each fre
quency was calculated. The shift in each percentile frequency (i.e. at 
0% ... 50~o .. .100% of the total cumulative) was examined. The 
frequency shift was then estimated by calculating the mean shift in 
all percentile frequencies (MPFS) throughout the mid-frequency 
range (i.e. 5-500 Hz). It has been suggested that this method is a 
more accurate estimate of spectral compression than median fre
quency analysis, which uses the value of a single (50th) percentile 
frequency only (Lo Conte and Mocletti 1996; Lowery et al. 1998; 
Merletti and Lo Conte 1997). 

Ie and rating of perceived exertion 

Ie was recorded during all sessions using an Ie monitor and trans
mitter strap (Vantage NY, Polar Electro Oy. Kempele, Finland). 
Maximal Ie was determined as the maximumle recorded during the 
peale power test. Ie data were recorded at 15-s intervals and 
transferred to computer for subsequent analysis. Subjective ratings 
of perceived exertion (RPE; Borg 1982) were also recorded at 5-min 
intervals during each trial. 

Body temperatures and sweating 

Nude body mass was measured to the nearest 10 g prior to and 
following each cycling trial, using an electronic precision balance 
(HW-IOOKAI, GEC, Avery. Australia). The difference in body 
mass was then used to determine total body sweating (I . h- I

) after 
correcting for fluid ingestion. For the four subjects who repeated 
the experimental trials, the changes in core temperature were 
monitored using a tympanic thermometer (IRT 1020, Thermosean. 
San Diego, Calif., USA) for ethical and safety reasons and as an 
indicator of thermal strain between trials. It was thought that a 
more invasive procedure such as oesophageal or rectal probe might 
have interfered with the performance of subjects. However. after 
assessing the responses to these trials and determining that there 
were no significant physiological differences between trials, the re
maining seven subjects had core temperature monitored via a rectal 
thermistor (Mono-a-therm, Mallinckrodt Medical. SI. Louis, Mo., 
USA). which was inserted 10 cm beyond the anal sphincter and 
connected to a telethermometer (Zencor. Australia). 
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Statistics 

Descriptive statistics were generated for all data. The data for 
the repeated trials (II = 4) were analysed by repeated-measures 
(trial x lime) analysis of variance (ANOVA). and no statistical 
differences were detected. Therefore. a within-subject one-way 
repeated-measures ANOVA for time was used to analyse the data 
for the entire group (n = II). To avoid violation of the homoge
neity of variance assumption. the Huynh-Feldt correction factor 
was used to adjust the degrees of freedom associated with each of 
the separate repeated-measures analysis. Once the main effects were 
identified.. individual differences belween means were located using 
Tul::ey's HSD post hoc procedure. The CV was determined from 
the mean value of individual calculations. Paired samples t-tests 
were used where appropriate. Significance was accepted at 
P < 0.05. All data are presented as the means (SE). 

Results 

The mean values for V02peat, peak power output, power 
output and distance cycled during the 60-min trial are 
given in Table I. The four subjects who repeated the 
trials showed no differences between trials for total 
distance cycled [26.63 (2.25) kID vs 28.80 (2.25) kIn; 
P = 0.281. Similarly, there were no differences between 
trials for!c (P = 0.66) and RPE (P = 0.93), with mean 
values being 170 (I) and 170(1) beats· min-I, and 14(2) 
and 13 (I), respectively, for trials I and 2, respectively. 
For both trials, the starting tympanic temperature was 
=36.4 °C, and this had increased to =37.9 °C (61.4 °C; 
P < 0.05) by the end of exercise. There were no differ
ences between trials for nonnalised power output 
(P = 0.71), integrated EMG (IEMG; P = 0.35), and 
MPFS (P = 0.90) during any of the sprint intervals 
(Fig. I). During both trials, nonnalised IEMG values 
were significantly decreased for all sprint intervals fol
lowing the initial sprint (P < 0.05). For each of the 
repeated trials normalised power output displayed a 
similar pattern in tracking normalised IEMG responses 
(Fig. I). The CV for IEMG, power output, and MPFS 
for the repeated trials were 16.1%, 4.3%, and 1.9%, 
respectively. Previous studies reporting the test-retest 
reliability of EMG variables have described similar re
sults (Taylor and Brooks 1995). 

!c and RPE for the eleven subjects are shown in 
Fig. 2. The mean !c for the entire trial was 163.6 
(0.71) beats· min-I, with mean values attained during 
sprints l-{i being 171 (4.3), 177 (4.2), 178 (5.0), 179 (4.3), 
182 (3.8), and 183 (4.2) beats' min-I, respectively. The 
starting rectal temperature was 37.5 (0.1) °C, and this 
had increased to 38.9 (0.2) °C (P < 0.05; Al.4 °C; 
n = 7) by the end of exercise. The mean total body sweat 
rate was 1.49 (0.15) I· h-I. Subjective ratings of RPE 
over time are presented in Fig. 2, with the mean RPE for 
the trial being 13.6 (1.0). 

Normalised power output, IEMG, and MPFS for all 
eleven subjects are shown in Fig. 3. Values for power 
output expressed as a percentage of initial sprint power 
decreased with respect to time, reaching significance 
during sprints 4 and 5 (P = 0.05). Values for power 
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output expressed as a percentage of initial sprint de
creased during sprints 2-5, with normalised values being 
94%, 91 %, 87% and 87%, respectively. Similarly, nor
malised IEMG values for the same sprints were 71 %, 
71 %, 73%, and 77% of initial values, respectively. 
However, during the final sprint, normalised power 
output and IEMG recovered to 94% and 90% of initial 
values, respectively. MPFS increased with time; how
ever, this increase was not significant (P = 0.06). A 
representative sample of IEMG data obtained from 
one subject during each sprint interval is presented in 
Fig. 4. 

Discussion 

This study describes the efferent neural output of the 
rectus femoris muscle during high-intensity sprints that 
were included in a 60-min self-paced cycling protocol. 
The results of the present study demonstrate a reduc
tion in efferent drive and power output commencing in 
the early stages of exercise. However, this initial re
duction in efferent drive, observable in sprints 2-4, was 
accompanied by an increasing efferent output to the 
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Fig. 4 Representative IEMG data for one subject. Data were 
collected at the mid-point of eacb of the sprints during a 6()..min 
cycling trial oonducted under warm, humid conditions 

active muscle during the concluding stages of exercise 
(sprint 6), resulting in a concomitant increase in power 
output. This suggests the existence of a subconscious 
muscle reserve during the initial five sprints, despite a 
conscious effort by all subjects, as evidenced by the 
similar Ic and RPE response prior to and following 
each sprint. A secondary finding of the present inves
tigation is that this neuromuscular response pattern to 
stochastic self-paced exercise is reproducible between 
trials (Fig. 3). 

The results of the present study show that during the 
final minute of a GO-min self-paced cycling protocol 
where subjects were required to produce a maximal 
effort, it was possible to restore power output to near 
initial values. This restoration of power output during 
the final sprint was accompanied by a similar increase in 
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the IEMG signal of the rectus femoris muscle (Fig. 3). 
Subjects were clearly able to increase the neural drive to 
the muscle in conjunction with an increasing power 
output during the final sprint, suggesting not only 
maintenance of the ability to activate the muscle, but the 
presence of a neuromuscular reserve during self-paced 
exercise. This occurred despite subjects being required to 
perform a maximal effort for the entire duration of each 
sprint interval. 

Migration of motor unit activity to synergist muscles 
may have allowed for the maintenance of force output 
relative to the observed IEMG of the rectus femoris 
(Komi and Tesch 1979). However, we were unable to 
determine the degree with which the activation of syn
ergist muscles contributed to the power output during 
this study. Previous investigations have shown recruit
ment patterns to be altered with fatiguing activity 
(Bangsbo et al. 1992; Nicol et al. 1991; Nummela et al. 
1992). It remains possible that lower limb inter-muscu
lar recruitment strategies were altered as subjects fa
tigued, with other muscles being recruited at different 
levels to the single muscle measured in this study. 
However, investigation by Sacco et al. (1997) suggests 
that fatigue of one muscle is closely associated with 
fatigue of synergistic muscles. The finding that the re
duction in IEMG activity was mirrored by power out
put suggests that the synergistic muscles involved in 
cycling activity display a similar pattern to that of the 
rectus femoris and were not recruited to compensate for 
the falling power output or reduced efferent drive to this 
muscle. 

It has been suggested that alterations in excitation/ 
contraction coupling or the contractile apparatus 
(Bangsbo et al. 1992; HliIddnen and Komi 1983) are the 
factors that are responsible for the reduction in power 
output observed during fatiguing activity. However, 
throughout all sprints a regular cycling EMG pattern 
was maintained (Fig. 4), indicating that impairment of 
the excitation/coupling mechanism is unlikely to be the 
cause of the attenuated efferent signal observed in the 
present study. If this mechanism was responsible it 
would result in the cessation of cycling exercise. In ad
dition to the progressive reduction in amplitude, a fea
ture of Fig. 4 is the double peak that occurs prominently 
during muscle activation throughout the initial sprint. 
This is a result of the rectus femoris muscle being active 
in conjunction with the extensor muscles, assisting with 
flexion of the hip during the recovery phase of the 
pedalling motion (Burke 1995). Activation of the rectus 
femoris during the recovery phase is clearly distin
guishable from the propulsive phase during the initial 
sprint. However, by the fifth sprint this component of 
the pedal cycle can no longer be observed. During the 
final sprint, although distinguishable, this component of 
the pedal cycle remains irregular compared to that 
observed during the initial sprint. Although qualitative, 
these data indicate an alteration in the coordination 
pattern of the cycling movement in conjunction with the 
development of fatigue. 

Rectal temperature increased progressively during the 
cycling trial, resulting in terminal values of =38.9 ·C. 
The relationship between the core temperature and 
muscle temperature (T,J response during physical 
activity appears to be proportional (Kozlowski et al. 
1985). Since all neural processes are temperature sensi
tive (Montgomery and MacDonald 1990), changes in T '" 
induced either by environmental conditions or physical 
activity have the potential to alter the contractile and 
metabolic properties of muscle fibres, in tum impacting 
on the capacity to sustain work output (Sargeant 1994). 

Increases in T m have been associated with increases ill 
peak muscle force (Davies and Young 1983; Sargeant 
1987), due to temperature-induced alterations in neuro
muscular recruitment patterns (Holewijn and Heus 
1992), increased conduction velOcity and contractile 
speed (BeJlI993; Davies and Young 1983; Sargeant 1987; 
Zhou et aL 1998), and the earlier and more pronounced 
development of muscle fatigue (Holewijn and Heus 
1992), suggesting failure of the fatigue-susceptible fast
twitch fibres. However, since we did not measure T m. it is 
not possible to fully relate EMG responses to changes in 
this variable. Furthermore, the EMG signal may be in
fluenced by alteration in the fluid content of the muscle 
(Winkle and ]ergensen 1991) and the additional perspi
ration generated by prolonged activity (Bell 1993), par
ticularly under conditions of elevated temperature. 

The data from the present study indicate that during 
60 min of continuous cycling activity under elevated 
environmental conditions, power output was tracking 
IEMG activity (Figs. I, 3). This finding suggests that the 
observed attenuation in IEMG activity during the initial 
stages of the trial may not be a function of changes in 
temperature, conductivity, or electrode placement. With 
the continuation of exercise and the development of 
fatigue, progressive decreases in the frequency content of 
the active muscle could be expected (Viitasalo and Komi 
1977). In contrast, the present results demonstrate the 
maintenance of MPFS during exercise. It is possible that 
this resulted from either increasing core temperature and 
T m. or changes in recruitment strategy, with the selective 
recruitment of type II fibres occurring towards the end 
of the trial (Basmajian and DeLuca 1985). 

Finally, the protocol utilised in the present study was 
self-paced; thus subjects were aware of the duration of 
the trial and the number of sprints to be performed. 
Ulmer (1996) suggested that efferent command signals to 
muscles not only regulate the spatial and temporal pat
tern of motion, but also act to control metabolic rate. 
This suggestion includes the presence of a central control 
that acts to balance the requirements of the activity with 
metabolic changes within the body. This system would 
act to allow the individual to most efficiently complete 
the activity without the development of physiological 
damage or premature fatigue. The present results give 
support to the existence of such a mechanism through 
the decreasing power output and efferent command to 
the active muscle during the initial sprint intervals, 
despite a similar physiological effort during the trial, as 
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evidenced by Ic and RPE values prior to and immedi
ately following the sprints. 

In summary, this investigation has described the 
neuromuscular and performance changes that occur 
during self-paced cycling. Further investigations in 
which the changes in multiple physiological systems are 
assessed systematically are required so that the under
lying mechanisms responsible for the development of 
fatigue during normal dynamic movements such as 
cycling can be more clearly described. 
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The purpose of this study was 10 examine the TWlnmg performances 
and associated thennoregulatury respUIl""" of Afri""n and (' aucasian 
runners ill coo! and wann condilions. On Iwo separale (lCc",,;""n., 12 
(/I = 6 African. II = 6 Caucasian I well-trained men ran on a rooloriud 
ll>:admill at 70% of peak treadmill running velocity for 30 min 
followed by an 8-km s.elf-paced perfonnance TWI I PR I in cool 1 I ~uC I 
or warm 135"(1 humid 160% I\)lallv<! humidity, conditions. Time to 
complete the PR in the cool condition "'as not diffeMlt hetwe... .... 
groups (--27 mini but was significantly l.;Inger in "'ann conditions for 
Caucasian (J3.0 !: 1.6 min' vs. African 129.7 ± 2.3 min. P < 0.011 
ruullers. Rectal ternpemtures were not diffeMlt b.:tween groups but 
WeN higher during wann compared with cool conditions. During the 
8-km PR, sweat rates for Africans (25.3 1: 2.3 ml/min, ",ere lower 
compared with Caucasians (32.2 :!; 4.1 mlfmin: P < (WI I. R"lalive 
rates of heat produclion were less for Afri<;ans thlln Caucasians in the 
heat. 11Ie finding that African runners ran faster only in the b.>al 
despite similar Ihennoregulatory responses as ('auea.ian nmners sug
gests thal the larg.:r Caucasians reduce Ib.>ir running speed 10 ensure 
an optimal rale of heat storage wilhout developing dangeroU8 hyper
Ihennia. According tu this lnotld, die superior TWIning perfonnance in 
the h.:al·of these African runners can be partly attributed to their 
smaller siu and hence lheir capacity to nm faster in the heat while 
sloring heat at the same rale as heavier Caucasian runners. 

etlidency: ethnicity; fatigue: pacing: anticipation: thermoregulation 

TIlliRE [s ",vIDENCE:. THAT ATHLETES or (F..ast) Alhcan ancestry 
presently dominate international distance rulUling events (10, 
22). A number or studies have searcbed for a physiological 
explanation for this apparent su~riority of African athletes. 

Results from early studies suggesled that Africans might 
enjoy a superior economy ofmovernent (18, 26,35). Indeed, a 
recent study confirms that African runners had a significantly 
lower maxunum oxygen uptake (Vo1 max) than did Caucasian 
runners of matched ability but were more economical, at least 
over a 10-kID race distance (33). In addition, African runners 
generally have a lower ahsolute Y01 mox than do Caucasian 
runners of matched ability. However, these ditierences dimin
ish when yO:! malt 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 marnthon in cool conditions and concluded that the only 
discemab1e dim~rence was the ability of African rulUlers to run 

Addrc.ss for I'qIrint requcm and ooher oorrcspon<k:ncc, F _ E. Marino. SdlooI 
of Human M"' ..... crII Sludics, Chari ... S!ur1 Univ .. Balburst NSW 279~. 
Australia (F~mail: fmariOO(c!ICSU.<XIu.aul. 
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at a higher percentage of yO:! m .. during competition. Coetzer 
et 31. (7) have also shown greater fatigue resistance in a group 
of .elite African runners who were able to sustain a higher 
%Vo2 "'" during races longer lhan 3 km. African athletes also 
had lower blood lactate concentrations for a given oxygen 
consumption. FurthennQIe, African athletes fatigued less rap
idly during re~tilive bouts of isometric testing of the quadri
ceps muscles. The physiological basis rllr this enhanced fatigue 
resistance was unclear because muscle fiber types were not 
diflerent between groups, although the African athletes tended 
to have a lower peJ'l;entage of type I muscle fibers. More 
recently, and in support of these previous findings, Weston el 
al. (32) showed that African runners took 21 % longer to latigue 
during an incremental running test. This superior resistance to 
tatigue was ass<",iated with higher skeletal muscle enzyme 
activity and a lower proportion of ty~ I fibers compared with 
Caucasian athletes. A higher skeletal muscle oxidative capadty 
has also bet!n found in nonathletic persons o( (West) Afiican 
ancestry (29). 

A fundamental problem when comparing (East and South) 
African and Caucasian athletes is the inherent diITere[l(;e in 
body size between the two groups givcn that elite East and 
South African athletes are generaUy smaller than Caucasian 
athletes (7, 27, 33). It has also been shown that a small body 
size could be an advantage in dista[l(;e running, particularly in 
th~ heat (8, 19), and that lean body mass may account for 
diJ'lerences in running performance in the heat between indi
viduals of dinerent sizes (34). It has been hypothesized that, as 
ambient temperature rises from 25 to 35"C, larger and heavier 
runners must run slower because thc 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 
fattgue resistance, and are generally smaller than their Cauca
sian counterparts, it seems feasible to postulate that smaller 
East and South African rulUlers 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 dista[l(;e runners enjoy any advantage over Caucasian 
runners when running Ifl warmer amhlent conditions because, 
as previously postulated (8, 19), their smaller size would allow 
a faster running speed with a similar or lesser thermoregulatory 
strain. 

The cosio or I"'blic3!ion of I,"" arbclc """" dclra)"'d in part by !he ""ymcnl 
of ,,","e cha-p The m1idc mWll Ihmof",c be hereby marked "otJ,,,,,tisemPJ.i' 
in acoordana: w~h 18 U.S.c. Sedim. 1734 ",,\ely 10 indicaIe lhi. fact. 
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METHODS 

SI/ojects. Twelve 16 African. 6 Caucasian) well·lr:ained ll1ale en
dll{ance runners were recruited lor the study. Table I shows the Illean 
physical characteristics of each group. Overall. the physical charac
teriS!ics or the subj"""ts indicale that the sa~t.! lor .:ach I!"'UP was 
co~riscd of "",re"""tativ.:: African and CaUClI$ian runners 8. tho"" 
reponed in p..,,,;o ... studi<.ls le.g .. African' 57 kg; Caucasian -67 kg) 
12, 4. 7. 17. Ig. 27. 331. 11 was aS1llllned thai subjeclS were nol 
naturally h.:al acclimatized !>ecalL.e the experimenls were co"dueled 
during Ihe lOOlItllS of Sept",uber alld Octo!>"". al which time the daily 
temp •• tature mnged from g to 25°c' No"" of Ihe subjects repon",t allY 
international travel within the J mo hefore the experiments, AI! 
exp.:riroenlatiml was carried out in a climate eharnb...'"t. On av",""ge. In.: 
.,I/:Ij.x:ts mamlained a training volume of 6()"'80 km/wk lor al least J 
nXl hefoN Ibe S!Udy. Sooj.:c1S also competed in national and local 
running events on a regular basis. AU participants w .. re inlllructed 10 
maintain a regular di.:! during the study period and Wee" asked 10 

!\Cfrain fmm alcohol and caffei"" ingestion for at least 24 h hefor" 
t.:sling. The study Was approved t>y the R"S<'a.rCh and Ethics Com· 
mittee of th" Faculty of 1I.:alth Sciences of Ihe University of Cape 
Town. and each subj.:ct signed a J.;ott"" of ronllO.'!nt sli"rbeing inlormed 
of Ih" risks associal¢<i with lhe "xperimellt. 

Dt>S(1'fplil ... 1II~i1$lIN.'me"'S. Slatur.. (em) and !>ody mass (kg) w~~ 
d.:!ermnled t>y usc "f a pc.-cisioD s\adionlCler and balon", (molt..! 770. 
Se.:a. Bonn. Germany). All measurements were reror<hl with the 
sul:>j.:ct fully instnnnented and wearing light running shorts. Nin" 
skinlbld sites (!>ieeps. tric"PS. subscapular, I""'IOral. miduilla. mid· 
abdominal. suprailiac. midthigh. and medial calt) w~ measured in 
duplicate with skinfold calipers tHoltain. Crymych. UK) to the nearesl 
millin"'!"r. Perc..nt body lat was estimated as previously d.:scrihed 
(14). and body sur13"" area lAD) waS calculated from mass and b"ight 
as described by DuBois and Du&is (91. 

FamiliarizatiO/l and ill<Tellll'lI1ai Tllllnlllg IrS/s. l)uring a familia.r' 
imtion session. peak oxygen uplake (Vo, ". ... 1 and peak ~adrrull 
running velocity <PTV) were d.:!enuined in mode~te enviro~nlental 
condition. in which Ihe ambient l""'l,..rature. relallv.. humidity. and 
wind velocity were set at 21.0 ::!: (>:6°('. 50.0 ::!: 0.9%. and 5.0 ::!: 0.6 
knVh. respectively. The individual Vo, ..... and PTV were d.:termined 
on n tllOlorized treadmill (PowetJol! EGJO. Sports Enginco:ring. Bir
mingham. UK I set al a 1% if8dient Subj.:cts !IIa!'1<>d running at 12 
kmlb With speed increID;}nts of I IcmIh ev<!rY nllnut" until they could 
no longer k~ pace. Th" last incremetlt in !lp<"'d that could !>e 
maintained for at least I min waS defined as the PTV. Dunng Ih" 
incremental tests. the subjects WON a nose clip and breathed through 
a olOuthpi""" COnne.:I.,.j 10 an automated gas analyzer tOxy~'On Alpha. 
J..,gen &<ore "och test. Ihe gas analyzer was calibrated with gases 
of know" ooncentration and tn.: ventilo""""r was calibrated with • 
3-liler syring~ ,Hans Rudolph. Vocum.d. Ventura. CA). Oxygen 
wnsu~tion. CO, production, minUl<! ventilalion, and respiratory 
exchange ralin \'i"re calculated for o:ach toreath. Vo> "" .. 
Iml'kg-"min'l was the averag" ofth" highest values attained ov"r 

He,,..,.. an 
M .... k~ 
.fo. m2 

··oBF 
Skmfold.lllm 
\'o~~ ml'k,-t'uun-t 
PTV.ItmIh-· 

167.4H.4 
59.3;:4.4 
!.!i6 !O.I 
5.1 ::0.2 

49.1 ::2.0 
62.6;:35 
21.2.!:O.K 

CltK'3SL:m 

t83.4 :6.~· 
76.6 ;:9.3' 
1.9K :0.2' 
5.3 =0.3 

55.5" 3.2 
64.hl.O 
20.S:': 1.2 

Values at<: ""' .... :': SD .. 40. Jx,dy >Wf.cc """'. ~·oBF. pcr"",,' b<>dy fal: 
\'0' ....... p<a.k ""Y~en uptake: PTV. p<a.k treadmill velocity . • 1' <: 0.01 
compared w,lh Afti""". 

tb.. final minu~ 0 f exercise. After the measurement. of Vo~ po .. and 
PTV. the subjects rested for "-5-7 min and then perlormed a famil. 
iarizatioll nlll on the m:adrnill 10 minimize" "Iearninl! eff.:.;t" for the 
subsequenl eXP"fimenlal trials. They began the liuniliarization trial !>y 
runnlllg at 70"4 of PTV for 1-2 min a1,d Ib..n a. far as possible in 10 
min by adjusting their running speed wilh a louch pad on tile side arm 
of lite tR>adruili. 

Experim"lIIallrials. Each trial was conducted al tb.. saine ti_ of 
day so IlIat the elfecl of circadian variation could be minimized. 
During each trial. relative hum,dity and wind v"locity w~ kept 
conslanlat 60.3::!: 0.8% and 15.1 ::!: 0.61cm1h. respectively. whil" the 
allll>ieni temperature was set at either 15 or 35°(', 

Ikfore the "xperimenlal trials, lhe sul:>Jects voided and inserted a 
r""tal th..rmislor (Mon .... ·therm. Mallinckrodt. OH) """ured t>y a !lead 
10 em beyond the anal sphincter. Four skin Ih",mistors were th<!n 
secured as previously de:ICribed 12~). and sub~15 were litted with a 
heart rate monitor (Sport T ,,"leT. Polar EIcctm, K.etnpek, Finland). 

The N!>jetl then entcn:d the elimat .. chamber and started a sui:>
maximal run for 30 mill at 70% PTV tmnge 14.7-16.1 km/b). 
Thereafter. tn.:re was a "-min interval during which the subject 
remov"d socks and shoes and was to .. eled dry. reweighed. and 
po:rmitted to drink lIP to 300 ml of distilled waler. Tb.. subi"'l was 
Ib..n pl\.-pared for 81, 8-km pertormanc" roll tllat was 10 be contpl"ted 
as last as possible by adjuS!ing the running speed. The running speed 
was noted al th" end of each minutc and at Ihe "nd of ex.m;is.!. A mean 
running speed was calculaled al tn.: end of ea.:h 5-nlin int"",al and 
when soojects completed the 8 km. An overall mean runnmg speed 
was calculat",l for the time taken to compl"t" Ihe rUIl. The changes m 
body mass W",,1' adjusted for fluid ing"st"d and were used to calculate 
total body sweat mle:s (without wrrection for metabolic fuel utiliza. 
lion during the triah. 

Throughout the submaxilll,,1 and g·km trials. !\Cctal alld .klll tem
peratures at four sites (chest. ann. thigh. leg) were rnonitoted conlin· 
uously with a t.,)",hermon).:!", tYS, mode' 4002. Yellow Spnnj!S. 
OHI and re.;:ord"d at 5-min in",rvals. Mean skin temperature was 
ealcnlated as prC'Viously d"""OOOd <251. 

Hetl'f nJ/e "TId .IIbjet:li .... measurenlelllS. Hearl rab: was monitored 
continuously and recorded at ~·rnin UUa'\Ials with a Polar hean rate 
nlOnilor (Spon T"ster. Polar Electro). Rating of P"fCeived exomioll 
(RPE) was measured al 5·min inrervals as previously described 13). 

Heal production. storage. mId dissij1<lliort. Although varying 
slightly with running economy. heat productiun in runnas has been 
shown to amounl to -.. 4 kJ'kg body mass' "krn- 1 (20). Tbe..,fore. 
role of heat production IHI in watts (W) is "qual to Ib.. product of the 
nmner's body mass lin kgl. the runninl! Sjla!d 1'\ in nYS). and ,4 J 
producal per kilogmm of body mass. Th-;. rat~ of heal stot.!ls:' (S) ~,' 
~.Iimated wilh th" equallon oS ~ <3.48·1t}· )'(body mass'~TB's~Ao . 
where (3.48' 10-') is Ih" specific heat of body liss"!: (in j'kg- 1'°("'1 1• 
J. 1"11 is th"chang" llil i1] mean body te~tu!\C <T sl calculatedJrolll 
Til 0.87 T .. + 1l.13 T .... where T", is rectal t<!Yuperature and T •• IS 

mean skin t=peralUl1C. owr tho! "xercis.: period in s"",,onds. and ,10 is 
body surfa", 3!\Ca in sqWl~ metcnl. Heat loss via pot.:ntial evaporation 
(Epl was calculated from d,e predicted sweat ra",. delem,.mal from 
chan!;l<!s in body mass and the 40.~5 kJ'mol latell! heat ofevapom\lon 
ofwal"rand its 181l'mol molecular .... "ighl. Tn.: evaporatIOn of I hter 
of sweat per hour dissipat..s "-675 J/. or W. assuming d18t all th" 
.weat isevapomted (8). POletltial rates of heat loss via oonv'::':lion to 
and mdiation (R) w""" estimaled wilh the following equations 120) 

C = d:'.. T,)·,;I·<·Ao·8.3 

R = If", - T,I·Ao·~·2 

wh"'" tT '" - T.) is Ihe diff"",""e betw..,n mean skin temperature and 
the am!>ienl air I in "(' I. ,.0., is the square mol of lh<: velocity of air 
flow over the skin in (nYs I. AD is the body $IIrfac" area (in _ m2 I. g3 
and 5.2 are heat transfercoeffidenls (in W·Ill->·oC-'I. and IT .. - T,) 
is Ihe difference between mean skin t~eratur" and mean l'3d,anl 
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too~rature of the walls of Ihe climat"' chamber. The required evap
oralion (ER ) was estimated from the residual compon.mt from H :!: 
S:!: C:!: R. 

S/olistic.,. Separale ANOV As for repeated measures on time and 
trials we'" appliod to determine treatroent elfeets during ex",n:ise. If a 
main effect was deteclaJ poSI hoc. cOrq>arisons we", made with either 
Tuk~'s honestly significanl dilference lesl for !,aiTWise corq>arisons 
or simple main dfe~"s for significant imel'BcriollS. Significance was 
ac<<ptod at P < O.OS. All data are prescntaJ as m.ans :!: SD. 

RESULTS 

Pelfol7llal/ce /1111. The Afri.:an runners completed the per
fonnance run in cool (\5°C) conditions in 27.4 ::!: 1.0 min. 
which was not dillaent from Ihe 27.4 ::!: 0.4 min for Caucasian 
runners. African runners ran marginally slower (29.7 ::!: 2.3 
min) in Ihe heal (35"(,). bullhis was nol ~Ignificanl. In conlrast. 
compared with their tune in the cool condition, Caucasian 
rufUlers ran slower in the heat (33.0 ::!: 1.6 min vs. 27.4 ::!: 0.4: 
P < 0.05). 

Figure I shows the mean running speed at :O;-min intervals 
Il1r both groups during the submaximal and perlonnance runs 
in each ambient condition. During the perfonnanc.: run in cool 
conditions. mean rufUlmg speed tllr Caucasian runners was 
175 ::!: 0.6 (range \ 7.0-17.7) kmlh and was similar to the mean 
running speed of 17.4 ::!: O.R (range 16.R-18.4) kmlh for Ihe 
African runners. Conversely, during the perlllnnance run in Ihe 
heat, Caucasian runners were only able to maintain a mean 
nmning speed of 145 ::!: 0.7 (range 13.8-16.6) kmlh compared 
with the mean runrung speed of 16.0 ::!: 1.2 kmlh (P < O.<)() 
(range 15.2 16.7 kmIh) for the African runners. Thus running 
speed 111 the heat was significantly slower at all time point~ for 
Caucasian runners compared with their perlonnance in the cool 
condition (Fig. I). In contrast, the speed of the African runners 
was significantly reduced only at the last two time points 
compared with their pcrtllnnance in the cool conditions 
(Fig. I). 

77lenl/o,.eglllatory responses, heat pmdllctioll, storage. /llid 

dissipation During the submaxirnal and performance runs, 
mean skin temperatures were not dillaent between Alocsn 
and Caucasian runners (Fig. 2). However, during cool condi-

10 

I 't. I • I >-1 ,,---,-----,----.--,---.- ---,-

o 10 21) 30 atart 35 .4C) 45 50 end ~ 

nme(mln) 
Fi~. I. Running speed dunn~ the submaximal nm (0-30 min) at 7(1'.. peak 
t~a<knlll '"Iocity and cit~ the 8-km performance nut (slalt-end). Coot 
conditions: •. Afncans:.o Caucasians. Warm conditions: .~. Caucasians: o. 
African>. 'P < 0.001 compared with Afncan and Caucasian m cool condi
tions;"P < 0.01 compar~d with Caucaslan~ in WanD condillOl'1S. DaJa~ end of 
<-""i. n:prescnt Ihe mellll :: SD Nnning speed durin~ lhe 8-km performance 
Nn. 

A 
311 

34 

G'32 
IE" 30 

it: 
! 24 

22 

B 

o 10 20 30 3!1 40 50 End 

nme(mln) 
Fi~. 2. Mean .Inn temperature (A I and rectal lemperalUrc (B) ~ lhe 
.ubmaximal Nn (0-30 minI at 70'·. peak treadmill veloc,ty and durm~ lhe 
8-km perfonnance Nn (35 mm-End). Cool conditions (T"I:" Afncans (AI: 
•. C ... cauans WI. Warm conditions (T"I: ". C ... caoians; 2. AfriC3fl5. Mean 
M::in lemperatures in \\'3ITIl Q)f1dition!i were 1;ignificanly different (P < 0.001) 
compared with cool conditicus. .p < 0.05 oompan:d with Caucasians in cool 
condilions (CT" I. 

lions, the mean skin temperature ranged from 24.5 to 25.7"C 
compared with a range of 33.9-34.9°(' during the warm 
condition. Mean skin temperatures at S-nun intervals were 
significantly difrerent between ambient conditions lor both 
groups (Fig. 2). Rectal temperature increased over time during 
the submaximal run from preexercise 10 -37.8"C in cool 
conditions and -38.4°C in wann conditions Illr both groups. 
However, the sole dilTerence 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) 
despile the fact that they were running significantly slower. 
Rectal temperatures at the end of the perfonnance run were 
38.7 ::!: 0.4"C in cool and 39.2 ::!: 0.2"C (P < 0.(5) in warm 
condiltons for African runners and 38.6 ::!: OS'C in cool and 
39.5 ::!: o.5"C (P < 0.05) in wsnn conditions for Caucasian 
runners. The rate of increase in rectal temperature during the 
submaxirnal run was similar in cool and wann conditions but 
was 2.2°(,1h for Aliican rufUlers and 3.2°CIh (P < 0.05) for 
Caucasian runners. This rate of increase was reduced for both 
groups during the perlonnance run in wann conditions and was 
similar for Aliican (1.6°CIh) and Caucasian (I.8"CIh) runners. 

The total body sweat rates for the combined submaximal and 
performance runs in cool condilions 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 dillerent. Compared 
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with the cool conditions, the sweat rate incmased during warm 
conditions to 22.1 :!: 3.0 mlfmin for Africans and 28.9 :!: 4.1 
mlfmin (P < 0.03) for Caucasian runners. Figure 3 shows the 
separate total body sweat rales fllr submallimal and pertor
mance runs in both cool and warm conditions. 11Ie sweat rate 
for Atncan runners was similar during submaximal (13.3 :!: 2.11 
mlfmin) and performance (12.8 ::!: 25 ml/mm) runs in cool 
conditions. In warm conditions, the sweat rate tended to in
crease m the Alncan runners from the subm3llimal to perfor
mance runs (18.9 ::t 6.0 ml/min vs. 25.3 ::!: 2.3 mJlmin), but this 
was not significant. Caucasian runners tended to sweat more 
than Atncans in the cool condition (20.1 :::!: 3.3 vs. 111.9 ::t 6.0 
mJlmin), 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 
ruMers (32.2 :::!: 4.1 mJlmin) compared with African ruMers 
(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 sUbwaximal and performance 
runs in the cool condition was significantly (P < 0.05) higher 
for Caucasian compared with African runners. This trend 
c<lntinued during the warm condition with heat production lor 
Caucasians remaining significantly (P < 0.05) higher than 
Africans during submallimal and performance run. The S in the 
cool envirorunent was higher (P < 0.05) for Caucasian than 
Afncan runners in both submaximal and perfornmnl-'(l runs. 
However, in warm conditions, S increased significantly (P < 
0,(15) compared with lhe cooler condition for both groups with 
this dilIerencc also sig11lficant between groups (Tahle 2). Heat 
loss via C + R was similar between groups in the cool 
condition and between subll1llllimal 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 pertormance runs indicate that Ep was 
increased in warmer conditions compared with the cooler 
condition for bo1l1 groups. During the cool condition, the ER 
was similar for both groups, although the African runners had 
a sigruficantly lower Ea during the submaximal run. In the 
warm condition, Ea increased significantly (P < 0.05) com
pared with the cI)ol condition for both African and Caucasian 
runners with a tendency for ER to be greater than or equal to E" 
fllr hoth groups. The ER for Caucasian ruMers was sigmfi
cantly (P < 0.0\) greater than the African runners. 

Hearl role alld RPE responses. The heart rate was sigmfi
canlly lower tor :\tiican rulUlers at each 5-min interval during 
the submaximal run in cool conditions from 10 to 30 min (Fig. 
4). During the submaxirnal run in the cool condition, the 
average heart rate fOr the African ruMers was 149 I (] 
beats/min compared with 160 :::!: 7 beatsimin (P < 0.01) t'Or 
Caucasian runners. The heart rate was significantly higher 
during the submaxirnal run f,'r Caucasian runners at each 
.~-min interval from 101030 min in tbe warm condition. Hie 
mean heart rate for the Caucasian runners was 179 :::!: 5 
beatsimin compared with 160 :::!: 8 beats/min (p < 0.01) for 
.\Iiicans during the submallimal 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 heats/min for CaucaSians, which was 
not significantly dll1erent. The Atncan ruMers commenced the 

Tahle 2. Heal e.lchallge willesfor Africall and Caucasian ntnllers ill each sllbmaximai mId 8-bn perfonnmlce 
mils ill cool (15 0(') and warm (35 0(') lIumid condiriolls 

H.W S. W}m~ C + It W1ll' [ •. w E •• W 

Afri<ll1. t~ "C 
Submax 967 =67 21 = 1 -755 =93 -538,,113 -232 " 4O"t 
8-1m! PR 1.126=97 29:tl -620,,)59 -47~=92 ·-535:"13~ 

C ... """ .... t5 "C 
Subm.,. 1.27L: \70: 71:::4: -759.:184 -769::93: -583::: 157 
8-1m! PR 1.4~8:!: 178: 81=4t -742:;)80 -777 ::94% -797~I03 

African 35 '(' 
S.hmax 967=67 t2J:!:4"tf 26:!:12° -765:"1431 -1.116:<:63' 
s-Ian PR 1.062:<:10 73,,2' 45 :<:19' -1.014:::92' - U80:149' 

Caucasian 3 ~ °C 
S.bm"" 1.271 ::170l: 106:!:sot 19:!:12·t - 1.012 :<:1l3'U -1.397:: 175': 
8-1an PR 1.244:::169"t 44!:2- 71,,]J' - 1,435 :"182' - ).367~ 106': 

Values arc means ::: SD. H. he. poduclloo: S. rate ofhcallltOnl8e, C + 11. hc1IIl088 via ccnvcction (0 and radiallOll (R): E •• pclclIl1aJ cvaporaIion: E~. 
required .''IIJ'Of3lion. Subm"". 3()-miruubmallimaJ -Wid run: 8-lan PRo S-Ian perfonnllllCe run .• Ditre""" belween ambient conditi<lnl (p < 0.05): tddTerenr 
betw_ $ubma:<imal and perform ....... t1IIIS (P < ()'O5 i: tdifferetlt be1ween grouP' (P < 0.(5). 
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perfonnance run in cool conditioos with a lower heart rate 
(35·-40 min) than Caucasians, but this difference was nol 
evident for the remainder of the run (Fig. 4). The mean heart 
rate during the performance run in warm conditions was 185 :t 
7 beats/min for Cauca.~ian.~ and 182 :t 6 beals/min Il)r Afri
cans. However, lhere were no differences in heart rates al any 
time between Africans and Caucasians during the performance 
run in warnl cl)nditions (Fig. 4). Heart rales at the end of the 
performance run in the cool condition were 191 :t 6 and 186 :t 
7 beats/min lor Caucasians and Africans. respectively, and in 
warm conditions terminal heart rates were 189 :t 6 and 186:t 
9 beats/min for Caucasians and Africans, respectively. 

RPE during the submaximal run in the cool condition tended 
to be lower for Aliican (9 :t I units) compared with Caucasian 
runners (11 :t I lIIlits), but this difierence was not significant 
(Fig. 4). In warm condition.~ during lhe 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 perlormance runs 
in any condition other than the generally lower RPE of the 
Aliican runners (12 :t 3 units) in the cool condition (Fig. 4). 
RPE durin~ the performance runs in warm conditions were 
-15 units for both groups. 

Previous studies have shown that anthropometric character
istics such as I11<lSS, surface area-to-mass ratio, adiposity. and 
muscularity are key Jactors in determining individual heat 
stl'llin levels during exert:ise (1, 13). In particular, runners with 
a low body mass have a distinct thermal advantage when 
running in conditions in which heat-dissipation mtlChanisms 
are at tbeir limit (8, 19, 34). Specifically, as the ambient 
temperature rises from 25 to 35"(' 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). Althoullh 
the dilTerence in size between the African and Cauc.~sian 
runners in the present study was significant, the physical 
characteristics orthe A frican runners are not dissimilar to those 
reported in previous studies comparing physiological responses 
and pertormances of elite African and Caucasian athletes (2, 4, 
7,17, 18,33). The present findings in addition to the observa
tion that Aliican athletes arc generally smaller than their 
Caucasian counterparts suggest that the body si7.e of the Alii
cans provides an advantage during distance running, particu
larly in the heat. Conversely, lOr tbe 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 rulliling speed and hence the rate of heat 
production. such that a limili~ hyperthermia is not reached 
before the suc<:esslul completion of the exercise bout. 

[n the present study, African and Caucasian subjects had 
similar pert:ent body fin, 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 lOllS (8). The rate oi 
increase in rectal temperature during the submaximal run was 
similar for Caucasians and Africans, with the end llubmaximal 
rectal temperature reaching identical levels for each group ll)r 
almost identical running speeds (14.11 vs. 14.6 kmIh). This 
confinns that under cool conditions the larger Caucasians are 
able to thermoregulate as effectively as smaller Atncan runners 
and can finish the submaxirnal run with identical rectal lem
peratures as these smaller African rurmer!!. Hllwever, this \~Ias 
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 IIIlder these cool 
conditions in which their pacing strategy was imposed and not 
sell~selected. 

Similarly, during the performance run in the cool conditions, 
AJiican am! Caucasian runners self-selected the same pacing 
strategy so that their overall performance was similar (Fig. I). 
However, there was a trend for African runners to progres
sively ilJ(;rease their speeds lhroughout the perfrn:mance trial 
with some evidence for an "end-spurt" from 45 min to the end 
of the trial (Fig. I). In contrast, in the heat, the Caucasian 
rulUlers ran significantly slower from the initia Ii(ln (If the trial, 
compared with their performance in the cool condition. Fur
thermore. in both Aliican and Caucasian runners, fIIIlIling 
speeds lell progressively after 40 min and were significantly 
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lower in Caucasian than in African runners in the final two time 
points in the trial (Fig. I). 

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 
environmenlal conditions. In contrdst, the flDdings of the 
present study indicate that performance in the heat is not 
limited solely by the attainment of a critical tenninal 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 ruMers took 
-3.22 min longer to complete the performance run. 

lt 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 tll 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 Aliican and Caucasian runners in 
both warm and cool conditions. Second, running speed was 
significantly slower in Caucasian ruMers 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 tennination 
of the exercise bout. Third, Caucasian runners ran slower 
immediately from the onset of the performance trial in the heat 
(Fig. I) 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 anllcipatory 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 ot~ 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 sugge~1 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 tact that the Aliican runners were able to run at 
-1.5 knvh 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 envirorunental con
ditions. The possibility that heat dissipation might have been 
more etlicient for Africans than Caucasians can be discounted 
on the basis of the high humidity in the present trial (20). 
However, heat production was lugher for Caucasians in both 
cool and warm conditions even though Aliican runners ran at 
higher speeds. This can be explained by the higher body mass 
of the Caucasians, although this was partly onSet by their 
lower running speed. Another possibility is that Aliican run
ners were more economical at higher gait speeds. Generally, 
efficiency of skeletal muscle is improved from 45% at 8 knvh 
to 80"10 at 32 kmIh (6). However, Weston et aI. (33) have 
shown that at 16 knvh African athletes were at least 5% more 
etlicient than Caucasian runners, with this dilTerence 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 knvh. 

Another possibility explaining the different performances of 
African and Caucasian runners was the heart rate response. 11 
was evident that Caucasian runners had a significantly higher 
cardiovascular strain during the submaxirnal run in the heat 
compared with the African runners (Fig. 4). This dilTerence 
disappeared in both cool and wann conditions during the 8-km 
perfonnance 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 conditi<lns 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 V02 max by SOlo despite heart rate 
and core temperature reaching similar peak values as in the 
control condition (II). These authors also showed that, in 
trained humans, severe heat stress reduces V02 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 
mu~1 be able to maintain a higher cardiac output or alterna
tively a higher oxygen extraction from tpe working muscles for 
any given running speed because the V02 lOU values for both 
groups were similar. This supports previous findings that ~uggest 
that African runners are able to maintain a higher %V02 max 

during a treadmill marathon (4) and at 10- and 21.1-km 
distances (7). It is also noteworthy that all runners finished the 
perfonnance 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 tenninal 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 
kmlh 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°q, 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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Abstract Exercise in the heat causes "central fatigue". 
associated with reduced skeletal muscle rectllitmeI1l 
durltlg sustained isumet1;c contractions. A similar mech
anism may caUSe tatiglle during prolonged dynamic 
exercise in the heal. The aim of this study was to 
dctcllllinc IVhether centrally regulated skeletal filUSCIt~ 
recruitment was altered during dynamic exercise in hot 
(35°C) compared with cool (15 0c) environments. Ten 
male subjects Ilcrtunned two sel f-paced. 20-km cyclIng 
time-triuls. one at 35 'C (HOT condition 1 and one at 15°C 
(COOL condition). Rectal temperature rose significantly 
Ifi both condItions. reaching maxtmum values at 20 km of 
3l).2±O.2 °C in HOT and 3S.8±0.1 0(' in COOL tP<0.005 
HOT vs. COOL). Core temperaturcs at all other distances 
w.:re not dtffer~nt between conditions Pow~r output and 
integrated clectronlyograph.ic activity (iEMG) of the 
quadriceps muscle began to decrease early ill the HOT 
trial, when cure temperatures. heart rates and ratings or 
perceived excnion (RPE) were sinular in both conditions. 
iEMG was signtticantly lower in HOT than in COOL at 10 
and 20 kill, wh.ile power output was signitieantly reduced 
in the period from RO°It, to 100'% of tile trial duration In the 
HOT compared with COOL condition. Thus, reduccd 
power output and iEMG acti'ity during selt:paced exer
cise in the heat occurs before there is any abnonnal 
increase in rectal temperature, heart rate or perception of 
efrort. This adaptation appears to fOlm part of an 
anticipatory response which adjusts muscle rcclllitment 
and power output to reduce heat production. thereby 
ensuring that thennal hO!lleostasis is maintained during 
exercise in the heat. 

R. T\lck ... C-.. ) L. Rauch Y X. lIarley . 1. D. Noakes 
MROUCT Bioenergetic, of hercise Research Unit. 
UlllvcrsHy of Cape Town. Sporls SCIence In.tmlte of South 
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Introdudion 

Exercise pertormanee is impaired during both selt:paced 
[16.35) and extemally regulated [5. 7. 25, 26) exercise in 
the hcal. 111e biological mechanisms explaining this 
impainnent arc. however. poorly understood. Onginally 
it was believed that an increase in the oxygen-independent 
contribution to energy production [3"J. resulting from a 
reduction in skeletal muscle blood fluw r6, 301 secondary 
to reduced sn-uke volume and cardiac output [30], 
explained tlus phenomenon. 

It is now knowll, however, that fatigue during exercise 
in the heat is not eaused by reduettons in cardiac output or 
exercising muscle blood flow, or by impaired substrate 
availability or utilization. ur by the accumulation of lactate 
or K; [X. 19. 10. 32]. Such fatigue has been observed to 
occur at a core temperature of approximately 40°C [7, 
24J. irrespective of the ratc of heat storage. the pre
exercise core temperature [X) or the extent of prior heat 
acclimatization [20. 21]. It has thus been proposed that 
fatigue during exercise in the heat is associated with a 
"critical core temperature limiting exercise perfonnanee" 
[8]. in which a high body temperature directly affects 
central nervous functions [19. 24). 

Recently, Nybo and l\:ielsen [241 have shown that force 
production and voluntary aelivation percentage ill the 
exercised muscle groups (knee extensors) are lower during 
a sustained isomen'ic maxtmal voluntary contraction 
(MVC) following cyele exercise in hot (40°C, sufficient 
to raise body tcmperature to 40°C) tlJan in temperate 
(18 °C, final core temperature 38°C) conditions. 
Signiticantly. the overall force produced when electrical 
stimulation is superimposed upon voluntary contraction is 
unchanged from values measLlred during the temperate 
trial. This indicates that the force-generating capacity of 
the exercised muscle is unam~cted by the elevated core and 
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muscle temperatures after exercise in the heat. It was 
concluded that excrcised-imluced hyperthennia causes a 
form of "central fatigue", in wltich elevated body temper
ature (>40 GCl causes reduccd central activation in the 
exercised muscles leading to a lower force produclion. The 
authors speculated that a similar mechanism exists during 
dynamic exercise in the heal. To our knowledge, this 
possibility has yet to be tested. 

Accordingly, the aim of this study was to investigate 
whether centrally-regulated recmitment of skeletal musele 
motor units is altered duting dynamic cxercise in hot 
(35°C, HOT) compared with cool (15 0('. COOL) 
environments. To evaluate this cffcct during. as opposed to 
atter the completion of exercise, wc studied cyclists during 
a self-paced, 20-km, laboratory cycling time-tlial in which 
they recci vcd no verbal or visual fcedback other than the 
distance (;Overcd (every kilomctre). We have shown 
previously that this form of testing produces pacing 
strategies during excrcise that are highly reproducible 
when tile testing conditions are identical [33]. We 
hypothesiLed that to prevent core temperatures from 
reaching hannflll Icvels during cxercise, subjects would 
subconsciously select a lower power output soon after the 
start of the time-trial m the HOT compared with the COOL 
envirollment, when corc temperatures wcre still signifi
cantly lower thml levels shown previously to bc associatcd 
with bodily hann or diminished central drive [8, 19]. 
Furthermore, il was hypothesized that integrated eleetro
myographic (iEMG) actiVity in the cxercising muscle 
would be lower in the HOT than in the COOL condition . .It 
has been shown that within an individual, iEMG activity is 
roughly proportional to the number and diameter of active 
muscle fibres [1. 9], and iEMG measurements during 
cxercisc thercfore allow insight into the degree of muscle 
rccruitment and musclc recruitment patterns. A reduction 
in iEMG activity and power output carlyon in the HOT 
condition. before rectal temperatures increasc to poten
tially hamlful levels would indicate that skeletal muscle 
recruitment and power output are down-regulated in 
advance of themlorcgulatory failure. This contrasts with 
the prevailing hypothesis of fatigue in the heat, which 
predicts that "central fatigue" develops on Iy after the 
homcostalic regulation of body temperature has failcd and 
a critical level of hypcrthennia is reached. 

Materials and methods 

Subje'Cts 

T~n mak cyclists were r.:cruited lor the study limn local cycling 
clubs and gymnasia. All subjects werc physically active and were 
fully in fanned of the risks associaled wllh the study. SubJeels signed 
an infonned COllsml belorc commencing the study, and UpOIl 
complelion of the trials. were remunerated fOl Iheir pru1icipalion. 
Th. siudy was approved by the Research and Ethics Committee of 
the Faculty of Health Sciences orthe Vlllversity of Cape Town. TIle 
Olean (±SD) age, height, mass and peak power "utput (PPO) of the 
subjects were 24.7i.-4.6 years. I 76.2±6.5 em. 72.4±R.6 kg and 376 
±47 W respectl voly. 

Preliminary testing 

Subjects reponed to the laboratory for preliminary tesling consisting 
of andlropometric measurements and to perform a PPO trial. Stature 
and body mass were recorded using a precision sradiometer and 
balanc~ (Model 770. Seca. Bonn. GemlaIlY). Percenruge body fat 
was calculated according to [4]Ii'om skintold measurements taken at 
seven siles [2lJ]. Lean thigh volume for each subject was calculated 
according to [I]]. based on th~ assumption that the thigh is a 
truncated cone. 

rpo was detcrmined on a King.:ycle ergometer (descnhed later) 
us 109 a mod.fied protocol [HI]. Subjects perf on ned a self-paced 
warm-up lor 10 min before beginning the test at a !tarting power 
outpul of 3 Wlkg body weight The workload was increased by 
20 W Imin until exhaustion. Subjects were required 10 match a 
continuously increasing power output displayed in analogue foon on 
the computer monitor. The test was tenninaled when the subjeci was 
unable to match die required power output. PPO was recordcd as the 
highesl mean power output achieved OVer a period of I min during 
the test. Subjects were requested 10 remaul in a sealed positIOn 
throughout the te'S!. 

Kingcycle ergo merry syslem 

All trials were conducted on an ergometer (Kingcyele. High 
Wyeombc. V.K.) thai allows die subjects to ride Ihcir own bicycles 
in the laboralory. After removing the fi'om wheel. the bicycle was 
tinnly secured to the ergometry system by the front fork and 
supported by an adjustable pillar under dle bonom bracket. The 
boltom bracker support was used to posilion the rolling resistance l,f 
the rear wheel COITCCtly on an air-braked flywheel. A photo-<>plie 
sensor monilored the velocity of the flywheel in revolutions per 
second (RPS), lrom which an IBM-compatible computer calculated 
Ihe power OUtpUI (W) Ihat would be generated by a cyclist riding at 
Ihat speed on level temin. using Ihe equalion: W~.(J()()136 
(RPSj-t 1.09(RPS). 

The Kingcycle was calibrated before bolh Ihe peak power output 
Icst and Ihe 20-km rime-trials. ror the calibration, subjects were 
required to accelerate 10 a power ourput of 115 W while seated in 
their normal cycling position. Once they rcached this power output. 
subjects were instl1Jcted 10 stop pc-dalling immediately and remain in 
their ridmg posilion. The bonum brackel support was then adjusled 
untillhe computel" display indicated that the slowing of the Ilywhecl 
matehcd a prc-detcnnined reterence power decay curve. 

Familiarizalion trial 

Within I week of the PPO detemlination, subjccts rcported to the 
laboratory ror a f.1miliarization trial, during which they became 
accustomed to the equipment and laboratory conditions for the 
remaming two mals. Subjects completed a familiarization 20-km 
time-trial at an ambient temperature of 2() DC. relalive humidity or 
60% alld wind velocity of 10 km/h. Subjects were able 10 dnnk 
water ad libilum dunng the trial. All conditions and proeedw~s were 
Identical to those used in subsequent experimental trials. 

Experimental protocol 

Within t week, subjects reported to Ihe laboralory for Ihe 
expcrimenrul Irials. which wcrc conducted in an environmental 
chamber (Scientific Technology Corporation. Cape Town, South 
Ati·ica). Each subj.cl pertormed IwO experimenlal 20-kn1 time-trials, 
one at 35 "C (HOT) and one at 15°C (COOL). Relative hUlmdity 
was 60% and wind sp~ed 10 knvn for both condilions. Five subjects 
performed die HOT trial first while five perfonned the COOL trial 
fi,,;!. For each subjecl. trials were conducled at the same tLme of day 
so that the ctYccl of circadian variation could be minimized. Tnals 
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were separntc'<i by between 4-7 days In all subJ<eL' to allow 
~utliclent rC'Covery, II Was iJho assumed that suhJects were not 
natur;;lllv heat accillnatizrd as the experiments were conducted 
be,wec,; July and Oetube·r. at which time the outside air temperature 
W<lS 12-25 0('. Subjects were requested nut to mudily their tmining 
!<-lr the duration of their involvem~nt III the trial. anu to refrain from 
heavy physical exercise the day b"fure the trill\' During trials. 
subjects were alluwed to drink water ad libitum. The only teedback 
giv~1) to subj~cls durJl1g the trials was the- elapsed distance at the 
comple""n 01' each kilometre. 

MJxilnal voluntary contra(tiol1 testing 

Pnor to (.~ach 2(}~~1l1 timc-uial. subjects performed a. maxlflml 
voluntary contraction (MYC) for nonnalil.alion of the EMG signal 
obtained during thc subscquent trial. Thc subject's right knec 
extensor strength was mt."asurro on an i~okinetic uynamollll!ler (Kin
Com. Chattanooga Group, CSA). while the e1ectromyographic 
(EMG) aC:"'ity uf the vastus lateral is muscle was recorded. Subjects 
"[It 011 the dYlIamllmf.!tcr with their anus fotdcd acro~s their chest and 
the" hips. thighs and upper budies strapped finnly to the scat. In ~lis 
position. the hip angle was 1000 !lex ion. The right leg was then 
attached to the arm of lhe dynamomeler at a kvel slightly ahove the 
lateral malleolus and the axis ol'rotation ortbe arm was aligned wtlh 
the laleral t"moral condyle, The arm was then set so Ihat the knee 
was at a 6(J" angle- from full leg extenSIon. Each suhjeet then 
pcrfonncd !(lUr slIb-maXlll1OJi familiarb·.atioll contractions prior to 
pertorming four 5-5 maxnnal contn.ctiuns. separated by 5-s recovery 
periods. Subjects. were cllcourag.ed vcrhal1y to excrL the maximal 
possible force dUrlng each contraction. The conuaction producing 
the hll.!hcst ti.m.:e was r~orded and used fur !)ubsequent nomlahza
tion of the EMG signal obtained during the 20-km time-trial. 

EMG testing 

During each MVC and subsequenl 20-km time-trial. the EMG 
actiVIty of the v"stus laterali, muscle Was recorded. Before 
placemelt! of the electrode. the skIn was shaved and cleaned with 
95% ethanol. according to methods previously described [I~, :>4]. A 
triode ekctrode (Thought Tcdmulugy, West Chazy. N.Y.. USA) wa., 
placed over the Ittusek belly of the "astus lateral is and connc'Cfed to 
a pre-ampliticr The electrode "'., tirmly taped lO Ihe skin tlsing 
tnieropore tape. and a handage (I'kxwrap) wrappe<l around the 
ck'ctrooc to nlinimize :)w~at intcrfcrem:c. Outputs from the prc
amplifier were rclayed tll a FlexcomplDSP EMG appOl1ttus 
(Thuught Technulogy. USA) via a fibre-optic cable and stored by 
an online cumputer. EMG signals were captured at 1984 Hz duriug 
Ihe M V(' and the lInte-trials. EMG aelivity was eapfured for 5-s 
periods during the MVC. During the 20-km lime-trials. EMG 
activity was measured at 1.5.10.15 and 20 km. For analysis ufthe 
signal. 5 s of data were analysed because subjects selected their own 
cadence whtle cycling. The raw EMG signals were full-wave 
rectified, movement m1elacts rcmovl:d u.sing a high-pass, second. 
order Bullerworth filter with a cut-off frequency of 15 Hz. then 
smoothed with a low-pass, second-Order Bnllerworth filter with a 
e'ut-otl'trequency of 5 Hz This was pertol'lued using MATLAB gait 
analYSIS software. This iEMG wa. ... us~tI for ~uhscquent anaJy~js. All 
EMG d'ita were normalized by dividing the EMG value obtained at 
each mea;urcment point dnring the time-trials by the EMG value 
obtained during the MVC performed before the start of each time
trial. it:MG dara were therefore expressed as a percentage of this 
MVC data. We have previously shown thal this method or EMG 
nonmalization is reliable and valid tor usc in cycltng trials. 1121 and 
that the nClu'ottluscular response'S (iEMG) dunng self-paced cycling 
til the heat arc reproducible between tnals IISLng this methodology 
II~]. Because of tcchmeal problems WIth the EMu computer. a 
complete ,et of EMG measuremenL' could not be obtamed during 
two of the tlme-tnals and so EMG data lium two subject> were 
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rejected and thc EMG data reported here represents the results ITom 
eight subjc'Ct,. 

I'ollowlllg MYC testing. subjects reponed to the environmental 
chamber and inser1ed a rectal thermometer (YSI409AC. \ello,,", 
Springs Instruments. Yellow Springs. Ohio. USA) 10 em beyond 
their anal sphincter The measurement of rectal temperature is as 
~()()d an index of cure temperature dUring cycling at high work rate, 
as oesophageal temperalUre [31 J. Four surtace thermocouples 
(model 427. YSI) were taped securely to tlte $tentum regllm. left 
mid-lhigh. len calf and forehead lor measurement or skIn temper
ature. Thrcc of these sites (sternum, mid-thiglt and calf! are typically 
measured during temperature-reiated studies [27], as they measure 
skin temperature over the heart (sternum thermocouple) and the 
working skeletal muscle (thigh and calf thermocouples). The 
furebead site was selected sincc il was speculated that the 
temperatur" of~le head may be imp0l1ant in moniturlng temperalure 
and regUlating exercISe intensity. according tu the current hypoth
esis. Upon entering the chamber, the Kingeyde was ealibraled as 
described. and subjects perfonned a self-paced, 2-min warm-up. The 
dunltion of the wann-up was restricted to 2 min to ensure that the 
initial values for hcarr rate. rating of pcrecived exertton (RPE) and 
core temperature were not ditferent between HOT and COOL 
conditions. The initial value. of skin temperature, rectal temperature 
and heart rate were obtained at the completion of the warm-up. 
Temperatures were recllrded at I. 5, 10, 15 and 20 km dwing ~te 
trial using a digital tei<'therrnometer, accurate to 0.1 °C (YSl 400 
series). 

Power output during the time-trials was recorded by the 
Kingcycle equipment. To allow comparisons to be made between 
power uutputs during trials of differem duration. the recorded puwer 
output wa.s normalized by dividing the trial into "'tervals ttf 5'1. of 
the total trial duralion. Powcr output is thus repot1ed as fhe average 
power output ovcr each of these intervals of 5% total trial duralion. 

Hearr rale was recorded at the starr of the trial. and at I. 5.10,15 
and 20 km using a Polar Aecurex NV hear1 rate monitor (Polar 
Electro, Kempele. Finland). 

RPE wa.' recorded at the start of thc trial and at I, 5. 10, 15 and 
20 km, using the Borg category ratio scale [21. 

Subjects recorded their nude hody mass hefore each trial, and 
:rgaiu atter completion of the trial after wiping un' sweat witb a 
towel. The volume of waleI' ingested during each trial was also 
reellrded. Rate lJf weight loss (in kilograms/bour) was estimated by 
the change in body mass adjusted for flui<1 consumption. This 
weight loss was considered " proxy tor sweat rate. hut was not 
e'orrected for o~ter body weight losses caused hy irreve~ihle fuel 
oxidation. since it was assumed that such losses would be essentially 
similar in both trials. 

Statistical analysis 

Power outputs, EMG data. temperatures and heart rate data were 
analysed using a two-way ANOVA for repeated measures. to 
examine the interaction of temperature and time. Where a significant 
clrect was detected, posl-hoc comparisons were made using Tukey's 
"honestly signitieantly ditferent" (HSD) test lor pairwise compar
isons. Performance times. average power output. pre and post body 
weights and fluid ingestion were analysed using a dependent (-test. 
For all analyses significance was accepted at 1'<0.05. Oata are 
presented as means±SD, 

ResuHs 

Time-trial performance and power outputs 

The time taken to complete the 20-km trial was 
significantly greater in the HOT than in the COOL 
condition (P<O.OO I) (Table I). The average power output 
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in HOT was correspondingly lower: 2SS±47 W compared 
with 272:i:45 W in COOL (P<O.O I) (Table I). 

Figure I shows the nonnali:ted power output recorded 
during the time-trials, at intervals of 5% of the total 
duratlon of the time-trial. Power outputs were identical for 
the tirst 30% of the trial duration in both conditions. In 
HOT. power output declined progressively in the period 
from 30% to SO%, whereas in COOL, power output 
remained constant from 10% to 90% of the time-trial. The 
power output in HOT became significantly lower than in 
COOL at 80%, 90%. 9S% and 100% of the total duration 
(P<..O.OS). In both HOT and COOL conditions, the power 
output in the final S% interval was significantly greater 
than in the previous intervals (P<O.OS). The highest power 
output over any 5% interval was recorded in the final S% 
in both HOT and COOL conditions. 
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Fig. 1 Power output at intervals or 5"·. or the total duration of a 
self-paced. 20-klll cycling time-trial at 35 cC (lIOn or 15°C 
(COOL). Means±SD for K"Il subjects. ·P<O.05 "s. COOL; 'P<O.05 
vs. preceding time intervals wilhin the same environmental condi
tion 

Tablt t Time and average power output during sclf-pac~d. lO-km 
~y~lmg lIme-trials in HOT (35 °e) and COOL (15 "C) conditions. 
Mcans±SD 01 ten subjects 

HOT 

Time (min) 29.6±1.9 

Average power (W) 155±47 

"P«J.()OI, 'P<O.OI vs. HOT 

COOL 

18.8±1.8" 

272±45' 

Thennoregulatory responses 

Rectal temperature increased significantly over time 
(P<O,OOI) in both HOT and COOL conditions (Fig, 2). 
In HOT, the final rectal temperature was 39,2±O.6 °C, 
compared with 38.8±OA °C in COOL (P<O.OOS). At all 
other intervals, rectal temperatures were not significantly 
different between conditions. 

Figure 3 shows the rate of increase in rectal temperature 
calculated at 2-km intervals. There were no significant 
differences in rate of increase in rectal temperature over 
any of the intervals. The average rate of rise in rectal 
temperature in HOT was 0.08S±O.030 °Clkm, compared 
with 0.070±0.017 °Clkm in COOL. These were not 
significantly different. 

All four skin temperatures (chest. thigh, caLf, forehead) 
were significantly greater in HOT than in COOL 
conditions throughout the time-trials (P<O.OO I) (Fig. 4a
d). 

iEMG amplitude 

tEMG amplitude, expressed as a percentage of the iEMG 
amplitude during the MVC prior to each trial, is shown in 
Fig. S. iEMG activity was lower in HOT than in COOL at 
10 km and 20 km (P<O.OS). At IS km, there was a 
tendency for iEMG to be lower in HOT than in COOL, but 
this was not significant (P=O.I), iEMG did not change 
during the HOT trial, whereas iEMG in COOL at 20 km 
was significantly greater than at I, S, 10 or IS km 
(P<O.OOS) . 

40. 

395 
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1 
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DstlHe(knt 

Fig. 2 Rectal tempera run,s at O. I. 5. 10, I 5 and 20 km during trials 
in HOT (35 °C) and COOL (15°C) conditions. Means±SD ror len 
subjects. 'P<II.()Ot for time main eflcct; ·P<O.005 vs. HOT 
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Fig. 3 Ral~ of increase in reclal temperature calculaled at 2·km 
intervals during trials in IIOT (35°C) and COOL t 15 ·C) 
cond ilions, MeansotSD tor ten 5ub.jects 

fig. 4 Skin temperatures OWl' 40 (a) Chest 
the (a) chest, (b) mid-thigh. (el 
calf and (d) forehead at O. 1. 5. H 

10,15 and 20 km during trials in 
)6 tf-t I HOT (35 'C) and COOL D~ 

(15 0(:) conditions. Mcans=SD. ; 14 
'P«UJOI vs. HOT 
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~'il\.!i Integrated electromyogram (iEM<;) from the vaslUs lateralis 
muscle at I, 5, 10, 15 and 20 km during trials in HOT (35 "C) and 
COOL (IS 'C) conditions. Mcans±SD for elght subjects. ·P<O.05 
vs, COOL; t p<o. OS vs. other points during COOL 
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Hear! rates 

Heart rate in both conditions increased simIlarly over time, 
and final heart rates were signitlcantly greatcr than at rcst 
(P<O 000 I) (Fig. h). Final heart rate~ in HOT and COOL 
were I M±!\ and I ~ 1±1O bpm respcctively. These were not 
Significantly diffcrent. 

Ratings of perceived ex.ertion 

RPE increased sigmficantly over time in both trials 
(Fig. 7), but were not significantly differcnt bctwccn 
HOT and COOL. "The tinal RPE in HOT and COOL wcrc 
9.0±I.S and 9.6±1.2 respectively. 

Fluid intake and weight loss 

Body wcight changes during the trials, total fluid intakes 
and rates of weight loss are presented in Table 2. There 
were no significant differenccs in prc- and post-trial body 
weights betwecn conditions, or in changes in body weight 
dunng the trials. Fluid intake in HOT was significantly 
grcatcr than in COOL (P<O.OOI). Total wcigbt losscs and 
rates of weight loss were not significantly dilTerent 
between conditions. 

Discussion 

O~-----.-----.-----r-----' 
() 10 15 20 

Distance(km) 

Fig.7 Rating. of perceive<! ~xertion (RPE) at O. 1,5, 10, 15 and 
20 km <luring tooL. in HOT (35 0c) and (,OOL (15°C') conditions. 
Mean~±SD for tell subjects. I P<O.OOO I for time mam effect 

Table 2 Body weight, 11\lid intakes and weight loss during lnals in 
HOT (35°C') and COOL (15 0c) conditi,)ns. Means±SD 01 r~n 
subjects 

HOT COOL 

Current models of exercise-related fatigue attribute fatigue Pre-trial body mass (kg) 

or ex.haustion to homeostatic failure in one or more organ Post·trial body mass (kg) 

72.3±8.8 

71.8±8.8 

72.1±8.7 

71.5±8.7 
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b:J 190 -<>-CXXL 

180 
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jl60 
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Fig. 6 Hc.,1 rule ar 0, I, 5. 10. t 5 and 20 kill during tri.ls in HOT 
ns °C) and (,OOL (15 0(,) condil,ons. MeansiSD for r~n subjects. 
t P<O.()OO I for rime main effecr 

Change in body mass (kg) O.44±O.37 0.S8±O.36 

Fluid intake (ml) 581.1±171.2 243.6±177.0· 

Rate of mass loss (kg/h) 2.06±O.58 1.73±O.77 

·P<O.OOI vs. HOT 

systems that are crucial for sustained exercise perfonnance 
[22]. Accordingly, it was originally proposed that fatigue 
during exercise in the heat developed after a limitation in 
blood supply, oxygcn delivery or fud utilization had 
developcd. Recent, novel studies have shown, howcver, 
that such homeostatic failure does not occur, since skeletal 
muscle blood flow and metabolism do not reach limiting 
values in the heat [32]. It is now proposed that central [20] 
neural recruitment of skeletal musele motor units is 
reduced when core body temperature rises to "critical" 
levels [19,24]. Thus, according to this model, a failure of 
body temperature regulation causes critical brain and/or 
core temperatures to be reached. Central fatigue then 
occurs, as thc "hot brain" is no longer' able to recruit a 
sufficient number of motor units to sustain the previous or 
expeeted power output. 

To OUT knowledge, we are the first to show that this 
general model does not explain accurately what actually 
happens during self-paced exercise in the heat. For we 
show that when se1 t'-paced exercise is performed in the 
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beal. work output and skeletal muscle recruitment are 
down-regulatcd carly during the trial, before body tem
perature is significantly elevated, with the result that 
thcrmal homeostasis is maintained similarly during excr
cise in bllth temperate and hot conditions. The critical 
findmgs that support lhi~ novel interpretation are the 
following. 

First, despite marked dilTcrcllecs in the envlronmcntal 
conditions in which the time-trials were performed, rectal 
temperatures were not different between HOT and COOL 
for the firs! 15 km of the 20 km time-trial (Fig. 2). Rectal 
temperatures were different at the end of the trials, but did 
not reach tcmpcratures measured in hcatstroke (>41 0c) in 
cither condition. Hence, relative thelmal homeostasis was 
maintained during exercise, and the exercise bout was 
eomplctcd without dangcrous levcls of hypel1hcrmia being 
rcachcd. 

Second, power output began to decline in HOT after 
only 30'X, of the total trial duration, and was significantly 
less than in the cool condition trom 80% of the trial 
duration until the finish (Fig. I). However. rectal 
lcmpcratures (Fig. 2) were not differcnt until the final 
kilometre during th.:: trials, suggesting that the observed 
reduction in power output in the heat could not have been 
caused by a highcr eorc tcmperature acting dircctly on the 
active skclctalmusclcs or the brain to causc fatigue, as has 
been hypothesized [24J. Indeed, the highest power output 
in both conditions was achieved during the final 5% of the 
time-trial. when core tcmpcratures were at thcir highcst. 
The core temperanlre during the final kilometre of the trial 
in the cool condition was in fact significantly greatcr than 
the corc temperatures in the hot condition at 5 and 10 kill, 
when the power output had begun to decline in that trial. 
Yet, power output was maintaincd throughollt thc cool trial 
and increased by 20% during the tinal 10% of the trial 
(Fig. I). Hence. an elevated core temperature cannot be the 
direct cause of the lower power OUtpllts achieved in the hot 
than in the cool condition. Rather, it appears that power 
output is decreased in the heat in the absence of any 
thcnnal distress. 

Third, i EMG m:tivity was reduced signiticantly at JO 
and 20 km in the hot condition. This indicates that the 
rccnlliment of motor units was decreased even when core 
temperatures were below 40°C In fact, at 10 km, the core 
temperatures were remarkably similar between conditions 
(38.4±0.5 °C vs. 38.3±O.4 °C in HOT and COOL 
respectively, Fig. 2). Therefore, the reduced skeletal 
muscle recruitment ill the hot trial can also not be 
explaincd by the dircet effects of a "critical" core 
temperature producing "central fatigue" in the motor 
regions of the brain, as has previously been hypothesi;red 
[19]. 

Rather, we propose that the early decline in power 
output in the absence of any thermoregulatory disturbance 
in the heat fomls pan of an anticipatory response in the 
brain. which mediates a reduction in skeletal muscle 
recruitment to ensure that the rate of heat production is 
reduccd. This would allow relative thennal homeostasis to 
be maintained so that exercise can be completed sately 
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without the development of premature fatigue or heat 
stroke, even in severe environmental conditions. 

Indeed, the rate of increa.se in rectal temperature. a 
measure of the ratc of heat storagc, was IIOt significantly 
ditferent between the hot am) cool conditions (Fig. 3). We 
intell)ret this finding speculatively to indicate that the 
rcduetions III skeletal muscle rccruitment and power 
output in the hot condItion may have been mediated to 
ensure that similar rates of heat accumulation occurred in 
hot and cool conditions. If this is indeed the case, then the 
rate of heat storage in the body may provide crucial 
afferent sensory inputs to a eenu-al controller. which 
adjusts work ratc and skelctal muscle motor unit recruit
ment during exercise in both hot am) cool conditions. 

Others have reported similar findings to our own. 
Tatterson ct al. have shown a redllction in power Olltput 
after only 15 min of a 30-min, self-paced cycling time-trial 
in the heat. even though core temperatures rise at similar 
rates in a hot and temperate environment [35]. They 
postulated that the brain is sensitive to the rate of increase 
in arterial blood temperature, and selects a power output 
relative to the rate of rise in core temperature. Howevcr, 
they did not measure EMG activity to eontirm this 
hypothesis. 

Similarly, Marino ct al. have shown that lighter runners 
outperform heavier runners during a self-paced, X-km 
time-trial following 30 min mnning at 70% peak treadmill 
speed in hot (35°C) conditions [16 J. A significant 
correlation was also found between the rate of heat 
storage and body mass during the time-trial. suggesting 
that thc lighter runners store less heat at thc same running 
speed. 11 was concluded that this reduced rate uf heat 
storage allows the lighter nmners to rull faster before 
rcaching a limiting rcctal Icmpcrature [16J. This suggcsts 
that the rate of heat storage may contribute to the atferent 
input responsible for a rcduction in work ratc in the heat. 

Marino et al. [17] have also shown that African mnners, 
who have a lower rate of heat storage at a given running 
speed than Caucasian mnncrs, were able to outperform the 
Caucasian runners in hot (35°C), but not in cool (15 0c) 
conditions during an 8-klll time-trial. The difference in 
mnning speed between the groups in the heat was present 
from the onset of thc time-trial, despite rcctaltemperatures 
which were only moderately elevated (-38°C) and not 
different betwecn groups. It was suggested that thc carly 
reduction in mnning speed in the heat occurs due to an 
anticipatory exercise response which would "control the 
exercise work ratc by regulating the number of motor units 
that are recruited or dereeruited during prolonged cxercise 
in the heat" [17]. 

Thesc findings are compatible with the existence of a 
ccntrally-regulated pacing strategy that reduces motor 
command and exercise intensity specifically to prevent 
excessive heat storage. Prcsumably, a central controller 
calculates the optimum rate of heat production and hence 
heat storage that will allow the self-paced exercise bout to 
be completed without thc development of a hannful level 
of hyperthermia (Fig. 2) and then regulates skeletal muscle 
motor unit recruitment to adjust the metabolic rate 
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accordingly. Indeed, Kayser has proposed that the CNS 
integrates afferent signals from various sources including 
the heart, muscles. rcspiratOly system and thernlorecep
tors. and adjusts motor command to protect the integrity of 
the organism during excrcise [15 J. This general model for 
the role of the eNS during exercise is applicable to 
excrcise in the heat. If this theory is correct, it is not clear 
how the brain is able to detect the initial increased rate of 
heat storage in the hot condition. The skin temperatures at 
all four measured sites were significantly higher in the heat 
(Fig. 4). The afferent sensOlY input from the thcnno
receptors in the skin must form part of the integrated 
response which mediates the decreased central recruitment 
and powcr output in the heat. That is. a high skin 
temperature may infonn the brain that the capacity for heat 
dissipation is reduced [I Xl. and so heat production is 
reduced to prevent body temperature frOI11 rising too 
rapidly to hannful levels. 

Thc exercise-induced increase in muscle sympathetic 
nerve activity (MS"'A) is augmented during muscle 
heating [28]. The increase in MSNA is attributed to the 
stimulation of mechanically sensitive muscle afTerents that 
arc sensitized by heating [2H]. We did not measure muscle 
temperature directly in this study, though it can be 
expected that muscle temperature would be elevated to 
similar or greater levels than rectal temperaturc, based on 
previous studies of exercise in the heat [31]. Thus. the 
sensitization of skeletal muscle afferents may playa role in 
increased signalling to the eNS during exercise in the heat 
l2HJ. A "central programmer". proposed by Ulmer [36J, 
would integrate this and other afferent signals arising from 
the muscle and peripheral organs and alter movcment or 
force outrut to ortimize performance [36J. This integral 
control, tern led teleoanticipation. would regulate efferent 
commands based on the afTerent feedback from the 
periphery and knowledge of the "finishing points". It 
must also be assumed that all the subjects had prior 
experience of exercise in the heat, so that any anticipatory 
reductions in power output may occur as part of a learned 
response. 

The reductions in power output and iEMG activity were 
not associated with reductions in heart rate (Fig. 6) or RPE 
~Fig. 7), which were similar at all points dming the two 
trials. The tinal RPE values were near maximum in both 
conditions, indicating that subjects perfonned to their own 
maximal volitIOnal capacity. It is also significant that 
power output and iEMG activity were reduced in the heat 
despite RPE values which were similar and well below 
maximal in hot and cool conditions. Therefore, the rating 
of perceived exertion or, alternatively, the conscious 
sensation of fatigue docs not merely track changes in 
power output, but is related to the central neural processes 
involved in the maintenance of, in this case, thennal 
homeostasis. It clearly makes no sense for the conscious 
perception of effort to be reduced at the same time that 
power output is decreasing (Fig. I). The athlete's natural 
response to a falling RPE would be to override this elTeet 
consciously, thereby increasing the power output, the rate 
of heat production, and the probability that homeostatic 

failure would develop. Thus, for thermal homeostasis to be 
maintained, the central processes responsible for adjusting 
power output and muscle recruitment must simultaneously 
increase the conscious perception of exertion, in order to 
discourage any conscious overriding of this subconscious 
control. 

We also showed that the power output in both the hot 
and cool conditions increased during the final 5% of the 
trial, as previously reported [14, 35J. In the present study, 
the increase in power output was associated with a 
significant increase in iEMG activity at the end of the cool, 
but not the hot trial. This difference was possibly due to 
methodological limitations. TIle iEMG activity was mea
sured during the tinal 20 s of the time-trial, whereas power 
output was averaged over the fmal 5% of the trial, and thus 
rellects an average of the final few minutes of the trial. 
Another limitation of the present study is that the iEMG 
activity was measured in one muscle, and it is possible that 
altered skeletal musele recruitment pattems in the heat, or 
the relatively small number of subjects may also explain 
the lack of a significant increase in iEMG activity in the 
heat. 

Nevertheless, the increased iEMG activity in the cool 
condition indicates that the athletes were able to increase 
motor unit recruitment at the end of exercise, despite core 
temperatures, heart rates and RPE values which were 
significantly higher than at the start of the trial. This 
suggests that the afferent inputs that mediate the initial 
decreases in recruitment and power output can be 
overridden consciously in the maximal effort at the end 
of the trial, and supports the existence of a system which 
adjusts exercise perfonnance by altering etTerent motor 
command during exercise [36J. Such a system would 
ensure that under exercise conditions. a skeletal muscle 
reserve is maintained. Indeed, we lound that approxi
mately 30% of the available motor units werc recruited 
during exercise (Fig. 5) with an increase of up to 45% in 
the linal sprint, similar to our previous findings [II, 34]. 
Hence, a cardinal feature of prolonged exercise is the 
prescnce of motor unit recruitment reserve; a feature which 
is not always recognized [23]. 

In conclusion. power output began to fall within the first 
30% of a maximal selt:paeed time-trial in the heat, 
reaching significance after 80% of the trial had been 
completed. Skeletal muscle iEMG activity was also 
reduced from 10 km during the trial in the hot condition. 
These decreases were not associated with altered rectal 
temperature, heart rate or perception of effort compared 
with exercise in the cool, and occurred well before rectal 
temperature reached 40°C. It is proposed that this 
response occurs as part of a centrally controlled neural 
mechanism, which anticipates an abnonnal elevation in 
body temperaltlre, and alters skeletal muscle reclllitment to 
allow completion of the exercise bout whilst thcrnlal 
homeostasis is maintained. Impaired exercise perfonnance 
in the heat is thus not the result of a limiting core 
temperature, but occurs as part of the central regulation of 
skeletal muscle recruitment, which controls the rate of heat 
storage, thereby preventing the development of thenno-
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regulatory derangement during self-paced exercise in the 
heal. 
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Anticipatory Pacing Strategies during 
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ABSTRACT 

ANSLEY, L., P. J. ROBSON. A. ST CLAIR GIBSON. and T. D. NOAKES, Anticipalory Pacing Strategies during Supramaximal 

Exercise LaSling Longer than 30 s . .'.led, Sci. Spor/., E.<erc" Vol. 36. No.2, pp. 309-314,2004. Purpos.: This study a .. essed whether 

pacing straregles are adopted during supra maximal exercise bouts lasting longer Ihan 30 s, Methods: Eight healthy males perfomled 
six Wingate anaerobic lests (WAnT). Subjects were inrormed that they were perrorming rour 30-s WAnT, a 33-s. and a 36-s WAnT. 

However. they actually completed two trials of 30. 33. and 36 s each. Temporal feedback in the deception trials was manipulated so 

Ihat subjects were unaware arme time discrepancy. Power output was detennined from the angular displacement of the flywheel. The 

peak power (1'1'1). mean power (MPI). and fatigue (FI) indice. were calculated for each trial. R •• ults: Power output was similar for 

all trials up to 30 s. However. at 36 s, the power output was significantly lower in the 36-s deception trial compAred with the 36-, 

inromled trial (392 = 32 W vs 470 = 88 W) (P < 0.001). The MPI was significantly lower in the 36-s trials (714 :!: 76 Wand 713 

= 78 W) compared with the 30-s trials (745 = 65 Wand 764 :!: 82 W) although they were not different at 30 s (764 :!: 83 Wand 

755 :;: 79 W) The significant reduction in FI was greatest in the 36-8 deception trial. Conclusions: The significant reduction in power 

output in the last 6 • or the 36-s deception trial, but not in the 36-, informed trial. indicates the presence of a preprogrammed 30-s "end 

point" based on the anticipated e;'(ercise duration rrom previous experience. The similarity in pacing strategy suggesrs that the pacing 

strategy is <entr.lly regulated. Key Words: WI~GATE. POWER OUTPUT. FATIGUE, CENTRAL REGULATION. END POINT 

For the last 30 yr. researchers have used the Wingate 
Anacrobic Tcst I WAnT), or a variant thereof. as a 
means of quantifying anaerobic performance in abso

lute terms of power output. which is then related to the 
maximum capacitics of specific metabolic pathways. Tra
ditionally thc WAnT uses a 30-s cyclc tcst protocol, per
formed against a constant force, in which' subjects are in
structed to cycle as hard as thcy can for the duration of the 
test. The three indices commonly dcrived from thc WAnT 
are: i) peak power index (PPl), the highest power output 
obtained during the trial; ii) mcan power index (MP!). the 
avcrage power sustained over the duration of the trial; and 
iii) fatigue indcx (FI), thc drop-off in power bctween thc PPl 
and the final power output reading. 

It was thought that during the initial 5-l0 s of exercise 
energy is derived solely from alactic, phosphagenic path
ways after which the metabolic fuel for the rest of the 
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exercise bout is obtained from anaerobic glycolysis. Subse
quent research has shown that, contrary to this belief, lactate 
accumulation begins within the first lOs of supramaximal 
exercise (6) and that mitochondrial oxidative ATP synthesis 
increases almost immediately at the onset of exercise (24). 

Despite this aerobic component ofundetermincd magnitude, 
the WAnT is considered to be largely dependent 011 anaerobic 
metabolism (27). and the associated fatigue has been mainly 
attributed to the fall in pH (l 0) that changes potassium con
centration (8) and/or intetferes with calcium release (I), im
peding the ability of the muscle to contract (2) and resulting in 
selective fatiguing of the fast twitch fibers (5,l5). 

The W AnT may not have been designed to study muscle 
contractility or fatigue (4) but it has been suggested (13) that 
observing the effects of such all out efforts could provide 
insight into physiological and neuromuscular capabilities. 
Although this peripherally mediated fatigue might account 
for some of the drop-otT in power output observed during 
the WAnT, EMG signal recordings have revealed a decline 
in iEMG activity toward the end of the test, which suggests 
the occurrencc of central fatiguc (17,30). lndccd, the fact 
that the faU in power in the Wingate test is explained by the 
falling cadence (l9) can really only be explained by central. 
neural regulation because it is not clear how peripheral 
fatigue alone can produce the necessary changes in motor 
recruitment necessary to cause the progressive and marked 
reduction in cadence. Although the 30-s duration of the 
W AnT is generally considered optimal (12), a number of 
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authors have suggested that it may not be sufficiently long 
to measure the total anaerobic capacity (9). The difficulty in 
extending the protocol beyond 30 s is the adoption of pacing 
strategies by subjects to ensure that they are able to com
plete the test (3,4). To prevent the adoption of such a 
conscious pacing strategy, it has been suggested that sub
jects should not be made aware of the elapsed time (20). 
More recently, the concept that subjects subconsciously 
pacc themselves during cxercise on the basis of prior expe
nence has been developed (28,29). 

There are a number of investigations into the competitive 
pacing strategies adopted during events lasting 1-6 min 
(11,14) and the optimal pacing strategies over these periods 
(18). However, to the authors' knowledge, no study has yet 
evaluated the possible presence of pacing during bouts of 
supramaximal exercise. The existence of a pacing strategy 
would suggest that substrate depletion or metabolic accu
mulation might not be the immediate cause of the power 
output profile during a WAnT. 

Accordingly, the aim of this study was to detennine whether 
deception and temporal manipulation could identify whether a 
subconscious pacing strategy exists during a standard and 
modified WAnT lasting between about 30 and 36 s. 

METHODS 

Eight healthy males volunteered for this study. The age 
and body mass (mean:!: SO) were 22 :!: 2.5 yr and 76.5 :!: 
6.9 kg, respectively. All subjccts were physically active and 
each signcd an infonned consent before the study. The study 
was approved by the Research and Ethics Committee of the 
University of Cape Town Faculty of Health Sciences. 

Subj~'Cts perfonned six WAnT on a Monark friction
braked cycle ergometer (814E). Trials were held I wk apart 
at the same time of day (16,25), and the order of the trials 
was randomized. One week before the start of the trial, 
subjects perfomled a habiruation Wingate test. 

Standardization procedure. A load of 0.09 kg. kg-I 
body mass was administered by placing calibrated weights 
on a weight pan, which exerted a resistive force against the 
tlywheel, at the onset of exercise. Workloads were set to the 
nearest 0.1 kg. Saddle height was recorded on the first visit 
to the laboratory, and the same height was used in all 
subsequent trials. Subjects were strapped to the saddle to 
avoid standing on the pedals. Pedal crank length was con
stant, and all subjects used cleated cycling shoes. The 
warm-up was standardized to 2-min unloaded pedaling. 
Before the start of each trial, subjects were instructed to 
pedal as fast as possible and to attempt to maintain that 
cadence velocity for the duration of the test. All tests were 
conducted from a standing start. The same investigators 
offered encouragement throughout the trial to minimize 
motivational differences. Time feedback during the trial was 
provided on an LCD screen that displayed elapsed time. 

Subjects were informed that they were completing four 
30-s, one 33-s, and one 36-s trial. However. they actually 
completed two trials of 30 (30-1 and 30-2), 33 (33-D and 
33-1), and 36 (36-D and 36-1) s each. The suffixes D and 1 

310 Official Journal of the American College of SpOrts Medicine 

Paper 49 

denote the deception trial and informed trial, respectively. A 
computer application altered the rate at which the LCD 
counter displayed second intervals. Therefore, during the 
two deception trials, the display time showed a 30-s count 
for the 33- and 36-s duration of the respective tests. 

Data capture. The formula for power (P) generated on 
the Monark bicycle was derived from the angular velocity of 
the flywheel (w), which was calculated every 36° from 
sensors attached to the flywheel, and the torque (T) applied 
to the flywheel: 

<ad 
w=- [I] 

1 

T = f· a [2] 

p = 'T"W P] 

where t is time, J is the moment of inertia, and ex is accel
eration. Data logging occurred every 0.5 s. 

Indices. The PPI was calculated as the highest average 
power over any 3-s period (4). MPI as the average power 
over the entire trial. and FI as the fractional decrease in 
power during the test (23); 

ppt- FP 
Ff =---;;pf [4] 

where FP is the power averaged over the final 3 s of the test. 
Statistical analysis. Power output data for all calcula

tions were averaged over 3 s. Calculations for MPI and FI 
during the modified trials were determined over the cntire 
duration and over the first 30 s. An analysis of variance was 
uscd to assess diffcrences bctween and within thc trials. 
Once main effects were identified individual differences 
between the means were located using Tukey's HSD post 
hoc procedure. Significance was accepted at P < 0.05. All 
data were expressed as mean:!: SD. 

RESULTS 

On completion of the study, the subjccts were unable to 
identify on which occasions they perfonned the deception 
trials. 

Power output. Power output was uncorrected for iner
tia. There were no differences in power output up to 30 s 
between any of the trials (Fig. I). However, in the 36-s 
trials, the power output was significantly lower at 36 s in the 
deception trial compared with the infonned trial (392 :!: 32 
W vs 470 :!: 88 W; P < 0.00 I). 

Peak power index. There were no significant differ
ences in the magnitude of PPI between any of the trials 
(30-1: lOSS:!: 84 W; 30-2: 1076 :!: 97 W; 33-0: 1061 :!: 98 
W; 33-1; 1047 :!: 107 W; 36-0: 1056 :!: 83 W; 36-1: 1055 
:!: 74 W) (Fig. 2a), nor did the time at which peak power 
occurred differ (30-): 5.8 :!: 1.0 s; 30-2: 5.3 :!: 1.5 s; 33-D: 
5.4 :!: l.l s; 33-1: 4.9 :!: 2.6 s; 36-D: 4.6 :!: 1.0 s; 36-1: 4.7 
:!: 1.0 s) (Fig. I). 

Mean power index. The MPI for the 36-s trials (36-D: 
714 :!: 76 W; 36-1: 713 :!: 78 W) were significantly lower 
than for either of the control 30-s trials (30-1: 745 :!: 65 W; 
30-2: 764 :!: 82 W)(P < 0.05) but not different from the 33-s 
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trials (33-D: 748 :!: 87 W; 33-1: 734:!: 100 W) (Fig. 2b). 
The MPI for the 36-s trials also decline significantly from 
their value at 30 s (36-0: 764 :!: 83 W; 36-1: 755 :!: 79 W) 
where after there were no differences between any trials. 

Fatigue index 

The FI for the 36-s deception trial (63 :!: 4.2%) was 
significantly greater than all other trials (30-1: 50 :!: 7%; 
30-2: 49 :!: 3%; 33-1: 51 :!: 3%)(P < 0.05) except the 36-s 
informed trial (56:!: 7%) and the 33-s deception trial (54 :!: 
3%) (Fig. Ic). There was no difference in the FI at 30 s 
between any of the trials. The FI in the 36-s deception trial 
declined significantly from 30 to 36 s (50:!: 10% vs 63 :!: 
4%)(P < 0.001). 

DISCUSSION 

The first important finding of the study was that the 
power output during the first 30 s of all trials was similar, 
regardless of the final duration of the trial. This finding is 
surprising, if it is believed that muscle energy depletion 
alone acting peripherally, limits such exercise. Rather. it 
would be predicted that the same amount of chemical energy 
would allow a faster rate of energy expenditure during the 
shorter exercise durations. Instead, this finding suggests that 
power output during the Wingate test is controlled by factors 
other than purely the magnitude of the skeletal muscle 
energy reserves and the maximum rate at which such re
serves can be depleted. 

PACING STRATEGIES IN SUPRAMAXIMAL EXERCISE 

Indeed. the second novel finding of this study was that 
power output dropped significantly more over the last 3 s of 
the 36-s deception trial compared with the informed trial. 
The occurred even though subjects were not able to con
sciously differentiate between the duration of the longer 
deception trials and the standard 30-s Wingate trial. 

The finding that subjects were able to perform more work 
when performing exercise, the duration of which they had 
been reliable infonned about than when misinformed, indi
cates that central neural factors other than peripheral me
tabolite accumulation detennines the power output profile 
of the Wingate test. 

Indeed, the fall-off in power during the Wingate test has 
been attributed to the early selective fatiguing of fast twitch 
skeletal muscle fibers (5) once the optimum velocity for 
maximal contractions of slower muscle fibers has been 
exceeded. But it has also been shown that the decline in 
iEMG activity accounts for nearly 30% of thc drop-off in 
power at the end of supramaximal exercise (17,30). Fur
thermore, the power output profile of the Wingate test 
reflects solely the change in the cadence (19), which must be 
centrally regulated in the brain. Changes in power output 
generated by the brain could, however. be in response to 
peripheral metabolic changes in the active muscles. 

Indeed, the presence of a central neural component to 
pacing and fatigue has long been recognized as a factor 
influencing power output during supramaximal exercise. 
Pilot studies at the Wingate Institute during the development 
of the WAnT showed a propensity for subjects to start at 
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slower cadences in trials that lasted longer than 30 s (4). 
This tendency was also observed by Kateh and Weltman 
(20), who remarked that the duration of the trial should not 
be revealed to the subjects lest they "pace themselves and 
not produce an initial all-out effort." In a study on elite 
Alpine skiers (3). trial subjects were instructed to ease up 
after they had achieved peak power so that they would be 
able to maintain more constant effort for the remainder of 
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the 90-s trial, implying that some form of pacing is neces
sary to complete extended supramaximal tests. 

An even paee has long been regarded as the most efficient 
strategy to employ during any exercise, and this bel ief 
appears to be supported by evidence that during an even
paced Wingate trial. blood lactate concentrations arc lower, 
blood pH is higher, and recovery is faster, compared with an 
all-out trial in which the same total amount of work is 
performed (10). In contrast, Ingen-Schenau et al. (18) arguc 
that in events lasting less than 80 s, the optimal pacing 
strategy is all out effort, even if this strategy produces a 
rapid drop-off in power at the end of the race. They sug
gested that an even-paced strategy should only be used in 
exercise of a longer duration. Our data do not address this 
question. 

It has been speculated that muscle pH provides the sen
sory feedback linking central command of motor unit re
cruitment and intramuscular metabolism (22) so that ath
letes adjust their pace in order to ensure that a critically low 
pH is not reached even at the end of a maximum effort (J I). 
This is supported by evidence of a eontinuous fall in intra
muscular pH from 6.94 to 6.82 between 10 and 20 s in 
all-out exercise (7), mirroring the decline in power output. 
The fall in power output ensures that the extent of the fall in 
pH is regulated. 

Ulmer (29) extended this concept by proposing the exis
tence of a programmer during exercise that regulates work 
based upon the remaining duration of an activity. In other 
words, the effort required in performing an activity is an
ticipatcd before the commencement of the activity and the 
intensity of exertion is regulated according to calculations 
based on previous experience. This govemor acts as a pro
tective regulator of power output to prevent the develop
ment of a metabolic crisis that would damage the integrity 
of the muscle fibers (26). 

Although there were significant differences in power out
put at 36 s when the subjects were deceived as compared 
witl! the informed trial. no differences were present at the 
end of the 33-s trials. indicating that the modification in 
afferent control, causing a reduction in power in the last 3 s, 
must occur after 33 s but before 36 s. This is in agreement 
with the speculation of Hunter et al. (17) that 30 s was too 
short a duration for a change in recruitment strategies based 
upon feedback from intramuscular metabolism but predicted 
that the influence of this feedback loop on central motor 
control would have to come into effect if the exercise was 
sutliciently prolonged. 

Evidence that the extent of musclc recruitment is con
trolled centrally during prolonged exercise has been pre
sented by St Clair Gibson et al. (28) in a study that revealed 
that the fall in power output was mirrored by a reduction in 
the neural drive despite less than 20% of the muscle mass 
being recruited. They concluded that the early decline in 
neuromuscular activity during prolonged exercise explained 
the reduced power output experienced by thcir subjects. 

During the informed trial, the subjects prepared them
selves for an effort that would last 36 s. During the 36-s 
deccption trial. though, thc subjccts were only primed for a 
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30-s effort, and despite confirmatory but deceptive evidence 
in the fonn of a clock, which was 6 s slow, there was still 
a disparity between their actual and possible power outputs 
(Fig. I). As the subjects were not consciously aware of the 
deception, this finding indicates that the deception was 
detected at a subconscious level but not a conscious level, as 
the reduction in power output over the extra time was not 
consciously perceived. If the duration of the 36-s trials had 
been extended beyond 40 s, the subjects may have employed 
a more obvious coping strategy. However, it is unlikely that 
subjects would have been deceived, that is they would not 
have realized that a deception was in place, by such a large 
(33%) discrepancy between the real and simulated time. 
Accordingly, this type of experiment may not be possible. 

Rather, we conclude that the subjects did detect the time 
discrepancies but ignored or fi Itered the conscious knowl
edge as incorrect based upon what they had been told and 
the visual cues from the slow-running clock. However, the 
findings of the present study suggest that the "lag" phase 
between afferent input and subconscious awareness of dis
crepancies between expected and actual time must be be
tween 3 and 6 s during an exercise lasting up to 36 s, that is, 
approximately 12% of the total duration of the activity. 
More research is needed to determine the degree to which 
subjects can accurately assess temporal deceptions during 
exercise. 

As peak power was similar and occurred at a similar 
time point, it seems that the subjects started out at a set 
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Abstract In this review, fatigue is described as a conscious sensation rather than a 
physiological occurrence. We suggest that the sensation of fatigue is the conscious 
awareness of changes in subconscious homeostatic control systems, and is derived 
from a temporal difference between subconscious representations of these homeo
static control systems in neural networks that are induced by changes in the level 
of activity. These mismatches are perceived by consciousness-producing struc
tures in the brain as the sensation of fatigue. In this model. fatigue is a complex 
emotion affected by factors such as motivation and drive, other emotions such as 
anger and fear, and memory of prior activity. It is not clear whether the origin of 
the conscious sensation of fatigue is associated with particular localised brain 
structures, or is the result of electrophysiological synchronisation of entire brain 
activity. 

Fatigue is experienced by all individuals on a 
regular basis. There are many different definitions 
of fatigue. Tn medical practice, fatigue is described 
as a debilitating consequence of a number of differ
ent systemic diseases or nutritional deficits.!11 In 
exercise physiology, fatigue is described as an acute 
impainnent of exercise perfonnance, which leads to 
an eventual inability to produce maximal force out
put as a consequence of metabolite accumulation or 
substrate depletion,l21ln neurophysiology, fatigue is 
described as a reduction in efferent motor com
mands to the active muscles resulting in a decline in 
force or tension as part of a centrally controlled 
process.f31 

Fatigue is therefore a ubiquitous phenomenon 
with different meanings in different research fields. 

However, there is no knowledge at present of how 
the conscious 'feeling' of fatigue is created, or from 
where it originates. In this article, therefore, we 
examine fatigue as a sensation rather than a physical 
process. The aim of the article is to discuss the 
concept of fatigue from psychological, anatomical 
and physiological perspectives, and to describe pos
sible mechanisms and brain regions responsible for 
the conscious perception of the sensation of fatigue. 

1. Conscious Awareness of the 
Sensation of Fatigue 

Before examining the mechanisms responsible 
for the conscious sensation of fatigue, it is necessary 
to discuss briefly the more general issue of con
sciousness itself. There are two basic theories of 
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consciousness, which have been debated for centu
ries. The first is the theory of dualism, which sug
gests that consciousness is a mental state which 
exists autonomously and is not dependent on brain 
structures for existence,l4J The second is the theory 
of monism, which suggests that consciousness is a 
direct product of activity in specific brain struc
tures,lS.6] While this argument is complex and be
yond the realm of this review, the theory of dualism 
is more difficult to support from a scientific perspec
tive, and remains a philosophical concept (Hallett 
M, unpublished observation). In this review, we 
therefore discuss conscious perception of the sensa
tion of fatigue from the monistic perspective. 

Consciousness has two distinct components. The 
first is the 'awareness' of something, for example 
awareness of activity occurring around an individ
ual. The second is the 'feeling of knowing' of that 
awareness. This 'feeling of knowing' allows us to 
have knowledge that the awareness is specific to our 
own life, and creates the special subjective 'feeling' 
each individual has which makes us aware that what 
is going on around us is unique to our own individu
al participation in that experience. This second com
ponent makes consciousness in different individuals 
a subjective phenomenon, defined as 'qualia' ,17] 
which makes the life of each different individual 
unique, but which makes consciousness so difficult 
to examine scientifically. An example of this would 
be that the sensation of fatigue at any time point is 
completely unique to the individual perceiving it. 
While the level of sensation of fatigue associated 
with different levels of activity can be fairly well 
quantified in different individuals, at present observ
ers cannot 'feel' the 'exact' feeling of the person 
being studied when they describe that individual's 
sensation of fatigue. However, recent work, which 
will be discussed later in this article, has begun to 
shed light on the subjective nature of conscious 
perception. 

In relation to fatigue. the first component of 
conscious perception is easier to define. The con
scious sensation of fatigue would occur when altera
tion to a physical state induced by physical activity 
leads to changes in activity in brain neural networks, 
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which in turn cause 'awareness' of those alterations. 
This origin of the conscious perception of fatigue 
may therefore be determined by examining changes 
in different brain structures associated with the de
velopment of awareness of the sensation of fatigue. 

2. Brain Structures Involved in the 
Sensation of Fatigue 

There have been several theories of how the 
sensation of fatigue is activated in neural networks 
in different brain structures. In the peripheral model 
of fatigue, changes in a certain factor in the peri
pheral organs during physical activity, such as mus
cle metabolite accumulation,ls-II] substrate deple
tionI12-'61 or cardiac and respiratory Iimitations,,[17-J9] 
stimulate mechanoreceptors[20-22] or metaborecep
tors123.2S1 resulting in afferent feedback to the brain 
which induces the sensation offatigue.[26-28J As there 
is no conclusive evidence to support any single 
factor as being directly responsible for the onset of 
the sensation of fatigue,[29] it is also suggested that a 
number of different afferent inputs, together with 
other non-sensory inputs such as psychological and 
motivational factors, are integrated in brain struc
tures and the ensemble leads to the development of 
the sensation of fatigue which arises directly from 
these integrative bmin structures.[20.29-32] 

This latter hypothesis is supported by three dif
ferent observations. Firstly, the sensation of fatigue 
can be altered by hypnosis while individuals main
tain constant work output.[33JS] Secondly, the sensa
tion of fatigue is affected by expectations of task 
demands, being greater at the same absolute time
point in races of similar intensity but shorter dura
tion compared with those of longer duration (Baden 
DA et aI., unpublished dam) and lower when actual 
exercise duration is shorter than expectedP61 Third
ly, in the clinical condition known as chronic fatigue 
syndrome, an excessive and debilitating sensation of 
fatigue is present at rest, and is not related to altera
tion in physical activity levels.!37-J9] These observa
tions suggest that the origin of the sensation of 
fatigue must be associated with anatomical brain 
structures responsible for conscious perception, 
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rather than from any ~ingle pen pheral physIOlogical 
perturbation or al tered metabolic ~tate . 

The s.en':);lIion of fUll gue i, itseli a compl ex phe· 
nomenon. It i ~ associated with [he conscIous percep · 
tion of changes in body functions. ~uch as breath
Ic:'i~nc~~ from increased vent il ation. pounding of the 
ht:uct rrom cardiac output increase, the sen~ation of 
being hot and sticky from temperature mcrea~es and 
sweati ng. and lhe ~en,>a\lon of increased nw,cle 
3t.:ti vity a~sociated With lOcrea~ed power gene ratio n 
cau~ by increased physll'al acti vity l evc l , .'~QI 
There arc also mental cognitive runclion~ as;,oc ialed 
with the .sensation of fatigue Th e5e include level of 
motivation at the time of (he actlvllY, memory of 
prior exerci~ ~~s ions and an aS50ciated dec lsion
making t.'omponent hased on the relatiolHhip he · 
(ween the current ~ensorimotor input and memory of 
previous e ventsY11 

Because of the complex nature o f the ~ensation of 
fali gue, the reg ion~ of the br .. in from ..... hich [hot 
sensation of fati gue ori ginates have been dlfi1cu It to 
&..~sc ss. ellen with the development oi modern 
ncuro~ience tec hniques, Stlch as fu nct ional m:lgnet 
ic resonance imaging. dynamic electroencepha 
lography (EEG) and repetitive transcran ial magnetic 
51imulation (figure I ). This may be because anu m· 
ber of different brai n regions are involved. or be
cause gcneral processes involving energy changes 
throughoutlhe brain are respon~ i ble for the genera
tion of the ~en~:l\ion of fatigue. 

The devdopment of the sensation of fatigue is 
a5:<;ociatcd with changes in mOtor activity .l.:Qj As 
llIotor fum:tion is controlled by the mowr and 
premotor corte l{. supplementary motor corte ,. ba<.aJ 
ganglia and cerebellum.l" ·~JI changes In neural net
work aCTivity in any of these areas may be responsi 
ble for the generatio n of the sensa tion of fatigue. 
Indeed, it has been suggested that the 'effort of 
will'loUl or ' sense of effon'I~~1 is corollary discharge 
asSOC1:l ted with motor activity.t-lO·4to1 However. more 
recem work has suggested that the sensation of 
effort and the §ensalion of fat igue may not be gener
ated in lhe motor conex and rather originates In 
motor command centres ' upstream' from Ihe motor 
cortex.14Il•HI 
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FIg. \. f>~:a: .ve 0'9>r"l ,eglOr"ls aSSOCIated Wttn the development 01 
1M SM~BlIon of la ll gue 

Fatigue i~ al~o related [0 motivaTion and em()(ion-
31 $ taTe . l. a.~~ 1 Indeed . it ha) prcvIOu sl)' been suggest
ed tha i fa!lgue i~ an ernO\lon iT~elf. I SI)1 Emotional 
states such as anger. fear and po~sibly also fal.lgue. 
ar~ n OI free standing ps.ychological concepts. but are 
di~ti nc t colieClions of chemical and neural responses 
toO par1icular emotional stimuli thaI have related 
physical symptoms ...... hlch in ;,ome ca.~es can be 

partially quant!li~d .t.5(I..5 1] EmOtional responses are 
thoughl lo be triggt'red h~ the amygdala and ve ntro
media l prefron tal CO r1I!X, and are executed by the 
hypothalamus and brai nslem nuclei .IXtt The main 
t:trget ~ of lhe emotional reSponseS are the ~'iscera 

and muscu lo~ keletal ~ystem. but other largets in the 
brain are al ~o affected inCluding monoaminergic 
neurons in the brainstem (hat modulate behaviour 
and memory forma tion 1~~ 1 EmOlional states Sllt.' h as 
anger and fati gue invo lve adjuslmen ts in homeostat· 
IC balance and pcnpheral phy~iologlcal changes. 
,>uch as heart and respiratory ra te which ca n he 

s.cientifically mea.:.u rcd.I!U1 Feelings of anger or fa
tigue may therefore be (he me ntal representalions of 
the physiological changes which characlense Ihese 
emot ions. Fu nctional imagmg studies have revealed 
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increased or decreased activity in several brain areas 
including the orbitofrontal cortex, anterior cingulate 
cortex and insular cortex, when normal individuals 
experience emotions such as sadness, happiness, 
fear or anger.15Z.571 Therefore, as motivation and 
drive are affected by all these different emotional 
states, fatigue may originate in any of these different 
brain areas associated with emotional responses. 

Previous experience and planning of current ac
tivity are also important components of the sensa
tion of fatigue. Previous memory of fatigue will 
allow one to estimate one' s reserves and tolerance 
levels, and allow decision making to occur as to 
whether to continue, reduce activity or halt the phys
ical activity. Memory formation and decision mak
ing involve representations of sequences of events 
(episodic, personal experiences) within a framework 
of general semantic knowledge (facts and places), 
linked by their common events and places)S81 The 
hippocampus, together with the parahippocampus 
and surrounding areas of temporal lobe neocortex. 
synthesise these episodic representations into 
unique single experiences, such as a specific exer
cise activity.ISS) The transition from immediate to 
long-term memory is associated with activity in the 
prefrontal cortex.[S91 In the prefrontal cortex, current 
activity is compared with previously stored memory 
of previous activity, and the current activity would 
be altered appropriately if differences between these 
events were unacceptable as part of decision-mak
ing processes in the prefrontal cortex. Working 
memory is active only for as long as cells in the 
prefrontal cortex are firing. Therefore. it would be in 
these prefrontal cortical systems, perhaps, that the 
origin of the conscious perception of the sensation 
of fatigue arises from. 

Recently, Parvizi and Damasio[60] have suggested 
that the brainstem and spinal cord may be the area 
where consciousness is modulated. The reason they 
proposed that this area was responsible for the origin 
of consciousness was, firstly, because the reticular 
activating system. which sets the level of elec
trophysiological activity in the cortex and most oth
er areas in the brain, arises from the reticular nuclei 
of the brainstem. and individuals with damage to the 
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brainstem region have impaired consciousness. Sec
ondly. the brainstem is the site of arrival of afferent 
input from nociceptors, the vestibular system, mus
culoskeletal system and integrative interneurons, 
and therefore could be an area where integration of 
these different signals occurred. Thirdly, there are a 
number of connections between the hypothalamus 
and brainstem nuclei, and through these connections 
knowledge of homeostatic perturbations could be 
integrated. Fourthly, brainstem nuclei are involved 
in the dopaminergic. cholinergic and other neuro
transmitter systems which alter the mode of process
ing of other brain structures and areas responsible 
for mood, memory or perceptual changes. There
fore, these areas in the brainstem and spinal cord 
may also be associated with the sensation of fatigue. 

It is therefore difficult to show that the sensation 
of fatigue is localised to a single area of the brain, as 
a number of different cognitive functions and in
tegrative brain regions may be involved with 
processes that lead to the initiation of the sensation 
of fatigue. It has also been suggested that no region
al classification of the brain is correct for any func
tion. as all areas of the brain are involved during all 
activities, albeit to different degrees,£61] This concept 
is encapsulated by the 'binding problem', which 
describes the problem of binding together represen
tations of different properties of an object or physi
cal state such as it's colour, form or location,[6Z] and 
suggests that large areas of the brain must be in
volved in complex cognitive tasks or motor activi
ties. It has been suggested that large scale syn
chronisation of oscillatory electrical activity in the 
neural circuitry of different brain areas or in local 
brain areas,[63MI controls the temporal sequences of 
task activity. This phase synchrony, or coherence of 
activity in different brain regions is also found to 
occur in EEG and electromyogram activity during 
motor tasks, generally in the gamma rhythm range 
(25-70Hz),[flZ-MI indicating that central and peri
pheral neural systems may communicate using syn
chronisation processes or activity. It is not clear how 
fatigue influences this synchronisation of electrical 
activity. or whether alterations in synchronisation 
patterns induce the sensation of fatigue during func-
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tional activities, and further work is necessary in this 
field. 

Alterations in neurotransmitter concentrations in 
various brain structures have been suggested to 
cause fatigue. It is not clear whether neurotransmit
ter concentration changes are caused by changes in 
neurotransmitter precursor concentrations in peri
pheral tissue which cross the blood-brain barri
er,r6S.66] or whether activation of brainstem struc
tures which control release of neurotransmitters in 
the higher cortical structures are altered or initiated 
by fatiguing activity and lead to the release of exci
tatory or inhibitory neurotransmitters which may 
alter cognitive function or perception of the fatigue 
state. For example, monoaminergic nuclei of the 
reticular formation in the brainstem are responsible 
for serotonin, dopamine and noradrenaline changes 
in the cortical mantle, and these neurotransmitters 
are involved in the modulation of global activity in 
the cortex, and lead to changes in attentiveness and 
behavioural responses to external stimuli. l601 Neuro
transmitters, such as acetylcholine, have also been 
found to modulate synchronisation and generation 
of cortical electrical activity in a concentration
dependent manner.l621 Therefore, neurotransmitter 
concentration changes may alter the cognitive re
sponse to or be involved in the subconscious fatigue 
generating mechanisms. 

Alterations in substrate availability in brain tis
sue, associated with increased metabolic demands 
and caused by increased mental activity during exer
cise, have also been suggested to cause fatigue. For 
example, it has been postulated that during maximal 
activity, increased cognitive activity increases brain 
metabolism, leading to energy demands exceeding 
production of energy substrates such as brain glu
cose and lactate.r67.681 However, if brain substrate 
depletion is the cause of the sensation of fatigue, one 
would expect there to be a period of time after 
intense physical activity when all brain function is 
impaired. As this does not occur,[40] it is more likely 
that if substrate depletion occurs it would modulate 
rather than cause the perception of the sensation of 
fatigue. 

'" Adis Data Information BV 2003. All rights reserved 

171 

In summary, if the sensation of fatigue is a com
ponent of cognitive decision making or active set
ting of exercise intensity as a part of the working 
memory system and based on prior experience, the 
most likely region involved would be the prefrontal 
cortex. rS91 If fatigue is a specific type of emotional 
state, the amygdala or hippocampus or a combina
tion of these areas may be involved.lso.58] If the 
sensation of fatigue is part of an integrative met
abolic regulatory system balancing afferent input 
with efferent command, the hypothalamus or brain
stem and spinal cord regions may be the site of 
origin.l43•60] Alternatively, fatigue as a sensation may 
occur as activity processes in the brain which are 
currently not determined and which involve many 
different areas of the brain at anyone timepoint. 

3. Conscious Perception from 
Subconscious Activities 

While we have examined putative structures and 
processes that may be responsible for the origin of 
the sensation of fatigue, we have not yet discussed 
how the sensation of fatigue originates from the 
underlying neural networks which regulate most 
functional processes subconsciously. A number of 
theories have been proposed to explain how con
sciousness develops, such as the global work
spacel69] and neural oscillation theories,l71 but no 
scientific evidence has been able to clearly substan
tiate any of these theories and a detailed discussion 
of each of these is beyond the realm of this review. 

However, recently, Damasio[SII has suggested a 
model for how conscious perception develops from 
subconscious processes, which may be particularly 
relevant as a mechanism to describe how the sensa
tion of fatigue originates. In an attempt to describe 
the association between consciousness and subcon
scious control processes, Damasio and ParvisiISl.60] 
suggested that consciousness is underpinned by a 
subconscious 'proto-self. In this model, the 'proto
self controls or maps the physiological changes 
associated with emotions, such as increased heart 
rate and sweating, and although this proto-self also 
operates at a subconscious level, these changes gen
erate 'feelings' which are our conscious response or 
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manifestation of these emotional changes. In this 
model of consciousness, the proto-self is a coherent 
collection of neural patterns which map the state of 
physical and physiological structures of the organ
ism. This proto-self becomes the homeostatic set
point of the organism and is a pennanent first-order 
map. When changes in the external environment or 
internal physiological milieu occur, these changes 
become a further first-order map. When this altered 
environment is compared with the proto-self. the 
differences between the two become second-order 
descriptive maps which describe the relationship 
between the proto-self and the altered environment. 
This second-order map becomes· a 'mental' image, 
which resides at a subconscious level. For the 
mental image to become a conscious image. the 
mental image needs to induce a 'feeling' or emotion. 
which allows our conscious cognitive processes to 
be aware that a change has occurred which is rele
vant and requires avoidance behaviour if the emo
tion or feeling is negative, such as fear or fatigue. 

The hypothesis of the proto-self thus centres on a 
relationship between the changing state of an organ
ism and the sensorimotor first-order maps, or the 
proto-self, which describes an individual's internal 
physiological and physical set-point. As changes in 
the individual occur, another level of second-order 
mapping creates an account of the events taking 
place as a consequence of the proto-self/changed 
environment interaction. The essence of conscious 
knowledge of these changes occurs when a 'feeling' 
or emotion, such as fatigue, is induced by this sec
ond-order map, which allows responses to the 
changed state to be initiated. In this model, there
fore, because conscious knowledge originates in 
neural structures associated with the proto-self rep
resentation of body states, consciousness therefore 
is in effect the 'feeling' itself, such as fatigue or 
other emotional states. 

This model may be relevant for describing how 
the sensation of fatigue originates. For example, at 
the beginning of an exercise bout, the proto-self 
first-order map would describe the homeostatic set
points for all metabolic activity at rest in the body, 
and would serve as the reference point for the activi-
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ty to follow. As exercise begins, the change in 
metabolic conditions causes a different first-order 
map to be created, and the difference between these 
two maps creates a second-order map which creates 
a conscious perception of change and thus 'aware
ness' of the activity. As exercise continues, further 
second-order maps are created of the ongoing 
change in metabolic profile, and these metabolic 
maps must create a cumulative perception of change 
that eventually is recognised as the conscious per
ception of the sensation of fatigue (figure 2). 

This model is interesting also in that it explains 
both the 'awareness' of conscious sensations such as 
fatigue, and the 'feeling of knowing' of the aware
ness of theses conscious sensations, which as de
scribed previously, has traditionally been the more 
difficult concept to explain. In Damasio's[5IJ theory 
of emotion underlying consciousness, physiological 
changes result in the 'feeling' of emotions, and these 
feelings ultimately represent the 'feeling' which we 
attach to consciousness. Therefore, what gives qua
Iia their particular identity are the specific physio
logical changes which occur at the exact timepoint 
when a second-order representation is perceived. 
Damasio's theory may therefore be relevant for un
derstanding how the conscious perception of the 
sensation of fatigue arises. It is, however, at present 
still a theoretical model and further work is needed 
to assess its validity. 

It is not clear when the exact point when aware
ness of change, as described by second-order maps, 
becomes a conscious awareness of fatigue. It has 
recently been suggested that vocalisation processes 
may be necessary for this acknowledgement of al
tered mapping or evolving second-order statesPOJ In 
this model, inner self-talk alerts one to significant 
changes in proto-self maps, and this self-talk is 
associated somehow or as part of a second-order 
neural network that involves the parts of the cerebral 
cortex responsible for vocalisation. Further work is 
needed to examine this theory, looking at these 
cortical areas specifically using functional imaging 
techniques during fatiguing activity. 

Finally, it must be noted that while the sensation 
of fatigue represents our conscious knowledge of 
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F~oroerM~ 

fit- 2 The r."'rlofIsnop~,. the ptOlO-~ JIM ~~ cnanQl1 USCClJlIId .... til O"IO"~ cI!y.c&J 1CtMIV..a It>e gener._ CI 

It,. OOI'ICIICUI pettephOr> of .he setlsa:.o .. ot l iI!Ig.le 

underl) mg physical acti vity. the majonty of aClivlty 
is controllt'd al a ~ubconSC lous level For ~ ,\ampl e. 

when we arc running we are nOl generally aware of 
illdlviduol placenlt:nl of I~ feel on the grouoo. o r of 
co-ordinat icm of lunb artlv ll) . Wh.le a numlx:r of 
drlTr:: ren l molor tasks 3re procr::ssed b) the brain a! 
"n y o ne time, we only have a SI ngle domlnanl 
'~lrcam' of conscious thought. Thts may be related 
to the idea that suoconsciou) neur:.tl network. :.tct iv i!y 
controll ing all subconSC IOus functions such as motor 
activity oceUf1 to a massivel y parallel manne r. while 
conscious perception is a completely linedT occur· 
rence. and at any tlillepolllt we onl) haye one con
!>C ious perception o f realil)' . In the fallgue mOr.kl 
therefore, Ihis ~enal meChall1~ lIl lIIay be! respolI)lble 
fOf the dissociallon between The conscIOus sensa1l0n 
nf fllf'gue and underlYlnK Mlbconscious o:hanges to 

pDClng strategy, 

4. FuNr. Dkectlon. 

In IlIls anlcie we ha\e e'"(am;ntd brlel'y both the 
analOffilcal ongln (I f the sensation of fau gue ana a 

poSSible mechani sm of how 11 rna) angmate from 
subco nSCIOUS processes til these anatomical areas or 
fu nct ional processes, from a m o rUSIiC j)CrspeetlVe. 
As descn bcd pre\lously. neurOSC ience technique" 
ha\e been de .. eloped v.hlch allow uS now to ex· 
amine bralll funetlon 111 ):reater )1'3ual and temporal 
detai l, We propo~e that future research should U'>C 

these techniques to e...amine, in detail. changes that 
occur :n different hnll n regiolls. o r as genc ra itsc:d 
alterat ion III bralll achv lly . 111 of'{tt'r to elaborate on 
rho: pr()(;e.'se~ in\ol"cd In thl! 8t:rlcra tion of lhe sen
. alion of fat igue and the 'feehng of knOWing' !.ha l 

we personall) fe el when fa tigued , Fatigue as a 
model may be relc .. anl therefore 10 siudy the 
brooder problem of conSCiousness, because unhke 
othe r emOllons such ill mnger and fear which llrc 
dIfficult to qu.lI1tify, fati gue has general!) been 
shOwn 10 be a rel'h,I!Jucibk ~t:rballt)n rn the 13OOr", tO, 
ry envirOOtnCnlPl7)t which can be generated and 
regulated in the human model usi ng rout ine c,"(ercise 
tesllng Therefore, (l.erelse: ph) ,s rolotty may have an 
Imponant role 10 play III ans\\errng queslloM thai 
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have traditionally been the domain of philosophers 
and neuroscientists. 

5. Conclusion 

In conclusion, we have examined fatigue as a 
sensation rather than a physiological occurrence. 
Fatigue is described as conscious awareness 
originating from subconscious control structures. A 
model for the development of the sensation of fa
tigue is described. where the sensation of fatigue 
originates from a difference between subconscious 
representations of baseline physiological homeostat
ic state and the state of physiological activity in
duced by physical activity, which creates a second
order representation which is perceived by con
sciousness-producing structures as the sensation of 
fatigue. In this model, fatigue has a teleological 
function. and can be classified as an emotional con
struct. It is not clear whether the origin of the fatigue 
process is in a particular brain structure, is the result 
of an integrative process involving a number of 
different brain regions, or is the result of elec
trophysiological synchronisation of entire brain ac
tivity. Further work is required to determine from 
which neural processes or brain structures the sensa
tion of fatigue originates. 
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TIllO':"H"t· NCY.KES will n~r foo g~ 
Il>t-doy "" IMCOUntered IhI" hiU from 
1w1l It WJ.. 1976 and M ..... runnlr.g 

th .. ,,,,,,Uln, lomr.alk. Mo"uh"n .• n "1"IIl....:t 
go·kllometre road rin belwel'n Ourban and 
P\ettrm ariuburglnSouthAlrir.t AboullO 
~\ I om~tl\"' flom hnm~ he fO<] ndP<l a ~I\I! aJY.! 
~ . .. a .t"'P Indille 11<.- had n't knllWT, ...... t ""' e 
hen Dnore he .tanl'd cl,mblng. N."suddenly 
bes1n 10 feel o\'c rwhetnli ngJ~·tl r~d . 

AI tht Itme II wit IUlt acne of gritting 
hl,l«lh Out Noakfo •.• p rofe .. o . af e xerd"" 
physiol"l)' It the: Uru ........ 'ly or(a ~Town. 

SQuth Aloia, lOOn clme 10 .... thaI hi ll a. ~n 
IntellKtu&l rnoun1ll1l. too. Why had the very 
lhought of It madI- him ltd .0 flrl'd! 

Con""n tlon31 .. i'<lorn on musdt fallgue 
nn'tuplJln wh~1 h.Wnt"d that oby for the 
\)fIle r ~n ofa~ury. Kient!.stslOOalhletel 
hIve p relunwd, OOt unreasonably. th" Jallg"" 
ongtnale. tn I"" mu, .. ".thcm><"lVd. 
1'l.,d.e uplan.t ion, haw varie<!, bul ~U 
h."" ~n b .. 1'd on the 'L!mltal i(Kl$ I~·. 

In ot her words. m u.des the kn.u~ they hll 
a ph ySial llm,t; they either run ouloffu~or 
o~YStn c . t hey dro wn In tox ic byp roouct •. 

In t hf pi~1 few y~a rl . howe\·~ I. ~OOl k~ j a nd 
hi' ~otll .. ,ue A.lan St ( lai r Gibson have ta ken 
i hnd look atlhe ~nndard theory.Thed~~1 
,,,",y..t~ . he mo .eCOf\vilKN 'My~.ve 

bt<-omelha. phy.Jo.-.1 falisue simp!)' I,n't lll( 
.. me.n nr ",nnlngoul ofpetro,. F~ t( 8 ue. 

they i liUe. Is caused not by distrels 11&nal$ 
ijlrlnsing homovellued llluKle •. bu t Ii an 
emOlion.a1 . ... poruE- .... h ldl bfglns in the b .. ~ITr . 

The .. ~ ....... orltwir ,,""' IhMt)" (~IJuI 
the br .In. wing a mU1 of phy!.iolo&K~L. 
,ubconKloos and (onscioos CUff. ~s lhe 
musc:Le. 10 keep them weD bKk from , lie IH1nk 
of Ul,.ull !on. Wtrn tho- b,. ln dedd .... U·~ tim" 
to qui:. It ,,,,lin 1M di M.noolng "1\$0.1100$ 
we Inte rp rel a$unbear.tbl" mUKlrbli,t.te. 
This' t e nt ral 80\'ernor· l h~r\· remllru 
ro nl ro"" ,~la l . bUI il does explain tnlln)' 
p unJing a~p~, 0( . thle tlc per(orma ' l<c. 
II well is suggesting rome n:~oltJtlona ry 
app rGO,hes to I .... inln g and offering IInuli,lnW 
h tnllulO lnr ciluseind m~)"'oee\'en the cu re 
uf Lh,oni< fatiguo:'yndrome. 

Paper') I 

-Alnletesalmost always managt to go their fastest In tht last kllomttrt at a r.! te even 
though, theofetlcalty, that's whtn thtir musdes should be dostst to exhaustion" 

Tho: Ilil\ from hell might hi~~!iet 
Noa kulhlilkl", .. bo u t f .. u&~, bUI It wu 
i mOr" ft(eltt d l Ko~ery Ih,1 mlde him sta n 
'esearchtnglt In e.rnell He (llils Ihis (he 
~bcllC Kid parlldo:r. ' . ~(tI( Kid ba b)' 
prodlolct of Uertl~. ind III b"Jl\l- up b "I\en 
diN uacaUMol fl1igue..Bul wn.,n r~SoI'~rch 
<ub ....... u .. ,"<"l'" t~. d......, .... p ..... ' on ch~",be.

d..,lgn~ 10JImulate tIl8h.llltud~ ll>ey 
become fatiglolrd~n thoogh I""hc ICld 1ev~ls 

... maln IIlW Nor h i S IMoxygt'nrontem of 
t ""ir bJoo<l fillien to<'> 11M for lhem to keep 
gol n g. ObvloU'lI)', No.ak ... ded[)CN. wme th lng 
e l.e wil maltIng them tl rt \IIrU bel"'e Ihey 
hlt rlth .. , phy,toLogItl l IJmlt. 

NO.:I kts ind 51 tllll Glbwn deCided to probe 
furthe r. tor th"" n rst m .dy. publhh.-dJ~ 1001 

(Amtrimn /cl1m,,1 of PI-oyJJoIogy - IItgl1l,,!ory 

In!""9'"11 r/lle ""d C(II"P"1"()li~. Physiology. vol 
Z£1. P ~181~ \~ rccrultl.'d s.even ex perien ced 
cyelhn and .skoo Ih~m \0 pedal 100· k i lonl ~l'~ 
I lIN' I rjals on $Iat 1O ..... lj' e ~e". I.e bj ~es 

On ........al oo:::taSlon~ dunng the lime \TIl l. 
they l,ke<.1th"cyt:Um 10 Iprinl 10"000 or 
4000 Illflro. Th.oughout r he clp"'rimenl , 
rn., cydliu ",ore I.IKI rlc.1 sensa" I~ped 10 
rhcl. "'gs 10 mftl$Ur~ lh~ nel\'(' imp<Jt~. 
!t1"fUIn&to their musc .... 

II has \0fI.I ~n known Ihat during 
exercise the body newr I1seS 100 per cent of 
Ih~ . y .. llable mu!d~ nb~ lro a ' Ingle 
cO" l ntc,loo nil' .mount used \·.t~es with Ihe 
length orthceno:Juvour. bl.lt In endurance tub 
. ueh .. Ihe<ycLtn8IeJII rn: hodyrall.< On.bol11 
30 per(,nt.l p rudln& Ihe I"",d by rotallng In 

!tAU·li 1m i 
_ .......... _ ,.. ......... ,_b .... IlIt~· .... II\I.,. 
... _ Io!IM '"' ,...., "" ...... ..... It! on ,... 
jI<I-.t .... . Itt! _ ~ _ ." ","' borIJ .. _ rainrl' 

fTUll 000 Ii n~~. And be.: .. use SCpaf1ll~ 
""TV" m~ments ""nd .lgn.l$ 10 each nbft,. 
spo.u .dtnlil" can dcl . rmi....., wI>" fraction 
oflhe mUlde II odnj ult'd by m~n~rin8 IJw, 
~1e\:l ricaJ Impulse tn\'ellina to It 

Noak~ ll"iW:lt'd thll il L'le hmlulions 
theory wu CQrrect ... nd f~!!g'Je ... a~ dut tC 
musd~ Db re. hlttlns >omr limI t . the number 
offlbrn u~d fer nch "ed ... 1 n rolle should 
Incfene as :h~ fibresllred aM the cyd IOl', 
bodyanempleclto«>mpcnute by re"uttlng 
~n ..... ' l~'"6~r f,..,Uon of th. ,,,t,1 BU I hl. 
team found ex~ctJy Ihe 0pp<K iTe. AJ hUgut 
'"'" In. Iht elecnit::lllC\lvlty In Ihe Cycll". · le~ 
dedJned - ewn !lurlnl! lilt 'p rinl" when t~ 
""'Ie mMn& to~ycle Ii fIJI n Ihty could. 

Pltnty In U\t tlnIt 
To NoItkn th1s >f1l'''rontevldmcethJl 
lhe: old lheory \GS wrona. Tile c~l isl1 may 
h ..... r..h (om pltfely dono- In . ...... y<. hut , .... ,. 
bod!el actually h.HI con.ldenblt re ... ""'s lJuI 
I hry could theoretically lip by us ing I grtller 
fnctionofthe rUling fibres. ThIs. hrbelle'ies. 
i. proof tr.~ t tlwhrlin il resulat lroW til e p...:t 
of th e wor kout ~~ hold tM H ydl51\ w .. n bock 
from the pcln! 01 cat~mopll,c ~xh a u!llon. 

MOf\' evlde~cvcome! from t he fltct a ""t 
flllgucd mUKIH don'llctu;oJ1y runO UI of 
.nythlnR ~r llk.l MUIoCI~ biopl.l~. h.~~ ,how" 
lJuI ~~1s ofgl!Cogen. which I. lhe mu><:le' 
prImary ru~l. ~nd ATP. the chemlc .. 1 t hty u I': 
for lemp0r3ry me:&y ItOri~. decline with 
eurcllofbt.tl ne-er bOllom cut. Ew:n .. t th.
end or .. maral hon. A TP level, .. r~ 110 1090 pe' 
cenl of the 1T)IlRg norm And while glywgen 
1~I~pp't»thzero. they neve. gel there 
F"<>.ot-m.onolhon mUKte, aI,o .WI lui"" 

. ubil. n ll,,1 rher~. of olhe, r u. i •. nvl.u.1y f~t 
SIU! more t "idenCl: In f~llO\.I' of , 1><: (enl",1 

regul.tor ClIfT'" f.om <><-rv .. l lu"sof lhe 
CioSl:li'\ise. of diltance r.I{H. Top Jthle!M 
" lmoJl il "'~yl manage to go t he ir f ... tnt 
durlns thf l~s t liJometre of> rice . e.....,n 

1 
_______________ ~~th.OUSh.tht"OrtT I'al l y, 1M!"' .... h.n their 

tll-dn shouldbfd~,t lorxhaulit ion . 

• 

• 
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panlrul~r. Nc.akes nYI.the end spu n 
'1"lD Iofn.~Jf foug'Jt I><~ used try mu.d"" 

JOnlnglh.~ I~ .... ,lh la,"\ic acid JrI:l ... \11 

dd bulld ·up t.lhe Umiling bctor. racers 
kJ pl"8reulwl~ s!owdo"It and ......,.,Id 

nd II lrr.poa.lble 10 I ;>rlnl for the fln .. h II"", 
But wit h the~r.tnl gown"lor \hewy. 
UpWlWlion " ob\·Iou'. KOOWIOi the end 

nell . the bnln Illghuy leillXes IIi lI"iJll and 
lows the athl,"r to ur a on of Ihr body's 

ardully lIoi,d~ reSol'rvn . .. 



Paper 51 

"Whyts Itthat if you set out on;a la-kilometre training run, the flrst kilometre 
feels mysteriously easierthi1n the first kilometre or a Hllometre run?" 

!luI thecentraJ lIO~rnor tht'Ory 400:500t 

mnn that whaf, hippenins In tM mUKI~ II 
irroel~nL TIw so~mor oons~ntly monitors 
phY1lologiC31 ,ignals from Ihc mUSoCIe1. along 
with other in formaCion, to "'t tile If''el of 
fat lgut, A lilrgf number of sigNIs art probably 
Involved, bullhe ones NoiIkn Is most ,ure 
about Include th~ body', ,e rrullnlng $10 ...... 01 
carbohyd.atr.o. the Itveli of gluoose and oxygen 
in.he bluod.lJre ,.un or nellt gtne~tion ~nCI 
heat lon, .rid lJre nt. *' which mUKlr:;.uf 
wortlng. Wherelhe(en1laI8owmor Ihftlry 
differs from the lhn ilationstht'Ory ii Ihat 
l~phyliologk.1 h,e' o," arenol ,he dlrec. 
delermlNnts offaI 18ue- lh~ are lust 
Inrorm"Uon 10 bike lnlo ;m;:ounL 

ConK\OUS faclon can ill50 inlelvtllf'. 
No;Ikes bc:lieva IMI Ih~ , .. n"al rl'gula,or 
evalualf'i; lhe planMd wor\ouL andlCl~ II 

pac:lnlsttill~y actordlngly Ex pe, le nced 
runners know, tor uamp~, thaI irthey HI 
au! o n I Io-kilome, re I",lninllun, the fin! 
kIlometre fl't'is mysteriously eisler Ihan tht 
flol kUOmtlreof. s·kHomelrt run ,even 
IJu"'ah thlre .bould be nodiffertnct. 
That, Noakn says, b beaUSt lhe cenlral 
gO\'emor knows you ha~t fallhtr to go In tile 
longcr run Ind illS programmed h~lf lodole 

ou' fatigue $),rnplom5 ¥COrtI!ng!),. 
ThIs can be verlfltd by pUllin, people 

on rreadmilb and l'lIIng lhem I hey~ goln8 
to lunone d ls!ancc when In facl )'ou ha Vl! 
.,nother plan ned IVhen the .ublKu ire 
g""'n Il::t ,eal.tory midway through Ihe IHI, 
IMlr reponM I_II of f uillue $uddenly adJu,t 
!o account for I lie new informallon. 

ll al$C) uplalllS Noak~"J eXpoIrience on the 
hili from hell. "'"The centralgo~mor had bftn 
paring mt for "'lOther 10 knolll~tJe); he lays, 
-1l~t1t llad PftiUmed It "'as going to"",, nal. 
1'>""". 11 suddenly had to take th" hlllinto 
X(QunL and II foKed mt 10 'lowdown." 
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51 Clair Gibson belln'el there I, a good 
r~ whyou, bodie-u,e de:s lgned 10 kl't'p 
som~hl ll8 but. Thai w~y. thtre'ulways 
someth ing left In Ih~ tlnk forln ~mergcncy. 

In ancient Urne', an emergency might like Ihe 
forlll of ilion o r ~kof ",oIva at the end of .. 
lon&, grucUing hunL Tooioy, the ~_If" mlghl 
be I mUSll"r hIding In an alley, or i lIglltnlng 
stann near Ihecndofalong h ike. BlIllhes.ame 
concept appUe" life would be 100 dangeroui 
11 our bodIes allowed Ulo 10 bcaJme SO Ilred 
Ihat ~ couldn', move '1u!ckly when faced 
With In unexptClw need.. 

Drop and hypl1O$ls 
The learn a lso belltYcs thea'll ral &overnor 
theory .... Ip.tocxplaln why lIypno,i, hel pr 
block sensallom orfatigue, allowingllhlelt' 
10 wor . harder. IfJ')tt&ue Wl'l'I! mertty Ihe 
r~ull ofh'" ing lhe mu$Ck:s" physiological 
limits, Ihl~ sllouldn·1 be pos~lble, SUI ills, 
Amphetamines ha~ a ~imUar effect. and again 
It could be down 10 l he central go.,unor, 
Bloddng Iht Hn$llllon off'llgue with drugl, 
howeve' . makH II much u sicr to wort 
youO'Mlho dutll. Nonnalty, f~I,uc: wm fon:e 
ew:n 1M most lron·willed compttilOl to qUII 
""'fore Ihey suttumb 10 IIeaulro. e, bul lhis 
dld n 'I happen fOI the BrIt ish cycl lJl Tom 
SImpson. who dIed ahtr u t lng amphetamll1C! 
durill8 thcTourde France In t967. the )'Nr 
bdore droll Inll "ailed. fans)" Noakes add5, 
Is an ampncumil'll'·llke subslance thaI could 
havi! Ih~ s;,me err«t on clubbi!.,. 

The !hl!Qry could also help to unraV\l!I the 
mysteryol chronl<. r~'iglloC tyndrome. 
Po!rhap~ somel hlng has interfeJ'<'d willi tile 
brain's r~ulallonol f~liguc !I<llhal. ~"UU a! ... ·a~1I 
feel Uluuiled IIYI!n tl::o~ ~'Ou ~ re nOL 
Suc«ulully pUI1t1naoul the wotkintls of 
the tcnt ralgovernor miRh! open In.. doo r to 
a lons ·awaitoo Nr~ , ;.Io~ke, sUj!geot' 

5t Clal rGlbson ~nd No,tlce, ... e I'fek:ntly 
frying to find WMTC! the Cl!nttai 8O""rOolI it 
Ioc:lt<!d in the braIn by , \ IIdymS lhe 
elet:lTOt!n<:tphatogf3mli (H Gsl of tirtns 
eyell .• ts -We'le !l.nclll\j! IIu.! ~ to! of ,m~u of 
Ihe bt"~[n art Invol\'ed, ~ 51 CI.,rrGibs.ln U}"l 

"hul _"",,ven' , ytI found the iloF swItCh.'· 
Ho ... ·eV!;'r, tll~ mill of st;ch ilrn~ Is in leresting. 
and Includt. In.. fron,a! I. [,,'11 ... 11 Is mvol~N 

In cltci'iion making), the p3rleul lobe 
lwhkh Is in~ In 5ensatlonl, and. fur w:I~ 
INwn. Ille ,·Isualand speech «nrres, 

The central go~,:wr t h~...,ry h:rol found 
favour w{lh 0111 .. , eJlCrdH pll)/lilOIO@lsts 

HI,"II OMulted, IIut 1I1111e·tl!fMI*ni", "'~pr 
iltddlnJor appWId M'd r, .... tlrt _'I)' '" run 
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GrDfl!~ 8"""" , , .he 1.""", .. I'y oICaUfOfrua. 
8trkt~. lortumplo. rec-mlly amtndod 
h.I"u.bolll .o i""!. ..... il 8~1 fo.. """.11 
'~maln. <onll"OY(UlaI. 

o....uilk J.1nt Mlldwll,leordlDlof)l.l " 
,h. Unj"t"l1y Oll.n. South ..... 'ern Medl,,1 
Cenler. DaJlu . 1 II: poIn" ' A t~~milllel. •• ln 
",;hI,,, peorll: '1m up "",r'Il~p4'r ,lop .. "> .... hil. 
1u~1n& their .. ~n<;Dl\OUmr'lon .. lNour .... 
Shonly btforc Hw 1<.ob)KlI colllp'" In 
nhau.Uon, Ilwlr"")'IMl ro .... umptton 
r.""h .. pl~ltau btyond .. hklll! " on ', 
Inc«la~ . no mll l.-. how lI.,.d Ih~ 1f)'IO wort 

This maximum ,a, .. 01 O~)'aen 

<:on. umpUon, nlltd V02 fnOX . r>n bt boo.lcd 
try lnunsl.,. .rw numbtr of .... bloodCl!'Il.1n 
Cjr"ulallOll ~ for "" mplr. by '''''hIO(llnl 
blood thaI wan.bon Jno!DI .. ft"btiUll" 
TIll. 1"0"" ,""I [. ,tiu, hilS !"IOIhl n& 'odo,,"I' h 
a .. y"""lral pernor MltchrlllfJUr~ lrulW . 
t1 klck,lll iu 1M poIn' at whl,h lhrbodyha. 
bumf'*<! inlO a ' ''I)' rC"Jl phl"io&nskal llmU
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.I.'ipp/ Plrvsio/96: 1~71-1573. 2004: 
IO.11~2/jawlphyJloI.OI124.2003. 

The following is Ihe abstraci or Ihe article discussed in the 
subsequenl leller: 

Baldwin J, Snow RJ, Gibala MJ, Gamham A, Howarth K, and 
.'rbbraio MA. Glycogen availability does not affect the TC' A cycle or 
TAN pools during prolonged. rat.guing ex.orei..,. J App/ Physio/ 94: 
21111-2187. 2003.···The hypothesis lhat faligue during prolon!!<,d 
exercise anses from insuffici"nt intramuscular glycogen. which limits 
tricarboxylic acid cycle <1C' Al activity due 10 reduc",1 TCA cycle 
intenn<:diate. <1C Ail. was tested in this experim.:nt. ~ven .:ndur
ance-trai1lo!(i tn<."11 cycled at , .. 70% ofpeaJc: 0, uptake tVo, pe ... 1 until 
exhaustion with low ILG) or high IHGI preexereise intramuscular 
glycogen eont ... "t1t. Musel" glycogen content was lower IP < O.O~ I at 
faligue than at rest in both trials. Howeyer. the increase in the sum of 
I;'mr measured lCAI I> 70% of the tOlal TCAI pooli from reS! to 15 
mm of exercise Was not dillior.:nt ~een trials. and TCAI cont"nt 
was similar afler 103 ± 15 min of exercise 12.62 ± U.31 and 2.59 ± 
O.21! mlOOVkg .try WI for LG and HG. r.:specri,·ely). which was Ihe 
point of yolitional fatigue during LG. Subjects cycled for an additional 
52 ± 9 min during HG. and although glycogen was mark<dly r..du"",,1 
1 P < 0.05) during this period. no further change in the TC AI pool was 
observ..d. thus ru..'IIlonSlrating a clear dissociation bdween exercise 
duration and the siT'" of the TCAI pool. Neither the total adenine 
nucleotide pool 1 TAN = ATP + ADP + AMP) nor IMP was altered 
eO"1'ared with reS! in eit!>.:r trial. whereas creatine phosphale lewis 
were not different when values measured at fatigue were compared 
with those Illoasured after 15 min of exercise. These data demonstrate 
Ihat altered glyco!!<,n availability n.oidler compromises TC AI pool 
expansion nor atreelS the TAN pool or creatine phosphate or IMP 
content during prolollged ex.oreise to latigue. Therefore. our data do 
not support the concept that a decrea ... in muscle TCAI during 
prolonged exercise in hwnans co"1'romises aerob.e .:nergy provision 
or is th" cause of fatiiue. 

Lillear re/a/iollsllip betwee1l tile perceptio1l of effor/ 
(md tile duratiol/ or cOlis/alit load etercise tllar Temaills 

To tile Editor: Perhaps the study of Baldwin et al. (I) finally 
establishes that muscle ~Iycogen dt:pletion does not cause 
fatigue within the muscle by reducing the available energy 
below a cntical amount. This study also proves the logical 
error in the statement of Conlee (2): ,. When glyco~en runs out 
... the muscle fails from lack of aerobic adenosine triphos
phate (ATP) production. However, plausible and attractive this 
theory is, it is unproven .... What is clear is that, in glycogen
depleted muscle, ATP is being used up faster than it can be 
manufactured, and so force output is diminished." If this lo~ic 
were correct, then muscle glycogen depletion would lead not to 
fatigue but to muscle rigor. That is, if the rate of A TP 
production falls below the rate of A TP use, then there must be 
a progressive reduction in muscle A TP concentrations leading 
to skeletal muscle rigor if no other safety mechanism exists. 

This logical error, in what has been tenned the "energy 
depletion model oi exercise tatigue," has been emphasized 
previously (5). The essential contribution of Baldwin et al. (I) 
is to show that some other control mechanism must be present 
to ensure A TP and total adenine nucleotide pool (TAN) ho
meostasis durin~ prolonged exercise, as shown by a number or 
other studies to which the authors reler. Left unanswered is the 
nature of that control process. However, the authors' data do 
provide an enticing, novel hint of what that control might be. 

Baldwin ct al. (I) included data for ratings of perceived 
exertion (RPE) reported by the subjects during two exercise 
bouts in which subjects began in either the carbohydrate-replete 
or carbohydrate-depleted state. The authors do not fully discuss 

Letter to the Editor 

why they chose either to measure or to report these data; they only 
nOle that the RPE values at lati~ue were identiul, despite the 
exercise lastin~ ror 34% lon~er (52 min) in the carbohydrate
replete state. It should be noted that, if fatigue is regulated pun1ly 
by a peripheral control mechanism in the exercisin~ muscles, 
regardless of its chemiul or other narure, it makes no sense tor the 
brain to be informed and hence to perceive that the exercise is 
becomil1!! progressively more dillicult (8). TI,e brain is singularly 
unable to inftuence the outconr because it cannot, accordin~ to 
the usual model, overcome the eneets of these peripherally actin~ 
metabolic events (1\). 

In contrast. if perfonnance during prolonged exercise is 
ultimately re~ulated centrally in the brain (3-9), specifically to 
ensure that muscle energy homeostasis is maintained and that 
a critical energy depletion does not occur (5), then the RPE 
may play smne role in that homeostatic process. For example, 
the r.lte of increase in RPE may retlectthe r.lte at whtch crucial 
fuel reserves are bein~ depleted and hence the duration of the 
exerci:oe bout that can still be sustained at that particular 
exercise intensity without threatening homeostasis. 

To evaluate thts possibility, I plotted the data for RPE 
reported by Baldwin et at. (I) against I) the duration of 
exercisc in the two ditTerent conditions (Fig. IA) and 2) the 
percentage of time that had been completed, again in both 
exercise conditions (Fi~. IB). The hypothesis is that, if the 
terminal RPE is the same, then perhaps the rate at which the 
RPE rises may provide infonnation of how close to the end of 
exerci:oe the athlete is at any time during the exercise bout. 
Because manipulation of the size of the startin~ body carbo
hydrate stores produced a 34% dill'erence in eX"fcise dumtion, 
it seemed probable that a sufficient ran~e of data would be 
available to evaluate this hypothesis when all data were ex
pressed relative to the percentage of the total exen:~.e bout that 
had been completed (or remained). 

"\ccordingly, Fi~. III ShllWS that there is a linear relationship 
between the RPE and the duration of exercise in carbohydrate
depleted and carbohydrate-replete conditions. Hence, the rate 
at which the RPE increases could indeed serve as a marker of 
the time lell to exhaustion during exercise at a constant 
workload. 

Figure I B confinns this possibility by showing that the linear 
relationship between RPE and the duration of exercise overlaps 
for both conditions when the exercise duration is expressed as 
a percentage of the total exercise time. To my knowledge, this 
relationship may nllt have been noticed previously. 

One possible interpretation is that the RPE is the real 
detenninant of the fatigue point in this model of exercise, that 
is, prolonged submaximal exerci:oe at a fixed work rate. This is 
in keeping with the theory first proposed in the 1930s when it 
was found that amphetamines. which reduee or abolish the 
sensations of latigue, enhance exercise performance (3). Thus 
it was proposed that exercise tenninates when the ti:ehn!!S of 
discomfort overwhelm the potential rewards of continuing to 
exercise (3, 4). According to this interpretation, in the study of 
Baldwin et al. (I), the motivation to continue exercise stopped 
when a mean RPE of 18.1 units was reached in bllthconditions. 

These findings are compatible with a number of hypotheses, 
including the follOWing. At the onset of exercise, on the basis 
of some carbohydrate signal that is increased after a carbohy
drate-enriched diet, the subconscious brain calculates the an
ticipated duration of the exercise that can be safely sustained 
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wilhoul causing absolute whole body energy depletion. Antic
ipating the ma)(irnal RPE that 11 (or the individual) will tolerate, 
the brain center responsible fllr the generation of the RPE then 
increases that RPE as a lunchon of the percentage of that lotal 
e)(ercise time IIlat has heen completed (or the percentage of 
lime that remains) .. ~\lemalively, SOO1e signaling energy suh
strate, increased hy a high-carbl1hydrale diet. may ckcline as a 
linear function lIt' e)(ercise duratk.n. resulting in a linear in
~'fease in RPE. The ma)(imwn RPE is then reached belllre 
complele depletion of that energy substrate. 

Becaus~ surular RPE ratings at exhaustion occurred even 
though muscle glycogen contents Wllre significantly dillim:nt 
and were higher m the carbohydrate-replete trial, muscle gly
cogen content could not have been the exclusive determinant of 
the RPE in this study. Other sensory variables that also clearly 
dtd not '::lmtribule 10 this linear incfIl8se in RPE with increasmg 
e)(ercise duration were heart rate and oxygen Cl)n.~umption. 
which were Httle changed during e)(erei:le. 

The pivotal lITlpOTlance of the lltUdy by Bald\\'in et at. (I) is 
that il allows us finally to dose the chapter on the concept IIlat 
a state of absolute energy depletion is ever reached during 
prolonged e)(ercise. just as II also does not occur during any 
other fonn of voluntary exercise (S). The challenge now is to 
understand how the body anticipates the total duration of the 
exercise bout that is to he perfrnned and how the IIlCrease in 
Ihe perception of effort is regulated to ensure that skeletal 
muscle energy homeostasis is nol sulIiciently disturbed to 
produce locallissue damage, in partiGular, the development of 
skeletal muscle rigor. 
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To the Editor: Our paper (I) focused on the effect of muscle 
glycosen availability on skeletal muscle energy metabolism 
and fatigue. As Dr. Noakes indicated, our data do not SUpp"rt 
the theory that latigue during prolonged cyding e)(erctse at a 
constant work rate was caused by an energy crisis withi.n the 
contmcli.ng muscle. However. i.t should be noted, which we 
also slaled in the paper, that, "We were unable to delennine the 
precise cause(s) of lilli.gue during prolonged exercise. but tlus 
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was not the aim of the study." In particular, our measurement 
of muscle A TP content only provides information on the 
average mixed-muscle ATP content but does not elucidate the 
ATP levels at critical cellular sites within the various fiber 
types that may be critical in the fatigue process (6). lndeed, in 
a previous study (4), our group also demonstrated no reduction 
in the total adenine nucleotide pool during prolonged fatiguing 
exercise but showed a strong correlation between exercise 
duration and glycogen use, albeit in a limited number of 
subjects. We argued, therefore, that the relationship between 
glycogen content and exercise duration suggested that the 
maintenance of contractile force is possibly dependent on 
glycogen availability. Studies in both animals (3, 7) and hu
mans (2) have suggested a link between sarcoplasmic reticu
lum Ca'+ uptake and release and glycogen availability. In 
addition, topographical localization of glycogen within human 
skeletal muscle has been observed (5). Therefore, depletion of 
glycogen in the sarcoplasmic reticulum may possibly lead to a 
lailure of contractile force, although further research in this 
area IS warranted. Hence, based on our present knowledge and 
techniques, we cannot definitively eliminate the possibility that 
the fatigue during prolonged exercise is due to a muscle energy 
crisis, although we agree that this is unlikely. In support of Dr. 
Noakes' theory on the cause of latigue, we speculated that the 
fatigue may have a nervous system component, fll.ting that 
latigue was also associated with hypoglycemia. The theory that 
the onset of fatigue is associated with the perception of ell"ort 
is extremely interesting and is entirely consistent with our 
experimental data, as reanalyzed by Dr. Noakes. We eagerly 
await liIrther research designed to test this hypothesis. 
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Department of Human Biology. August, 2002. 
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(e) A statement that the candidate has not submitted this work for 
an equivalent degree at this or any other University. 

I hereby affirm that I have not submitted this work for consideration for an equivalent 
degree at this or any other University. 

ProfessorT.D. Noakes. MBChB, MD, FACSM. 

Department of Human Biology, August, 2002. 
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Expression of thanks 

I thank the examiners for allowing their reports to be included in this 

document. 
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STANFORD UNIVERSITY SCHOOL OF MEDICINE 
DEPARTMENT OF HEALTH RESEARCH AND POLICY 

DMSION OF EPIDEMIOLOGY 

STANFORD, CALIFORNIA 94305-5405 

4 September 2002 

Adri Winckler 
Deputy Faculty Office Manager 
Faculty of Health Sciences 
University of Cape Town 
Anzio Road, Observatory 7925 
South Africa 

Dear Mrs. Winckler, 

This is to report that I have reviewed three documents submitted by Professor Timothy D. 
Noakes to the University of Cape Town for candidature towards the DSc(Med) degree. These 
documents include a) a detailed synopsis of the work on the nature and value of Prof. Noakes' 
contributions to exercise science, b) a copy of his curriculum vitae, and c) a set of 36 papers 
authored or co-authored by Prof. Noakes that is considered appropriate for submission towards 
the degree. I also have reviewed Prof. Noakes' remarkably comprehensive, practical, and useful 
book, the 4th edition of Lore of Running (Oxford, 2001). 

I have known Prof. Noakes and followed his work closely since the late 1970's. I have met with 
him countless times at medical meetings, have visited him in his laboratory on four occasions 
(once in 1991, for more than a month), have hosted his visits at Stanford and Harvard 
Universities, and consider him a close friend. I add a personal note about Prof Noakes: his work 
and general lifestyle bring boundless energy along with confidence, intellect, and judgment, all 
coupled with excellent interpersonal and communicative skills. 

To outline Prof. Noakes' major research activities in the Medical Research Council of the 
University of Cape Town, I would characterize his investigations in four areas: 

a) Factors that determine exercise performance during high intensity exercise of short 
duration, and during prolonged exercise lasting 2-10 hours. 

b) The role of exercise in disease states. 
c) The mechanisms and epidemiology of sports injuries, physical and psychological. 
d) Innovative technologies to enhance performance in individual and team sports. 

He, together with his colleagues and students, has produced more than 300 scientific 
publications, many of which have been acclaimed internationally. Exercise scientists of many 
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STANFORD UNIVERSITY SCHOOL OF MEDICINE 
DEPARTMENT OF HEALTH RESEARCH AND POLICY 

DIVISION OF EPIDEMIOLOGY 

STANFORD, CALIFORNIA 94305·5405 

basic disciplines - physiologists, biochemists, medical clinicians, psychologists, epidemiologists, 
etc. - recognize Dr. Noakes' contributions as scholarly, educational, and of research excellence. 

I give special attention to Prof. Noakes' unique textbook, Lore of Running. From the gracious 
Dedication, through the Acknowledgements, Forward, Preface and Introduction, he has 
proceeded into the most astonishing collection of scientific and historical data on endurance 
footracing that I could ever imagine. It is uncanny how he has put Lore of Running together. It 
represents a truly significant advance over the third edition, published nearly 12 years ago. New 
data, new theses, new interpretations - all the kinds of needs that called for a new edition - he 
has provided. Physical exercise scientists from the world around are in his debt 

I believe, Mrs. Winckler, that the materials submitted to the University of Cape Town by Prof. 
Noakes for the degree of DSc(Med) are certainly appropriate to meet the established written 
requirements for such a degree at your university. I might add that these materials, likewise, 
would meet corresponding requirements for the DSc degree from my own universities - Johns 
Hopkins University School of Hygiene and Public Health, Harvard University School of 
Medicine and School of Public Health, and Stanford University School of Medicine. 

In summary, I give the strongest possible endorsement to the awarding of a DSc(Med) degree to 
Timothy David Noakes by your magnificent university, the University of Cape Town. 

Sincerely, 

~f~'},MD 
Ralph S. Paffenbarger, Jr. MD, DrPH, DSc hc 
Professor of Epidemiology, Emeritus (Active) 
HRP Redwood Building T213B 
510-524-3069; FAX 510-524-3079 
joceIlo@compuserve.com 
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• The Cooper Institute 

KENNETII H. COOPER, M.D., 
M.p.a 

Chainnan of the Board 

STEVEN N. BLAIR, P .E.D. 
Director 
Research 

JACK AENCHBACHER, M.B.A., 
FACHE 

Executive Director 

SUSAN B. JOHNSON, Ed.D. 
Director 

Continuing Education and Certification 

September 11, 2002 

Adri Winckler 
Deputy Faculty Office Manager 
Faculty of Health Sciences 
University of Cape Town 
Anzio Road 
OBSERVATORY 7925 
CapeTown 
SOUTH AFRICA 

Dear Ms. Winckler: 

DAVID B. BULLER, Ph.D. 
Director 

The Cooper Institute-Denver 

MARILU D. MEREDITH, Ed.D. 
Director 

Management J nfannation Services 

SUSAN CAMPBELL, M.Ed. N 
Deputy Director 

JOEL W. WOODBURN, D.O. 
Director 

Development 

It is a great pleasure for me to examine the work of Professor Timothy Noakes and make 
a recommendation regarding the award of a DSc (Med) degree. I have been familiar with 
Professor Noakes' research for over 20 years, and have followed closely his scientific 
work over this period 

The first of Professor Noakes' research contributions I noticed was his work to refute 
Bassler's marathon immunity theory. These carefully done and elegantly reasoned 
papers put to rest Bassler's unlikely notion that a person who completed a marathon was 
immune from coronary heart disease. I fully agree with the presentation of Professor 
Noakes' account of this research that is included in his degree submission document. 

The second seminal contribution described in the degree submission document is that of 
the "dehydration myth". If I may be permitted a personal note, I have been a marathon 
runner for over 30 years, and early in my own research career had investigated the effects 
offluid restriction versus fluid ad libitum during American football practice. Our results 
supported the wisdom of the time, which was that dehydration was a major problem 
during exercise, and the athletes exercising the heat should drink as much as possible. I 
followed this advice during a 50 mile run in the early 1980s and developed severe 
hyponatremia by the end of the race. Shortly after my own experience Professor Noakes 
described 'water intoxication'. His first article caused a revolution in my own thinking 
and made me realize the Timothy Noakes was a person who was not bound by rigid 
thinking and the status quo, but that he brought a fresh and open perspective to 
entrenched issues in sports medicine. 

12330 Preston Road. Dallas, Texas 75230·972-341-3200· www.cooperinst.org 
14023 Denver West Parkway, Suite 100, Golden, Colorado 80401 ·720-216-6600 
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My admiration and respect for Professor Noakes has grown over time. I completely 
agree with his description of seminal contributions presented in his degree submission. 
Again on a personal note, I was at least indirectly involved in one of these 
contributions----challenging the plateau phenomenon of oxygen uptake. I was President
Elect and program chair for the American College of Sports Medicine meeting in 1996. 
One of the pleasant responsibilities of that position is to select the Joseph B. Wolfe 
Lecturer for the annual scientific meeting. This is the most prestigious lecture for the 
world's largest and most respected meeting on sports medicine and exercise. I selected 
Timothy Noakes, from all of the leading exercise scientists in the world, to deliver the 
Wolfe lecture. I was not disappointed. The lecture was a model of careful thought, good 
organization, clear exposition, and use of data. The lecture was somewhat controversial, 
as Professor Noakes acknowledges in his submission, and it stimulated additional debate 
and more publications on the topic in the exercise science literature. I believe that 
Professor Noakes has once again been shown to be correct. I later proposed him for a 
Citation Award, which was given by the American College of Sports Medicine at an 
annual scientific conference. 

The examples briefly reviewed above clearly show that Timothy Noakes is an excellent 
scientist, original thinker, and world leader in sports medicine and exercise science. 

I have no doubt about giving my highest endorsement for Professor Noakes award of the 
DSc (Med) degree. He has sustained a remarkable level of scientific output that meets 
the highest international standards. He is widely recognized as one of the leading 
exercise scientists in the world. He also has developed and managed a highly productive 
group of research scientists and students at the University of Cape Town. I endorse his 
application with no reservations, and I hope that you will award him this degree. 

Regards, 1 

~f(fJ~ 
Steven N. Blair 
Director of Research 
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UNIVERSITY OF CALIFORNIA, BERKELEY 

BERKELEY • DI\ VIS • IRVIN! • LOS ANGELES • RIVERSIDE • SAN DlEOO • SAN PRJ\NC1SCO SJ\NT.t\ B.I\JtB.o\IVI, • ShHTA CRIll 

Department of Inlegnlti~ Biology 

September 18, 2002 

Adri Winckler 
Deputy FacuJty Office Manager 
Faculty of Health Sciences 
Univenity of Cape Town 
Anzio Road Observatory 7925 
South Africa 

Dear Mrs. Winckler and colleagues: 

BERKELEY. CAUFORNlA 94720 

EXERCISE PHYSIOLOGY LABORATORY 
51 OJ Valley Life Sciences Building 
Phone (510) 642-2861; Fax (510) 643-2439 
GBrooks@SQcrates Berkeley.Edu 

You have asked me to assess the works of Professor Timothy D. Noakes who is being considered 
for the advanced degree of D.Sc. in Medicine. This is a task that I undertake very carefully 
because of its importance to the candidate and University of Cape Town. At the outset, please 
know that while I am impressed with many aspects of the case, after careful consideration of the 
complex issues involved, they have distilled clearly in my mind. Hence, I can write this lJlost 
enthusiastic and Wlfeserved report. If any fau h is to be found with this letter of evaluation, it is 
with the author, and not with the candidate .. First, some background material appropriatp to 
evaluating the voracity of this letter. 

I first met Dr. Noakes in March of 1985 in Cape Town at an international meeting titled 
''Membranes and Muscle.' I was immediately and powerfully impressed by the candidate. You 
there in the RSA will remember those times better than me, but to state that times were strajned 
and that the nation was isolated would probably be accurate. However, meeting Noakes and 
others, but especially Dr. Noakes had a powerful and positive impression on me. First ort: he was 
a pleasant chap, which is nice, but not obligatory in assessing a scholar. Next, he was extremely 
well read, and had diverse interests in science and medicine. Tim was also a fine teacher and 
mentor to graduate students. As well, he was a physician and gave extensive community service. 
Amazingly, he was committed to what is called in the United States, "Affirmative Action" There 
I was visiting from very liberal Berkeley, California, but I could not claim to have a black 
graduate student. But, in Cape Town, Tim Noakes had such students who he couldn't claim 
either because of the politics involved, but they were there; Noakes' "investments in the future." 
And fInally, Tim Noakes was an athlete, but he didn't just run marathons; he ran dopble 
marathons. Overall, my first impression was of someone with great intellect, extraordinary 
energy, boundless enthusiasm, and a great future in science and medicine. Now, I am pleased to 
see the intellectual fulfilhnent of an individual who I imagine is widely admired in South Africa as 
he is admired in the United States and around the scientific world. 

As athlete, physician and scientist, Tim Noakes brings almost an unfair advantage to the fIelds of 
sports medicine and exercise physiology. Noakes is a prodigious investigator and author. With 
the publication of a fourth, South African edition of LORE OF RUNNING, Tim has surpassed 
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even my most lofty assessment of his potential. As a contemporary and classic compendium of 
running lore, basic physiology, metabolic biochemistry and applied sports medicine, there is 
simply nothing like it in the world. Only Tim Noakes could have accomplished such a feat as 
authoring the LORE OF RUNNING, for the work is a testament to Tim as wen as a triUIll(1h of 
achievement of one South African who stands as a fine representative of his country. Although 
the LORE OF RUNNING is a book, and hence, commercial effort, the work validates Profq:;sor 
Noakes' petition for the D.Sc. in Medicine. Like the author, the book is bigger and better than 
most things and individuals in this life. 

My reading of Professor Noakes' self-authored Synopsis of achievements is that the document 
establishes him as a remarkable integrative physiologist. As already noted, Tim Noakes is a very 
well-read scientist. Hence, his ability to assess and appreciate problems and issues ge>es fur 
beyond the abilities of most others. Tim knows the classic literature, and studies the context from 
which ideas emerge. He is a very good technician, and so appreciates the limitations of data sets 
and their interpretation. Moreover, and especially, Professor Noakes in integrative and insightful. 
Not just one phenomenon or system attracts him. not just injury prevention or rehabilitation 
motivate him, but achieving basic understanding and application of ideas new and old motivate 
him. 

In Professor Noakes' Synopsis of work, four sorts of contributions were emphasized. Had my 
recommendation been solicited, I might have urged addition of a fifth (integration of metabolic 
and physiological systems). Still, I see the wisdom in organization of the Synopsis as it progretseS 
somewhat chronologically, and from medical to more theoretical and physiological 

To support my conclusion that the candidate is deserving of the D.Sc. degree, I will focus on the 
last claim asserting seminal contributions; this is articulation of the "Central Governor Theory" of 
human exercise perfonnance. There are several reasons for this emphasis on my part. Althqugh 
modestly briet: the text demonstrates the breadth and depth of the candidate's understanding. As 
welL there is sufficient overlap between the candidate's work and my own published wor~ on 
oxygen transport and utilization and substrate partitioning in muscle during exercise that my 
opinion should be credible on the matter. It is true that in his Synopsis the candidate dev9ted 
much of his work on the effects of hyponatremia on exercise performance, and it is true that we 
hold very similar ideas on the subject. However, for various reasons I have not published in that 
area because of my commercial involvement Suffice it to say, as holder of US. Patent # 5,420, 
107, I do quite well and have royalties, but not reprints to assert authority in the field. None the 
less, were the Central Governor Theory inadequate to assert a claim of a seminal contribution to 
science, I could have built a case around the hyponatremia theme. 

Professor Noakes' work on the Central Governor Theory sets him apart from most contemporary 
investigators in biology and medicine who study a single system, gene, disease or phYSiolo~ical 
processes. In contrast, Professor Noakes' approach is integrative. Though not written in detail in 
the Synopsis., the candidate refers to the classic studies of Walter Morley Fletcher and Frederick 
Gowland Hopkins as well as to efforts of Fletcher's student, Archibald Vivian (A V.) HilL In 
1922 the British gentleman A V. Hill was to share the Noble Prize in Medicine with the German
Jewish biochemist Otto Meyerhof, and in 1929 Hopkins was awarded the Nobel Prize for his 
discovery of growth-stimulating vitamins. Those were heady days for physiologists and 
biochemists who were studying and discovering the physical-chernical nature of metabolism 
common to living things. Needless to say, their prominence in science and medicine. their 
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associations and friendships, and events of the times served to institutionalize many ideas in 
Western biology and medicine. Among those ideas were the nature of muscle contraction and 
fatigue, and the involvement of oxygen and lactic acid. 

In his retrospective analysis of contemporary understanding, and in combination with his own 
experiences as athlete, scientist and clinician, Noakes traced extant ideas back to seminal papers 
of the above mentioned luminaries. Fletcher and Hopkins, Hill and Meyerhof as well as others 
working in the early twentieth century studied electrically stimulated frog muscles. These muscles 
were not perfused and often held in anaerobic environments. And, even if air or oxygen were 
present, given size of the muscle studied likely the tissue cores were anoxic. Further, the muscles 
were severed from the central nervous system (CNS) and built by Nature for only a few twitches. 
Hence, not merely by reading textbooks and reviews, but by reading and understand~ the 
primary literature, Noakes saw the flaws and gross errors underpinning contemporary muscle and 
exercise physiology. Still today, even with our advanced techniques we can't demonstrate muscle 
anaerobiosis during lactic acidosis likely because it (oxygen lack) is simply not present. 
Regrettably, in contemporary critical care medicine the observation of lactic acidosis is frequently 
followed by administration of oxygen and bicarbonate. 

Those frog herni-corpus and isolated muscle preparations stimulated electrically 1011R ago by 
British and German investigators were not only studied deprived of blood, oxygen and nutrients, 
but more fundamentally they were not recruited to action by the frog's brain Further, by nei1her 
circulatory nor neuronal means could the muscles provide feedback to the animal's CNS. Thus, 
to an integrative physiologist such a Tim Noakes, those old reports on muscles stimulated in the 
absence of anything must seem odd, indeed. It is within this context of understanding the 'classic' 
literature and conducting contemporary studies on metabolite kinetics and human exercise 
physiology that Tim Noakes extended the Central Governor Theory to include the brain After 
all, it is the brain that commands muscular contraction as receives both conscious and 
unconscious signals about peripheral physiological status. 

To many, professor Noakes' ideas make perfect sense, but to others it's unfathomable. My own 
insight on the matter comes from our work on Pikes Peak (elevation 4,300 m). There, maximal 
efforts elicit lower muscle and blood lactate levels compared to sea level. That ambient hypoxia 
gives rise to hypoxemia, but in combination hypoxemia and maximal efforts produce lower lactate 
levels than at sea level has befuddled many physiologists who have termed the phenomenon the 
"Lactate Paradox." But, to Noakes' way of thinking, the matter makes perfect sense. The brain, 
and perhaps also the heart suffer when the environment is dreadful, and mechanisms intrinsic to 
them accommodate to protect their homeostatic mechanisms, the muscles and perhaps heart not 
being driven to make maximal efforts. In other words, the candidate's knowledge of multiple 
systems allowed him to comprehend how they are integrated and unified in function. 
Retrospectively, to us it now makes perfect sense that a Central Governor acted to restrain the 
peripheral musculature in men at high altitude. And, although, we did not take our data to be a 
hint of a general principle of physiology, Tim Noakes did. For that I commend him. With 
colleagues Noakes not only used hypoxia, but they employed other environmental stresses and 
conditions including hyperoxia, heat and humidity and prolonged exercise to demonstrate a 
central limitation of work performance. 

3 
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I recognize fully that in evaluating Professor Noakes for the D.Sc. in Medicine it is essential to 
focus on his scholarly efforts. None the less, I feel compelled to note, at least in passing. that his 
abilities to organize, build and motivate others are remarkable. 

In sununary, the candidate's impressive and prodigious accomplishments are both qualitatively 
and quantitatively superior. Hence, my analysis of the case leads me to enthusiastically support 
the case for awarding a D.Sc. in Medicine to Professor Timothy D. Noakes. 

Please accept my sincere best wishes as well as compliments for advancing this case. 

Sincerely, 

George A Brooks, PhD. 
Professor 
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(g) Reproduction of copy for the awarding of the 
Degree of Doctor of Science in Medicine (Exercise Science) 
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DEGREE OF DOCTOR OF SCIENCE IN MEDICINE 
In Exercise Science 

Timothy David Noakes~ MBChB~ MD, FACSM 

Timothy David Noakes was born in Harare, Zimbabwe in 1949 and educated at Diocesan 

College in Cape Town. After matriculation he spent a year in 1967/68 as an American Field 

Service Scholar in the USA, an experience that was to shape his future development as a medical 

doctor and international scientist. He graduated with an MBChB from UCT in 1974 and with 

an MD, also from UCT, in 1981 for a doctoral thesis entitled "Exercise and the Heart". Over 

the past two decades Professor Noakes has built a world-renowned research enterprise, the 

MRCIUCT Research Unit for Exercise Science and Sports Medicine, and currently holds the 

Discovery Health Chair in Exercise and Sports Science. Professor Noakes' most important 

research publications, together with the recently published 4th edition of his book Lore of 

Running, formed the basis for a portfolio that was examined by a panel of three international 

experts. He has made seminal contributions during the past 25 years in four separate areas of 

exercise science. 

First, he showed that marathon runners are not immune from heart disease as had been 

proposed by a Californian pathologist in the early I 970s. This innovative work, which comprised 

a portion of Professor Noakes' MD thesis, was published in the New England Journal of 

Medicine, and was his first encounter with some of the myths in sports science. Second, he 

debunked the dehydration myth; the advice to endurance athletes that they should drink as much 

as possible, and he produced the first report of water intoxification during prolonged exercise 

and the first exposition of the physiological mechanism causing that condition. His pioneering 

publications on this condition, while provoking an outcry among fellow exercise scientists, 

especially those whose research is supported by the sports drink industry, have effectively 

changed the face of endurance events. For this work on fluid balance during exercise, Professor 

Noakes received the Cannes International Grand Prix Award for Research in Medicine and 

Water in France earlier this year. Third, he has developed a novel approach to the management 

of exercise-associated collapse in endurance athletes, including the redefinition of the so-called 

"heat illnesses" of exercise. Based on the hypothesis that collapsed athletes are suffering from 

hypotension, rather than dehydration, he and his team have developed guidelines for the 

management of these athletes that have been accepted by the International Marathon Medical 

Directors Association, located in New York, as the standard for all international races held under 
their auspices. The fourth seminal contribution of Professor Noakes has been to challenge the 

"anaerobic" theory of exercise performance, and to postulate the central governor theory in 

which the brain, by controlling and integrating neuromuscular recruitment, is the primary organ 

that determines athletic performance. Drawing on insights from the classic studies of Nobel 

Laureate AV Hill in the 1920s, Noakes has provided a theoretical framework that will 

fundamentally change our under-standing of exercise physiology. 

In the words of one of the examiners; "Noakes' work on the Central Governor Theory sets him 

apart from most contemporary investigators in biology and medicine who study a single system, 

gene, disease or process. The candidate'S knowledge of multiple systems allows him to 

comprehend how they are integrated and unified in function. His impressive and prestigious 

accomplishments are both qualitatively and quantitatively superior." 
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We acknowledge too infrequently the women who shape our lives. I learned the English 
alphabet at my mother's knee on the sands of Glencairn beach, some 50 years ago. My 
mother's devotion to my education and her faith in me have sustained and inspired me 
ever since then. 

Marilyn Anne has been the single greatest influence on my life. Her purity and generosity 
of spirit, coupled with a necessarily astute understanding of the person behind the image, 
forms a foundation for all that we have collectively achieved, including all the elements of 
our shared lives that made my career possible. 

Of the inspiring men in my life, none has been more important than my late father, who 
taught me that honesty is the first requirement in life. His great sense of humour, his love 
of a good story skilfully told, and his global view, allied to a disdain for authority and 
pretense, made him the perfect mentor for a career in science and education. He also had 
that brilliant foresight to leave me, as a young child, in the care of Thomas Taravinga, my 
first friend, whose Zimbabwean warmth and brilliant smile I have tried all my life to 
emulate. 

The genius of the late Professor Christiaan Barnard inspired me to study medicine at the 
University of Cape Town, where I discovered running under the expert tutelage of Drs. 
Edward (Tiffy) King and Manfred Teichler, all of us inspired by the exploits of Dave 
Levick. There too, I came under the influence of Professors Lionel Opie and Wieland 
Gevers, perhaps two of the finest teachers anyone could be privileged to encounter at the 
same time, anywhere in the world. Together with the iconic Christiaan Barnard, they 
formed an intoxicating triumvirate. For what more could a young scientist wish? Lionel 
Opie inspired me to read, taught me how to write and how to use figures to explain 
complex concepts. He taught a love of books and a reverence for the contribution and 
genius of the great scientists on whose shoulders we stand. To Wieland Gevers I am 
indebted for his ofthand remark that we should not assume that muscles become anaerobic 
during exercise, and to his insistence on the term "oxygen-independent" (not anaerobic) 
metabolism. His special way of teaching - question everything - ultimately led to the 
research that produced the maverick theory presented in this thesis. That research has 
been funded by the University of Cape Town and the Medical Research Council for an 
unbroken period of 26 years. 

Adrian Gore, Neville Koopowitz and Johan van Rooyen of Discovery Health were 
instrumental in establishing the Chair in Exercise and Sports Science and substantial 
additional research funding. Without the unwavering support of all these great 
institutions, the pivotal ideas in this thesis would never have evolved. 

I first met the late Dr George Sheehan, the running writer without equal, at the New York 
Academy of Sciences Conference on the Marathon in New York City in 1976, a pivotal 
event in my life and which led to the publications on heart disease in marathon runners 
described in this thesis. His writings, which continue to set the standard against which all 
else is measured, and the friendship we shared for 15 too-short years, are forever. From Dr 
Sheehan I learned that two quotes that have fashioned my scientific philosophy: 

"Fifty percent of what we teach you is wrong. Unfortunately we don't know which 
50% it is", and: 
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"Truth passes through 3 phases. First, they tell you that what you say is wrong. 
Then they tell you that what you say is right, but it is irrelevant. Finally they say 
that what you say is right, but they have always taught it anyway!" 

For the enthusiasm, passion, and faith ofthose colleagues who were there in the basement 
in the old Physiology building at the beginning - Mike and Vicki Lambert, Steve Dennis, 
Andrew Bosch, Wayne Derman and Martin Schwellnus - and whose support and 
collaborations made this research possible, my sincerest thanks. History will yet judge with 
great favor the contributions you have already made and those yet to come. 

In 1992, South Mrican rugby icon, Morne du Plessis, helped us found the Sports Science 
Institute of South Mrica. The achievement of our collective vision would not have been 
possible without the substantial patronage of Mr Johann Rupert. 

I began my research career certain only that I wished better to understand human 
physiology during exercise. My fate was to be directed down the two paths that would 
form the basis for this DSc thesis. The chance events and observations that initiated this 
research are detailed, perhaps as an example of how science sometimes works. The key it 
seems to me is to be eternally inquisitive, especially when your instinct tells you that here 
is something currently unexplained, but really interesting. When it conflicts with 
conventional wisdom, so much the better. Perhaps the single greatest lesson I have learned 

I 

in this journey, is the manner in which we use subconsciously registered models to 
interpret our world and how this means that we each live in quite different "worlds". 
Understanding the individual worlds of our scientific peers provides the key to 
understanding why they think as they do. 

Finally, I have prepared this thesis for publication to provide a bridge with the past I did 
not know and a future I will not live to experience. Yet, teachers live on through their 
students. To all those students who have enriched my life for the past 20 years, my joy is 
to know that the future is yours. 

And your best is yet to come. 

Tim Noakes 
Cape Town 

(Revised from acknowledgements in the 4th Edition of Lore of Running) 
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