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ABSTRACT 
 

In 1923 Nobel Laureate A.V. Hill proposed that maximal exercise performance is 

limited by the development of ischaemia of the heart leading to anaerobiosis in the 

exercising skeletal muscles. This anaerobiosis prevented the oxidative removal of the 

lactic acid that Hill believed induced skeletal muscle contraction. As a result, skeletal 

muscle relaxation was inhibited, impairing exercise performance and inducing fatigue. 

This theory has dominated teaching and research in the exercise sciences for the past 80 

years. But the problem with the model is that there is little biological evidence that it is 

correct and much that disproves it. For example there is no evidence that skeletal muscles 

become “anaerobic” during exercise or that the accumulation of lactic acid impairs 

skeletal muscle function. Further this model of exercise performance is unable to explain 

at least 6 common phenomena including (i) differential pacing strategies for different 

exercise durations; (ii) the end spurt in most forms of competitive sport; the presence of 

fatigue even though (iii) homeostasis is maintained and (iv) fewer than 100% of the 

muscle fibers in the active limbs have been activated; (v) the ability of certain drugs and 

other interventions to enhance exercise performance even though they act exclusively on 

the brain; and (vi) the finding that the Rating of Perceived Exertion (RPE) is a function of 

the relative exercise duration rather than the exercise intensity. More importantly, the 

cardinal weakness of this model is that it is “brainless”. It allows no role for the brain in 

the regulation of exercise performance. In this chapter I present the evidence that an 

alternate model of exercise performance, the Central Governor Model, is better able to 

explain all these phenomena. The CGM views exercise as a behaviour that is regulated in 
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anticipation by complex intelligent systems in the brain, the function of which are to 

ensure that whole body homoeostasis is protected under all conditions. According to this 

complex model fatigue is purely an emotion, the function of which is to insure that 

exercise terminates before there is a catastrophic biological failure. The complexity of 

this regulation cannot be appreciated by those who study the body as if it is a collection 

of disconnected components, as has become the usual practice in the modern exercise 

sciences. 

 

 

INTRODUCTION 
 

My early career in the medical sciences was strongly influenced by Prof Christiaan 

Barnard who on the night of the 3rd December 1967, performed the world's first successful 

human heart transplant in my hometown. As a direct result, three months later whilst 

completing a student exchange program in Los Angeles, California, I decided to study 

Medicine at the University of Cape Town. After completing my training and my internship, I 

chose to complete an MD degree for which I studied, amongst other topics, the function of the 

heart using an isolated, perfused, pumping rat heart model. I wished to understand the nature 

of the factors that determine the heart‟s ability to produce a maximum cardiac output. Since a 

large focus of my subsequent career has been to challenge the theory that the cardiac output is 

the principal regulator of human exercise performance [1], only now do I appreciate the irony 

of that choice.  

For five years I worked in Professor Lionel Opie‟s laboratory that was established at the 

University of Cape Town to study cardiac metabolism as a result of Professor Barnard‟s 

innovation. Perhaps my subsequent career was influenced by Professor Barnard's 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 this 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 mould” [2] (p. 56). 

During this research I discovered that an important factor determining the heart‟s 

capacity to produce a maximum cardiac output was the nature of the fuels and hormones 

supplied to it. Only when provided with glucose, insulin and adrenaline did the heart produce 

its highest cardiac output [3]. Importantly these chemicals maximized myocardial 

contractility [4], which is best understood as the capacity of each individual actin and myosin 

crossbridge to produce force during myocardial contraction; the greater the force produced by 

each cross-bridge, the higher the contractility. Looking back in hindsight at that work 30 

years later, I now conclude that even though it lacks a brain to control it, the isolated working 

heart paces itself during these experiments so that it does not fail catastrophically. Instead it 

always functions with reserve but this reserve is minimized in hearts perfused with glucose, 

insulin and adrenaline. I learned also that the heart maximized its stroke volume and hence 

the cardiac output, through quite large changes in myocardial contractility. Subsequently we 

showed that physical training altered the extent of certain phosphorylation processes on the 

regulatory myosin light chains and that these changes might explain training-induced changes 

in myocardial contractility and hence in cardiac function [5]. 
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Perhaps the single most important physiological principle I learned during that time was 

contained in Table 10.1 on page 162 of the 1977 version of the classic textbook of the time, 

Physiology of the Heart, written by Professor Arnold Katz [6] of New York. That table 

compared the mechanisms by which the heart and skeletal muscles increase their force 

production. It explains that skeletal muscle increases its force production almost entirely by 

increasing the number of motor units (and hence muscle fibers and cross-bridges) that are 

active (recruited) in the exercising muscles. Katz proposes the still common belief that 

skeletal muscle fibers have only a very limited capacity to increase their inherent contractility. 

In contrast, because all its fibers contract with each beat, the heart cannot increase its 

force production through an increased muscle fiber recruitment. Instead this increase can 

occur only as a result of maximizing (i) the number of actin and myosin cross bridges formed 

during contraction (the Frank-Starling effect) and (ii) the contractility of each cross-bridge. 

The strange paradox is that those cardiologists who have little direct contact with the exercise 

sciences, have always taught that skeletal muscle increases its contractile force by recruiting 

more motor units and hence more muscle fibers. These cardiologists do not teach that the 

output of the organ of their speciality, the heart, determines the capacity of the skeletal 

muscles to produce force (as a result of a large cardiac output and hence a generous oxygen 

delivery to the exercising muscles). Rather they teach that the speed at which we run or the 

weight that we can lift, is determined by the number of motor units that are recruited in our 

exercising limbs. Exercise physiologists on the other hand consistently argue that how fast we 

run is determined solely by the magnitude of our maximal cardiac output [7, 8]. Most remain 

vigorously opposed to any suggestion that the extent of skeletal muscle recruitment plays any 

role. 

 

 

Figure 1. The circular logic on which A.V. Hill established his Cardiovascular/Anaerobic/Catastrophic 

Model of Human Exercise Performance.  

Hill’s Preconception.

An oxygen deficit 

determines fatigue 

during maximal 

exercise. 

Since I am tired when 

running at 16km/hr,         

I must have an oxygen 

deficit. 

Hence this proves …
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Figure 2. An early graphic depicting the “plateau phenomenon” according to the interpretation of 

Mitchell and Blomqvist in 1971. 

After completing my Doctor of Medicine degree I began to teach courses in sports 

sciences and to establish a sports science laboratory. At the time it was believed that the 

measure of a proper exercise scientist was his or her proven ability accurately to measure the 

maximum oxygen consumption (VO2max) of athletes. Furthermore, the more “elite” the 

athletes that he or she was able to test, the more important must be the exercise scientist. This 

perversity occurred because of the discipline-wide dogma that the VO2max alone defines all 

there is to know about human exercise performance. Nothing else really mattered, then or 

even now [9].  

Quite quickly I also learned that a study measuring the VO2max could not be published in 

a reputable sports science journal at that time unless in included the following statement: 

“The plateau phenomenon was identified in 100% of tested subjects”. However we were 

unable to identify this phenomenon in studies of rats [10, 11] and humans [12] with the 

regularity that the discipline then required. The challenge was either to follow this popular 

tendency and to write that which we had not found. Or else to discover why, uniquely in the 

entire world [8] it seems that we are the only researchers unable to discover this “plateau 

phenomenon” in 100% of our tested subjects. 

Better to understand our unique failure, I became interested in the history of how this 

intimate linkage had developed between oxygen consumption, in particular the VO2max, and 

athletic performance. One natural starting point was Professor David Costill‟s first book on 

the physiology of long distance running [13]. For at the time there was no exercise 

physiologist who better understood the application of exercise physiology to athletic 

performance. On page 26 I discovered the following statement: “Since the early work of Hill 

and Lupton [14], exercise physiologists have associated the limits of human endurance with 

the ability to consume larger volumes of oxygen during exhaustive exercise”. This statement 
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suggested that this linkage likely began with the work of the English physiologists Professor 

A.V. Hill and Dr Harry Lupton. My readings soon led me to a foundation study of Professor 

Frederick Gowland Hopkins of the University of Cambridge. This study was clearly pivotal 

in the evolution of Hill‟s beliefs.  

By the time they reported their studies, Hill and Hopkins had both won Nobel prizes for 

Physiology or Medicine but neither was a neurophysiologist. Hopkins was a biochemist and 

Hill a muscle physiologist. It is perhaps natural that any models to understand human exercise 

performance that either developed would focus predominantly on biochemical and 

physiological explanations without any reference to the brain. Furthermore as Hill was 

essentially a muscle physiologist, since it was for the study of muscle that he had been 

awarded the Nobel Prize in 1922, it was to be expected that he would place skeletal muscle at 

the centre of any model of human exercise physiology that he developed.  

The studies of Hopkins were particularly interesting because his intent was not to study 

exercise physiology in humans but rather to measure the true lactic acid concentrations in the 

skeletal muscles of recently dead creatures, specifically frogs. He had found that the lactate 

concentrations of frog skeletal muscle were never low under these conditions. He surmised 

that some chemical reaction was activated by death causing lactate concentrations to rise in 

muscles sampled after death. He soon discovered that muscle lactate concentrations were 

much lower when the harvested muscles were placed immediately in ice-cold alcohol, than 

they were in muscles not treated this way. Furthermore if the excised muscles were then 

stored in an atmosphere of nitrogen, their lactate concentrations continued to rise. Whereas, 

lactate concentrations fell progressively in muscles stored in oxygen. Hopkins and W.M. 

Fletcher, who is remembered as Hill‟s tutor, subsequently concluded that “lactic acid is 

spontaneously developed, under anaerobic conditions in excised muscle” and that “fatigue 

due to contractions is accompanied by an increase of lactic acid” [15].  

In fact in the context of what he was studying, Hopkins should have concluded that 

“since lactic acid is spontaneously developed in excised frog muscle, so this reaction must be 

stopped by immediately placing the excised muscle in ice-cold alcohol if the true ante-

mortem muscle lactate concentration is to be measured”. Unfortunately this conclusion was 

not properly conveyed. As a consequence when A.V. Hill began to interpret his own findings, 

he quickly concluded that Hopkins‟ work had proved that skeletal muscles produce lactic acid 

only when they are “anaerobic” and that it is this production of lactic acid that causes skeletal 

muscle fatigue. The point of course is that Hopkins and Fletcher‟s work had essentially 

nothing to do with exercise physiology. They studied neither exercise, nor “anaerobiosis” 

(rather they studied totally anoxic muscle that did not have a blood supply). Nor did they even 

study mammals, let alone humans.  

My readings led me ultimately to the critical statement by Hill, Long and Lupton [16] 

that: “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”. Unrecognized at the time was that this interpretation introduced the novel concept 

of catastrophe into the teaching of physiology, more specifically into exercise physiology. For 

the standard teaching in human physiology is that the body has multiple redundant controls to 

ensure that all bodily systems are homeostatically regulated under all conditions of life [17] 

but fail catastrophically only at the moment of death. Yet in this single paragraph A.V. Hill 

introduced the concept of catastrophic failure into human exercise physiology. A measure of 
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the resilience of his interpretation is that nearly 90 years later, this concept of fatigue resulting 

from a catastrophic physiological failure remains intact and largely unchallenged in almost all 

the teaching and writing in the exercise sciences. 

At the 1987 American College of Sports Medicine Annual Conference I was invited to 

speak on the role of exercise testing for the prediction of athletic performance. There for the 

first time I showed that Hill's original study did not prove the conclusion that he had drawn 

(Figure 2 in [18]). Specifically that he had not established that fatigue during maximal 

exercise is caused by the development of anaerobiosis in the exercising muscles. By re-

analyzing Hill‟s data, I was able to show that he had based his interpretation and hence built 

his entire cardiovascular/anaerobic/catastrophic (CAC) model on the basis of his 

preconceived belief that an oxygen deficit causes fatigue during maximal exercise (Figure 1). 

Yet the basis for his interpretation was the sensation of fatigue that he developed when 

running at the highest speeds of which he was capable. Thus when he experienced the 

symptoms of fatigue whilst running at 16 km/h, Hill assumed that he had suddenly developed 

an oxygen deficit. Hence the model that Hill conceived was entirely dependant on his 

preconception, even before he began his first experiment, that skeletal muscle anaerobiosis 

causes fatigue (Figure 1). As a result Hill‟s experiment simply “proved” what he already 

believed and did not consider any other possible explanations.  

In 1971 J.H. Mitchell and G. Blomqvist [19] produced the classic figure, reproduced here 

as Figure 2, which indicated their interpretation of how the failure of oxygen delivery 

conceived by Hill, limits maximal exercise performance by producing a “plateau” in oxygen 

consumption. Notice that their depiction of a plateau was specific – the absence of any further 

increase in oxygen consumption once a maximum value had been achieved. Currently there 

are about 13 modern definitions of the criteria used to define the “plateau phenomenon” [1] 

and none describes the precise and unequivocal event depicted by Mitchell and Blomqvist in 

this figure. For if the “plateau phenomenon” is caused by the physiological phenomena that 

Hill described (and as detailed below), specifically the onset of myocardial ischaemia leading 

to skeletal muscle anaerobiosis, then the description of what constitutes a “plateau 

phenomenon” is quite simple – it must take the form depicted by Mitchell and Blomqvist.  

But according to the Hill model the real test of a maximal effort must be the development 

of myocardial ischaemia, a point that is persistently avoided by those seeking to prove that a 

particular VO2max measurement is truly “maximal” [20-24] (see also Chapter 5). 

 

 

HILL’S UNDERSTANDING OF THE FACTORS INITIATING  

AND TERMINATING SKELETAL MUSCLE CONTRACTION 
 

Hill‟s understanding of skeletal muscle contraction was the following: “When a muscle is 

stimulated, a certain amount of lactic acid is liberated at certain surfaces within it. This, by 

some physical or chemical process still uncertain, causes a development of force and, if 

allowed, a shortening of the muscle. The acid is then rapidly neutralized, its effect passes off, 

and the muscle relaxes. The process can be repeated again and again until the available supply 

of alkali for neutralizing the acid has been used up, when the rapidly increasing acidity of the 

muscle stops its further activity. This stage is that of complete fatigue, and the amount of 
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work which the muscle can perform depends on the degree to which it can tolerate acid before 

this stage is reached”.  

“The acid slows the relaxation of the muscle. This last effect is very striking in short 

distance races. Where slower muscle relaxation, commencing within seven or eight seconds 

from the start, causes a progressive diminution in the maximum speed long before exhaustion. 

This formation of lactic acid is the chemical reaction on which the whole of voluntary 

muscular activity depends” [25] (p. 224-225).  

Figure 3 shows the mechanism of fatigue according to Hill‟s model of exercise 

physiology as I understood it up to 1996 and as is usually taught in the majority of modern 

textbooks of exercise physiology. The key concept is that there is a maximum or limiting 

cardiac output which cannot be exceeded. As a result there is a limit to the amount of blood 

that can be pumped to the exercising muscles. But during maximal exercise, the exercising 

muscles‟ requirement for blood flow exceed this maximal rate. As a result the muscle begins 

to function “anaerobically” with the production of lactic acid in excess. This lactic acid 

inhibits muscle contraction, in fact muscle relaxation according to Hill‟s original 

understanding.  

That this is still the accepted explanation is shown by the statement in the most current 

review of “what do we know and what do we still need to know” about the VO2max: “the 

primary distinguishing characteristic of elite endurance athletes that allows them to run fast 

over prolonged periods of time is a large, compliant heart with a compliant pericardium that 

can accommodate a lot of blood, very fast, to take advantage of the Starling mechanism to 

generate a large stroke volume” [7] (p. 31).  

But my conclusion in a presentation at the 1987 ACSM conference was that: “Yet a 

critical review of Hill and Lupton‟s results shows that they inferred but certainly did not 

prove that oxygen limitations develop during maximal exercise… This review proposes that 

the factors limiting maximal exercise performance might be better explained in terms of a 

failure of muscle contractility (“muscle power”), which may be independent of tissue oxygen 

deficiency. The implications for exercise testing and the prediction of athletic performance 

are discussed” [18]. 

My reference to the potential role of changes in muscle contractility in regulating 

maximal exercise performance was based on (i) my training in cardiac physiology and (ii) my 

assumption, shared with all exercise scientists at that time (and still assumed by all those who 

like Levine [7] and Shephard [8] believed in a peripheral regulation of exercise performance), 

that fatigue in any form of exercise, regardless of duration or intensity, must occur only after 

all the available motor units in the exercising limbs have been recruited. It was natural to 

draw this conclusion since this was the presumption that all exercise physiologists shared at 

that time. For the simple reason that if exercise is regulated purely by changes in the ability of 

the exercising skeletal muscles to produce force, so called peripheral fatigue, then fatigue can 

only occur once all the available motor units have been activated in the exercising limbs. For 

if this is not the case and if exercise terminates before all the motor units and hence muscle 

fibers have been activated in the exercising limbs, then the brain must be the regulator of the 

exercise performance. For it has caused the exercise to terminate prematurely (by 

mechanisms still unknown) even when fresh, non-fatigued muscle fibers remain in the 

exercising limbs. This peripheral fatigue/regulation model cannot explain how exercise can 

terminate even though there is a population of fresh, unused skeletal muscle fibers in the 

exercising limbs waiting to be recruited. 
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Figure 3. The sequence of physiological events that are usually considered to cause fatigue during 

progressive maximal exercise to exhaustion according to the popular interpretation of the A.V. Hill 

model.  

Figure 4. The real sequence of physiological events that A.V. Hill and colleagues described in 1923 as 

the cause of fatigue during progressive maximal exercise to exhaustion.  
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Nine years later in the 1996 J.B. Wolffe Memorial 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 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” [26]. Once 

again my theory was based on my continuing assumption that fatigue during any form of 

exercise must occur only after there is complete (total) skeletal muscle recruitment in the 

exercising limbs.  

This paper was rebutted by Drs. David Bassett and Edward Howley of the University of 

Tennessee who concluded that: “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 paradigms 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 raised 

numerous paradoxes and unresolved dilemmas” [27]. 

This rebuttal encouraged me once again to review all of Hill‟s writings. I discovered a 

critical paragraph that had been overlooked by all previous authors including myself: “The 

enormous output of the hearts of an able-bodied men, maintained for considerable periods 

during vigorous exercise, 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 begins to diminish its output, so avoiding exhaustion” [16]. Hill next suggested 

a mechanism which would prevent the development of irreversible heart damage during 

maximal exercise: “We suggest that … either in the heart muscle itself or in the nervous 

system, there is some mechanism (a governor) which causes a slowing of the circulation as 

soon as a serious degree of unsaturation occurs”. Remarkably Hill foresaw that this 

mechanism acted in an anticipatory manner even though it was activated only after the 

catastrophe had already begun. The function of this anticipatory control was to insure that a 

worse catastrophe, irreversible myocardial damage, was prevented.  

Unfortunately Hill did not indicate in which organ system or at which site he believed 

this “serious degree of unsaturation” was detected, activating this anticipatory reflex. Was the 

oxygenation of the skeletal muscles or the heart or perhaps even the brain threatened? A 

“dangerous degree of unsaturation” cannot occur in the systemic arterial circulation including 

the circulation to the coronary arteries supplying the heart muscle, or to the skeletal muscles 

or perhaps even to the brain unless the exercise is performed at extreme altitude or if there is 

co-existing lung disease, both of which cause the arterial oxygen partial pressure to fall 

especially during exercise. Hill seems not have understood this. Probably he conceived that 

maximal exercise caused oxygen “unsaturation” in the active tissues and that this 

“unsaturation” adversely affected the function, first of the heart and then as a consequence, of 

the skeletal muscles. Ninety years later we cannot be sure of exactly what Hill believed [28]. 

But we do now know that myocardial “unsaturation” (ischaemia) must occur if the 

cardiac output reaches a truly maximal value whilst the exercise intensity continues to 

increase. This is because myocardial perfusion is critically dependant on the coronary 

perfusion pressure [29] which cannot increase once a truly maximal cardiac output has been 
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reached. Instead coronary perfusion must fall leading to a progressive myocardial ischaemia. 

My interpretation of what I believe Hill meant is shown in Figure 4. In this model the heart 

and brain are in communication in order to produce a reduction in myocardial function as 

soon as the myocardial ischaemia that Hill predicted must develop, happens. Again a critical 

consequence of this model was to introduce the concept of catastrophic failure into human 

exercise physiology.  

The moment I understood Hill‟s model, my training in cardiovascular physiology made 

me realize that the human body would not have survived the selective pressures of evolution 

if it had been designed in this way. Instead of the brain protecting the heart by reducing 

myocardial function directly, as Hill described, the more effective method of control would 

be to reduce the demands placed on the heart by the action of the exercising muscles. Thus 

Figure 5 shows the essential modifications to Hill‟s original “governor” theory that converted 

it into the CGM. By regulating the amount of muscle recruited by the brain in a feed forward 

manner on a moment-to-moment basis, the central nervous system can insure that 

homeostasis is maintained in all bodily systems, not just the heart.  

Figure 6 shows that sections of the original A.V. Hill model are usually studied by 

scientists working in different sub-disciplines in the exercise sciences. These sub-disciplines 

include muscle physiology, biochemistry, applied sports science, cardiovascular and 

respiratory physiology, neurophysiology and in some cases even statistics [30]. The problem 

is that protagonists of each of these sub-disciplines tend to see only that part of the model that 

falls within their ambit of expertise and understanding.  

 

 

Figure 5. The modified model – the Central Governor Model – that evolved from A.V. Hill‟s model 

(Figure 4). 
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Figure 6. Exercise scientists tend to explain fatigue and exercise performance on the basis of the 

functioning of the organ systems, tissues or molecular mechanisms that fall within their specific areas 

of expertise.  

Thus, for example, scientists trained in cardiovascular physiology are more likely to 

develop a model of exercise physiology in which the heart and cardiovascular system are the 

dominant players [7, 8, 19, 21, 22, 31, 32]. As a result they tend to assume that an 

understanding of human exercise performance can be acquired purely by understanding the 

cardiovascular response to exercise. In contrast biochemists will usually argue that fatigue 

can be described purely on the basis of known biochemical changes in the body during 

exercise whereas muscle physiologists and applied exercise scientists will imagine that all 

fatigue must originate in skeletal muscle [20, 27, 33-36]. For the truth is what we study and 

what we believe, is determined by our area of interest (and expertise). And often what we 

believe is determined by what we believed even before we began our research. 

But the problem is that the body does not function in discrete, disconnected 

compartments and so cannot be studied as if it does by scientists with a compartmentalized 

understanding of human physiology. Nor will such compartmentalized study force the body 

to act that way, however much we might wish it.  

Undoubtedly the most damaging effect of the A.V. Hill model, other than the 

development of the concept of fatigue as a form of catastrophe failure, has been to exclude 

central command from the brain as a possible factor determining exercise performance [37]. 

Thus his specific physiological model of fatigue focused the minds of generations of exercise 

scientists on maximal exercise to exhaustion in the laboratory as the dominant (and simplest) 

model for the study of fatigue. Yet in this model the experimenter controls the athlete‟s level 
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of central command by progressively increasing the work rate. As a result the only manner in 

which the tested subject‟s brain can influence the exercise performance is either by increasing 

the extent of skeletal muscle recruitment in the active limbs (in response to the externally-

driven, progressive increase in the work rate) or by terminating the exercise. There are no 

other options. Thus since it is the controlled variable in the experiment, the role of central 

command in regulating the exercise performance cannot be determined by this testing 

method. Only when the athlete is allowed to set her own pace does the role of central 

command in the regulation of the exercise behavior become obvious [38, 39].  

 

 

TWO COMPETING MODELS TO EXPLAIN EITHER  

THE LIMITATION (A.V. HILL MODEL)  

OR THE REGULATION (CENTRAL GOVERNOR MODEL)  

OF HUMAN EXERCISE PERFORMANCE  
 

Figure 7 shows the main features of the two competing models that are currently used to 

explain the factors that either limit or regulate human exercise performance. The A.V.Hill 

CAC or homeostatic failure model is based on the use of a series of fixed but increasing work 

rates set by the experimenter, and which continue to increase until the tested subject is no 

longer able further to increase the work rate at which point the exercise test terminates.  

 

 

Figure 7. Two opposing models – the homeostatic failure/limitations model or the anticipatory 

regulatory model (CGM) - are currently used to explain human exercise performance.  
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The interpretation then is that muscle contraction produces linear physiological changes 

in metabolism, in energy provision, and in the cardiovascular, respiratory, thermoregulatory 

and hormonal responses, amongst many others. Ultimately one or more systems fail as each is 

unable further to increase its functional capacity in response to another increase in the work 

rate. Rather the exercise must terminate as soon as the maximal functional capacity of one or 

more systems has been exceeded. As a result, fatigue is caused by a failure to maintain 

homeostasis either directly in the active muscles (peripheral fatigue) or indirectly in the 

central nervous system (central fatigue). Note that this model does not include any role for 

feedback from the periphery to influence the extent of central motor command. My 

contention is that an unquestioning devotion to this form of testing has produced the 

“brainless” model of exercise physiology that we currently teach since in this form of testing 

the usual function of the tested subject's brain to establish the pacing strategy is usurped by 

the brain of the experimenter [37]. Thus the role of the brain in determining the exercise 

performance cannot be detected during the VO2max test.  

In contrast the anticipatory model allows feedback from the periphery to influence the 

extent of the feed forward central command that determines the level of skeletal muscle 

recruitment. Thus this model allows the action of physiological and psychological inputs 

before exercise to establish the athlete‟s initial pace. These factors likely include the athlete‟s 

physiological state at the start of exercise; the expected distance or duration of the intended 

exercise bout; the degree of previous experience that the athlete has, most especially in the 

specific activity that is being undertaken; the athlete‟s level of motivation which will be 

critically influenced by the level of external competition and the importance the athlete 

ascribes to the event; as well as the athlete‟s level of self-belief amongst many other 

psychological factors.  

Then during the exercise, there will be continuous feedback from all the organs in the 

body which will inform the central command of the state of the fuel reserves, the rate of heat 

accumulation and the hydration state, amongst a host of many other factors.  

 

Table 1. How do the A.V. Hill and Central Governor Models explain some common 

phenomena observed in athletes? 

 

Phenomenon Peripheral Model Central Governor Model 

Pacing One pace for all distances Variable pacing 

End spurt Impossible Possible 

Homeostasis Fatigue due to loss of 

homeostasis 

Homeostasis maintained under 

all conditions as a result of 

behavior modification 

Skeletal muscle 

activation 

Exercise terminates with 100% 

muscle activation 

Never 100% muscle activation 

during exercise 

Drug effects Act on heart, lungs, muscles, 

but not brain 

Explains effects of drugs acting 

on brain 

RPE A measure of the exercise 

intensity 

A measure of the relative 

exercise duration 
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As a result continuous feedback from all these systems is integrated to regulate exercise 

by continuously modifying the number of motor units recruited in the exercising limbs. That 

this system allows an anticipatory regulation of the exercise performance is the central 

prediction of the CGM and which distinguishes it from the traditional central fatigue model 

[40, 41] which acknowledges that the brain is responsible for the termination of exercise but 

only after there has been some catastrophic failure of brain function. In other words, the 

central fatigue model as originally conceived lacked any reference to the brain‟s ability to 

anticipate a future failure and to insure that the exercise behaviour was modified specifically 

to insure that homeostasis was protected and a catastrophic failure prevented. 

 

 

THE EXPLANATION FOR SIX COMMON EXERCISE PHENOMENA 

ACCORDING TO EITHER THE LIMITATION (A. V. HILL MODEL)  

OR THE REGULATION (CENTRAL GOVERNOR MODEL (CGM))  

OF HUMAN EXERCISE PERFORMANCE 
 

Table 1 lists six phenomena that must be obvious to all who study human exercise 

physiology [42]. It includes the explanation for these phenomena according to either the A.V. 

Hill or the Central Governor Model (CGM). With regard to the first phenomenon, pacing, 

only the CGM can explain the variable pacing strategy that is observed in all sporting 

competitions [43, 44] and indeed in the moment to moment changes in muscle power output 

during exercise [45]. In contrast the Hill model predicts that athletes can only ever follow one 

pacing strategy. Specifically one in which they begin exercise at an unsustainable pace that 

then slows as the negative pacing molecule, lactate, begins to accumulate causing the 

progressive slowing as described by Hill in 1923.  

There is growing interest in the concept that Homo sapiens evolved from Homo habilis as 

a result of the persistence hunting to their exhaustion (as a result of hyperthermic paralysis) of 

large, faster moving antelope in conditions of extreme heat [46-48]. Thus the current theory is 

that between 2 to 3 million years ago early hominids learned how to hunt animals to their 

extinction by chasing each until its body temperature was abnormally elevated causing 

paralysis. When paralyzed, the antelope could be dispatched without the use of metal-tipped 

spears which were first constructed only about 60,000 years ago. As a result according to this 

theory for 2 million years or more, early hominids were able to kill with their bare hands large 

antelope protected by dangerous horns. The high protein diets provided by the capture of this 

energy rich food would explain the increase in brain size that occurred especially over the last 

500,000 years. 

In order to capture the antelope under these conditions, human persistence hunters would 

have had to evolve a complex anticipatory pacing strategy in which they retained sufficient 

reserves not just for the 4-6 hours that they chased those antelope but also for the period that 

would be required to carry the captured meat back to their hungry families. 

One of the clearest studies showing the presence of this anticipatory pacing was reported 

by Amann et al [49] although the authors perhaps undervalued the physiological relevance of 

their finding [50]. Figure 8 shows that their study found evidence for anticipatory pacing 

beginning within less than 60 seconds of exposure, without their knowledge, to gas mixtures 
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with different inspired oxygen fractions (FiO2). The effect was dose-dependent and was 

greatest when subjects were exposed to an FiO2 of 15%. Importantly EMG activity during 

exercise at different FiO2 was reduced in proportion to the reductions in power output 

indicating that (i) that the reduction in power output on exposure to hypoxia was associated, 

as predicted by the CGM, with a reduced central command and (ii) this effect was 

anticipatory and did not occur only after there had already been some catastrophic failure (as 

a result of the development of severe hypoxia in one or more critical organs). Furthermore 

under all conditions there was the presence of an “end spurt” in which the subjects increased 

their power outputs. The endspurt occurred also with an increase in EMG activity in the 

active skeletal muscles, indicating that the endspurt was also due to an increased central 

command (as predicted by the CGM). Indeed the second and perhaps one of the most 

interesting phenomena in exercise physiology is this “end spurt” in which athletes like Haile 

Gebrselassie (Figure 9) speed up at the end of the race, running the fastest when they should 

be the most tired [43].  

The end spurt phenomenon poses significant theoretical problems for our current 

understanding of fatigue which is most simply defined as an inability to maintain the present 

or required work rate. Yet elite athletes like Gebrselassie cannot be fatigued according to this 

definition if they are able to speed up at the end of their world record-setting performances. 

Thus this simple observation poses a real problem for our current understanding of fatigue. It 

cannot continue to be ignored simply because it is inconvenient.  

 

 

Figure 8. Effect of different inspired oxygen fractions on power output (top panel) and muscle 

activation (integrated EMG (iEMG) activity as a % of that achieved during an MVC) during 5km 

cycling time trials. The study shows the presence of anticipatory pacing strategies present within the 

first km of the trial and the end spurt beginning after 4km.. 
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Figure 9. Running speeds for each kilometer during 3 world 10 000m record performances by 

Ethiopia‟s Haille Gebrsellasie. Note the presence of a marked end spurt in each race. According to the 

CGM, the different paces are due to continual, moment-to-moment changes in the levels of skeletal 

muscle recruitment with reduced recruitment in the middle of the race and increased recruitment in the 

endspurt during the final 1 km.  

According to the CGM, the moment to moment [45] changes in pacing strategies that 

occur during exercise are due to changes in the extent of skeletal muscle recruitment (Figure 

9), either increased or decreased according to whether the athlete speeds up or slows down. 

Thus according to the CGM, the end spurt is due to the recruitment of additional skeletal 

muscle motor units in the exercising limbs as the end of exercise approaches. The point of 

course is that the Hill CAC model cannot explain the end spurt phenomenon any more 

effectively than it can explain how the pacing strategy is set at the start of exercise [42]. 

The third phenomenon is the protection of homoeostasis which, according to the Hill 

model, does not occur. Rather according to that model it is the failure of homeostasis that 

causes fatigue and exhaustion. In contrast the key prediction of the CGM is that behaviour 

modification insures that homoeostasis is protected under all conditions. Thus the CGM treats 

exercise as a behaviour that is continuously modified to insure that cellular homoeostasis is 

protected under all conditions. Indeed many presentations at this conference will evaluate 

behavior modifications the goal of which appear to be the maintenance of homeostasis during 

exercise.  

The fourth phenomenon is the difference in the extent of skeletal muscle activation that 

the either model predict is present at the point of fatigue. As already argued, the Hill model 

predicts that exercise must terminate when there is 100% activation of all the motor units in 

the exercising limbs. For the simple reason that if the periphery alone determines the exercise 

performance, then the activity must continue until all the muscle fibers have been recruited 

and exercised to the point of their individual exhaustion. Whereas the CGM predicts that 
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100% muscle activation does not occur in any form of exercise since this is likely to threaten 

homeostasis and cause bodily damage.  

There is convincing evidence that skeletal muscle recruitment is never 100% except 

perhaps in medical conditions such as infection with the tetanus bacillus which causes tetanic 

muscle contractions that may lead to bony fractures [51-53]. Similarly treatment of 

schizophrenia with the analeptic (convulsion-producing) drug, metrazol [54, 55], or of 

depression with convulsive shock therapy [56] was associated with bony fractures before 

these forms of treatment were finally terminated. The point of these examples is that if 

unregulated skeletal muscle contraction can produce sufficient force to cause bony fractures, 

then it makes sense that complete skeletal muscle recruitment must be prevented by some 

central control mechanism.  

The fifth phenomenon is the manner in which certain drugs that act only on the central 

nervous system can improve exercise performance. According to the Hill model drugs that 

improve exercise performance must act on the heart, lungs and the muscles but not on the 

brain since, according to the “brainless” model of human exercise performance (Figure 2 in 

Chapter 5), the brain plays no part in such performance. In contrast the CGM is able to 

explain why certain drugs that act exclusively on the brain can improve exercise performance. 

Our own studies show that amphetamines act by reducing the extent of skeletal muscle 

reserve and therefore allow exercise to continue for longer at a higher intensity [57]. 

When I began to write more widely on the CGM I received the following personal 

correspondence from a former professional cyclist. He wrote: “If I go and inject myself with 

250 mg of speed amphetamines the drug will have a rapid effect on this governor and I can 

guarantee that I will have God-like strength that was there all along but I was never able to 

access before as my governor is a tight bastard! The only limiter will be when I drop dead or 

run out of fuel. Unfortunately for me I‟ve seen both sides of the effects of drugs in sport. My 

wife‟s previous boyfriend died from racing in hot conditions whilst under the influence (of 

amphetamines). Super natural rides used to be common here until drug testing came and they 

all had to switch to more subtle expensive products”. 

The sixth phenomenon is the rating of perceived exertion (RPE) which according to the 

classic interpretation of its originator, Dr Gunnar Borg, is a measure exclusively of the 

exercise intensity [58]. In contrast in developing the CGM, we discovered that the RPE is a 

measure of the duration of exercise that has been completed or that which remains [59]. I first 

became aware of this possibility when I evaluate the study of Baldwin and colleagues [60] 

and found that their data showed a significant linear relationship between the RPE and the 

exercise duration [61]. Furthermore the rate at which the RPE rose was greater when the 

subjects were carbohydrate-depleted than when they began exercise with intact carbohydrate 

stores. But when the RPE data were plotted against the relative, rather than the absolute 

exercise duration, all the data points fell on the same line indicating the presence of a 

fundamental biological law: Specifically that the RPE rises as a function of the expected 

exercise duration. 

We have since shown that the RPE is different from the start of exercise in the heat even 

though the rectal temperatures were not different at that time [62]. Therefore the brain had 

calculated the projected rate of heat retention in different environmental conditions and had 

planned, in anticipation, the exercise duration that could be safely sustained without the risk 

that heat stroke would develop.  
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Figure 10. Recent studies that are compatible with the functioning of a CGM but which cannot be 

explained by the A.V. Hill model. The numbers refer to the reference number for each cited study.  

In summary, there are 6 phenomena, well-known to all who observe or study exercise, 

that cannot be adequately explained by the traditional Hill CAC model but which are 

compatible with the predictions of the CGM. When added to the compelling body of evidence 

that disproves the biological basis for the Hill model [1], it becomes quite difficult to 

understand how some [8] continue to argue with great vehemence, that it is the CGM not the 

Hill model that needs to be “retired”.  

 

 

SOME CURRENT STUDIES WHICH CONFIRM THAT EXERCISE  

IS REGULATED IN ANTICIPATION BY CENTRAL MOTOR COMMAND 

THAT RESPONDS ALSO TO THE PRESENCE OF FEEDBACK  

FROM A VARIETY OF PERIPHERAL ORGANS  
 

Figure 10 shows some of the key predictions of the CGM. These are (i) that the ultimate 

regulation of the exercise performance resides in the central nervous system, the function of 

which is potentially modifiable by interventions that act exclusively on central (brain) 

mechanisms; (ii) that the exercise pace is set “in anticipation”; (iii) that the protection of 

homeostasis requires that there is always a skeletal muscle reserve during all forms of 

exercise; (iv) that the exercise intensity may increase near the end of exercise – the end spurt 
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even in the face of significant “fatigue”; and (v) that afferent sensory feedback can modify the 

exercise performance.  

Thus in the very recent past a series of studies have shown that exercise performance can 

be modified by a number of interventions that act solely on the central nervous system 

including placebos [63-66], music [67, 68], the amphetamines [57], glucose ingestion [69], 

bupropion [70], mental fatigue [71], self-belief [72], time deception [73], prior experience 

[74], knowledge of the endpoint of exercise [75] and altered cerebral oxygenation reduced by 

beta-adrenergic blockade [76], heat [77], maximal exercise [78] and hypoxic exercise [79]. 

Similarly the evidence for the anticipatory control of exercise [80-87], for skeletal muscle 

reserve during exercise [57, 88-90], the end spurt [43, 44, 49, 91], and for afferent sensory 

feedback related to prior exercise [92], to exercise in the heat [38, 39, 86, 93-95], in hypoxia 

[49, 50, 96-98] or alternatively hyperoxia [99], the extent of dehydration [100] and the body 

glycogen reserves [101, 102], muscle soreness [103] and muscle damage [104] or 

alternatively the act of running downhill [105], continues to accumulate.  

Thus it would seem that the evidence to support a central control of exercise is rather 

more secure than is the (absence of firm evidence) on which Hill‟s CAC model is based [1].  

 

 

CONCLUSION 
 

The CGM views exercise as a behaviour that is regulated in anticipation by complex 

intelligent systems, the function of which are to ensure that whole body homoeostasis is 

protected under all conditions. This complexity cannot be appreciated if the body is studied as 

a collection of disconnected components as has become the usual practice in the modern 

exercise sciences. 

Indeed on the basis of their work with US military conscripts during the Second World 

War, Bean and Eichna [106] warned already in 1943 that: “… physical fitness cannot be 

defined nor can differences be detected by means of a few simple physiological 

measurements … obtained during limited tests … . To do so results in focusing attention on 

some erroneous concept. Man is not a pulse rate, a rectal temperature, but a complex array of 

many phenomena…. Into performance enters the baffling yet extremely important factor of 

motivation, the will-to-do. This cannot be measured and remains an uncontrollable, quickly 

fluctuating, disturbing variable which may at any time completely alter the performance 

regardless of physical or physiologic state.” 

Similarly the medical student who was the first to break the four minute mile, Roger 

Bannister wrote in 1956 [107] that: “The human body is centuries in advance of the 

physiologist, and can perform an integration of heart, lungs and muscles which is too complex 

for the scientist to analyse”. Later he continued: “It is the brain not the heart or lungs, that is 

the critical organ, it‟s the brain” [108]. Future generations of exercise scientists would be well 

advised to head the words of these most observant scientists.  

The novel concepts predicted by the CGM [109, 110] and which are the opposite of those 

flowing from Hill‟s CAC model are the following: 
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1.  The physiology of pacing, not fatigue, is the core issue for understanding exercise 

performance. The goal of pacing is to maintain homoeostasis and to prevent a 

catastrophic physiological failure. 

2.  Multiple, independent systems in the periphery provide sensory information that 

influences central motor command in the brain. The sum of this information 

generated in the center and in the periphery determines the pacing strategy during 

exercise. 

3.  Fatigue is purely a sensory perception which may be expressed physically as an 

alteration in the pacing strategy. Fatigue may therefore be a measure of the central 

neural efforts to maintain homoeostasis. 

4.  The role of the brain is to ensure that exhaustion develops and exercise terminates 

even though homoeostasis is maintained. As a result, a catastrophic outcome is 

prevented. This interpretation conflict absolutely with the traditional Hill model 

which predicts that exercise terminates only after there has been a failure of 

homeostasis in some bodily system.  

 

The importance of this conference is that it will allow rigorous, open debate of an idea 

that challenges the very core of what is currently taught in the exercise sciences.  

Like all theories that challenge an existing and entrenched dogma, the CGM has evoked a 

wave of distrust and many active attempts at its suppression. But the task of real science is to 

discover that which is true and so to advance our knowledge, not to attempt to suppress that 

which is inconvenient.  

In his triology devoted to the study of the scientific process and those who produce new 

knowlege, Daniel J. Boorstein wrote that: “The barrier to knowledge is not ignorance. It is the 

illusion of knowledge”.  

It is improbable that on the basis of the few simple experiments that he conducted, 

Professor Hill could have developed a model of exercise for which in the past 90 years “only 

relatively minor refinements to his theories have been needed” [9]. 
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