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Have you ever wondered why you have to stop exercising when you have clearly over-
exerted yourself? It is a logical question isn’t it?  Why did I have to stop?  What 
physiology causes my muscles to be less effective in running, cycling, climbing, or 
swimming?  Not too long ago, multiple disciplines of science would have answered 
these questions based on one molecule being the sole culprit – lactic acid!  Of course, 
we have now moved well beyond that error, and we recognize the complexity of 
changing muscle metabolism and human systems physiology 
during intense exercise.  Despite these advances, a fault of 
human perception seems to be the need to simplify concepts 
down to singular, or primary roles in regulation.  For example, 
humans like to use single entities to explain failure, or 
success, regardless of the topic. We also do this in science, 
even though we should know better.  We should know better 
because in complex systems, there is hardly ever one singular 
dominant control feature.  In fact, the evidence is clear in that the 
more important a physiological function, the more 
multiple and varied the control features.  So, keep the 
following in mind when you read the content of this topic.  If the 
measure of whole body VO2 is so dependent on multiple features of human physiology 
– heart function, peripheral cardiovascular regulation, lung function, atmospheric 
content and quality, environmental and body temperature, hydration status, exercise 
mode, exercise protocol, subject training status, motivation, etc., then why is science 
intent on finding the most important singular determinant of VO2max?  The question of 
what limits VO2max is not required to have a simple answer.  What is required of any 
answer in science is the truth, or at least an unbiased best attempt at the truth. 

 
I will start this journey from a historical perspective, and as you should now know, this 
journey starts with A.V. Hill in the 1920’s. 
 
A.V. Hill introduced the explanation of a VO2max to be based on a cardiopulmonary 
limitation.  In short, Hill’s explanation, or really a proposed explanation or hypothesis 
(Hill provided no empirical proof to support his rationale), stated the following; 
 
“In running the oxygen requirement increases continuously as the speed 
increases, ….; the actual oxygen intake, however, reaches a maximum beyond 
which no effort can drive 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.” 
(Hill A.V. and H. Lupton. QQ J Med 1923; 16:135-171.) 

 
The field of physical education at that time (encompassing exercise science and 
exercise physiology) accepted Hill’s hypothesis as fact and textbook content that has 
explained VO2max up to recent years, with some still promoting this concept, has 
explained VO2max to be caused by a limitation in oxygen delivery to working muscle.  
Presumably, the VO2 plateau at VO2max during incremental exercise, or a single bout 
intense exercise, occurs because the cardiovascular system reaches its limit in 
circulating oxygen to working muscle.  As such, the cardiovascular system attains its 
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Figure 1. The increase in VO2max 
caused by inhalation of pure oxygen, 
after re-infusion of red blood cells, 
after normalizing PaO2 in individuals 
who develop exercise-induced 
hypoxemia, and after acute plasma 

volume expansion. 

maximal cardiac output (maximal stroke volume x maximal heart rate), after which 
continued oxygen demands from working muscle cannot be met, thereby constraining 
further increases in VO2 and causing a VO2max. 
 
In all fairness to exercise physiologists, there has 
also been a wealth of research completed to 
indirectly support a cardiopulmonary limitation to 
VO2max in the decades up to the 1990’s.  First of 
all, as shown in Figure 1, hyperoxia caused by 
inhaling pure oxygen, increases PaO2 causing an 
additional 2-5 mL O2/100 mL blood, which in turn 
increases VO2max. Similar increases in VO2max 
have occurred after infusion of additional red 
blood cells, as in the blood doping procedure 
(Figure 1).  Correcting exercise-induced 
reductions in PaO2 (exercise induced hypoxemia) 
with supplemental oxygen also increases 
VO2max.  A consistent interpretation of this 
research has been that skeletal muscle has a 
capacity to consume oxygen that far exceeds that 
of cardiopulmonary delivery, and has been 
summarized as evidence for central cardio-
pulmonary limitation and in support of Hill’s 
original hypothesis. 
 
However, I do no like the automatic assumption 
that a limitation in oxygen delivery is central.  As you will learn from the cardiovascular 
physiology Topics, there is considerable peripheral cardiovascular regulation involved in 
maximizing muscle blood flow.  Added to this is the heterogenous profile of motor 
unit recruitment and muscle oxygen demand within contracting muscle.  Due to these 
added issues which we cannot research well in humans for ethical reasons, I think it is 
best to simply state that there is a clear limitation in oxygen delivery to contracting 
muscle, and that such limitation can contain both central and peripheral components. 
 
Despite the apparent attractiveness of cardiopulmonary limitations in our understanding 
of VO2max, Tim Noakes, a clinician from South Africa, has challenged all exercise 
physiologists to rethink the causes of a VO2max.  While many of Noakes’ proposals 
have not been well received, they are very worthwhile for a student, and academic, to 
investigate for causing reflection on assumptions to better guarantee that no errors in 
interpretation have occurred.  All disciplines must be open to challenges based on 
empirical evidence to ensure the validity of all accepted facts and theories. 
 
Anyway, Noakes has proposed that there is no empirical evidence to support metabolic 
acidosis, metabolite accumulation, or central cardiovascular or pulmonary function to 
cause fatigue during incremental exercise to VO2max, or during submaximal exercise to 
the maximal steady state intensity (Figure 2).  Furthermore, Noakes has argued that if 
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Figure 2. Evidence used by Tim Noakes to argue for 
a central governor to peak VO2 responses in 
humans. 

 
Figure 3. Determinants to VO2max, as summarized by Peter Wagner. 

central cardiovascular function was 
to be limiting, then this would be 
dangerous to heart function, inducing 
myocardial ischemia and/or 
arrhythmias that could lead to life-
threatening conduction abnormalities.  
To prevent such damage and 
dysfunction, Noakes has explained 
the likely existence of what he has 
called a central governor control 
(central nervous system control) that 
causes fatigue in order to prevent 
any potential damage and 
dysfunction to the cardiopulmonary 
and musculo-skeletal systems.  
While Noakes has not presented any 
empirical evidence clearly supporting 
such a theory, there is a wealth of past research that he has used to indirectly support 
his interpretations. 
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Figure 4. A more complete and complex presentation of the multiple determinants to VO2max 
that is essentially a hybrid of classic and central governor approaches. 

Personally, I like the approach taken by Peter Wagner from the University of San Diego 
(Figure 3), which is to identify all factors that could lead to a limitation in VO2max.  While 
Wagner’s components are clearly biased to central cardiopulmonary physiology, such 
components and Wagner’s model can be expanded to include other variables, which 
should even include some of Noake’s hypotheses.  It is beneficial to identify all aspects 
that could lead to a limitation in VO2.  I present this revised or updated summary of 
factors in Figure 4.  Note that I also categorize cardiovascular facts as central and/or 
peripheral.  There are also additional, less recognized factors that are also important to 
muscle VO2, including the heterogeneity of tissue mitochondrial density, capillary 
density, and the capacity for oxygen consumption at the cellular level.  The profile of 
motor unit recruitment is also heterogenous throughout incremental exercise, where 
there is an increasing non-mitochondrial ATP supply component to muscle contraction 
and bioenergetics as exercise intensity increases.  Furthermore, there is also the 
possibility that Noakes’ central governor control may function through cardiopulmonary 
limitation.  By this I mean that perhaps the heart is not allowed to continue increased 
function and metabolic demand in order to prevent damage.  Perhaps maximal heart 
rate is limited by the central governor, as could be maximal ventilation, maximal motor 
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unit recruitment and venous return.  In fact, it could be argued that the dilemma 
confronting the interpretation by Noakes vs. the more traditional central 
cardiopulmonary limitation to be one in the same response!  If this is true than central 
and peripheral cardiovascular limitation could be the main means by which the central 
governor response could be enforced within the body. 
 
Anyway, I also view it to be logical that in some individuals the muscle metabolic fatigue 
response precedes the central, or peripheral, or combined central and peripheral cardio-
pulmonary oxygen supply limitation to contracting muscle.  I am also open to a support 
the role of a central nervous system component to the fatigue response, as suggested 
by Noakes, or as I have just explained prior.  This means that some subjects may have 
a VO2max limited more by muscle metabolic fatigue parameters, while others may have 
a more clear cardiopulmonary limitation.  I think it is logical that limitations to VO2max 
might be different in diseased vs. healthy individuals, in trained vs. untrained individuals, 
in children vs. adults, or in subjects with greater vs. less slow twitch motor unit 
expression, etc.  There is no magical law in physiology that states that all humans must 
respond the same.  In fact, the individual diversity of human physiological responses is 
a feature worth researching in all topics within exercise physiology.   
 
So how should we explain the determinants to VO2max?  By stating that it is complex, 
involves multiple variables, and can often be different for different types of individuals.  
Yes, there is evidence for cardiopulmonary limitation, but some individuals may 
experience muscle metabolic fatigue prior to attaining peak cardiopulmonary capacities.  
Furthermore, the involvement of the central nervous system in the exercise behavior 
(decisions to continue or stop) during fatigue responses is a plausible added 
explanation that must not be rejected until empirically disproved. 
 

Glossary Words 
 
cardio-pulmonary limitation refers to a limitation in oxygen delivery to contracting 
skeletal muscle. 
 
oxygen delivery is the circulation of oxygen to working muscle, and is the product of 
arterial blood oxygen content (determined by pulmonary blood flow and lung function) 
and muscle blood flow (determined by cardiac output and peripheral vascular 
regulation). 
 
hyperoxia is an increase in alveolar or arterial partial pressures of oxygen. 
 
muscle blood flow is as stated; blood flow within muscle. 
 
heterogenous pertains to a varied distribution or structure. 
 
central governor refers to a site or coordinated function of the central nervous system 
that causes exercise failure prior to organ or tissue damage. 
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non-mitochondrial ATP is the ATP provision from the phosphagen and glycolytic 
energy systems. 

 
 


