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Foreword

Pietro di Prampero’s review of 1981 is the landmark that set the state of the art of

our knowledge in the field of the energetics of muscular exercise in those times. It

resumed what can now be considered as classical studies under the perspective

of the general theory of the energetics of muscular exercise developed within the

School of Milano created by Rodolfo Margaria, which di Prampero is an eminent

member of. The study of the energetics of muscular exercise dives back in history

much more than we may imagine at a first sight, owing a lot to classical chemistry,

morphology and biochemistry. Yet the first key concepts of it were essentially

outlined by Margaria in 1933, and progressively refined, first by Margaria himself,

then by his pupils, as long as the experimental evidence grew. That era was finally

framed by di Prampero in 1981. The general theory of the energetics of muscular

exercise has been the cultural reference of this book.

Other physiological schools played crucial roles in that story as well. In par-

ticular, I would like to mention the Scandinavian school, whose most eminent

representatives in those times had been Erich Höhwu Christensen in the 1930s,

Erling Asmussen in the 1950s and Per-Olaf Åstrand in the 1960s. That school,

however, was mainly characterised by an empirical approach to science: those

physiologists generated huge, fundamental amounts of original experimental data,

but were scarcely attracted by theoretical thinking, which conversely was the most

important treat of Margaria and co-workers. Great theoretical advances were

obtained in Rochester and Buffalo within the school led by Wallace Fenn and

Hermann Rahn, and in Göttingen by Johannes Piiper: those advances, however,

were mostly in the field of gas exchange rather than in that of exercise energetics,

although the heirs of Margaria owe a lot of their way of thinking also to Buffalo and

Göttingen, especially Paolo Cerretelli and Pietro Enrico di Prampero.

Similar exchanges can be perceived also between the general theory of the

energetics of muscular exercise and the cross-bridge theory of muscle contraction,

the link being represented by the role of ATP as main energy source for muscular

contraction. The former concerns the way chemical energy is generated and stored

in ATP, the latter has to do with the way the chemical energy stored in ATP is

transformed into mechanical energy in the cross-bridge cycle. These exchanges,
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however, were less direct, as long as there had been no collaboration between

Margaria and Andrew Huxley. When Margaria spent some time with Archibald

Vivian Hill and John Barcroft, Huxley was a child.

Thirty-four years of further work and thinking, summarized in the six chapters of

this book, have elapsed since the publication of di Prampero’s review. The ques-

tions now are: How did the general theory of the energetics of muscular exercise

resist the deterioration of time and the impact of new knowledge? What is its state

of health? What are the most important advances of the last 30 years?

Concerning the last question, I would say that several new concepts were created

and took shape since 1981. I do not include in this list George Brooks’ lactate

shuttle, a concept which di Prampero was already aware of in 1981, although it

received theoretical systematisation within the general theory only more recently: di

Prampero’s concepts of hyperaerobic and hypoaerobic muscle fibres make use

of the lactate shuttle, which is therefore included in the general theory. Most

important novel contributions appear, to my eyes, the multifactorial models of

maximal oxygen uptake limitation, the critical power models, the identification

of the slow component (although its occurrence had already been suggested in

1981), although its theoretical systematisation is still to be perfected, and the double

exponential model of oxygen uptake kinetics. All the above-listed concepts

challenged the general theory seriously; most of them could be conveniently

accommodated in it; some required refinements of the general theory. Yet I would

conclude that overall the general theory has resisted pretty well and is still in good

health, despite the modifications that had to be introduced.

In my vision, the most important threat to the general theory came from the two-

site model of the kinetics of oxygen uptake upon exercise onset, which undermined

the automatic link between oxygen deficit and energy delivery. Significant changes

in the general theory with respect to di Prampero’s review had to be introduced for

this reason. Thanks essentially to the excellent work carried out by the British

school led by Brian Whipp, it is generally accepted nowadays, even by those within

the school of Milano who were opposed to that vision in the past, that the first

exponential of the two-site model (phase I) is unrelated to an energetic mechanism.

The need for tightly coupling oxygen delivery and oxygen consumption implied the

emergence of other mechanisms, related to cardio-respiratory control, in the

regulation of oxygen delivery. The concept that what is measured at the mouth

reflects what occurs from the energetic viewpoint in contracting muscles has

weakened. The current formulation of the general theory admits different regulation

of oxygen delivery and of oxygen consumption. The former includes specific

features (phase I) related to cardio-respiratory control and has a primary component

whose time constant increases with the exercise intensity. The latter is dictated by

the kinetics of activation of glycolysis and is characterised by a time constant which

is invariant and independent of exercise intensity. Therefore, as long as the former

time constant is faster than the latter, oxygen delivery copes with oxygen demand,

and the time constant of oxygen consumption corresponds to that of muscle

phosphocreatine hydrolysis and of the primary components of pulmonary oxygen

uptake: in sum, to that of glycolysis activation. Conversely, when the time constant
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of the primary component of oxygen delivery becomes slower than that of gly-

colysis activation, oxygen delivery becomes inadequate and the kinetics of oxygen

consumption slows down. As a consequence, early lactate is accumulated, as much

as is necessary to cover the missing energy, compatibly with an energy equivalent

of blood lactate accumulation of 3 ml mmol−1 kg−1.

Another important point concerns the slow component, for which the situation

appears more ambiguous. The appearance of the slow component implies a non-

linear relationship between oxygen uptake and power and the lack of a clearly

visible steady state for oxygen uptake during intense exercise. This induced several

scientists to reject the concept of maximal aerobic power as the power requiring an

oxygen uptake equivalent to the maximum. I kindly disagree with this view, as long

as we have no demonstration that the extra-oxygen consumption pertaining to the

slow component is necessary to replace the chemical energy that is converted into

mechanical work in the cross-bridge cycle. To my mind, the classical relationship

between oxygen uptake and power concerns the steady state attained by the primary

component (phase 2 in the double exponential model) of the oxygen uptake

kinetics, on the assumption that the slow component reflects other phenomena than

energy transformation in the cross-bridge cycle. However, the mechanistic under-

standing of the slow component is still poor, and some evidence suggests that it

may be related to phenomena occurring within the active muscle mass. Thus I

cannot exclude that in the near future our view of the slow component may still

change, with consequences on the formulation of the general theory.

The critical power has become crucial concept in exercise physiology. Although

the concept still existed in 1981, it was considered minor and was not even mentioned

in di Prampero’s review. Its importance grew in more recent years, thanks to the

experimental work of the British school, especially David Poole and Andy Jones. Yet

we owe the theoretical systematisation of the critical power concept to HughMorton,

who developed the two-parameter and the three-parameter models of critical power

and formulated the theory applying the critical power concept to ramp exercise. His

theoretical work, of greatest importance in the field, fits well in the general theory as

long as we admit a univocal relation, with precisely known values of mechanical

efficiency, between mechanical energy (work) and metabolic energy.

Last but not least, the multifactorial models of maximal oxygen uptake limitation

revolutionised our understanding of this issue. The resumption, by Ewald Weibel

and Dick Taylor, of the oxygen conductance equation led di Prampero to create the

concept, to the formulation of which I also contributed. In parallel, Peter Wagner

elaborated a nice analysis of the interaction between cardiovascular oxygen delivery

and muscle oxygen diffusion, which designed a novel integrative perspective of the

subject. It is curious to note that the two multifactorial models were considered in

competition for long. Only very recently the demonstration came, that the two

models say the same things in a different language, and lead to the same conclu-

sions. Starting from this notion, I expect a generalisation of the multifactorial

models to include quantitatively the entire respiratory system in all experimental

conditions: this however requires a sound theoretical, rather than empirical,

mathematical solution of the oxygen equilibrium curve.
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The panorama of activity in the field has remarkably changed in the last 40 years,

getting open to a larger variety of contributions, whether theoretical or experimental,

which represent a remarkable intellectual enrichment with respect to the past. Several

individuals, I think especially of Peter Wagner and Brian Whipp, developed new

major schools of exercise physiology, which generated important thinking, produced

remarkable experimental results, and disseminated a large number of important

scientists, above all, for his strong acquaintance with both schools, David Poole. The

Scandinavian school has not disappeared; it rather further developed, under the

forceful example of Bengt Saltin, who imposed himself as actual school leader. Under

his example, the Scandinavian school expanded its interests to new experimental

contexts and much information acquired in those contexts provided useful pieces of

evidence completing empty slots of the general theory, think as an example of the

lactate-proton co-transporter. Yet that school continued to generate essentially huge

amounts of experimental data, poorly contributing to theoretical thinking. The school

of Milano is still in good shape, with new generations of scientists continuing its

tradition. The technical developments have dramatically enlarged the possibility of

obtaining and treating complex physiological data. Several individuals, outside those

schools, have produced original contributions, also in theoretical analysis (Hugh

Morton above all). Exercise therapy and exercise physiopathology are opening new

perspectives in the field. The picture generates an optimistic view of the future,

although the field of exercise physiology is not as central as it was 50 years ago in the

consideration of funding agencies.

What should we expect next? I do not know, I do not dare to say. Multifactorial

models, slow component, critical power are concepts that are well present in the

current debate of the energetics of muscular exercise, although they could not be

predicted when di Prampero wrote his review. It is preposterous to indicate the way

research should take. What will come next depends on the freedom, fantasy and

originality in thinking that scientists in the field will show in next years. I never-

theless put forward two predictions: that the general theory will survive, after

several readjustments under the pressure of new experimental evidence, and that

new people will continue the task of elaborating new concepts and ideas. In this

book, I have re-elaborated the current knowledge of the energetics of muscular

exercise under the perspective of the general theory and from the viewpoint of the

school of Milano, where my way of thinking was forged. I will not be surprised, if I

will have the chance of getting old, to learn that somebody of a new generation will

have done the same job within 30 years from now, re-analysing the general theory

and adapting it to the new concepts that will have been created and the new findings

that will have been obtained meanwhile. The picture of the general theory of the

energetics of muscular exercise, which will then be reported, will be significantly

different form the one emerging from this book, pretty much the same way this

book reports a significantly different picture from that outlined by di Prampero in

1981.
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ag Gravity acceleration

Ap Projection area on the frontal plane
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E Energy
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_E Metabolic power
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_EE Metabolic power to overcome external mechanical power

_Ee Metabolic power during exercise time in an intermittent exercise
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_ENET Net metabolic power
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FACO2 Carbon dioxide fraction in alveolar air

FAO2 Oxygen fraction in alveolar air

FEco2 Carbon dioxide fraction in expired air

FEo2 Oxygen fraction in expired air

Ff Frictional force

fH Heart rate

fH,r Heart rate at rest

Fi Fraction of oxygen flow limitation imposed by the ith resistance to

oxygen flow

FIo2 Oxygen fraction in inspired air

FL Pulmonary fraction of oxygen flow limitation

Fm Mitochondrial fraction of oxygen flow limitation

Fp Peripheral fraction of oxygen flow limitation

fp Pedalling frequency

FQ Cardiovascular fraction of oxygen flow limitation

fs Stroke frequency

Ft Tissue fraction of oxygen flow limitation

FV Ventilatory fraction of oxygen flow limitation

G Gibbs free energy

G0 Gibbs free energy in a standard condition (1 M at 25 °C and 760

mmHg)

GL Pulmonary conductance of oxygen flow
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Gm Mitochondrial conductance of oxygen flow

Gp Peripheral conductance of oxygen flow
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H Enthalpy

H Heaviside function

H0 Enthalpy in a standard condition (1 M at 25 °C and 760 mmHg)

Hb Haemoglobin
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KW Wagner’s constant
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[La]b Blood lactate concentration
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P Pressure
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Py Pyruvate
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Qs Stroke volume
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_Q Cardiac output

_Qao2 Systemic oxygen delivery

_Qao2max Maximal systemic oxygen delivery
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_Qr Cardiac output at rest

_Q�vo2 Oxygen flow in the mixed venous blood

R Universal gas constant (in Chap. 1)

R Resistance

Ri ith resistance to oxygen flow

RL Lung resistance to oxygen flow

Rm Mitochondrial resistance to oxygen flow

Rp Peripheral resistance to oxygen flow (in Chap. 4)

Rp Total peripheral resistance to blood flow

RQ Cardiovascular resistance to oxygen flow

RQB Respiratory quotient for blood

RQL Gas exchange ratio

RQM Metabolic respiratory quotient

RT Total resistance to oxygen flow

Rt Tissue resistance to oxygen flow

RV Ventilatory resistance to oxygen flow

S Entropy

S Slope of a ramp test

S0 Entropy in a standard condition (1 M at 25 °C and 760 mmHg)

s Gas solubility constant

Sao2 Arterial oxygen saturation

STPD Standard temperature and pressure, dry

T Temperature

T Time to exhaustion in a ramp test (in Chap. 5, Fig. 5.3)

t Time

T0 Gas temperature at which E = 0 J
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Td Time delay
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Chapter 1

Introductory and Historical Remarks

Abstract This chapter contains a short summary of the historical developments

that led to the contemporary vision of the energetics of muscular exercise, from the

perspective of the School of Milano created by Rodolfo Margaria. Special attention

is given to the history of respiratory gases and to the biochemical developments that

led to the conception of intermediate metabolism (glycolysis, Krebs cycle, oxidative

phosphorylation) and of the Lohmann’s reaction. The developments that led to the

cross-bridge theory of muscular contraction are mentioned. The development of the

concept of respiratory system and the creation of the oxygen equilibrium curve are

also treated. The historical developments concerning key concepts such as maximal

oxygen consumption and oxygen deficit are presented. The confutation of Hill and

Meyerhof theory of exercise energetics by Margaria is discussed. This confutation

led to the formulation of the general equation of the energetics of muscular exercise.

The general equation was analytically discussed by di Prampero in 1981. That

review was the last systematic overview of the energetics of muscular exercise.

Several important reviews came afterwards, but only on specific, selected aspects of

the energetics of muscular exercise (e.g. maximal oxygen consumption or exercise

transients). This book has the ambition of bridging the temporal gap between di

Prampero’s review and current knowledge. It is an attempt at providing a critical

answer to the following question: How did the general theory of the energetics of

muscular exercise resist 30 years of further developments? What could be

accommodated into it, what was a challenge to it? Under which respects was it

consolidated, and under which respects was it falsified, by the continuously

growing knowledge in the field? Answering these questions is a complex, perhaps

somewhat presumptuous task, which requires revisiting the concepts discussed by

di Prampero in 1981 in the perspective of nowadays knowledge, and introducing

and discussing some new concepts, which had been meanwhile created, in the

context of the general theory.
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Introduction

The mechanical energy (work) of a moving body on Earth, where it is subject to the

action of gravity acceleration, is given by the sum of kinetic and potential energy.

The kinetic energy is directly proportional to the body mass and the square of speed

along the direction of movement, whereas potential energy is directly proportional

to the body mass, the acceleration of gravity and the height from the ground. If the

path along which the body moves is flat, there is no net vertical movement of the

body centre of mass, and potential energy is nil: all the mechanical energy is used to

move horizontally along the path, as kinetic exercise. However, when a body moves

on Earth, it must also overcome air and frictional resistances. Thus, maintaining a

given speed invariant requires also the continuous generation of the amount of

mechanical energy (work) that is dissipated to overcome these resistances. The

continuous introduction of a new amount of mechanical energy implies energy

transformation, in order to comply with the first law of thermodynamics. This

energy generally comes from the conversion of chemical energy into mechanical

energy. In non-living bodies, chemical energy transformation is due to fuel oxi-

dation in an applied engine, as is the case in cars. In an engine, however, only a

fraction of chemical energy can be transformed into mechanical energy, the

remainder being transformed into heat: that fraction corresponds to the mechanical

efficiency of the engine. The maximal power of the engine is the maximal rate at

which the chemical energy transformation occurs, whereas themaximal capacity is

the maximal quantity of chemical energy that can be made available to the engine

for transformation in mechanical energy. In an ordinary gasoline car, this corre-

sponds to the volume of the fuel tank.

Man is a mammal, and, as an animal, his main characteristic is motion. In

animals, motion is sustained by muscular contraction: mechanical energy is gen-

erated by the transformation of chemical energy within contracting muscles. Thus,

from the physical viewpoint, muscles behave like engines. Ever since it was thought

that the chemical energy sustaining muscle contraction in an exercising animal was
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derived from aliments. In complex and sufficiently big animals such as mammals,

breathing and the heartbeat were also considered essential components of the

energy transformation. The inability to understand the chemistry and the physiology

of a living body led to several metaphysical theories, which included the action of a

vital spirit or of a soul. In the last four centuries, thanks to the change in the

psychological approach to science that took place since the sixteenth century, there

have been dramatic developments of our chemical and physiological knowledge.

The final result, in the present context, was that today it is commonly admitted that

mechanical energy for animal motion derives from the hydrolysis of adenosine

triphosphate (ATP) by the ATP-ase activity of myosin during the cross-bridge

cycle in the muscle contraction process. ATP is continuously resynthesized by

phosphorylation processes in the biochemical pathways of intermediate metabo-

lism. Nevertheless, muscles are very special engines. Whereas the human-made

engines that move cars rely on one source of energy only (gasoline, electricity,

alcohol or whatever), muscles rely on three substrates (glycogen, free fatty acids

and phosphocreatine) intermingled in three concomitant energetic pathways

(aerobic metabolism, anaerobic lactic metabolism and anaerobic alactic

metabolism). As a consequence, animals can cover a wide spectrum of locomotion

conditions. The two extremes can be exemplified, on one side by Usain Bolt

running the 100-m dash in 9.58 s and on the other side by Dennis Kimetto running

the marathon in 122 min and 57 s.

In this chapter, I will follow some of the historical developments that led to set

the current knowledge in the field of exercise physiology, with special reference to

the energetics of muscular exercise. Of course, the pathway was complex, tortuous

and filled with accelerations and pauses, parallel tracks and crossings and even

oblivions, as splendidly pointed out by Huxley (1978). Here, the aim was not to

trace a general history of exercise physiology. My aim is much more limited: I just

evidence and list some significant milestones that marked the process that led to set

the current view of the energetics of muscular exercise. This simplified approach

may give the false impression of a linear, progressive development of scientific

knowledge, which I am far from endorsing, but has the advantage, to my eyes, to

carry us directly to the starting point of the story that I will tell in this book. This

chapter is also my tribute of recognition to the giants, on the shoulders of whom

contemporary physiologists have the privilege to sit and look from a widespread

and deep perspective at the ever fascinating world of a human at exercise, in an

attempt to better and better understand how it works.

A Short History of Respiratory Gases

The understanding of the energetics of muscular exercise proceeded in parallel with

the basic developments in chemistry and physiology. The construction of the

chemistry of gases was one of the main scientific adventures of the seventeenth and

eighteenth centuries. The concept of gas was well presented in previous times,
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and pre-scientific wise men were aware of the existence of air, although it was

thought that air consisted of a single, pure gas. This concept was present also in the

mind of Robert Boyle (1627–1691), when he described the inverse relationship

between pressure and volume in a given quantity of gas. This relationship indicated

that the amount of energy contained in that very amount of gas was a constant.

The concept of temperature was created in the same epoch. The scientific

revolution of those times, introducing the notion of quantitative experimental

science, imposed the need of finding an objective manner of measuring heat—no

more the terms hot and cold sufficed, in the new context. The result was the

invention of temperature, and the thermometer was the instruments associated with

its measurement. Of the many temperature scales invented in those times, one was

particularly successful, the centigrade scale that was proposed by Anders Celsius

(1701–1744) in 1742. The subsequent demonstration that Boyle’s constant—the

product of pressure and volume of a given gas quantity—varied linearly with

temperature led Emile Clapeyron (1799–1864) to the definition in 1834 of what is

now known as the equation of state of perfect gases (Fig. 1.1), whose algebraic

formulation is as follows:

E ¼ PV ¼ nRðT � T0Þ ð1:1Þ

where E, P, V and T stand for energy, pressure, volume and temperature (expressed

in °C), n represents the amount of gas, currently expressed in moles, and R indicates

the amount of energy introduced into 1 mol of gas by a unit increase in temperature,

corresponding to the slope of the linear relationship for n = 1 in Fig. 1.1. Constant

T0, which appears in Fig. 1.1 as the x-axis intercept on which all isopleths for

n converge, is the temperature at which E = 0 J. It corresponds to −273.14 °C and

0
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Fig. 1.1 Relationship between energy (E, in kJ), i.e. the product of pressure times volume, and

temperature (T, in °C) for given quantities of gas. Straight lines for the four indicated molar

amounts of gas (n) are reported. The slope of the line for n = 1 yields what was called the universal

constant of perfect gases (R). The x-axis intercept indicates the temperature at which E = 0 kJ,

which was defined as the absolute zero. Taken from Ferretti and Capelli (2008)
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was called the absolute zero. When Lord William Kelvin (1824–1907) set this

temperature equal to zero—in practice, in Fig. 1.1, he shifted the x-axis intercept

rightwards to have it coinciding with the origin of the axes— he gave origin to the

absolute temperature scale, named in his honour. This very simple operation

implies that, if in Eq. (1.1) we express temperature in absolute scale (Kelvin

degrees, °K) instead than in centigrade scale, we obtain the following:

E ¼ PV ¼ nRT ð1:1aÞ

In fact, Eq. (1.1a) sets a relation of direct proportionality between energy and

temperature, which allowed reintroducing heat in the game as a form of energy.

More than a century later, since for any given quantity of gas:

PVT�1 ¼ nR ð1:1bÞ

which is a constant, Eqs. (1.1a) and (1.1b) provided the physical basis for the

criteria of quantitative standardization for gas volumes and flows, which were

established by the American Physiological Society. Two standard conditions for

volume measurement comparisons were defined, one called BTPS—body tem-

perature (37 °C or 310 °K) and pressure (barometric pressure of the day), saturated

with water vapour (47 mmHg at 37 °C)—the other called STPD—standard tem-

perature (0 °C or 273 °K) and pressure (760 mmHg), dry. Conventionally, the

former is used for standardizing volumes and flows of overall gas mixtures such as

air, so that pulmonary ventilation or lung volumes are expressed in BTPS condition

and the latter is employed for flows or volumes of a single pure gas (American

Physiological Society 1950). This convention is respected in this book.

Despite the fact that about a century earlier John Mayhow (1643–1679) had

already perceived that muscle work involved some kind of “nitro-aerial” component

of air, the processes of respiration and metabolism started to be seen in a little bit

clearer way only after Joseph Black (1728–1799) had “discovered” carbon dioxide

in 1764, which he called “fixed air”, and which he realized to be liberated by

respiration, and Joseph Priestley (1733–1804) had “discovered” oxygen in 1774,

which he called “dephlogisticated air”, which means air free from phlogiston

(see below). Shortly afterwards, Antoine Lavoisier (1743–1794), who coined the

name oxygen, realized that this gas was not only essential to human life, for humans

consume oxygen, but was essential also to human locomotion and exercise, for he

demonstrated that oxygen consumption ( _V O2) increased when a man exercised.

Moreover, together with Armand Séguin (1767–1835), he showed that exercise was

associated also with an increased elimination of carbon dioxide and an increased

production of heat. These observations implied that the chemical energy transfor-

mation supporting the production of mechanical energy in muscle contraction was a

process of combustion, in which oxygen played the role of oxidizer, and carbon

dioxide was the end product.

This conclusion had two conceptual consequences: (1) the process of chemical

energy transformation requires oxidation of an organic fuel, and (2) a tight match
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between oxygen consumption and fuel degradation must be in place. But no idea

existed about the chemical transformations at stake and the way this matching could

take place. In fact, Lavoisier was convinced that combustion took place in the lungs

and that the heat produced during combustion was taken away by means of blood

circulation. Adair Crawford (1748–1795), a pupil of Joseph Black, put forward

another curious theory of animal heat, which in modern terms can be summarized

as follows: the oxygen contained in ambient air gives up its heat as it is converted

into carbon dioxide in the lungs; the heat liberated by oxygen transformation does

not lead to an increase in lung temperature, because of differences in the specific

heat of arterial and venous blood, such that the blood in the pulmonary vein

undergoes an increase in specific heat as a consequence of heat exchange from the

lung. To explain these “events”, Crawford resurrected the phlogistic theory, created

by Georg Ernst Stahl (1660–1734), according to which combustibles consisted of

ash combined with a fire principle, the “phlogiston”, which was liberated during

burning: fire could not be maintained in closed spaces because air became saturated

with phlogiston. Crawford believed that the action of phlogiston prompted the

alleged heat exchange between lungs and arterial blood, despite Lavoisier had

already falsified the phlogiston theory by means of his demonstration that com-

bustion was the result of a combination of a fuel with oxygen. A nice example

indeed of how difficult is to discard by means of experimental falsification a theory

that has become a belief.

The identification of oxygen and carbon dioxide had a huge impact also in

another sense, since it provided a demonstration that air is not a “pure” gas, but a

mixture of different gases, some of which were essential for life. Priestley had

already shown that oxygen was one of the chemical components of air. Yet, and

surprisingly enough in those times, the most abundant gas in air was neither oxygen

nor carbon dioxide, but nitrogen, whose identification is generally attributed to

Daniel Rutherford (1749–1819), although its existence had already been perceived

by Priestley, Scheele and Cavendish, and although Rutherford did not realize it was

a pure gas, but thought it was air saturated with phlogiston. It was once more

Lavoisier, perhaps the greatest genius of the classical epopee of gas chemistry, who

first recognized nitrogen to be a pure gas and realized that air was a mixture of at

least an “active” gas (oxygen), sustaining combustion and respiration, and an

“inactive” gas, nitrogen, fully inert with respect to respiration. Subsequently, the

study of gas mixtures led John Dalton (1766–1844) to define the independent

behaviour of single gases in a mixture, whose quantitative description is called

Dalton’s law, and to create the concepts of partial pressure of a gas and of gas

fraction. With time, several other inert components of air were identified and

quantitated. What is currently considered the normal composition of dry atmo-

spheric air is reported in Table 1.1. In respiratory and exercise physiology, in view

of their very small fraction in air composition, inert gases other than nitrogen are

normally neglected.

The partial pressure of a given gas in air, when air is exposed to a liquid, is the

force that pushes that gas to dissolve into the liquid. The amount of gas entering the

liquid is exactly the one that is necessary to counterbalance the action of external
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partial pressure. This led William Henry (1774–1836) to establish the relation of

direct proportionality between gas pressure and gas concentration in a liquid. On

this basis, the partial pressure of a gas in a liquid (e.g. blood) was defined as the

pressure that is necessary to keep a given gas concentration in that very liquid. The

law of Henry sets the physical context for otherwise bizarre expressions such as

“oxygen partial pressure in arterial blood”, as long as there is no column of oxygen

above arterial blood and actually compressing it directly.

Of Energy and Work

At the beginning of the nineteenth century, the identification of heat as a form of

energy led to the creation of a new branch of chemistry, now called thermody-

namics. In this context, the law of energy conservation states that in a close ther-

modynamic system, the overall amount of energy is a constant. The internal energy

Table 1.1 Fractional composition of dry air, and the corresponding partial pressures, at the

indicated altitudes above or depths below sea level

O2 CO2 N2 Other

gases

Atmosphere Atmosphere

Gas fraction 0.2094 0.0003 0.78 0.0103 1 1

Gas pressure PO2

(mmHg)

PCO2

(mmHg)

PN2

(mmHg)

Pgas

(mmHg)

P (mmHg) P (Atm)

Top of Mount

Everest (8848 m)

53.0 0.08 197 2.6 253 0.3

Top of Mont Blanc

(4810 m)

90.0 0.13 335 4.4 430 0.6

La Paz, Bolivia

(3600 m)

104.7 0.15 390 5.1 500 0.7

Mexico City

(2200 m)

121.5 0.17 452 6.0 580 0.8

Sea level 159.1 0.23 593 7.8 760 1.0

Depth—10 m 318.3 0.46 1186 15.7 1520 2.0

Depth—20 m 477.4 0.68 1778 23.5 2280 3.0

Depth—50 m 954.9 1.37 3557 47.0 4560 6.0

Depth—100 m 1750.6 2.51 6521 86.1 8360 11.0

Depth—300 m 4933.5 7.07 18,377 242.7 23,560 31.0

It is noteworthy that inspired air attained the alveoli saturated with water pressure at body

temperature (37 °C): as a consequence, at sea level, PIO2 = 0.2094 (P − PH2O) = 0.2094

(760 − 47) = 150 mmHg. Under other gases, the greatest fraction is that of argon (0.0093). Carbon

dioxide is present with 394 ppm, neon with 18 ppm, helium with 5 ppm, methane with 2 ppm,

krypton with 1 ppm, hydrogen with 0.6 ppm and nitrous oxide with 0.3 ppm. Other gases such as

carbon monoxide, xenon, ozone and nitrogen dioxide are also present with smaller fractions
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of a part of the system can thus vary only if there is energy transfer in or out that

part of the system. Spontaneously, any thermodynamic system tends to a condition

of equilibrium. This equilibrium, however, is not necessarily attained at the state

where the system possesses the minimum amount of energy. Two tendencies

coexist, one moving towards a state of minimal energy and the other moving

towards a state of maximal disorder. The former tendency is reflected by the

variations of enthalpy (H, in J). In a reaction occurring at constant pressure and

volume, the variations of enthalpy correspond to the heat (Θ) that is liberated

(negative sign, spontaneous exergonic reaction) or absorbed (positive sign, ender-

gonic reaction) by the system. The latter tendency is reflected by the variations of

entropy (S, in J K−1), which is the constant characterizing the relationship between

heat and temperature. Entropy is qualitatively defined as the tendency of a system to

evolve towards a state of greater “disorder”. The equilibrium between these two

tendencies is defined by their combination in the following form:

G ¼ H�T � S ¼ Hþ P � V�T � S ð1:2Þ

where G is the overall energy possessed by a given part of the system and is termed

Gibbs free energy, in honour of Willard Gibbs (1839–1903), who created the

concept of entropy and defined the equilibrium between enthalpy and entropy in

1874–1878. A consequence of Eq. (1.2) is that any chemical reaction proceeds

spontaneously as long as the tendency is towards the attainment of minimal G. G

cannot be measured in absolute terms, but we can measure its variations in the

course of a chemical reaction. The variations are generally measured in a standard

condition (1 M at 25 °C and 760 mmHg), designated with suffix 0:

DG0 ¼ DH0�T � DS0 ð1:2aÞ

In 1847, Hermann Ludwig von Helmholtz (1821–1894) demonstrated that the

law of energy conservation applies also to living organisms, including man

(Atwater 1904). This implied that Eq. (1.2) applies to all chemical reactions

occurring in humans. Keeping a human alive requires increasing his amount of G,

while death implies a decrease in G. This explains why life requires continuous

introduction of energy from outside into the living system. Moreover, all reactions

characterised by an increase in G necessitate external energy supporting them.

Meanwhile, the development of the first techniques of motion pictures, antic-

ipating the birth of the cinematograph, allowed Etienne-Jules Marey (1830–1904)

and Georges Demény (1850–1917) to carry out the first mechanical analyses of

human locomotion. These authors established the principles on which Wallace

Fenn (1893–1971) constructed the laws of human motion, which are still applied

nowadays in the study of human locomotion, and created the concepts of external

and internal work (Fenn 1930).
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The advancements in optical microscopy led also to the first structural

descriptions of muscle fibres. Already in 1781, Felice Fontana (1730–1805) real-

ized that muscle fibres consisted of fascicles of many cylinders disposed in series,

with regular indentations that conferred an aspect of striation. William Bowman

(1816–1892) demonstrated that these cylinders consisted of compact bundles of

parallel fibrils, enclosed by a thin membrane that he called sarcolemma (Frixione

2006). From fibrils, in 1864, Wilhelm Kühne (1836–1900) extracted a protein,

which he called myosin. The ATP-ase activity of myosin was demonstrated only

(Engelhardt and Lyubimova 1939) after Kurt Lohmann (1898–1978) had identified,

in 1928, a new type of high-energy organic phosphate called adenosine-

tri-phosphate (ATP), and had demonstrated, in 1934, that this was the essential

energy provider for muscular contraction. Louis-Antoine Ranvier (1835–1922)

recognized, in 1873, two different types of muscle fibres, “white” and “red”, with

different structural and functional characteristics, the latter being rich with mito-

chondria and filled with a pigment called myoglobin and contracting at slow speed.

Actin entered the game in 1943, thanks to the work of Albert Szent-György (1893–

1986) and Bruno Ferenc Straub (1914–1996). The former was awarded the Nobel

Prize for Physiology and Medicine in 1937 for his contributions to the under-

standing of the metabolism of ascorbic acid (C vitamin). By 1945, all bricks were in

place to allow the conclusion, undisputed ever since, that the energy transfer

during muscular contraction was to come from ATP hydrolysis with the lib-

eration of one mole of inorganic phosphate per mole of ATP split. On a somewhat

longer time scale, reversal of this reaction implied phosphorylation of adenosine

diphosphate (ADP) by the transfer of inorganic phosphate from phosphocreatine

(Lohmann’s reaction). The concentration of phosphocreatine was then maintained

or restored by the organic phosphates generated in glycolysis and oxidative

metabolism. The mechanisms of work generation were underpinned a few years

later, after the developments in electron microscopy. Beside confirming several

histological observations of the nineteenth century meanwhile forgotten (Huxley

1978), the use of electron microscopy allowed the identification of the sliding

process of intermingled thick and thin filaments in the sarcomere (Hanson and

Huxley 1953; Huxley 1953; Huxley and Niedergerke 1954; Huxley and Hanson

1954). These structural observations led Sir Andrew Huxley (1918–2013), who was

awarded the Nobel Prize for Physiology or Medicine in 1963 for his contribution to

our understanding of action potential generation and transmission in nerve axons, to

formulate the sliding filament theory, or cross-bridge theory, of muscular

contraction (Gordon et al. 1966; Huxley 1957, 1974). A nice history of the events

that led to the sliding filament theory was published by Huxley himself (Huxley

1978). ATP hydrolysis is integrated in the theory as the chemical reaction yielding,

through the cross-bridge cycle, the energy allowing the shortening of the sarcomere

during contraction. For details on the mechanisms of muscle contraction, a reader

can refer to several fine reviews (Goldman 1987; Gordon et al. 2000; Huxley 2000).
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Oxidative and Anaerobic Metabolism

The question of what could be the fuel supporting the combustion process that

generates mechanical energy for locomotion and movement started to receive an

answer after the chemical experiments on aliments of the first half of the nineteenth

century, when carbohydrates and fatty acids were identified by Justus von Liebig

(1803–1873) and Michel Eugène Chevreul (1786–1889). The evolution of chemical

knowledge afterwards progressively led to the definition of the main biochemical

pathways of intermediate metabolism, and particularly glycolysis [by Otto Fritz

Meyerhof (1884–1951), Nobel Prize winner for Physiology or Medicine in 1922]

(Meyerhof 1921, 1924), the Krebs cycle [by Hans Krebs (1900–1981), Nobel Prize

winner for Physiology or Medicine in 1953, and Hans Kornberg] (Krebs and

Kornberg 1957), the beta oxidation of fatty acids and the oxidative phosphor-

ylation in the electron transport chain.

The definition of these fundamental pathways was not the result of a discovery

made by a genius. Meyerhof and Krebs made the final synthesis out of a process

lasting tenths of years and implying the work of several scientists from numerous

laboratories who defined the single steps and described the various chemical

components of each pathway. Concerning beta oxidation, this work of synthesis

was carried out mainly by Beinert (1963); for oxidative phosphorylation, we are

indebted mainly to Peter Mitchell, Nobel Prize winner for Physiology or Medicine

in 1978, and to David Keilin (Mitchell 1979). The ensemble of these pathways

constitutes the biochemical basis of what is nowadays known as oxidative

metabolism. Oxidative metabolism explains exhaustively the links between sub-

strates (fuel) and oxygen (oxidiser) and the tight coupling between oxygen con-

sumption and carbon dioxide production, since carbon dioxide is a major side

product of the combustion process. Those who are interested in the historical details

of this epopee can refer to various reviews on the subject (Ghisla 2004; Kornberg

2000; Krebs 1970; Mitchell 2004, 2011; Racker 1983).

Glycolysis was the first biochemical pathway of intermediate metabolism to be

fully described. The process of formation of lactate as a results of glycolysis,

through the reduction of pyruvate, which can be looked at as the end point of the

glycolytic pathway, was already inserted in a coherent picture by 1927, although

several details were still to be identified (Meyerhof and Lohmann 1927). Six years

later, the overall glycolytic pathway was elucidated (Embden et al. 1933). The

growing knowledge on glycolysis had a great impact on the early development of

exercise physiology and specifically of the energetics of muscular exercise. After

Fletcher and Hopkins (1907) demonstrated that lactic acid, an end product of

glycolysis, accumulates in contracting muscles, Archibald Vivian Hill (1886–

1977), who shared with Otto Meyerhof the 1922 Nobel Prize for Physiology or

Medicine, formulated in 1924 the first systematic theory of the energetics of

muscular contraction (Hill 1924). According to this theory, the main energy source

for muscle contraction is the oxidation of glycogen to lactic acid through glycolysis:

oxygen consumption intervenes at a later stage, during recovery, to ensure the
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complete oxidation of a fraction of the accumulated lactic acid, allowing for the

resynthesis of glycogen from the remainder of lactic acid. In this context, Hill

created the term oxygen debt to define the volume of oxygen consumed to this aim.

When Hill formulated his theory of the energetics of muscular exercise, lactic

acid was well known since long. It was originally identified by Carl Wilhelm

Scheele (1742–1786), who isolated it from sour milk as impure brown syrup. It was

soon recognized as an important chemical component of living organisms. In 1808,

Jöns Jacob Berzelius (1779–1848) demonstrated that lactic acid is produced in

muscles during contraction. He also identified pyruvic acid in 1835. The structure

was established by Johannes Wislicenus (1835–1902) in 1873. The structure of the

enzyme catalysing the reduction of pyruvate to form lactate, then called lactate

dehydrogenase, was fully described in 1933 (Andersson 1933).

The reversible reduction of pyruvate into lactate was the chemical keystone of

Hill’s theory. The biochemical foundation of the theory implied glycogen oxidation

to pyruvate that, during muscle contraction, is converted into lactate. At the end of

exercise, pyruvate synthesis falls and the equilibrium of the reaction is inverted to

the oxidation of lactate—accumulated in excess—into pyruvate. Of this, part is

further oxidized by the Krebs cycle in order to generate the energy sustaining the

endergonic process of glycogen resynthesis.

Hill’s theory of the energetics of muscular exercise did not establish a clear

distinction between aerobic and anaerobic metabolism. Whereas the energy balance

during muscle contraction was seen as an essentially anaerobic process, centred on

lactate synthesis and accumulation, the energy balance during recovery was seen as

an aerobic process, for oxygen consumption was thought to be necessary to gly-

cogen resynthesis. The cycle was closed by the combination of the two processes.

Moreover, a crucial step was missing that related to the transformation of chemical

energy into mechanical work. The further evolution of biochemical knowledge

bridged this gap and undermined Hill’s theory. A new actor was entering the scene:

phosphate.

Already in 1922, Embden and Lawaczek observed that the concentration of

inorganic phosphate increases during muscle contraction, suggesting the hypothesis

that some phosphate-containing compound, called “phosphagen”, might play a key

role in the conversion of chemical energy into mechanical energy. Soon, the concept

of phosphagen was related to a new substance that had been identified in muscle:

phosphocreatine (Eggleton and Eggleton 1927). The fall of phosphocreatine con-

centration in muscle following contraction (Nachmanson 1928) was soon associated

with the increase in inorganic phosphate. Was phosphocreatine the phosphagen? The

observation by Lundsgaard (1930) that a muscle poisoned with mono-iodo-acetic

acid can contract without lactic acid accumulation seemed to give a positive answer to

this question, by excluding lactate as a necessary chemical intermediate of muscle

contraction. But this was not so. Kurt Lohmann (1898–1978), who in 1928 had

identified a new type of high-energy organic phosphate called adenosine-tri-phos-

phate (ATP) (Lohmann 1928), demonstrated in 1934 that this was the essential

energy provider for muscular contraction (Lohmann 1934). The demonstration of the
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ATP-ase activity of myosin (Engelhardt and Lyubimova 1939) provided a potential

direct mechanism for the conversion of chemical energy stored in ATP into

mechanical work.

Hill understood that the appearance of phosphagen, or more in general phos-

phates, on the scene could undermine his vision. He was a real scientist and

accepted the risk of refutation. In 1932, he wrote a marvellous review (Hill 1932),

in which, from a “loser” perspective, he announced a “revolution” in muscle

physiology and tried to defend his theory by integrating the new ideas in it—pretty

much as Necker, prime minister of King Louis XVI, tried to do at the onset of the

French revolution in 1789. This is a text that every physiologist should read to take

a lesson of humility and intellectual honesty. However, it was not phosphate that

killed Hill’s theory. Phosphate could in principle be accommodated in Hill’s theory

by considering it as the link between the chemical pathway and the contractile unit

in muscle fibres.

Refutation of Hill’s theory was provided by Rodolfo Margaria (1901–1983) and

David Bruce Dill (1891–1986) (see Fig. 1.2) on a totally different basis, before the

understanding of the role of ATP in muscular contraction. Hill’s theory predicted

that during recovery after exercise, if oxygen is consumed to remove the lactate

accumulated during muscle contractions, there must be parallelism between lactate

Fig. 1.2 Portrait of Rodolfo

Margaria (left) with David

Bruce Dill. They were co-

authors of the celebrated 1933

paper in which refutation of

Hill’s theory of the energetics

of muscular exercise was

provided. The paternity of the

idea was recognized to

Margaria by Dill himself
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disappearance from blood and oxygen consumption. Margaria et al. (1933), in a

classical paper that set basis for most of the subsequent developments in the field,

demonstrated that the kinetics of _V O2 during recovery after exercise differs from

that of lactate removal, the former being much faster than the latter (half time of

*40 s vs. *15 min, respectively), thus being acquitted from the charge of

responsibility in lactate removal. Moreover, the demonstration that during light

exercise there is an increase in _V O2 in the absence of lactate accumulation provided

the final dissociation of the two and led to the recognition of oxygen consumption

as a direct energy source for muscular exercise.

Margaria was the first to talk of different, yet concomitant metabolisms during

exercise, namely aerobic metabolism, sustaining light exercise for long periods of

time, and anaerobic metabolism, sustaining explosive exercise but for short

periods of time. He later corrected his view by including phosphagen and the

resynthesis of ATP from the Lohmann’s reaction in the picture and splitting the

concept of anaerobic metabolism in two: anaerobic lactic metabolism, implying

lactate accumulation in blood, and anaerobic alactic metabolism, centred on the

ATP resynthesis from phosphocreatine without lactate accumulation. The latter

accounts for explosive efforts of few seconds duration. In his view, each metabo-

lism was characterized by a maximal capacity—maximal amount of energy that it

can provide—and by a maximal power. Maximal oxygen consumption was

identified as the maximal power attained by aerobic metabolism. He defined the

maximal lactic power as the power yielding the maximal rate of blood lactate

accumulation (he said production, Margaria et al. 1964). This definition implied the

concept of an energy equivalent of blood lactate accumulation (Margaria et al.

1963). More generally speaking, Margaria was convinced, and rightly enough in

my opinion, that there must be a relationship of direct proportionality between the

variables characterizing each metabolism—steady state _V O2 for aerobic metabo-

lism, rate of increase in blood lactate concentration for anaerobic lactic metabolism,

rate of decrease in muscle phosphocreatine concentration for anaerobic alactic

metabolism—and the rate of energy delivery (metabolic power) of each metabo-

lism. The maximal powers and capacities and the corresponding energy equiva-

lents, as reported by di Prampero (1981), are shown in Table 1.2.

The subsequent complete description of the reaction chains involved in inter-

mediate metabolism—Krebs cycle and oxidative phosphorylation—the demon-

stration that in a contracting muscle phosphocreatine concentration decreases

Table 1.2 Maximal capacity (Emax), maximal power ( _Emax) and time (t) at _Emax for the three

energetic metabolisms, calculated for an ordinary human at 25 years of age

Emax (mmol kg−1) _Emax (μmol kg−1 s−1) t at _Emax (s)

Anaerobic alactic 1.65 − 0.022 _V O2
s 120 − 1.6 _V O2

s 7.5

Anaerobic lactic 2.5 56 44

Aerobic 126 t − 0.132 t2 37 56,400 – 1200 _V O2
s

_V O2
s is the steady-state oxygen uptake. Modified after di Prampero (1981)
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proportionally to the increase in _V O2, the analysis of blood lactate accumulation in

supramaximal exercise, defined as an exercise requiring a _V O2 higher than the

maximum, the creation of the concept of oxygen deficit and the energetic analysis

of rest-to-exercise transients, have led to the formulation of a general theory of the

energetics of muscular exercise, which we mostly owe to the physiological school

that Rodolfo Margaria established in Milano after World War II. This theory was

shaped in a fundamental paper published in 1968 (di Prampero and Margaria 1968)

and received its systematic representation in a celebrated critical review by di

Prampero (1981) a few years later. Although with some refinements, and with the

addition of some further bricks—think for instance of the concepts of maximal

instantaneous muscular power and of multifactorial _V O2max limitation of maximal

oxygen consumption— the general theory of the energetics of muscular exercise

still represents the essence of the contemporary conception of exercise physiology.

It definitely is the keystone sustaining the development of thinking in this book.

The Respiratory System

Providing oxygen to sustain oxidative metabolism is nonetheless an enormous

problem due to body size, since oxygen must be taken from ambient air to be

utilized in cell mitochondria. Moving oxygen from ambient air to mitochondria

requires a complex, huge, finely tuned oxygen transfer system (Weibel 1984). This

is called the respiratory system, which includes several components in series. The

first component consists of the lung–thorax apparatus, which is responsible for the

transfer of oxygen from ambient to the lung alveoli, where it can diffuse to lung

capillaries to join arterial blood. The second component includes the heart and the

circulation of blood, which is responsible for oxygen transfer from lung capillaries

to peripheral capillaries (at exercise, mostly muscle capillaries). The third is very

vast, consisting of the entire network of body cells, within which oxygen diffuses

from peripheral capillaries to mitochondria: at exercise, since blood is destined

essentially to working muscles, predominant becomes the diffusion of oxygen

across muscle fibres. This holistic vision of the respiratory system gave rise to a

number of quantitative analyses that are resumed in the algebraic concept of oxygen

cascade, created on the analogy with the electric resistance model. The oxygen

cascade (Fig. 1.3) relies on the concept that oxygen flow (the analogous of current)

occurs sustained by a pressure gradient (potential) against several resistances in

series. We owe the first exhaustive algebraic formulation of the oxygen cascade

concept (oxygen conductance equation) to Shephard (1969). The same respiratory

system sustains also the transfer of carbon dioxide produced by the oxidative

metabolism, flowing however in the opposite sense with respect to oxygen. But this

is not all. The respiratory system must sustain and ensure adequate oxygen delivery

to working muscles at all submaximal powers, since oxygen consumption during

exercise is directly proportional to mechanical power. Finally, the activity of the
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respiratory system must be coupled with that of fuel flow, to converge to the end

point of oxidative metabolism, namely the synthesis of ATP in the electron

transport chain.

The holistic vision of the respiratory system is widely accepted nowadays, to be

even integrated in the scopes of a major scientific journal in the field (Respiration

Physiology and Neurobiology). Yet this is a relative novel approach. For centuries,

respiration was considered to be the function of the lungs, blood convection the

function of the heart and of the circulatory system, and muscle contraction and

oxygen consumption the function, at least at exercise, of muscles. Historically, each

of these systems was taken as an autonomous system, whose function was inde-

pendent from, though, for homoeostatic reasons, somehow connected with, that of

the other systems.

Fig. 1.3 A sketch of the oxygen cascade from ambient air to cells. The assumption is that oxygen

flows from ambient air to the mitochondria driven by oxygen pressure gradients against in series

resistances. The following partial pressures for oxygen are indicated, from proximal to distal:

inspired air (PIO2), alveolar air (PAO2), arterial blood (PaO2), venous blood (P�vO2), tissue

cytoplasm (PtO2) and mitochondria (PmO2). The corresponding conductances are the ventilatory

(GV), lung (GL), cardiovascular (GQ), tissue (Gt) and mitochondrial (Gm) conductance. Of these,

only GV and GQ are identified by measurable physiological variables, whereas GL, Gt and Gm are

made proportional to a lumped variable. _VA, aleveolar ventilation; βg, oxygen transport coefficient

in air; _Q, cardiac output; βb, oxygen transport coefficient in blood; DL, lung diffusing capacity; Dt,

tissue diffusing capacity; and Vm, mitochondrial volume. From Taylor and Weibel (1981)
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Going through the history of respiration in detail is impossible in this book.

Several excellent texts on this subject are available in the literature, think for

instance of the magnificent historical chapter of the first edition of the Handbook of

Physiology (Perkins 1964). What counts here is to stress how, at a given time, focus

was moved from an organistic vision to a holistic vision of the respiratory system.

This epochal change occurred approximately around World War II, and I think it is

essentially a consequence of the deep evolution of knowledge in respiration that

took place in those times, especially in the field of gas exchange. The construction

of the body of knowledge that set the fundaments of all subsequent developments in

gas exchange physiology led to the algebraic definition of the three-compartment

model of gas exchange (Riley and Cournand 1949) and to the analytical con-

struction of the O2-CO2 diagram (Rahn and Fenn 1955). The missing rings in this

chain were the quantitative analysis of the diffusion–perfusion interaction at alve-

olar and peripheral levels. These rings were forged in Göttingen some 30 years

later, when the diffusion–perfusion interaction equations were developed (Piiper

and Scheid 1981; Piiper et al. 1984).

These concepts contain a well-defined notion of the oxygen cascade principle, to

which they gave full physiological meaning. Its first formulation, however, well

preceded those studies, for it can be traced back to Paul Bert (1833–1883) and

Claude Bernard (1813–1878) and to the definition of homoeostasis by the latter (Bert

1870; Bernard 1879). Yet their pioneering vision was concealed by the predominant

organistic approach to physiological research. This approach was so strongly rooted

that, despite the epochal developments in gas exchange physiology prompted in the

USA under the pressure of the war effort, it is still present under several respects in

contemporary physiological research. This is another example of what Andrew

Huxley called “negative progress” in scientific knowledge (Huxley 1978).

A corollary of the above developments was the redefinition of the steady-state

concept, according to which the flow of oxygen along the entire pathway from

ambient air to peripheral cells is at steady state if and only if this flow is (i) invariant

in time and (ii) equal at each point along the pathway. The same is the case for

carbon dioxide flow, on the opposite direction. The mirror concept is that of

unsteady state, which refers to all situations in which the two points above are not

fulfilled. As a consequence, there occurred a split of the respiratory quotient con-

cept in two: (i) the metabolic respiratory quotient (RQM) that refers to the ratio of

CO2 production to O2 consumption in cellular intermediate metabolism, whose

value depends on the substrate mixture that is being oxidized; and (ii) the gas

exchange ratio (RQL) that concerns the ratio of CO2 output ( _V CO2) to O2 uptake

( _V O2) in the lungs. At steady state, the respiratory quotient is the same along the

entire oxygen pathway, so that RQM and RQL must coincide. In unsteady states,

however, RQM and RQL must be dissociated, taking different values due to the

mobilization of body CO2 stores. The novelty here is the term “must”, since it

implies the logical necessity of a theoretical analysis. Of course, the respiratory

quotient was measured from respiratory gas flows also before this definition of

steady state, but the relation of a respiratory quotient measured at the mouth to the
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fractional utilization of substrates in oxidative metabolism in the cells was assumed

on a practical basis, and it was not a necessary consequence of a systematic theory

or respiration including the concepts of unsteady states.

The steady-state concept was nevertheless challenged in recent times during

intense exercise, after the introduction of two other pertinent concept, which I will

try to integrate in the general theory, namely that of critical power (Monod and

Scherrer 1965) and of slow component (Poole et al. 1994).

Maximal Oxygen Consumption

Another pillar in the construction of exercise physiology was the creation of the

concept of maximal oxygen consumption ( _V O2max), which is exemplified in

Fig. 1.4. It was obvious that the increase in oxygen consumption with power could

not proceed indefinitely. Yet the concept of _V O2max was created, when it was

observed that the linear relationship between oxygen consumption and mechanical

power attains a plateau which cannot be overcome (Verzar 1912; Hill and Lupton

1923; Herbst 1928). This concept set an upper limit to the power developed by

oxidative metabolism. Such a limit must be imposed somewhere along the oxygen

pathway. The quest for the factor that limits _V O2max has not ceased ever since. At

first, also under the pressure of the organistic vision, physiologists focused on the

search of the single factor limiting _V O2max. An impressive body of knowledge led to

Fig. 1.4 Classical graphical representation of the relationship between oxygen uptake at steady

state ( _V O2) and mechanical power on the cycle ergometer ( _w) up to the maximal oxygen

consumption ( _V O2max). The attainment of _V O2max is demonstrated by the plateau in the

relationship above a given power. Expressing _V O2 in W, the slope of the line (D _V O2=D _w) is equal

to the reciprocal of the mechanical efficiency of exercise. Modified from di Prampero (1985b)
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the conclusion that _V O2max is limited by the cardiovascular system (Åstrand 1952;

Ekblom 1969; Saltin 1973; Scheuer and Tipton 1977), a concept—surprisingly

enough—still heavily hinged in most recent physiological thinking (Levine 2008).

In contrast with this, on the basis of apparently contradictory evidence with the

above principles, obtained especially in altitude studies or in studies on exercise

with small muscle masses, other authors concluded that muscle oxidative capacity,

rather than cardiovascular oxygen transport, limits _V O2max (Cerretelli 1980; Saltin

1977). The search for the factor that limits _V O2max in humans had brought to such a

diversity in viewpoints, that a long-lasting, stirred and essentially unresolved debate

developed for several decades, so that still in 1992, Saltin and Strange could state

that no consensus exists on what limits the _V O2max.

Nevertheless, under the positive pressure of the holistic view of the respiratory

system, something slowly changed in the perception of _V O2max limitation.

Prompted by the holistic definition of steady state, and by the creation of the oxygen

conductance equation and of the diffusion–perfusion interaction equations, new

multifactorial models of _V O2max limitation were developed. The starting axiom was

that several factors acting at different levels along the respiratory system, each

providing a measurable fraction of the overall limitation, could limit _V O2max, rather

than a single factor, generally corresponding to an organ—system (the lung, the

heart the blood circulation and the muscles). The track along this way was traced by

Taylor and Weibel (1981) in a context of comparative physiology. Shortly after-

wards, they were followed by di Prampero (1985a), who formulated the first

algebraic version of a multifactorial model. Then came Wagner (1992), who

proposed an apparently alternative approach to a multifactorial model, played on the

interaction between perfusion and diffusion. These models represent the basis for the

discussion of _V O2max limitation in this book (see Chap. 4).

The Oxygen Equilibrium Curve

The multifactorial models of _V O2max limitation include some characteristics of the

oxygen equilibrium curve, which provides a quantitative description of oxygen

binding to haemoglobin with respect to dissolved oxygen, expressed in terms of

partial pressure. Bert (1878) was the first to construct a plot with blood oxygen

concentration on the y-axis against air oxygen partial pressure on the x-axis,

demonstrating how the former decreased as a function of the latter (Fig. 1.5). The

most surprising aspect of Bert’s graph was that the oxygen decrease in blood was

not proportional to the oxygen drop in air, since that decrease was steep at low

partial pressures, almost flat at high partial pressures. Some 10 years earlier, Felix

Hoppe-Seyler (1825–1895) had purified the blood pigment, that he called

haemoglobin, and had demonstrated that it could bind oxygen. The link between

haemoglobin and Bert’s plot was established in 1885 by Christian Bohr (1855–

1911), who exposed 4 % solutions of haemoglobin to varying partial pressures of
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oxygen, and obtained for the first time what we now call the oxygen dissociation

curve for haemoglobin or oxygen equilibrium curve, to which he gave at first a

hyperbolic solution (Bohr 1885). It was again Bohr who, in 1903, after the per-

fection of blood pumps, demonstrated the sigmoid shape of the oxygen dissociation

curve of haemoglobin for whole blood, which resembled the primitive curve of Bert

(Bohr 1903).

The question of the meaning of the sigmoid shape of the oxygen dissociation

curve was obviously put forward as a consequence. This question, in those times,

was less experimental than theoretical. In 1910, before the molecular structure and

the number of iron atoms of haemoglobin were known, Hill (1910) proposed that

the oxygen equilibrium curve could reflect the equilibrium of a chemical reaction

between haemoglobin and oxygen of the following form:

Hb þ nO2 $ Hb O2ð Þn ð1:3Þ

where n is the stoichiometric ratio of the reaction, for which Hill conjectured n > 1.

This led to the formulation of what is now called Hill’s model of the oxygen

equilibrium curve. The genial aspect of Hill’s conjecture was that constant n would

Fig. 1.5 Reproduction of the first oxygen dissociation curve of haemoglobin that Paul Bert

published in his book entitled La Pression Barométrique. In this representation, blood oxygen

concentration is on the y-axis and air oxygen partial pressure is on the x-axis. Reproduced from

Astrup and Severinghaus (1986)
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correspond to the number of oxygen molecules that one molecule of haemoglobin

can bind. Hill obtained n = 1 for myoglobin and n = 2.8 for haemoglobin, and he

took these values as the stoichiometric ratios for either pigment. The identification

of the quaternary structure of haemoglobin by Max Perutz (1914–2002) led to the

refutation of Hill’s conjecture and to the experimental demonstration that n = 4

instead of 2.8, despite simultaneous confirmation of n = 1 for myoglobin (Perutz

1970). This value means that each oxygen molecule is bound to myoglobin inde-

pendent from the others, whereas the former value indicates that haemoglobin binds

oxygen in cooperative manner. The impact on the theory of _V O2max limitation is

related to the effect that cooperativity has on the resistance to oxygen flow by the

cardiovascular system. An interested reader can find a nice detailed account of the

history of the oxygen equilibrium curve elsewhere (Astrup and Severinghaus 1986).

Exercise Transients

The classical paper by Margaria et al. (1933) introduced also the concept that an

oxygen deficit (they actually called it oxygen debt) is contracted at the onset of

exercise, before the attainment of a _V O2 steady state, and is paid (with interests, as

Margaria put it) during recovery after exercise. The contraction of the oxygen

deficit justified the delay between exercise start and attainment of the _V O2 steady

state (some 3 min, according to Margaria) and led to the first attempts at investi-

gating the kinetics of _V O2 at the start of square wave exercise (Henry 1951; Henry

and de Moor 1956; Margaria et al. 1965). Behind these investigations, there were

two implicit axiomatic statements, derived from the original paper of Margaria et al.

(1933), namely that (i) increasing _V O2 from resting level to steady-state exercise

level is tantamount to charging a capacitance, and (ii) the energy that aerobic

metabolism is unable to provide during the rest–exercise transition must come from

some other energy source. As a consequence, the kinetics of net (i.e. above resting)
_V O2 during a rest-to-exercise transition could be described by a single exponential

equation of the following form:

_V O2
s � _V O2

t ¼ _V O2
s � e�kt ð1:4Þ

where superscripts s indicates the steady-state value above resting, t is time and

k the velocity constant. The solution for _V O2
t of Eq. (1.4) is as follows:

_V O2
t ¼ _V O2

sð1� e�ktÞ ð1:4aÞ
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In this context, the oxygen deficit (O2def) is equal to the time integral of Eq. (1.4)

with respect to time:

O2def ¼

Z1

0

_V O2
s � e�kt dt ¼ _V O2

s � k�1 ð1:5Þ

The value of O2def yields the amount of energy, expressed in oxygen equiva-

lents, that during a rest-to-exercise transient is generated from sources other than

aerobic metabolism. The subsequent energetic analysis of O2def, in compliance with

the theory exposed by di Prampero and Margaria (1968), led to the conclusion that

most—if not all, at light exercise—of the energy constituting the O2def was

delivered by anaerobic alactic energy sources (di Prampero 1981). However, at least

at powers higher than the so-called lactate threshold, a further component of the

O2def was identified, related to anaerobic lactic metabolism: this generated the

concept of early lactate, which identifies the lactate accumulated in blood during

an exercise transient (Cerretelli et al. 1979).

The energetic interpretation of the O2def was challenged by the British school of

exercise physiology, led by Brian Whipp (1937–2011). The technical developments

in single breath _V O2 analysis allowed the identification in the earliest phase of

exercise of a rapid component of the _V O2 response (Wasserman et al. 1974). This

rapid component was associated with a rapid increase in cardiac output as exercise

started (Weissman et al. 1982), eventually, I add, as a consequence of the equally

rapid increase in heart rate following suppression of resting vagal stimulation of

heart rhythm (Fagraeus and Linnarsson 1976). These results, in the view of the

British school, restricted the energetic interpretation of the O2def to what they called

the phase II response, or primary component of the _V O2 kinetics, whereas the rapid

component, which they called phase I, was unrelated to energetic mechanisms. For

the first time, a concrete challenge to the general theory of the energetics of

muscular exercise was launched. A stirred debate followed, not fully composed yet,

nonetheless very useful to stimulate new theoretical thinking. As often is the case in

science, the subsequent formulation of the double capacitance model of gas

exchange kinetics in exercise transients (Barstow and Molé 1987) was at the origin
of further developments and of an attempt at including the “cardiodynamic”

hypothesis of Brian Whipp in the general theory of the energetics of muscular

exercise. But this concerns contemporary times more than history.

The Perspective of This Book

The review article by di Prampero (1981) was the last attempt at giving a sys-

tematic, coherent and comprehensive representation of the energetics of muscular

exercise, centred on the general theory developed by the school of Margaria. Many
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review articles were published ever since on specific subjects such as _V O2max

(see e.g. Ferretti 2014; Levine 2008; Saltin and Strange 1992; Taylor 1987; Wagner

1996), the exercise transients (Grassi 2000; Jones and Poole 2005; Whipp and Ward

1990), the effects of training (Fluck 2006; Maughan et al. 1997), anaerobic

metabolisms (di Prampero and Ferretti 1999), the energetics of human locomotion

(di Prampero 2000; Zamparo et al. 2011) or the cardiovascular responses to exercise

(Fadel 2008; Joyner 2006; Laughlin 1999; Rowell and O’Leary 1990). New aspects

were investigated, such as the effects of extreme environments or of ageing. Further

theoretical advances took place in several domains, consider, e.g. the multifactorial

models of _V O2max limitation or the double capacitance model of pulmonary gas

exchange kinetics at exercise onset. A better understanding of the cardiovascular

responses to exercise was made possible by the obtention of beat-by-beat record-

ings of arterial blood pressure and cardiac output. New concepts were created, such

as that of phase III or slow component of the _V O2 response to exercise (Gaesser

and Poole 1996) or of oxygen flow in mixed venous blood (Ferretti et al. 1992). The

technical developments in single fibre muscle physiology, and in molecular

biology, led to deeply investigate the molecular functional characteristics of muscle

diversity (Bottinelli 2001; Cerretelli and Gelfi 2011; Schiaffino and Reggiani 2011).

More than 30 years have not elapsed in vain.

In spite of this, the only systematic analysis of exercise physiology, apart from

the new editions of the classical summa of exercise physiology, the Åstrand-Rodahl
textbook, the last version of which was published 12 years ago (Åstrand et al.

2003), was carried out by the American Physiological Society with the 1997

volume of the Handbook of Physiology. That was the classical analytical report of

empirical knowledge, an impressive, very exhaustive compilation of excellent data.

Analysis, not synthesis, was its leading principle. Several important scientists wrote

meritorious chapters on single subjects, sometimes with clear expression of

established ideas, but without the unifying vision characterizing the 1981 review by

di Prampero. Paolo Cerretelli’s textbook of exercise physiology (unfortunately

unpublished in English) had the great merit, to my eyes, of being more compact

around a coherent vision emanating from the school of Margaria, which he is

another eminent figure of (Cerretelli 2001). However, that vision was in part diluted

in a wider context related to the unavoidable need of completeness that accom-

panies the writing of a textbook. Cerretelli’s task was different, he had to fulfil

another aim.

This book has the ambition of bridging the temporal gap between the appearance

of di Prampero’s review, a never-ending stimulus to thinking for any exercise

physiologist, and current times. It is an attempt at providing a critical answer to the

following question: How did the general theory of the energetics of muscular

exercise resist 30 years of further developments? What could be accommodated into

it, what was a challenge to it? Under which respects was it consolidated, and under

which respects was it falsified, by the continuously growing knowledge in the field?

Answering these questions is a complex, perhaps somewhat presumptuous task,
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which requires revisiting the concepts discussed by di Prampero in 1981 in the

perspective of nowadays knowledge, and introducing and discussing some new

concepts, which had been meanwhile created, in the context of the general theory.

I will let a reader judge whether the answers that I have provided are convincing or

not, and thus, whether I fulfilled my task or not.

Such a strongly focused approach implies a cultural bias, which I apologise for,

for it is the main source of incompleteness of this book: some readers may indeed

take this as a limit. In fact, for the epideictic reasons expressed above, this book

could not become a comprehensive textbook of exercise physiology. It rather is a

representation, in the light of today’s knowledge, of the energetics of muscular

exercise, guided by the cultural imprinting of the school I come from, which was

instilled by and cultivated through the never-ending interaction with my masters,

especially Paolo Cerretelli and Pietro Enrico di Prampero. I derived from these

interactions the deep conviction that the mechanisms governing the energetics of

muscular exercise act under the constraint of the physical world, compatibly with

the laws of energy transformation, as dictated by the first principle of thermody-

namics. This can be taken as the axiomatic statement at the basis of the general

theory of the energetics of muscular exercise and thus at the basis of this book.

Exercise is a matter of work and power, and whenever work is done, energy must

be transformed and eventually introduced in the system from outside. Chemical

energy transformation can well be described in the physiological terms of rate of

oxygen consumption, rate of lactate accumulation or rate of phosphocreatine

splitting, yet at one condition, that these rates correspond precisely to energy flow

rates through proportionality constants of known values. Whether this occurs at

steady state or in dynamic conditions, at cellular or at whole body level, whenever

we generate work, we consume chemical energy with a given mechanical effi-

ciency, and the functioning of the underlying machinery cannot escape the quan-

titative constraints that this imposes.

I am aware that such a starting point, with such a strong declaration of parti-

sanry, may generate allegations of dogmatism. Although I understand them, I reject

these allegations with force, for this does not mean to express an ideological vision

of science. Science is a combination of theory and experiment, where the latter

prevails on the former as long as it is the experimental result that leads to reject a

theory (the slaying of a beautiful hypothesis by an ugly fact). I recognize great

value to all schools that have produced original theoretical thinking and generated

after it remarkable experimental work. Their work is acknowledged, criticized and

inserted in the perspective of this book, as is the work emanating from the school of

Margaria. This work is more frequently referred to, not only because it represents

my personal background, but mostly because it is more closely related to the

general theory of the energetics of muscular exercise. Theoretical analysis and

experimental work must be inserted in a perspective: I cannot conceal that the

general theory is the comet driving this book and that the aforementioned bias is a

consequence of it. This is a book on a thesis, not a general treaty.
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Chapter 2

Aerobic Metabolism and the Steady-State

Concept

Abstract This chapter contains an analysis of the steady-state concept, as it is

applied during light exercise. In this case, oxygen consumption increases upon

exercise onset to attain a steady level, which can be maintained for a long period of

time. The steady-state oxygen consumption is proportional to the exerted

mechanical power. Under these circumstances, there is neither accumulation of

lactate in blood nor changes in muscle phosphocreatine concentration: aerobic

metabolism sustains the entire energy requirement of the exercising body. Once the

steady state has been attained, the flow of oxygen is the same at all levels along the

respiratory system. The quantitative relations determining the flow of oxygen across

the alveoli and in blood are discussed. Special attention is given to the effects of

ventilation—perfusion inequality and to the diffusion—perfusion interaction

equations. The cardiovascular responses at exercise steady state are analysed in the

context of the equilibrium between systemic oxygen delivery and systemic oxygen

return. The relationship between oxygen consumption and power is discussed,

along with the distinction between external and internal work during cycling. The

concepts of mechanical efficiency of exercise and energy cost of locomotion are

analysed. Concerning the latter, the distinction between aerodynamic work and

frictional work is introduced. The roles of the cross-sectional surface area on the

frontal plane and of air density in aerodynamic work are discussed. To end with, an

equation linking ventilation, circulation and metabolism at exercise in a tight

manner is developed, around the notion that the homeostasis of the respiratory

system at exercise is maintained around given values of the constant oxygen return.

This equation tells that, as long as we are during steady-state exercise in normoxia,

any increase in the exercise metabolic rate requires an increase in ventilation that is

proportional to that in oxygen consumption only if the pulmonary respiratory

quotient stays invariant does not change, and an increase in cardiac output that is

not proportional to the corresponding increase in oxygen consumption. At intense

exercise, when lactate accumulation also occurs and hyperventilation superimposes,

a new steady state would be attained only at PACO2 values lower than 40 mmHg:

the homeostasis of the respiratory system would be modified. This new steady state,

however, is never attained in fact, for reasons that are discussed in Chap. 3.
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Introduction

The general theory of the energetics of muscular exercise looks at muscle as a

biological engine, in which chemical energy—or metabolic energy—is transformed

in mechanical work and heat. The ultimate step of this energy transformation is

provided by ATP hydrolysis in the cross-bridge cycle. The low ATP concentration

in muscle (on average 5 mmol per kg of wet muscle) requires continuous ATP

resynthesis, which we owe to the ensemble of reactions comprised in the concept of

intermediate metabolism. The detailed description of these reactions can be found

in biochemistry textbooks, and the historical developments that led to them are

summarized in Chap. 1. The general theory summarizes these reactions in three

basic physiological concepts: aerobic metabolism, anaerobic lactic metabolism and

anaerobic alactic metabolism. Aerobic metabolism includes the oxidation of gly-

cogen and fatty acids to pyruvate and acetate, respectively, and their introduction

into the Krebs cycle which feeds oxidative phosphorylation. It uses oxygen as

oxidizer and has carbon dioxide as end product. Anaerobic lactic metabolism

concerns the degradation of glycogen to pyruvate, with subsequent transformation

in lactate. It occurs when the rate of energy transformation in the glycolytic path-

way exceeds that of further oxidation of pyruvate in the Krebs cycle. Anaerobic

alactic metabolism consists of the Lohmann’s reaction. A qualitative representa-

tion of these concepts is shown in Fig. 2.1. A practical consequence of this picture

of metabolism is that the rate at which metabolic energy is transformed by aerobic

metabolism can be determined by a simple measure of oxygen consumption ð _V O2Þ.

Similarly, the rate of lactate accumulation in blood (La
:
) is a measure of the rate of

anaerobic lactic metabolism, and the rate at which phosphocreatine concentration

varies in muscle (PC
:
) defines the rate of anaerobic alactic metabolism.
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The quantitative representation of the same concepts takes the following alge-

braic form:

_E / ATP
: ��

¼ ATP
:��!
¼ c _V O2 þ b La

:
þ a PC

:
ð2:1Þ

where ATP
: ��

andATP
:��!

are the rates of ATP hydrolysis and resynthesis, respectively.

Equation (2.1) can be defined as the general equation of the energetics of muscular

exercise. In this equation, _E is the overall rate of metabolic energy liberation,

whereas the three constants a, b and c are proportionality constants indicating the

moles of ATP resynthesized, respectively, by a mole of phosphocreatine hydrolysed,

a mole of lactate accumulated, and a mole of oxygen consumed. The Lohmann’s

reaction tells that a is equal to 1; c (otherwise P/O2 ratio) takes a mean value of 6.17

for glycogen oxidation into glycolysis. For constant b, the situation is a bit more

complex than this (di Prampero 1981; di Prampero and Ferretti 1999) and will be

discussed in Chap. 6.

In humans at rest and during light exercise, _V O2 attains a steady level which can

be maintained for a long period of time. Under these steady-state conditions, there

is neither accumulation of lactate in blood nor changes in muscle phosphocreatine

concentration. Thus, Eq. (2.1) reduces to the following:

_E / ATP
: ��

¼ ATP
:��!
¼ c _V O2 ð2:2Þ

Equation (2.2) indicates that all energy-sustaining body functions at rest plus the

mechanical work of exercise derives from aerobic energy sources. This represents a

particularly favourable condition for exercise physiologists, because a simple

measure of _V O2 at the mouth informs on the overall metabolic power, which

remains invariant in time.

In this chapter, I will discuss the steady-state concept and describe the quanti-

tative relationships that characterize it. Making use of the steady-state concept,

Glycogen

Fatty acids

Lactate

Glycogen

Muscle

contraction

(W+ )

Fig. 2.1 Schematic representation of the energetics of muscular exercise. ATP hydrolysis liberates

the free energy (DG) that contractile proteins use to generate work (W) and heat (Θ). ATP

resynthesis takes place through the indicated pathways. ADP adenosine di-phosphate; Pi inorganic

phosphate; PC phosphocreatine; Cr creatine. Modified after di Prampero (1985)
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I will then introduce the concepts of energy cost of locomotion and of mechanical

efficiency of exercise. Finally, I will present and discuss the cardiopulmonary

responses to exercise at steady state, and I will propose a synthesis of the inter-

related phenomena along the respiratory system by which a steady _V O2 is main-

tained throughout the exercise.

The Steady-State Concept

The steady-state concept was clearly defined for the first time by Bock et al. (1928).

According to them, a steady state implies an invariant _V O2, a steady rate of

elimination of carbon dioxide ð _V CO2Þ produced by metabolism only, steady heart

rate (fh) and an essentially stable internal environment. If this is so, then (i) the _V O2

measured at the mouth corresponds to the rate of oxygen consumption by the

mitochondria; (ii) both _V O2 and _V CO2 are characterized by equal values at any

level along the respiratory system; (iii) as a consequence, the respiratory quotient

determined at the lungs (RQL)—or gas exchange ratio, defined as the ratio between
_V CO2 and _V O2—is equal at any level along the respiratory system, so that it

corresponds exactly to the metabolic respiratory quotient (RQM), that is, the ratio

between the moles of carbon dioxide produced and the moles of oxygen consumed

in the cellular aerobic energy transformation processes. Starting from these bases,

taken as axioms, several developments in the analysis of the quantitative rela-

tionships describing gas flows in the respiratory system at rest and exercise were

pursued.

Before entering into these details, however, it is necessary to point out that the

steady-state concept is a mental creation of some bright physiologists, which rep-

resents an oversimplification of what actually occurs in a living organism. In fact,

even at steady state, the respiratory system is characterized by oxygen flow dis-

continuities, heterogeneities and spontaneous variations, depending on the macro-

scopic and microscopic organization of the system itself. From the macroscopic

viewpoint, note that ventilation occurs in a dead-end pathway, so that inhalation

and exhalation occur necessarily in alternate manner. Moreover, the heart alternates

systoles and diastoles, with associated opening and closing of heart valves. Both

mechanisms are sources of discontinuities, the former in air, the latter in blood flow,

both in oxygen flow. Moreover, there is a spontaneous variability of respiratory and

cardiac rhythms, related to mechanical and neural control mechanisms (Cottin et al.

2008; Perini and Veicsteinas 2003). This being the case, the _V O2 at steady state is

not a continuous invariant flow: it rather corresponds to an invariant integral mean

of a flow that is highly variable in time, at several levels even discontinuous.

From the microscopic viewpoint, blood flow is pulsatile in lung capillaries,

because of their heterogeneous recruitment, and of interferences from the rhythmic

activity of the heart and the lungs (Baumgartner et al. 2003; Clark et al. 2011;

Tanabe et al. 1998). This heterogeneity may be reduced during exercise due to
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simultaneous recruitment of a larger number of lung capillaries. Similar heteroge-

neities have been demonstrated also in contracting skeletal muscles, both in space

and in time (Armstrong et al. 1987; Ellis et al. 1994; Heinonen et al. 2007; Marconi

et al. 1988; Piiper et al. 1985). Heterogeneous muscle blood flow was reported also

in non-contracting muscles of exercising humans (Heinonen et al. 2012). Con-

tracting muscle fibres are likely unperfused, because they generate pressure, which

compresses and closes muscle capillaries from outside. If this is so, perfusion

occurs only in relaxing muscle fibres, so that muscle fibre oxygenation takes place

during relaxation, not during contraction. In this case, the alternate recruitment of

neighbouring motor units becomes a functional necessity, the inevitable conse-

quence of which is heterogeneity of muscle blood flow distribution during muscular

work.

Quantitative Relationships at Steady State

The first relationships to be established in time concern the net amount of gas

exchanged in the lungs and in blood, calculated as difference between a flow in and

a flow out for the gas at stake. Concerning blood, this gave origin to what is

nowadays called the Fick principle, whose algebraic expression is as follows (Fick

1870):

_V O2 ¼ _QCaO2 � _QC�vO2 ¼ _Q ðCaO2 � C�vO2Þ ð2:3Þ

where _Q is total blood flow—or more commonly cardiac output—and CaO2 and

C�vO2 are the oxygen concentrations in arterial and mixed venous blood, respec-

tively. This expression in fact defines the amount of oxygen that leaves the blood in

peripheral capillaries to be consumed in cells in a unit of time. By analogy, Geppert

and Zuntz (1888) defined _V O2 as the difference between inspired and expired

oxygen flows, as follows:

_V O2 ¼ _VI FIO2 � _VE FEO2 ð2:4Þ

where _VI is the total inspired air flow—or more commonly inspiratory ventilation;
_VE is the total expired air flow—or more commonly expiratory ventilation; and

FIO2 and FEO2 are the oxygen fractions in inspired and expired air, respectively.

By definition, at steady state, Eqs. (2.3) and (2.4) have equal solutions.

Similar equations can be written to define _V CO2, by replacing its concentrations

in blood—or its fractions in air—for the corresponding concentrations or fractions

of oxygen. It is noteworthy, however, that the carbon dioxide concentration is

higher in alveolar than in inspired air, and in mixed venous than in arterial blood, so

that _V CO2 turns out negative. This being so, we have in blood:

The Steady-State Concept 33



_V CO2 ¼ _QCaCO2 � _QC�vCO2 ¼ _Q ðCaCO2 � C�vCO2Þ ð2:5Þ

where CaCO2 and C�vCO2 are the carbon dioxide concentrations, respectively, in

arterial and mixed venous blood. It is of note that, in spite of its negative values, it

soon became customary to express _V CO2 as absolute value, making abstraction of

the sign.

Considering alveolar air, since in respiration physiology the carbon dioxide

fraction in inspired air is considered nil, _V CO2 computation turns out simplified, as

follows:

_V CO2 ¼ � _VE FECO2 ¼ � _VA FACO2 ¼ � _VA

PACO2

PB

ð2:6Þ

where _VA is alveolar ventilation, FACO2 and PACO2 are the fraction and partial

pressure, respectively, of carbon dioxide in alveolar air, and PB is the barometric

pressure. Equation (2.6) demonstrates that at any given PB and _V CO2; _VA is

inversely proportional to PACO2, whereas at any given PACO2, it is directly pro-

portional to _V CO2. The former relationship is reported in Fig. 2.2a. The latter

relationship, which appears in Fig. 2.2b, is stable on a precise PACO2 isopleth (that

for PACO2 ¼ 40mmHg) as long as a “true” steady state is maintained. This is so if

there is no accumulation of lactate in blood. On ordinary non-athletic individuals,

blood lactate accumulation starts having an impact on pH regulation at powers

corresponding to some two-thirds of the maximal aerobic power. Although the

exercise is still submaximal, above this power pH is not sufficiently buffered,

hyperventilation superimposes and the _VA versus _V CO2 relationship bends

upwards—higher _VA= _V CO2 ratio and lower PACO2: the steady-state condition is

broken. The origin of lactate in steady-state submaximal exercise is discussed in

Chap. 3. It is nonetheless noteworthy already at this stage that the buffering of lactic

acidosis in these circumstances has nothing to do with the concept, unfortunately

deeply rooted in sport science, of shifting from aerobic to anaerobic metabolism.

If we express Eq. (2.4) in terms of partial pressures of alveolar gases, and we

combine Eqs. (2.4) and (2.6) in the definition of RQL, we obtain

RQL ¼
�PACO2

ðPIO2 � PAO2Þ
ð2:7Þ

where PLO2 is the oxygen partial pressure in inspired air. The solution of Eq. (2.7)

for PAO2 and PACO2 is

PAO2 ¼ PIO2 �
PACO2

�RQL

ð2:8aÞ

PACO2 ¼ RQLðPAO2 � PIO2Þ ð2:8bÞ
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These equations are algebraic expressions of what is generally called the alveolar

air equation. Its graphical representation is theO2–CO2 diagram for alveolar gases

(Rahn and Fenn 1955, see Fig. 2.3a), wherein we plot PACO2 on the y-axis and PAO2

on the x-axis. Equation (2.8b) tells that there is a linear relationship between these two

variables, with negative slope equal to −RQL and x-axis intercept corresponding to

the inspired air composition, with PACO2¼ 0mmHg and PAO2 ¼ PIO2:A family of

isopleths for RQL, all converging on a given inspired air composition (e.g.

PIO2 ¼ 150mmHg at sea level), can be constructed. At steady state, the only pos-

sible combinations of PACO2 and PAO2 are those that lie on the RQL isopleth cor-

responding to the actual RQM. For any metabolic level below the critical power (see

Chap. 5), the _VA= _V CO2 ratio is about 20 and the PACO2 is about 40 mmHg, whereas

the steady-state PAO2 would vary depending on RQL. Of course, PIO2 decreases in

hypoxia and increases in hyperoxia, so that the inspired air point is accordingly

shifted leftwards and rightwards, respectively, and so is the entire family of RQL

isopleths converging on it. In spite of this, as long as the metabolic rate stays below

the critical power or the anaerobic threshold and there is no hyperventilation
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consequent to hypoxaemic stimulation of peripheral chemoreceptors, the _VA= _V CO2

ratio remains about 20, and the steady-state PACO2 remains equal to 40 mmHg.

Conversely, as hyperventilation appears, e.g., due to ventilatory response to hyp-

oxaemia, the _VA= _V CO2 ratio increases and, since it is inversely proportional to

PACO2; this decreases, moving downwards and rightwards along the corresponding

RQL isopleth, in the direction of the inspired air point. If at all PIO2 values we connect

all the points representing the steady-state alveolar air composition, we obtain a curve

like that reported in Fig. 2.3b, which is generally called the normal mean alveolar

air curve.
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Fig. 2.3 Panel a An O2–CO2 diagram for alveolar air on which six isopleths of pulmonary

respiratory quotient are indicated, all converging on the inspired air point corresponding to sea

level (barometric pressure of 760 mmHg, white dot). On each isopleth, the points corresponding to

alveolar air composition (black dots) and expired air composition (grey dots) are also shown.

Panel b An O2–CO2 diagram for alveolar air, on which eight parallel isopleths (thin lines),

corresponding to a pulmonary respiratory quotient of 1.0, are indicated, converging on different

inspired air points. The lower is the inspired partial pressure of oxygen, the more the isopleth is

displaced to the left. The corresponding alveolar air compositions are also shown (black dots) and

connected by the alveolar air curve (thick black curve)
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Equation (2.7) is a particular case in which nitrogen balance is nil, which is the

case only when RQL = −1. A resting human at steady state takes up 300 ml of

oxygen per minute and gives out 250 ml of carbon dioxide per minute, on average,

so that his RQL is equal to −0.83. This means that inspired ventilation, or the air

flow inside the alveoli, is higher than expired ventilation, because there is less

carbon dioxide that is added to alveolar air than oxygen that is subtracted. Since

pressure must equilibrate, this implies that inert gases, namely nitrogen, compensate

for pressure differences. Thus, when RQL ≠ −1, Eq. (2.7) becomes

RQL ¼
�PACO2

PIO2 �
PAN2

PIN2
� PAO2

� � ð2:9Þ

The two theoretical extremes for possible variations of RQL are represented by

RQL = 0 and RQL = −∞. The former is the case when _V CO2 is nil, the latter when
_V O2 is nil. In the former case, since there is no carbon dioxide addition to the alveoli,

PACO2 ¼ 0mmHg : the corresponding isopleth for RQL coincides with the x-axis. In

the latter case, we have carbon dioxide addition to the alveoli in the absence of

oxygen uptake: in this condition, there is a progressive dilution of oxygen and

nitrogen in carbon dioxide, which goes on until carbon dioxide becomes the only

alveolar gas. In this case, FACO2 ¼ 1 and PACO2 ¼ 713mmHg at sea level. As a

consequence, the corresponding isopleth for RQL does not coincide with the y-axis,

but connects the point on the x-axis corresponding to inspired air composition to the

point on the y-axis representing PACO2 ¼ 713mmHg:

The Effects of Ventilation—Perfusion Heterogeneity

Although the O2–CO2 diagram was established for alveolar air, a similar diagram

can be constructed for blood, starting from the computation of the respiratory

quotient for blood (RQB) after Eqs. (2.3) and (2.5):

RQB ¼
ðCaCO2 � C�vCO2Þ

ðCaO2 � C�vO2Þ
ð2:10Þ

from which we obtain the following solution for CaCO2:

CaCO2 ¼ C�vCO2 � RQB CaO2 � C�vO2ð Þ ð2:11Þ

Equation (2.11), which is called the arterial blood equation, tells that, if we

plot CaCO2 as a function of CaO2, we obtain a family of straight lines, with

negative slopes equal to RQB, which converge on a point, whose coordinates define

the respiratory gas composition of mixed venous blood (Fig. 2.4). This means that,
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if no gas exchange occurs in the lungs, arterial blood would have the same oxygen

and carbon dioxide concentrations as mixed venous blood.

Respiratory gases move across the alveolar–capillary barrier by diffusion, driven

by differences in partial pressure, not in concentration, which is dictated by the

binding characteristics of respiratory gases to haemoglobin. So, it would have some

interest expressing Eq. (2.11) in terms of partial pressures:

bc PaCO2 ¼ bc P�vCO2 � RQBbb PaO2 � P�vO2ð Þ ð2:12Þ

where constants βc and βb are the blood transport coefficients of carbon dioxide and

oxygen, respectively, i.e. the slopes of the respective equilibrium curves with

haemoglobin. The segment of the carbon dioxide equilibrium curve corresponding

to the physiological range is practically linear, so that βc can be taken as invariant.

In contrast, this is not so for βb: due to the shape of the oxygen equilibrium curve,

βb is lower the higher is the PO2. An analytical solution of Eq. (2.12) thus requires

an a priori solution of the oxygen equilibrium curve.

All models describing the oxygen equilibrium curve are empirical, except Hill’s

logarithmic model (Hill 1910; Ferretti 2012), whose theoretical basis, however, was

confuted by the demonstration of the stereochemistry of haemoglobin (Perutz

1970). Although more precise descriptions of the oxygen equilibrium curve were

published afterwards, Hill’s model has the great advantage of simplicity, while

remaining accurate enough for the purpose of constructing an analytical solution of

Eq. (2.12). This solution is presented in Fig. 2.5, which is generally called the

O2–CO2 diagram for blood gases (Rahn and Fenn 1955). This plot describes a

family of curves, whose shape is dictated by the value that βb takes at any PO2: All
these curves converge on a point, whose coordinates define the respiratory gas

partial pressures of mixed venous blood.
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At steady state, RQB = RQL. If pulmonary gas exchange is complete, and

equilibrium is attained on either side of the alveolar–capillary barrier, then arterial

blood and alveolar air should have equal oxygen and carbon dioxide partial pres-

sures. This coincidence of partial pressure values must then occur at the same

respiratory quotient. Superposition on the same plot of the O2–CO2 diagrams for

blood gases and for alveolar air (Fig. 2.6) clearly shows that this occurs at the

crossing of two isopleths for a given RQB and RQL value (Farhi and Rahn 1955).

Figure 2.6 implies that (i) at any given respiratory quotient, only one combi-

nation of oxygen and carbon dioxide partial pressures is in fact possible, if we admit

PAO2 ¼ PaO2 (ideal air, as defined by Farhi and Rahn 1955); (ii) this combination

is comprised between two extremes, one represented by PAO2 ¼ P�vO2; the other by
PAO2 ¼ PIO2; and (iii) connecting all possible combinations of oxygen and carbon

dioxide partial pressures at steady state leads to the construction of a curve called
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the ideal air curve. It is of note that also the ideal air curve reflects the charac-

teristics of the oxygen equilibrium curve: at high PO2, when we operate on the flat

part of the latter curve and we hyperventilate, relatively large drops of PCO2 are

associated with small increases in PO2; conversely, in the low PO2 range, when we

operate on the steep part of the oxygen equilibrium curve, relatively small increases

of PCO2 are associated with large drops in PO2:

If we solve Eq. (2.6) for _VA, we have

_VA ¼ �
_V CO2

FACO2

ð2:13Þ

_VA and _V CO2 are not expressed in the same condition, since by convention the

former is expressed in BTPS and the latter in STPD. Thus, if, after correcting for

this inconsistency, we merge all constants and we transform FACO2 in PACO2 by

means of Dalton’s law, we obtain

_VA ¼ �
Pb� 47ð Þ _V CO2

CgPACO2

ð2:14Þ

where Cg is the merged constant for STPD–BTPS transformation (0.863). If we

replace _V O2 for _V CO2 in Eq. (2.14), we get

_VA ¼ �
CgRQL

_V O2

PACO2

ð2:15Þ

whence

_V O2 ¼ �
_VA PACO2

CgRQL

ð2:16Þ

At steady state, since _V O2 is the same at all levels along the respiratory system,

Eqs. (2.16) and (2.3) must provide equivalent _V O2 values, so that, when we take

their ratio, we have

�
_VA PACO2

CgRQL
_Q ðCaO2 � C�vO2Þ

¼ 1 ð2:17Þ

whence, after rearrangement, we get

_VA

_Q
¼ �

CgRQLðCaO2 � C�vO2Þ

PACO2

ð2:18Þ

which Hermann Rahn and Wallace Fenn called the ventilation–perfusion equa-

tion (Rahn and Fenn 1955). Equation (2.18) tells that at steady state, in any given
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segment of the lungs, the
_VA

_Q
ratio is directly proportional to −RQL and to

ðCaO2 � C�vO2Þ and inversely proportional to PACO2. As a consequence, on the

ideal air curve (Fig. 2.6), each point corresponds not only to a specific RQL value,

but also to a unique value of
_VA

_Q
ratio, which is lower the closer is RQL to zero.

Moreover, if we look at the extremes of the ideal air curve, we note that, when
_VA

_Q
¼ 0; ðCaO2 � C�vO2Þ ¼ 0 ml L�1; so that the blood that leaves alveolar capil-

laries in which
_VA

_Q
¼ 0 has the same composition of mixed venous blood. On the

other side, whenever
_VA

_Q
¼ 1;PACO2 ¼ 0mmHg; so that the composition of

alveolar air becomes equal to that of inspired air.

During light exercise at steady state, as compared to rest, _VA increases in direct

proportion to � _V CO2, whereas the increase of _Q is less. As a consequence, the
_VA

_Q

ratio grows. Since in this case PACO2 does not move from its controlled value of

40 mmHg, most of the increase of the
_VA

_Q
ratio, apart from the changes of RQM due

to the progressively greater fraction of aerobic energy derived from glycogen

oxidation (see Chap. 1), is due to the widening of ðCaO2 � C�vO2Þ. However, as
long as we operate on the flat part of the oxygen equilibrium curve, CaO2 does not

vary, so that an increase of ðCaO2 � C�vO2Þ can be sustained only by a fall of C�vO2.

This is inevitably associated with an increase in C�vCO2, so it moves the mixed

venous point of an O2–CO2 diagram upwards and leftwards. Since the inspired air

point is unchanged as long as we breathe air at sea level, the shape of the ideal air

curve is modified at exercise with respect to rest, as represented in Fig. 2.7.

The direct proportionality between _VA and � _V CO2 implies invariance of their

ratio, and thus of PACO2. The tight matching between _VA and � _V CO2 is the result

of a fine regulation, mostly centred on the activity of the central chemoreceptors and

the characteristics of their response. This equilibrium is broken in case of

Fig. 2.7 Displacement of ideal air curve at exercise with respect to rest. The changes in the partial

pressures of respiratory gases at exercise move the mixed venous point upwards and leftwards,

without changes in inspired air composition. The ideal air curve is modified accordingly. Note that

the ideal alveolar air composition is affected also by the change of the metabolic respiratory

quotient during exercise
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hyperventilation, when _VA increases in the absence of a proportional increase of

metabolism, i.e. of � _V CO2, so that their ratio goes up: in this case, the new steady

state is attained at a lower value of PACO2. This is so, e.g. at high altitude, due to

hypoxic stimulation of peripheral chemoreceptors, or in case of pathological dis-

turbances of
_VA

_Q
ratio heterogeneity in the lungs. The reverse takes place when

hypoventilation occurs, as in case of respiratory failure or of paralysis of the

respiratory centres.

Equilibration between alveolar air and arterial blood is the main assumption

behind the ideal air curve. This equilibration in normoxia occurs indeed in each

pulmonary capillary which is in contact with an alveolus, provided the contact time

between alveolar air and capillary blood is long enough. According to Wagner and

West (1972), at rest, full equilibration between the two sides of the alveolar–

capillary barrier is attained when the blood has completed about one-third of the

capillary length, this fraction increasing at exercise due to higher blood flow. In

spite of this, PaO2 is lower than PAO2 in real lungs. This is a consequence of the

combined effect of the heterogeneity of
_VA

_Q
distribution in the lungs and of the shape

of the oxygen equilibrium curve. Alveoli perfused by capillaries in a lung segment

with elevated
_VA

_Q
ratio are characterized by high PAO2 and end-capillary PO2 values,

in perfect equilibrium; on the other side, alveoli perfused by capillaries in a lung

segment with low
_VA

_Q
ratio are characterized by low PAO2 and end-capillary PO2

values, again in perfect equilibrium. One would expect that the former capillaries

would compensate for the latter capillaries, when capillary blood is mixed to form

arterial blood in the pulmonary vein, pretty much as air coming from different

alveoli does in the trachea, where it forms the mean alveolar air that is analysed at

the end of a prolonged expiration. This averaging of blood coming from different

capillaries occurs indeed; however, in contrast with alveolar air, it is the binding of

oxygen to haemoglobin with allosteric kinetics that dictates blood oxygen con-

centration at any PO2, through an oxygen equilibrium curve that is sigmoidal. On

one side, the blood draining from capillaries with low
_VA

_Q
ratio has a decreased end-

capillary PO2, close to the steep part of the oxygen equilibrium curve, so that their

oxygen concentration is reduced indeed. On the other side, the blood draining from

capillaries with high
_VA

_Q
ratio has an increased end-capillary PO2, located on the flat

part of the oxygen equilibrium curve, so that their oxygen concentration is not or

minimally increased, which prevents them from compensating for the effect of the

capillaries with low
_VA

_Q
ratio. This is the cause of the reduction of PaO2 with respect

to PAO2 and of the appearance of the alveolar–arterial pressure difference. This

state of things is illustrated in Fig. 2.8. The same is not the case for carbon dioxide,

because of the steepness of a linear carbon dioxide equilibrium curve in the

physiological range.
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Diffusion–Perfusion Interaction in Alveolar–Capillary

Gas Transfer

Alveolar–capillary gas transfer is the result of two interrelated mechanisms: dif-

fusion across the alveolar–capillary barrier, and lung capillary perfusion. At steady

state, the flow of gas (e.g. oxygen) leaving the lungs through capillary blood must

be equal to the flow of gas that crosses the alveolar–capillary barrier. This can be

described with a very simple model of a meta-capillary with steady blood flow,

which is in contact for its entire length with a meta-alveolus through a thin,

homogeneous membrane. This is tantamount to imagine the mean pulmonary blood

flow in contact with the mean alveolar air, with oxygen diffusing across a mean

alveolar–capillary barrier. If this is so, the gas flow _V across the membrane of given

surface area A and thickness L is directly proportional to the pressure gradient

across that membrane:

_V ¼ DP
dsA

L

� �

¼ DPDL ð2:19Þ

where d and s are the diffusion and solubility constants of the gas at stake in the

barrier, and Dl is the lumped constant called lung diffusing capacity. DP is the

effective pressure gradient, i.e. the difference between PAO2 and the pressure

existing in the capillary at a given distance δ from the venous entrance [Pc(δ)]. For

the specific case of oxygen, the diffusive _V O2 across the barrier at any distance δ is

thus equal to

d _V O2 ¼ ½PAO2 � PcO2ðdÞ�DL ð2:20Þ

Fig. 2.8 Identification of the alveolar–arterial oxygen pressure difference on the O2–CO2 diagram

as the horizontal distance between the two grey dots on a given respiratory quotient isopleth for

blood. The effects of hyperventilation (dashed curve) are also shown. Note that hyperventilation

does not change the alveolar–arterial oxygen pressure difference
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The infinitesimal d _V O2 across the barrier progressively raises the PcO2 at δ

from the venous to the arterial side in inverse proportion to blood flow _Q and to the

gas transport coefficient in blood (for oxygen, βb)

d _V O2 ¼ _Q bbdPcO2 ð2:21Þ

For inert gases, β is a constant that is independent of the gas pressure. For

oxygen, βb does depend on PcO2, because of the allosteric characteristics of oxygen

binding to haemoglobin. If for simplification we assume βb invariant, i.e. we take

the average slope of the oxygen equilibrium curve as the invariant βb value, the rate

of increase of PcO2 along the capillary tends to an asymptote corresponding to

PAO2 (Krogh 1922). On this basis, at steady state, combination of Eqs. (2.20) and

(2.21) and subsequent integration along the capillary length yields

ðPAO2 � Pc0O2Þ

ðPAO2 � P�vO2Þ
¼ e

�
DL
_Q bb ð2:22Þ

where Pc0O2 is end-capillary PO2. This equation has been defined as the lung

diffusion–perfusion interaction equation. The left-end branch of Eq. (2.22) was

defined as equilibration deficit, whose value depends only on the equilibration

coefficient, i.e. on the exponent of the right-hand branch of the same equation,

which is the ratio between the diffusive (DL) and perfusive ( _Q b) conductances

(Piiper and Scheid 1981). When the equilibration coefficient is large (>3), the

equilibration deficit tends to 0 and the gas flow is limited by perfusion; when the

equilibration coefficient is small (<0.1), the equilibration deficit tends to 1 and the

gas flow is limited by diffusion. For a gas like oxygen, which is mostly carried by

haemoglobin, diffusion limitation occurs when we operate on the steep part of the

oxygen equilibrium curve (e.g. in deep hypoxia), perfusion limitation when we

operate on the flat part of the oxygen equilibrium curve (e.g. in hyperoxia). For all

gases which do not bind to haemoglobin, and thus which follow the law of Henry,

gas flow is limited by perfusion. The flow of carbon monoxide, which has an

extremely high affinity for haemoglobin, is limited by diffusion. Generally speak-

ing, there is diffusion limitation whenever β has a high value; conversely, when β

tends to 0, there is perfusion limitation. Differences in equilibration coefficient

among various gases do not depend on the geometric factors (surface area and

thickness of the barrier), which in a given individual are the same for all gases.

They depend only on d and s, which are included in DL, and on β, so that the

equilibration coefficient of each gas is proportional to the ratio ds/β. Thus, for any

given _Q value, the ratio between the equilibration coefficients of two gases is equal

to the ratio between the respective ds/β.

A key aspect of the diffusion–perfusion interaction equation is the role played by

the contact time (tc), which is the time taken by a given amount of blood to move

along capillary and which corresponds to the ratio of the effective lung capillary
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blood volume (qc) to _Q. On this basis, the equilibration coefficient (Ke) can be

expressed as follows:

Ke ¼ �
DLtc

qcbb
ð2:23Þ

At rest, qc is essentially invariant and independent of _Q. It increases at exercise,

due to the recruitment of previously closed capillaries. For any given qc value, tc is

shorter, the higher is _Q. This combination lowers Ke at exercise, thus increasing the

equilibration deficit, and opening the way towards diffusion limitation.

Breathing Pure Oxygen and the Correction for Nitrogen

Breathing in air concerns three main gases, two of which participate in metabolism

and gas exchange, while the third, nitrogen, is inert. Conversely, when breathing

pure oxygen, after nitrogen has been completely washed out, only metabolic gases

are involved in respiration. In this condition, RQL is necessarily equal to −1,

independent of the cell RQM, so that inspired and expired ventilations are equiva-

lent. This is so because pressure equilibration for differences between _V O2 and
_V CO2 is due to the displacement of an equivalent mass of oxygen instead of

nitrogen. Under these conditions,

PACO2 ¼ PIO2 � PAO2 ð2:24Þ

On the O2–CO2 diagram, this implies that the families of RQL isopleths, that we

have when we breathe air, reduce to the one and only possible isopleth for

RQL = −1, which at sea level intercepts the x-axis at PAO2 ¼ PIO2 ¼ 713mmHg;
i.e. at a value corresponding to the barometric pressure of dry air. This situation is

represented on an O2–CO2 diagram in Fig. 2.9. On the same figure, we find also

two RQL isopleths for a man who breathes air at sea level, namely those for

RQL = −0.8 and RQL = −1, with the corresponding alveolar gas composition.

The O2–CO2 diagram of Fig. 2.9 allows calculation of PIN2 and PAN2 during air

breathing. PIN2 is equal to the difference between the barometric pressure of dry air

and PIO2, which in Fig. 2.9 corresponds to the horizontal distance, along the x-axis,

between the inspired air compositions during oxygen breathing and during air

breathing. Similarly, PAN2 during air breathing is equal to the horizontal distance

between the alveolar air compositions during oxygen and air breathing, for

PACO2¼ 40mmHg. When RQL = −1, the RQL isopleths for oxygen and air

breathing are parallel and PAN2 ¼ PIN2; when RQL > −1, the RQL isopleths for

oxygen and air breathing diverge and PAN2[PIN2, thus allowing pressure

equilibration when _V CO2\
_V O2; as much as predicted by Eq. (2.9).
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The Mechanical Efficiency of Exercise

When animals move, they perform mechanical work, i.e. they displace their body

mass from a site to another covering the distance (length) between the two sites.

The shorter is the time that is necessary to cover a given distance, the greater is the

power (work per unit of time) that they have to develop. To do this, animals rely on

muscular contraction. Muscles are biological engines, which transform the chemical

energy liberated by biological substrates (mostly lipids and glycogen) in oxidative

processes in mechanical work. The mechanical efficiency (η) of this energy

transformation is given by

g ¼
W

E
ð2:25Þ

Normally, the amount of work performed is less than the chemical energy

transformed, so that η < 1. During contractions implying muscle shortening—

concentric contractions—η = 0.25. This means that, of the overall amount of

chemical energy transformed, a quarter becomes mechanical work: the remainder is

lost as heat. The rate, at which chemical energy is transformed into mechanical

work and heat during exercise, is defined as the metabolic power of exercise [term
_E of Eq. (2.1)]. Of course, the metabolic power is not entirely used for exercise: a

resting individual does not perform mechanical work to move his body—does not

perform exercise—yet he has a positive metabolic power (resting metabolic power,
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Fig. 2.9 The effects of breathing pure oxygen on alveolar gas composition. Horizontal arrows

indicate the inspired and alveolar nitrogen partial pressures. Note that the latter varies when the

lung respiratory quotient during air breathing is increased from −0.8 (black dot) to −1.0 (grey dot).

PIN2, nitrogen partial pressure in inspired air; PAN2, nitrogen partial pressure in alveolar air; RQL,

lung respiratory quotient: FIO2, inspired oxygen fraction
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_ER, some 105 W on average) sustaining resting _VA and _Q, smooth muscle con-

traction and chemicals displacement against concentration gradients, plus the iso-

metric muscle contractions that sustain a standing or sitting body.

As already pointed out, during light dynamic exercise, the general equation of

the energetics of muscular exercise reduces to Eq. (2.2). This equation indicates that

all energy sustaining the development of mechanical power ( _w) during exercise

derives from aerobic energy sources, so that a simple measure of _V O2 provides a

complete and satisfactory measure of _E. If η is invariant, then the increase in _E

above its resting value must be proportional to the increase in _w, whence a linear

relationship between _E and _w at exercise. This is indeed what happens during

dynamic light exercise on a cycle ergometer, the most common type of exercise in a

laboratory of integrative physiology nowadays, as shown in Fig. 2.10. This is not

so, however, during walking, in which the relationship between _E and _w (i.e. speed)

is nonlinear, indicating changes of η as a function of speed.

The linear relationship depicted in Fig. 2.10 takes the following algebraic form:

_E ¼ _E0 þ f _w ð2:26Þ

where the y-intercept _E0 should correspond to _ER—in fact _E0 is slightly higher than
_ER, as we will see. In turn, the angular coefficient ζ is equal to

f ¼
d _E

d _w
ð2:27Þ
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Fig. 2.10 The dots refer to unpublished data obtained on a top-level cyclist. The slope of the

regression line is equal to the reciprocal of the mechanical efficiency of exercise
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which, according to Eq. (2.25), is the reciprocal of η, for which a value between

0.23 and 0.25 is in most cases obtained. Thus, Fig. 2.10 tells that, during dynamic

light exercise on a cycle ergometer, (i) η is constant indeed, as predicted; (ii) the

higher is ζ (greater increase in _E per unit increase in _w), the lower is η; and (iii) η

corresponds pretty well to the mechanical efficiency of concentric muscle con-

tractions (Gaesser and Brooks 1975). When η is calculated after Eq. (2.26), as the

reciprocal of ζ, it is sometimes called the delta-efficiency of exercise.

The net rate of metabolic energy expenditure ð _E � _ER; where _ER\
_E0Þ is equal

to the sum of the rates of energy expenditure required to overcome external ( _EE)

and internal ( _EI) powers. On the one side, _EE is the metabolic power actually used

to overcome _w, whence _EE ¼ _E � _E0; on the other side, _EI is dissipated against all

other resistances than that imposed by _w, so that _E0 ¼ _ER þ _EI ; which explains why
_E0[

_ER, as pointed out above. On this basis, Eq. (2.26) can be rewritten as follows:

_E � _ER ¼ _ENET ¼ _EI þ _EE ¼ _EI þ f _w ð2:28Þ

According to this equation, _EI is independent of _w. It was also demonstrated that
_EI is a power function of the pedalling frequency (fp) (Francescato et al. 1995) and

is a linear function of the weight of the legs, that is the product of the mass of the

legs (Ml) times the gravity acceleration (ag) (Girardis et al. 1999).

_EI ¼ eMLag ð2:29Þ

where the constant ε, which has the dimension of a velocity, contains the length of

the pedal lever and fp. Bonjour et al. (2010) demonstrated that ε varies with the

square of fp, so that we can write

_EI ¼ uf 2pMLag ð2:30Þ

Bonjour et al. (2010) obtained for the proportionality constant φ a value of

1.73 m s.

Studies during walking and running demonstrated that in both cases η is higher

than 0.25. During walking, this is due to the fact that, since kinetic and potential

energy are in opposition of phase, horizontal speed is largely sustained by con-

tinuous exchanges between these two forms of energy with an efficiency of 1, as in

a pendulum. In running, the elastic strain energy that is absorbed by the tendons

whenever a foot touches the ground and brakes the fall of the body is immediately

returned in the subsequent bounce, again with an efficiency of 1 (Cavagna and

Kaneko 1977; Cavagna et al. 1976). During uphill walking and running, at least at

slopes above 20 %, all energy is expended to lift the body: the former two

mechanisms are not functional anymore, and only concentric muscle contractions

are carried out, with η equal to 0.25; conversely, during downhill walking and

running, at least at negative slopes below −20 %, all energy is expended to brake

the body fall: only eccentric muscle contractions occur, with η equal to 1.20

(Minetti et al. 2002).
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Energy Cost of Locomotion

During exercise on a cycle ergometer, the pedalling individual does not move

forward on a horizontal plane. The metabolic power is used to generate pedal

rotational speed and overcome the resistance opposed by the brake applied on the

cycle ergometer. In actual locomotion, the body does move forward in a given

direction on the horizontal plane at given speeds (vh). At steady state, the mean vh

does not vary with time. Of course, _E and _w increase with vh. The slope of a

relationship between _E and vh has the dimension of a force, and it represents the

amount of metabolic energy that a moving animal must expend to cover a unit of

distance: it is called the energy cost (C), so we can write

C ¼
_E

vh
ð2:31Þ

The relationship between _E and vh is nonlinear for any type of locomotion: its

slope gets higher the higher is vh, implying that C increases with vh. A positive C is

needed to overcome the forces that oppose to the horizontal movement of the body.

These forces are of two types: frictional forces (Ff) and aerodynamic forces—air

resistance or drag (D), see e.g. di Prampero (1986). Since C includes metabolic, not

mechanical, energy, we can thus write

Cg ¼ Ff þ D ð2:32Þ

D is proportional to the square of speed:

D ¼ kdv
2
h ð2:33Þ

where constant kd is proportional to air density (ρ), the drag coefficient (Cx), and the

projection area on the frontal plane (A):

kd ¼ 1=2qCxA ð2:34Þ

ρ is some 800 times greater for water than for air, whence the much higher C in

swimming than in any type of locomotion on land. In air, ρ is directly proportional

to PB and inversely proportional to temperature. Cx is a non-dimensional number

depending on the surface characteristics, on the geometrical shape of the moving

body, and on the characteristics of the air flow around the moving body. A corre-

sponds to the surface area of the body that faces air on the direction of movement. If

we introduce Eq. (2.34) into Eq. (2.33), and we divide by A, we obtain

DA�1 ¼ 1=2qCxv
2
h ¼ PD ð2:35Þ
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where PD is the dynamic pressure exerted on the moving body. Ceteris paribus, PD

is directly proportional to Cx, so that dynamically favourable shapes are charac-

terized by low Cx values, as is the case for aerodynamic contemporary cars or track

bicycles used for record trials (Capelli et al. 1993; di Prampero 2000) (see

Fig. 2.11)

Since D is a force, in analogy with C, it can be expressed as mechanical work per

unit of distance (Ferretti et al. 2011), so that

D ¼ CD g ¼ kdv
2
h ð2:36Þ

where Cd is the fraction of C that overcomes D. As a consequence,

CD ¼ kdg
�1v2h ¼ k0v2h ð2:37Þ

We can also define the metabolic power against air resistance ( _ED) as the product

of Cd times vh. By inserting this definition of _ED into Eq. (2.37), we obtain

_ED ¼ Cdvh ¼ k0v3h ð2:38Þ

which indicates that _ED is directly proportional to the cube of vh.

Fig. 2.11 A picture of Chris Boardman on his aerodynamic bicycle during his successful 1-h

world record attempt at Manchester, UK, on 6 September 1996
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Let us now consider also the metabolic power against frictional forces ( _Ef ),

which corresponds to the remainder fraction of the net rate of energy expenditure
_En. We then have

_En ¼ _ED þ _Ef ¼ k0v3h þ _Ef ð2:39Þ

A comprehensive analysis of the relationships between _En and vh in several types

of locomotion on flat terrain in air at sea level is presented in Fig. 2.12 (di Prampero

1986; Ferretti et al. 2011). In Fig. 2.12, the bold curve is theoretical and applies for

_En

:

¼ _EDð _Ef ¼ 0 WÞ Its slope corresponds to CD. It is constructed for a k′ value of

0.774 J s2 m−3 (di Prampero 1985). Note that the curve is flatter and thus apparently

displaced rightwards and downwards, the lower is k′, as when riding aerodynamic

bicycles (Capelli et al. 1993), or when cycling at altitude (di Prampero 2000); it

becomes steeper when k′ is increased, as when riding ancient bicycles (Minetti et al.

2001). It represents a limit that cannot be overcome on its right side. All other

curves in Fig. 2.12 appear leftwards with respect to the bold curve, because of _Ef ,

whose value is higher, the more the experimental curve appears to the left of the

bold curve. The vertical distance between each experimental curve and the

Fig. 2.12 Metabolic power ( _E, left ordinate) or oxygen uptake ( _V O2, right ordinate) as a function

of forward speed (vh). The bold curve refers to locomotion in which only work against air

resistance is carried out. This curves refer to actual locomotion (b, bicycling; p, skating; c, running;

m, walking; m*, competitive walking). Histograms indicate the fraction of metabolic power

expended against aerodynamic forces. The speed on top of each histogram is the maximal aerobic

speed for an athlete with a maximal oxygen consumption of 5 L min−1. After di Prampero (1985)
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theoretical curve corresponds to _Ef . _Ef is directly proportional to vh. Thus, the

energy cost against frictional forces (Cf) is a constant that is independent of vh. In

fact Cf corresponds to the y-intercept of the linear relationship between C and vh
2,

with slope equal to k′, since

C ¼ CD þ Cf ¼ k0 v2h þ Cf ð2:40Þ

Cf depends on the characteristics of the interaction between the terrain and the foot

or the device (wheel, skates, skis). In cycling, it depends on the width and type of

the tyres, on their filling pressure and on the characteristics of the terrain. It is also

proportional to the overall weight of bicycle plus human (di Prampero 2000).

Average values for k′, Cx and Cf are reported in Table 2.1 for different types of

locomotion.

Some practical consequences of Fig. 2.12 and Table 2.1 are (i) the fraction of

C represented by Cd and Cf varies with the locomotion mode; (ii) k′ is remarkably

similar among different locomotion modes; (iii) _ED at any given is similar among

locomotion modes—except walking; and (iv) differences in vh among various

locomotion modes are essentially due to differences in _Ef . Particularly in cycling,

_Ef is minimized by the rotational movement of the wheel, by the amplification

effect of the gear and by the absence of work against gravity due to body stabil-

ization by the bike, so that most of _E can indeed be used to overcome air resistance.

This is why cycling leads to reach the highest speeds in human locomotion.

Walking takes place in a speed range where Cd is negligible, so that, practically

speaking, _E ¼ _Ef . But walking, with respect to all other types of locomotion, is

peculiar, because of the effects of pendulum-like mechanism and the ensuing

transformation of potential energy into kinetic energy and vice versa. Concerning

running, C was generally considered invariant in a given individual and thus

independent of the running speed (di Prampero 1986; Ferretti et al. 2011), possibly

as a consequence of the fact that most data were obtained during treadmill running,

a condition in which the running human moves with respect to the treadmill’s belt,

but not with respect to air (Dill 1965; di Prampero et al. 1986; Hagberg and Coyle

1984; Helgerud 1994; Margaria et al. 1963; McMiken and Daniels 1976; Minetti

et al. 2002; Padilla et al. 1992, to give a few examples). Yet Pugh (1970)

Table 2.1 Parameters

describing various types of

human locomotion on land.

Data taken from Ferretti et al.

(2011)

Locomotion mode k′(J s2 m−3) Cx Cf(J m−1 kg−1)

Running 0.72 1.10 3.9*

Skating 0.79 0.50 1.0

Cycling, race 0.77 0.75 0.17

Cycling, traditional 1.14 1.00 0.27

Cycling, aerodynamics 0.58 0.65 0.15

*indicates an average value: in fact Cf varies linearly with the

running speed
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demonstrated that a fraction of C varies with the square of wind velocity, although

this fraction was considered small. Following his study, the concept that C could be

slightly higher during track than during treadmill running, although still indepen-

dent of speed, started to be admitted (di Prampero 1986; Jones and Doust 1996;

Léger and Mercier 1984). I believe that the reason why it was hard to identify a

clear effect of air resistance on C during running is related to the relatively low

running speeds tested in most studies. In fact, the first demonstration that Eq. (2.40)

applies also to running was obtained by Tam et al. (2012) on top-level marathon

runners from Kenya, who were able to run in submaximal condition at speeds up to

20 km h−1 (Fig. 2.13): and that it was a clear effect of Cd is also demonstrated by the

results of Helgerud et al. (2010), who found no differences in C as a function of vh
during treadmill running at similar speeds to those of Tam et al. (2012).

C is related also to the technical ability of the individual in a given locomotionmode:

in general, the better is the technique of movement, the lower is C, so that, because of

Eq. (2.31), at any given _E value higher vh can be attained. This has little importance in

running, in which, although top-level runners have lower C than leisure runners or

non-habitual runners (di Prampero 1986), little changes in C can be obtained with

training (Morgan et al. 1989). On the contrary, in swimming, impressive decreases of

C can be achieved by improving the swimming technique (Holmér 1974). Termin

and Pendergast (2000) demonstrated that continuous swimming training on multiple
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Fig. 2.13 Energy cost of running (Cr) as a function of the square of speed in top-level marathon

runners from Kenya (black dots) and from Europe (white dots). From Tam et al. (2012)
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year basis reduces _E and the stroke frequency (fs) at any speed, thus increasing the

distance covered by a stroke, with consequent drop of C. Swimming, although it

follows the general rules described by Eqs. (2.31) and (2.36), is nevertheless char-

acterized by some peculiarities related to the fact that it takes place in water, whose ρ

is some 800 times greater than that of air, so that (i) buoyancy counts much more than

gravity acceleration; (ii) for a given _E, C is much higher and vh much lower than in

any other type of locomotion on land; (iii) due to differences in buoyancy between the

upper and the lower part of the body, torque tends to increase A, and thus kd and

C (Pendergast et al. 1977; Zamparo et al. 2009); (iv) due to differences in body

composition, torque is less in women than in men, whence a lower C in the former

than in the latter (Zamparo et al. 2008) at a given speed; (v) the effects of torque are

counteracted by feet movements, so that, although all external power transmits

kinetic energy to water, only a fraction of the external power is actually used to propel

the body on the horizontal plane (Zamparo et al. 2011); as a consequence, (vi) the

overall η of swimming is less than that of concentric muscle contractions (for a

detailed discussion of η during swimming, see Zamparo et al. 2002).

The Cardiovascular Responses to Exercise

The main factor characterizing the cardiovascular responses to exercise is the

increase in _Q, due to the simultaneous increase of its two determinants, the heart

rate (fh) and the stroke volume (Qs) (Asmussen and Nielsen 1952; Åstrand et al.

1964; Hermansen et al. 1970; Stenberg et al. 1967). This increase is classically

attributed to a remodulation of autonomic nervous system control of heart activity

at exercise (Fagraeus and Linnarsson 1976; Robinson et al. 1966), although the

effect of the Frank–Starling mechanism on Qs has been considered as well (Rowell

et al. 1996). At steady state, _Q is a linear function of _V O2 (Åstrand et al. 1964;

Cerretelli and di Prampero 1987). The relation has a positive y-intercept, implying,

as long as the exercise intensity is increased, there is a smaller growth of _Q than of
_V O2, so that, according to Eq. (2.3), the CaO2 � C�vO2 difference becomes greater.

Most of the increase in _Q goes into the active muscle mass, so that muscle blood

flow increases remarkably, due to the stimulation of β2-adrenergic receptors, which

are found in muscles instead of α1-adrenergic receptors, and to the action of local

vasodilating mediators (Delp and Laughlin 1998; Delp and O’Leary 2004; Seals

and Victor 1991). Muscle vasodilation determines a sudden drop of total peripheral

resistance (Rp). Finally, systolic arterial pressure increases, whereas diastolic blood

pressure, if any, tends to go down (Rowell et al. 1968).

The linear relationship between _Q and _V O2 is fairly stable. Aerobic training

decreases fH and increases Qs, so that at any given _V O2, _Q remains unchanged

(Ekblom et al. 1968; Saltin et al. 1968). The same is the case for athletes, whose

maximal oxygen consumption is higher than that of non-athletic individuals: they

have the same _Q versus _V O2 relationship as non-athletes, with lower fH and higher
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Qs (Ekblom and Hermansen 1968). The superposition of arm exercise to leg exercise

(Bevegård et al. 1966) and the exercise mode (Hermansen et al. 1970) have no effects

on the _Q versus _V O2 relationship. Water immersion and supine posture, in spite of

their acute effects on central blood volume with consequent decrease in fH and

increase in Qs, do not alter the _Q versus _V O2 relationship (Bevegård et al. 1966;

Rennie et al. 1971; Sheldahl et al. 1987). Exercise in the heat, whose effects on fH and

Qs are opposite to those of water immersion, implies reduced _Q values at any given
_V O2 only when heat is extreme and the drop of Rp for simultaneous muscular and

cutaneous vasodilation is dramatic (Nadel et al. 1979; Rowell 1974). Only admitted

exceptions to an essentially invariant _Q versus _V O2 relationship were the upwards

shift of the _Q versus _V O2 relationship in acute hypoxia (Hartley et al. 1973; Hughes

et al. 1968; Roca et al. 1989; Stenberg et al. 1966) and after moderate CO poisoning

(Vogel and Gleser 1972). The concept of an invariant relationship between _Q and
_V O2 was so deeply rooted in exercise physiologists, that those exceptions were

explained in terms of an error signal, related to reduced CaO2 influencing the control

system of _Q (see e.g. Cerretelli and di Prampero 1987).

Acute hypoxia and CO poisoning share a common aspect, that they both lead to a

reduction of CaO2. Conversely, when CaO2 is increased, such as upon return to sea

level after altitude acclimatization, the _Q versus _V O2 relationship is shifted down-

wards (Ferretti et al. 1990). On these bases, these last authors hypothesized that _Q

varies in inverse proportion withCaO2 in order to maintain systemic oxygen delivery

( _QaO2), i.e. the product of _Q times CaO2, invariant at any given _V O2. This being the

case, _QaO2 rather than _Q would be the regulated variable at exercise steady state.

The relationship between _QaO2 and _w was investigated by Ferretti et al. (1992)

in the _w range that allows attainment of a steady state for _V O2 at exercise and was

found to be linear and parallel to that between _V O2 and power. This implies that the

vertical difference between the two lines, corresponding to the oxygen flow in

mixed venous blood ( _Q�vO2), is a constant, independent of _Q and _V O2, and thus of

the exercise intensity. Later, _Q�vO2 was found to depend SaO2 (Anchisi et al. 2001)

and on the activation state of the autonomic nervous system (Ferretti et al. 2005).

The _Q� _VO2 Diagram

On the basis of what precedes, the relationship between _Q and _V O2 can be analysed

under a different perspective. Since, according to Ferretti et al. (1992), _Q�vO2 is

equal to

_Q�vO2 ¼ K ¼ _QaO2 � _V O2 ð2:41Þ
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If we consider that _QaO2 is the product of _Q times CaO2, Eq. (2.36) can be

rewritten as follows:

_Q�vO2 ¼ _Q � CaO2 � _V O2 ð2:42Þ

whose solution for _Q is

_Q ¼
_V O2 þ _Q�vO2

CaO2

ð2:43Þ

Cerretelli and di Prampero (1987), in agreement with previous authors who

considered _V O2 to be set only by _w, represented _Q as the dependent variable and
_V O2 as the independent variable. If this is so, Eq. (2.43) tells that _Q is linearly

related to _V O2, with slope equal to CaO�12 and intercept on the x-axis equal to

� _Q�vO2. Such a relationship is constructed in Fig. 2.14a, where a family of CaO2

isopleths is reported, all converging on the same _Q�vO2 value, and validated using

data obtained in normoxia, taken from different sources in the literature (Adami

et al. 2014) (Fig. 2.14b), from which a mean _Q�vO2 value of 1.35 L min−1 was

computed, whereas CaO�12 (slope of the _Q versus _V O2 line) resulted equal to

4.93 L of blood per L of oxygen, yielding a theoretical CaO2 of 203 ml L−1. All the

data shown in Fig. 2.14b are exercise data, a condition in which the parasympa-

thetic branch of the autonomic nervous system is inactive (Fagraeus and Linnarsson

1976). At rest, in which there is predominant vagal control of heart rate (Fagraeus

and Linnarsson 1976; Lador et al. 2006; Malliani et al. 1991; Perini and Veicsteinas

2003), the data lie below those obtained at exercise, compatibly with a lower _Q�vO2

value. This agrees with previous observations, both during cycling (Anchisi et al.

2001; Ferretti et al. 2005) and during two-legged knee extension exercise

(Koskolou et al. 1997; Roach et al. 1999). In Fig. 2.14, this implies a right shift of

the CaO2 isopleths.

The very strong dependence of _Q on _V O2 shown in Fig. 2.14 allows an overall

theoretical view of the steady-state cardiovascular responses to exercise as a

function of exercise intensity and CaO2, based on Fig. 2.14a, which Adami et al.

(2014) called the _Q� _V O2 diagram. This figure is conceptually different from the

classical _Q versus _V O2 relationship. The latter figure in fact, as _V O2 is increased,

shows a progressive shift of the _Q values towards isopleths for higher arterial–

venous oxygen difference, which converge on the origin of the axes (Cerretelli and

di Prampero 1987). Conversely the _Q� _V O2 diagram reports CaO2 isopleths

converging on a specific, negative x-axis intercept, corresponding to _Q�vO2

(1.35 L min−1, according to the regression line of Fig. 2.14b). During moderate

exercise in normoxia, the regression line of Fig. 2.14b coincides with a specific

CaO2 isopleth because CaO2 is fairly invariant. Anaemic individuals (Roach et al.

1999; Woodson et al. 1978), whose CaO2 is reduced because of [Hb] loss in the
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Fig. 2.14 Panel a Theoretical representation of the relationship between cardiac output ( _Q) and

oxygen uptake ( _V O2) at exercise steady state ( _Q� _V O2 diagram). The lines are isopleths for the

indicated values of arterial oxygen concentration. They all converge on the same x-axis intercept,

corresponding to the oxygen flow in mixed venous blood. Panel b An experimental _Q� _V O2

diagram obtained during steady-state exercise in normoxia, using data from different sources in the

literature. After Adami et al. (2014)
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absence of SaO2 changes, and thus who still operate on the flat part of the oxygen

equilibrium curve, would have a _Q versus _V O2 relationship that coincides with a

steeper CaO2 isopleth on the _Q� _V O2 diagram. The same would be the case in the

presence of carbon monoxide poisoning (Gonzalez-Alonso et al. 2001; Vogel and

Gleser 1972). On the opposite side, in case of polycythaemia, the _Q versus _V O2

relationship would coincide with a flatter CaO2 isopleth. (Celsing et al. 1986;

Ekblom et al. 1976; Ferretti et al. 1990, 1992).

Things are different in acute hypoxia, as shown in Fig. 2.15 which reports data

obtained at an inspired oxygen fraction of 0.11. The regression analysis indicates
_Q�vO2 ¼ 1:12 L min�1 and CaO�12 ¼ 6:73 L of blood per L of oxygen, corre-

sponding to a mean theoretical CaO2 of 148.6 ml L−1. However, at that level of

hypoxia, subjects operate on the steep part of the oxygen equilibrium curve, so that

any increase in _V O2, and thus in _Q, carries along a shortening of capillary blood

transit time, resulting in progressively lower SaO2 values at the arterial end of lung

capillaries, so that there are lower CaO2 values in hypoxia the higher are _V O2 and
_Q. At any given hypoxic inspired oxygen fraction, the progressive SaO2 reduction

shifts the _Q versus _V O2 data towards an isopleth for lower CaO2 values, so that (i)

the apparent _Q versus _V O2 line has a higher slope than that for normoxia; and (ii)

the same line points towards a higher x-axis intercept, indicative of an apparently

lower _Q�vO2 value (Adami et al. 2014). Anchisi et al. (2001) found lower _Q�vO2 the

Fig. 2.15 An experimental _Q� _V O2 diagram constructed for steady-state exercise in acute

normobaric hypoxia, using data from different sources in the literature, all obtained at an inspired

oxygen fraction of 0.11. After Adami et al. (2014)
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lower was the SaO2, as discussed here above, but they also found a positive linear

relationship between these two parameters at exercise. This means that there is more

than a mere shift across CaO2 isopleths when the _Q versus _V O2 relationship is

modified by a fall of SaO2 in hypoxia. There is also a right displacement of the

x-axis intercept, implying a decrease of _Q�vO2. This is at variance with what appears

when CaO2 is modified by changing [Hb] (e.g. anaemia or polycythaemia) while

keeping SaO2 unchanged.

To explain the response characteristics revealed by the _Q� _V O2 diagram, we

may call upon different mechanisms, depending on whether there is or not a change

in SaO2. Oxygen-sensing mechanisms may deserve high consideration. For

instance, the conformation of the reduced haemoglobin determines the rise of NO in

blood with consequent vasodilatation (Stamler et al. 1997). More recently, Crece-

lius et al. (2011a, b) proposed a synergistic effect of prostaglandins and NO in

peripheral blood flow regulation during hypoxic exercise. Others suggested that in

subjects with reduced CaO2, peripheral blood flow may be increased by ATP-

mediated vasodilatation (Ellsworth et al. 1995; Gonzalez-Alonso et al. 2002;

Mortensen et al. 2011). Stickland et al. (2011) suggested a role for carotid che-

moreceptors, directly related to variations of CaO2. The above mechanisms,

however, do not explain the effect of the SaO2 fall in hypoxia, as pointed out by

Stickland et al. (2011) who excluded a role for carotid chemoreceptors in regulating

limb blood flow when CaO2 was reduced because of a fall in SaO2.

Conclusions

In this chapter, I have described the main relationships that at steady state represent

the cardiorespiratory responses to exercise, which are tightly coupled with the

metabolic responses to exercise, as a consequence of the concept that at steady

state, the same _V O2 value is attained at all steps along the respiratory system, from

ambient air to mitochondria. To end with, I will try a synthesis of the various

relationships that I have discussed. To do so, I would start from the _Q� _V O2

diagram, where _Q�vO2 is defined as a constant, i.e. the x-axis intercept of a _Q versus
_V O2 line. Its algebraic formulation is summarized in Eq. (2.43). At the same time,

the solution for _Q of the ventilation–perfusion equation [Eq. (2.18)] is

_Q ¼
_VAPACO2

CgRQLðCaO2 � C�vO2Þ
ð2:44Þ

Inserting Eq. (2.43) in Eq. (2.44) yields
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_V O2 þ _Q�vO2

CaO2

¼
_VA PACO2

CgRQLðCaO2 � C�vO2Þ
ð2:45Þ

Combining also Eq. (2.16) and rearranging, we get

_VA PA CO2

CgRQL

þ _Q�vO2 ¼
_VA PA CO2 CaO2

CgRQLðCaO2 � C�vO2Þ
¼ _Q � CaO2 ð2:46Þ

This equation links ventilation, circulation and metabolism at exercise in a tight

manner, such that homeostasis of the respiratory system at exercise is maintained

around given values of the constant _Q�vO2. It tells that, as long as we are during

steady-state exercise in normoxia, in which PACO2 (40 mmHg) and CaO2

(200 ml L−1 for normal haemoglobin concentration) may be considered invariant,

any increase in the exercise metabolic rate _E and thus in _V O2 requires (i) an

increase in _VA that is proportional to that in _V O2 only if RQL does not change, and

(ii) an increase in _Q that is not proportional to the corresponding increase in _V O2.

Invariance of CaO2 occurs only as long as we operate on the flat part of the oxygen

equilibrium curve (diffusion limitation). As long as diffusion limitation appears, as

is the case in deep hypoxia, also CaO2 varies (drops), _Q only partially corrects this

drop, the constant _Q�vO2 takes a lower value, and all relations to _E are modified

except that with _VA, whose characteristics remain related to changes in RQL only:

the homeostasis of the respiratory system at exercise is modified. At intense

exercise, when lactate accumulation also occurs and hyperventilation superimposes,

a new steady state would be attained only at PACO2 values lower than 40 mmHg,

depending on the intensity of the hyperventilation: the homeostasis of the respi-

ratory system would again be modified. This new steady state, however, is never

attained in fact, and the reasons for this are discussed in Chap. 3. Thus, in real life,

the conditions described and discussed in this chapter are observed only during

light exercise, below the so-called lactate threshold, or below the called critical

power, two concepts that are developed in Chap. 5.
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Chapter 3

Exercise Transients

Abstract The steady state of light constant-power submaximal exercise is attained

after at least 3 min since the exercise start. Although the application of mechanical

power is practically immediate, the rate of oxygen uptake _V O2

� �

increases at a

remarkably slower rate: a metabolic transient phase occurs, during which _V O2,

despite increasing, is insufficient to provide all the metabolic power that is necessary

to sustain ATP resynthesis, so that an oxygen deficit is incurred. The oxygen deficit

consists of (i) an obligatory component, covered by phosphocreatine breakdown,

reflecting the kinetics of glycolysis activation in the contracting muscles, and char-

acterized by an invariant time constant independent of the exercise intensity and (ii)

a facultative component, covered by anaerobic lactic metabolism (early lactate

accumulation), due to the dissociation between cardiopulmonary response and

muscular response at elevated powers, and characterized by a time constant

depending on the exercise intensity. The kinetics of _V O2 upon exercise onset is

described with exponential equations. The implications of single- and double-

exponential models are discussed. The former model carries along the assumption

that the kinetics of _V O2 determined at the mouth reflects the kinetics of _V O2 in the

contracting muscles. This correspondence, however, does not hold anymore when

early lactate appears. The latter model, in particular, implies a rapid phase (phase I),

which has been related to the fast cardiovascular responses at exercise start. A single-

exponential model assumes also that the exercising muscles behave as dynamic

linear first-order systems that, as such, admit only one transfer function. On this

basis, ramp exercise and sinusoidal exercise, typically two unsteady-state conditions,

are discussed. More recently, at powers higher than the critical power (see Chap. 5),

the so-called slow component, or third phase of the _V O2 kinetics, has been also

characterized. The energetic meaning of the slow component is also discussed.

Finally, some methodological aspects of single-breath analysis of pulmonary gas

exchange are discussed.
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Introduction

The steady state of light constant-power submaximal exercise, which I discussed in

Chap. 2, is attained after at least 3 min since the exercise start. Although the

application of mechanical power is practically immediate, the rate of oxygen uptake

or consumption _V O2

� �

, which at the steady state represents the overall metabolic

power, increases at a remarkably slower rate, as when charging a capacitance: a

metabolic transient phase occurs before the attainment of the steady state, during

which _V O2, despite increasing, is insufficient to provide the metabolic power that is

necessary to sustain ATP resynthesis at a rate corresponding to that of ATP

hydrolysis supporting muscular contraction. As a consequence, during the transient,

metabolic power must be generated also by anaerobic metabolism, coherently with

Eq. (2.1) (see Chap. 2).

The historical view of the kinetics of _V O2 increase upon exercise onset was

discussed in Chap. 1 and is summarized in Eq. (1.4), which describes the time

course of _V O2 increase as a mono-exponential. This led to the creation of the

concept of oxygen deficit, defined as the time integral of Eq. (1.4a). The oxygen

deficit corresponds to the amount of metabolic energy that is derived from energy

sources other than _V O2 during the exercise transient. An implicit assumption

underlies this mono-exponential model of the _V O2—on kinetics of square wave

constant-load exercise: the kinetics of _V O2 as measured at the mouth corresponds

to the kinetics of _V O2 taking place in the working muscles, once possible changes

in blood oxygen stores have been accounted for. This assumption implies equal

time constants of _V O2 increase at any level in the respiratory system, so that the

time constant of _V O2 is equal to that of muscle oxygen consumption, or of its

mirror image, muscle phosphocreatine decrease. A second fundamental assumption

66 3 Exercise Transients

http://dx.doi.org/10.1007/978-3-319-05636-4_2
http://dx.doi.org/10.1007/978-3-319-05636-4_2
http://dx.doi.org/10.1007/978-3-319-05636-4_2
http://dx.doi.org/10.1007/978-3-319-05636-4_1
http://dx.doi.org/10.1007/978-3-319-05636-4_1
http://dx.doi.org/10.1007/978-3-319-05636-4_1


is that the muscle metabolic response to exercise start follows the laws of linear

first-order systems. Although this may indeed be the case during light exercise, it is

definitely not so during higher intensity exercise.

Soon afterwards, however, it became evident that a single-exponential model

was insufficient for a satisfactory description of the _V O2 response during the square

wave exercise transient. Wasserman et al. (1974) were the first to realize that there

might be a rapid component in the earliest phase of the exercise transient, which

they attributed to a sudden increase in cardiac output _Q
� �

. This rapid component

became a preferential object of research in the field ever since, particularly by the

British school led by Brian Whipp. It was integrated in the subsequent double-

exponential model of the exercise transient, proposed by Barstow and Molé (1987).

It also restricted the domain of application of the concept of a correspondence

between _V O2 response at the mouth and in muscle to the second exponential only,

whose time delay was taken to represent the physiological delay between muscle

and mouth _V O2 increase.

In this chapter, I discuss first the energetics of the oxygen deficit, within the

context of a mono-exponential model. These concepts still hold as long as, in a

double-exponential context, accent is placed on the so-called primary component

(or phase II) of the _V O2 response. Then, I treat the implications of the double-

exponential model and the cardiovascular transients, and I analyse the case of

intense exercise, with the appearance of the so-called slow component, or phase III.

Other exercise modalities than the square wave exercise will finally be considered.

The Energetics of the Oxygen Deficit During Light Exercise

The energy that _V O2 is unable to provide during the exercise transient comes

essentially from three sources: (i) phosphocreatine breakdown, providing what is

called the net alactic oxygen deficit; (ii) “early” lactate accumulation (Cerretelli

et al. 1979); (iii) body oxygen stores. These components of the oxygen deficit are

not necessarily called upon all together. As exercise starts, no lactate accumulation

occurs except in the intense exercise domain. This was clearly demonstrated in the

isolated–perfused dog muscle preparation by Piiper et al. (1968), who found a

relatively rapid time constant for _V O2, faster than that usually observed in humans

in the context of the single-exponential model of _V O2 increase. Moreover, di

Prampero and Margaria (1968) estimated a P/O2 ratio close to 6.17 from the ratio of

phosphocreatine split to oxygen deficit (both expressed in moles per kg of wet

muscle), clearly suggesting a primary role for phosphocreatine and anaerobic alactic

metabolism in the genesis of the oxygen deficit.

In fact during light aerobic exercise in normoxia, when no early lactate accu-

mulation takes place and body oxygen stores do not vary, the entire amount of

energy released to build the oxygen deficit comes from the hydrolysis of high-
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energy phosphates, so that the energetics of the exercise transient can be summa-

rized by the following equation:

_E / A _TP
 ��

¼ A _TP
��!

¼ c _V O2 þ a _PC ð3:1Þ

Equation (3.1) is nothing but a simplified version of the general equation of the

energetics of muscular exercise (see Chap. 2, Eq. 2.1) for the specific case of a

system in which only two metabolic energy sources are simultaneously active. In

Eq. (3.1), _E is the overall metabolic power, AT
:

P
 ���

and AT
:

P
���!

are the rates of ATP

splitting and resynthesis, respectively, which during constant-power square wave

exercise are equal, and the two constants a and c are proportionality constants

indicating the moles of ATP resynthesized, respectively, by a mole of phospho-

creatine hydrolyzed and a mole of oxygen consumed. The Lohmann’s reaction tells

that a is equal to 1. On the other hand, c is equal to the P/O2 ratio.

In case of constant-power square wave exercise, as long as during the exercise

transient _V O2 goes up, _PC goes down in such a way as to maintain the sum

c _V O2 þ a _PC invariant. In the context of the mono-exponential model of _V O2

increase upon exercise onset, at the very start of exercise (exercise time 0), all the _E

above the resting metabolic rate is therefore from anaerobic alactic metabolism, so

that Eq. (3.1) becomes

_Eo / AT
:

P
 ���

¼ AT
:

P
���!

¼ a _PCo ð3:2Þ

where suffix 0 indicates the exercise time 0. This being so, then we have

a _PCt ¼ a _PC0 � e
�kt ð3:3Þ

where t is time and k is the velocity constant (reciprocal of the time constant τ). In a

system like the one represented by Eq. (3.1), if _E is invariant, then k must take the

same value for the _V O2 and the _PC kinetics. Moreover, since at any t a positive

value of a _PCt implies a given finite reduction of muscle phosphocreatine con-

centration ([PC]), then the time course of muscle [PC] changes during the exercise

transient is also described by a mono-exponential equation, whose k takes the same

value as the one obtained from Eq. (3.3). Finally, the time integral of Eq. (3.3)

provides the overall amount of phosphocreatine that has been hydrolyzed during the

exercise transient in order to cover the oxygen deficit. This amount is directly

proportional to the oxygen deficit and thus to the applied mechanical power, so that

there must be a negative linear relationship between [PC] and _E.

These concepts have received wide experimental support. Values for τ com-

prised between 20 and 25 s were found for mono-exponential [PC] kinetics on the

isolated–perfused dog muscle preparation (Piiper et al. 1968). The same authors

demonstrated the negative linear relationship between [PC] and _E. Concerning

humans, a remarkable breakthrough was generated by the technological evolution
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of magnetic resonance spectroscopy, which allowed obtaining serial relative non-

invasive determinations of high-energy phosphates in human muscle during con-

tractions. This allowed the assessment of the kinetics of phosphocreatine decrease

upon square wave exercise onset, for which Binzoni et al. (1992) obtained a τ value

of 23.4 s. The same authors demonstrated also in humans the negative linear

relationship between [PC] and _E. Similar results were later obtained by other

authors (di Prampero et al. 2003; Francescato et al. 2013; Rossiter et al. 1999,

2002). This τ value for [PC] was also found to be independent of the exercise

intensity (Binzoni et al. 1997), so that (i) the cumulative oxygen deficit of step-

increasing powers up to a given level turns out equal to the oxygen deficit incurred

if that very same level is attained in a unique step, and (ii) the oxygen deficit is

directly proportional to the steady-state _V O2, with τ as proportionality constant.

Single-leg extension exercise was also used as a tool to gain insight into the

muscle oxygen consumption kinetics in humans (Grassi et al. 1996; Koga et al.

2005). These studies provided τ values similar to those for [PC]. A direct com-

parison between the τ of _V O2 during single-leg exercise and the τ of [PC] on the

same subjects during the same exercise transients further reinforced this notion

(Rossiter et al. 1999) (Fig. 3.1). Finally, on the isolated–perfused dog muscle

preparation, the τ of muscle oxygen consumption was found to be equal in con-

ditions of normal and forced oxygen delivery and equal to that calculated for the

kinetics of muscle phosphocreatine decrease (Grassi et al. 1998), demonstrating that

there is at least some peripheral components of the kinetics of muscle oxygen

consumption which are fully independent of muscle oxygen delivery.

More recently, however, faster mono-exponential τ values were obtained

(Cautero et al. 2002; Lador et al. 2006) than in the classical studies (di Prampero

1981; Linnarsson 1974) with the same exercise mode and intensities, possibly as a

consequence of improved signal-to-noise ratio in breath-by-breath _V O2 computa-

tion (Capelli et al. 2001). The τ values for _V O2 reported in those studies were also

faster than those found for the mono-exponential phosphocreatine decrease upon

exercise onset (Binzoni et al. 1992; di Prampero et al. 2003; Rossiter et al. 1999).

These fast time constants suggest the possibility that the correspondence between

lung _V O2 and muscle oxygen consumption may not be so good under certain

circumstances. It was then demonstrated that lung _V O2 kinetics can be accelerated

by prior exercise performance (Faisal et al. 2009), possibly as a consequence of

maintained muscle vasodilation after completion of the first exercise bout (Faisal

et al. 2010). Although, and especially when classical computational algorithms are

employed, the lung _V O2 kinetics may indeed result equivalent to the muscle

oxygen consumption kinetics, this correspondence may be fortuitous: different

mechanisms may be implicated in the two transients. This does not mean, however,

that the above energetic interpretation of the oxygen deficit is to be rejected. This

means only that the energetic analysis of the oxygen deficit performed on the basis

of lung _V O2 kinetics may provide an underestimate with respect to the oxygen

deficit incurred in the contracting muscles. Nevertheless, I feel confident in stating
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that whenever the τ of lung _V O2 kinetics is lower (faster) than or at most equal to

that of muscle oxygen consumption, we deal with a dual energetic system like the

one represented by Eq. (3.1): no early lactate accumulation occurs under these

circumstances, and the kinetics of muscle [PC] is a mirror image of that of muscle

oxygen consumption.

Fig. 3.1 Comparative kinetics of oxygen consumption _V O2 and phosphocreatine concentration

[PC] during constant-load exercise in six subjects. a _V O2 as a function of time, with the phase II

response fitted by a mono-exponential. b [PC] as a function of time, simultaneously determined on

the same subjects. c demonstration of the identity of phase II _V O2 (black circle) and [PC] (white

circle) kinetics determined simultaneously during quadriceps exercise. The [PCr] scale is inverted

to facilitate comparisons. From Rossiter et al. (1999)
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Also, the introduction of bi-exponential models of the pulmonary _V O2 response

at the exercise onset has contributed to a redefinition of the concept of a corre-

spondence between lung _V O2 and muscle oxygen consumption kinetics. In this

context, the first exponential (rapid phase or phase I) is fully unrelated to the events

occurring in contracting muscles (see below). The domain of application of the

same reasoning as above on the oxygen deficit is restricted to the second expo-

nential (primary phase of phase II) (Whipp and Ward 1990).

The Energetics of the Oxygen Deficit During

Intense Exercise

As far as early lactate is concerned, Cerretelli et al. (1979) reported that the τ of a

mono-exponential _V O2 increase upon exercise onset is higher, the higher is the

mechanical power applied, and thus, the higher is _E: they demonstrated in fact that τ

is linearly related to the lactate accumulation in blood during the exercise transient,

as described by the following:

s ¼ k La½ �eþs0 ð3:4Þ

where [La]e is early lactate (net blood lactate accumulation during the exercise

transient), λ is a constant indicating how much τ increases per unit increase of

lactate in blood during the exercise transient (di Prampero and Ferretti 1999), and τ0

is the time constant that would incur in the absence of early lactate accumulation.

The constant λ is an inverse function of the steady-state _V O2. From the data of

Cerretelli et al. (1979), it results equal to 7.8 and 12.1 s mM−1 at a steady-state _V O2

of 1.5 and 1.0 L min−1 (mechanical powers of 125 and 75 W), respectively

(Fig. 3.2). These values allow computation of the oxygen deficit increase (in ml O2

kg−1) per unit increase in [La]e (in mM), which is nothing but the energy equiv-

alent of blood lactate accumulation (see Chap. 6). This turns out equal to 2.19 and

2.89 ml kg−1 mM−1 for the 125 and 75 W powers, respectively, the latter value

agreeing well with those reported in Chap. 6 (di Prampero 1981). On the other

hand, the constant τ0 corresponds to the time constant that one would observe in the

two-component system described by Eq. (3.1) and thus to the time constant of

muscle phosphocreatine decrease (see above). Considering the error due to

extrapolation of a regression equation and neglecting possible though small changes

in blood oxygen stores, the obtained value of τ0 as from Fig. 3.2 (24.5 and 29.7 s for

the two reported equations) corresponds very well to those reported from P-NMR

studies for phosphocreatine decrease (Binzoni et al. 1992; di Prampero et al. 2003;

Francescato et al. 2013; Rossiter et al. 1999, 2002).

Thus, above a given power, which I postulate to correspond to the critical power

(Chap. 5), the overall oxygen deficit becomes larger than the net alactic oxygen

deficit, so that τ becomes higher than that of muscle [PC] drop: the energy gap is
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bridged by the appearance of early lactate accumulation. This being so, the

difference between the overall oxygen deficit and the net alactic oxygen deficit can

be precisely predicted from the amount of [La]e and the energy equivalent of blood

lactate accumulation. It is of note that at such intense powers, the lung _V O2 kinetics

may indeed correspond to the muscle oxygen consumption kinetics, so that the

overall oxygen deficit determined at the lungs would reflect the overall oxygen

deficit incurred in the contracting muscles. But this does not inform on the alactic

oxygen deficit. It is only the x-axis intercept of Fig. 3.2 (τ0) that corresponds to the τ

of the kinetics of muscle [PC] drop, if we assume that the effects of changes in

oxygen stores are nil.

Fig. 3.2 Net blood lactate accumulation (Δ[La]b) at min 6 of square wave exercises of the type

and intensity indicated on the graph as a function of the half-time (t½) of the exponential oxygen

uptake increase upon exercise onset. From Cerretelli et al. (1979). Note that t½ = 0.75 τ. Note also

that the representation proposed by Cerretelli et al. (1979) corresponds to the solution of Eq. (3.4)

for [La]b, which they considered as the independent variable. In this representation, the constant τ0
of Eq. (3.4) is given by the x-axis intercept of the reported relationships (in fact t½,0 in the graph)
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As a consequence of the diffusion–perfusion interaction equation for peripheral

gas exchange (see Chap. 2) and of the reduction of capillary contact time, the

amount of oxygen stored in the body during steady-state exercise is smaller, the

higher is the exercise intensity, essentially because of lower oxygen concentration

in mixed venous blood. Thus, the amount of energy constituting the oxygen deficit

that is derived from oxygen stores becomes predictably smaller in a given transition

from light to heavier work load than in an equivalent transition from rest to exer-

cise. In fact, the τ of a mono-exponential lung _V O2 kinetics was found to be lower

(faster) in the former than in the latter case (di Prampero et al. 1970). Similarly, in

acute normobaric hypoxia, a condition obviously characterized by decreased oxy-

gen stores, the oxygen deficit was coherently smaller for equivalent early lactate

accumulation (di Prampero et al. 1983). In other terms, oxygen stores may be

viewed as a kind of buffer between contracting muscles and lungs, the size of which

may slightly vary the lung _V O2 kinetics. Of course, this does not mean that overall

the lung _V O2 kinetics is faster in hypoxia than in normoxia. In fact, it was shown to

be slower in the former condition than in the latter (Engelen et al. 1996; Hughson

and Kowalchuk 1995; Xing et al. 1991), as a consequence of increased early lactate

accumulation at equivalent work load (Lador et al. 2013).

Mechanisms Underlying the Oxygen Deficit

The contraction of the net alactic oxygen deficit is a physiological necessity. It is

unavoidable at exercise onset because the key enzymes of glycolysis need to be

activated in order to sustain an increase in the rate of glycolytic energy fluxes.

Phospho-fructo-kinase (PFK) is the key enzyme of glycolysis whose activity is

modulated by the concentration of high-energy phosphates: a decrease in [PC]

accelerates its kinetics as does an increase in inorganic phosphate concentration

([Pi]). The drop of [PC] carries along also an augmentation of adenosine di-

phosphate ([ADP]) and of [Pi], so that the so-called phosphorylation potential

{[ATP]/([ADP] + [Pi])} is increased. This is a key controller of oxidative phos-

phorylation in the mitochondria (Korzeniewski 2003; Meyer and Foley 1996).

Thus, the priming of aerobic metabolism requires an initial drop of [PC].

As exercise starts, immediately available ATP in the cytosol of the muscle fibres

is used in the cross-bridge cycle and is immediately resynthesized by the Loh-

mann’s reaction. The subsequent drop of muscle [PC] accelerates PFK activity, and

thus the energy flux along the glycolytic pathway, and prompts the aerobic

metabolism overall through a reduction of the phosphorylation potential. This chain

of events supports the concept that the relatively slow increase of muscle oxygen

consumption at exercise onset has a metabolic origin (di Prampero 1981; di

Prampero and Ferretti 1999; Grassi 2000), as opposed to the alternative concept that

the oxygen deficit is imposed by the delayed response of the respiratory system
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(Hughson et al. 2001; Whipp and Ward 1982). In this context, the τ of the muscle

[PC] fall upon exercise onset describes the τ of glycolysis activation.

However, the acceleration of glycolysis and of all subsequent metabolic path-

ways that are summarized in the concept of aerobic metabolism requires an

adequate amount of oxygen to be made available in the mitochondria of the active

muscle mass. This amount of oxygen is taken up from ambient air and transferred to

the mitochondria along the respiratory system. A tight match between the rate of

glycolysis acceleration and the rate of oxygen flow in the respiratory system upon

exercise onset is needed in order to have equal τ values for the [PC] fall and the
_V O2 increase in the exercise transient. Only the respect of this condition warrants

that we deal indeed with a dual energetic system (aerobic metabolism plus anaer-

obic alactic metabolism) in the exercise transient. More likely, however, during

light aerobic exercise, the _V O2 kinetics is faster than that of muscle oxygen con-

sumption: although in this case the oxygen deficit incurred in the lungs is lower

than, and so does not reflect the muscle oxygen deficit, nevertheless, we still deal

with a dual energetic system, where differences in oxygen deficit between lungs and

muscles are buffered by oxygen stores. The oxygen flow that the respiratory system

is able to provide to the contracting muscle mass is sufficient to sustain the

acceleration of glycolysis generated by the fall of [PC] at exercise start: in this case

pyruvate, end product of glycolysis, can be entirely removed through the Krebs

cycle and the new equilibrium is attained thanks to prompting of ATP resynthesis

by aerobic metabolism only. Under these circumstances, the net alactic oxygen

deficit represents indeed the entire oxygen deficit, a condition represented in

Fig. 3.2 by the x-axis intercept of the regression line. This intercept defines the

condition of evenly aerobic metabolism, in which all muscle fibres have sufficient

oxygen delivery and oxidative capacity to sustain their aerobic metabolism.

By contrast, this is not so during intense exercise: in this case, the _V O2 kinetics

becomes slower than during light exercise (τ higher than τ0), so that the _V O2

response does not follow the rate at which glycolysis is activated by the reduction

of phosphorylation potential and does not provide the necessary amount of oxygen

in due time. The postulate, supported by the NMR experiments of Binzoni et al.

(1997), is that the rate of glycolysis activation at exercise onset is independent of

the developed mechanical power, whereas the _V O2 kinetics depends on the exer-

cise intensity. When the time constant of the latter becomes higher than that of the

former, the amount of oxygen made available by the respiratory system during the

exercise transient is insufficient to ensure complete pyruvate removal through

aerobic metabolism: oxidative phosphorylation and the Krebs cycle are unable to

follow glycolysis acceleration anymore, so that a bottleneck appears, tending to

increase muscle pyruvate concentration. As a consequence, the equilibrium of the

reaction of pyruvate reduction to lactate is displaced towards lactate production, and

lactate accumulates in muscle, then in blood, whence the appearance of early

lactate.

The amount of lactate that is accumulated during a high-intensity exercise

transient is proportional to the difference between the progressively increasing τ of
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the _V O2 increase and the invariant τ of the [PC] fall (x-axis intercept of Fig. 3.2).

The fraction of oxygen deficit that is due to early lactate accumulation—facultative

component of the oxygen deficit—corresponds to the difference between the overall

oxygen deficit and the fraction of oxygen deficit that is covered by [PC] hydrolysis.

This last is the obligatory component of the oxygen deficit that is incurred

anytime a human starts an exercise. For an invariant τ of the [PC] fall, as already

pointed out, its amount depends only on the exercise intensity, i.e. on the

mechanical power developed by muscle contraction. Conversely, the amount of

energy provided by the facultative component of the oxygen deficit is directly

proportional to the amount of early lactate that is accumulated, the proportionality

constant being equal to the energy equivalent of blood lactate accumulation (see

Chap. 6) (Lador et al. 2013 details given in Sect. 3.7).

A necessary consequence of the above reasoning is that the progressive increase

of the τ of the _V O2 kinetics at intense exercise should be related to a progressively

slower kinetics of cardiopulmonary variables. These were poorly investigated until

beat-by-beat methods became available. Their quantitative analysis was carried out

essentially in the context of a double-exponential model. Thus, I will introduce this

model before discussing the dynamics of the cardiovascular responses to exercise.

The Double-exponential Model of _VO2 Kinetics

The double-exponential model, or two-phase model, of the _V O2 kinetics was

proposed by Barstow and Molé (1987) after an original idea of Wasserman et al.

(1974) refined by Whipp et al. (1982). This model foresees that an exponential

increase in _V O2 (phase II), related to metabolic adaptation in skeletal muscle, is

preceded by a faster _V O2 increase in the first seconds of exercise (phase I), which

Barstow and Molé (1987) also treated as an exponential and which the British

school led by Brian Whipp attributed to a rapid, also immediate cardiovascular

response upon exercise onset (see, e.g. Whipp and Ward 1982, 1990). In the context

of this model, the _V O2 kinetics (measured value minus resting value) upon exercise

onset is described by the following:

_V Ot
2 ¼ A1 1� e�k1t

� �

þ H t � dð ÞA2ð1� e�k2ðt�dÞÞ ð3:5Þ

where _V Ot
2 is the net

_V O2 (measured value minus resting value) at time t, k1 and k2

are the velocity constants of the exponential _V O2 increase in phase I and II,

respectively (their reciprocals τ1 and τ2 being the corresponding time constants), d is

the time delay, and A1 and A2 are the amplitudes of the _V O2 increase during phase I

and phase II, respectively. H(t − d) is the associated Heaviside function, whose

value is either 0 if t < d or 1 if t ≥ d.
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Application of the double-exponential model to the analysis of the _V O2 kinetics

provides extremely rapid, functionally instantaneous τ1 values, indicating a prac-

tically immediate upward translation of _V O2 since the first breath. Higher τ2 values

are conversely obtained, similar to, although slightly faster than, the τ provided by

the single-exponential model. This slight difference is a mere mathematical con-

sequence of having introduced a time delay accounting for the time taken by venous

blood to reach the pulmonary capillaries from the active muscles and thus corre-

sponding to the time during which mixed venous oxygen concentration remains

unchanged after exercise onset (Barstow and Molé 1987).

The double-exponential model represents a significant refinement with respect to

the single-exponential model, including also phenomena that are unrelated to

muscle oxygen consumption kinetics. By so doing, Lador et al. (2006) obtained

faster τ2 values than previously reported for the muscle [PC] decrease (Binzoni et al.

1992; di Prampero et al. 2003; Rossiter et al. 1999), thus explicitly introducing the

concept of a possible dissociation between lung oxygen uptake and muscle oxygen

consumption also during light aerobic exercise.

This may be the case also for the kinetics of leg oxygen flow, which Grassi et al.

(1996) analysed with a single-exponential model. In their study, however, the time

constant of leg oxygen flow was found to be only slightly faster than that of the leg
_V O2, but much slower than that of the muscle blood flow response at exercise

onset, which is known to be extremely rapid (Rådegran and Saltin 1998; Toska and

Ericksen 1994; Walloe and Wesche 1988). This data demonstrate that for some

reasons, leg oxygen flow was unable to respond as fast as leg or muscle blood flow,

suggesting that systemic oxygen flow, leg oxygen transfer and muscle oxygen

consumption may be the consequence of different, independent, though optimized

phenomena. Grassi et al. (1998) also demonstrated, on isolated–perfused dog

gastrocnemii, that the time constant of the _V O2 kinetics was the same in conditions

of normal and forced oxygen delivery and equal to that calculated for the kinetics of

muscle phosphocreatine decrease, further reinforcing the concept of an independent

peripheral component of the kinetics of muscle oxygen consumption. This com-

ponent, as discussed above, determines the net alactic oxygen deficit and is a

necessary consequence of the mechanisms accelerating glycolysis at exercise onset.

Kinetics of Cardiac Output and Oxygen Delivery

at Exercise Onset

The development of beat-by-beat techniques for the determination of cardiac output
_Q

� �

led to demonstrate that the kinetics of _Q at exercise onset is very fast, much

faster than that of _V O2 (Cummin et al. 1986; De Cort et al. 1991; Eriksen et al.

1990; Yoshida and Whipp 1994). Lador et al. (2006) modelled the kinetics of _Q by

extending the field of application of the dual exponential model of Barstow and
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Molé (1987) to include its description. During light aerobic exercise, they obtained

very low τ values not only for phase I, but also for phase II (τ2 equal to 2.1 s as

compared to 15.4 s for _V O2). Since arterial oxygen concentration CaO2ð Þ did not

vary during the exercise transient in normoxia, the same was the case for systemic

oxygen delivery _Q aO2

� �

The rapid increase in _Q is the consequence of the equally rapid increase in heart

rate (fH) and in stroke volume (Qs). That the increase in fH is a very rapid phe-

nomenon is a well-known concept since long. Fagraeus and Linnarsson (1976)

identified two components of it, one almost immediate, the second slower and

slightly delayed. They attributed the former to the withdrawal of vagal tone at

exercise start, the latter to the progressive increase of sympathetic activity. Vagal

blockade with atropine is known to suppress in fact the rapid component of the fH
increase (Fagraeus and Linnarsson 1976). Coherently in hypoxia, when vagal

activity is already reduced at rest, the amplitude of the fH increase in phase I is

smaller than in normoxia (Lador et al. 2008).

The evidence concerning Qs is more elusive. The morphological evidence about

heart innervation, indicating a presence of muscarinic receptors only in the sinus

node, would suggest that vagal withdrawal would not act on Qs. This being the

case, the _Q increase at exercise onset would be due only to the increase in fH. Yet a

rapid increase in Qs was also demonstrated (Faisal et al. 2009; Lador et al. 2006,

2008), clearly opening the way to a possible role for the Frank-Starling mechanism

in the Qs increase at exercise start, likely activated by the sudden blood displace-

ment from lower limbs to the heart due to muscle pump action. If this is so, then _Q

would be under dual control, neural (fH increase via vagal withdrawal) and

mechanical (Qs increase via Frank-Starling mechanism).

The latter mechanism was proposed on the basis of animal studies (Sheriff et al.

1993), but direct evidence in healthy humans is still missing. Indirect evidence

derives from experiments in supine posture, in which central blood volume is

higher than in upright posture, showing that the phase I of _Q and Qs is not evident

(Leyk et al. 1994; Wieling et al. 1996). In humans, the action of the Frank-Starling

mechanism during exercise transients was clearly demonstrated only in heart

transplant recipients, who do not show rapid fH increase at exercise start because

they have denervated hearts (Meyer et al. 1994). Experiments with human exposure

to lower body negative pressure would be crucial to further clarify this issue.

A double-exponential treatment was already proposed for the kinetics of fH, but

not for that of Qs. The use of an exponential model implies the assumption that the

system behaves linearly. This may well be the case for fH, as indicated by the

classical linear relationship between fH and power. This may not be so, however, for

Qs, whose response to exercise steady state is markedly nonlinear (Cerretelli and di

Prampero 1987). So, applying an exponential model to the analysis of Qs may be

arbitrary. Lador et al. (2006) refrained from fitting parameters through Qs data for

this reason. Under these circumstances, a tool for a quantitative evaluation of the

contribution of Qs to the A1 of _Q is provided by the following equation:
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_Qr þ D _Q ¼ ðQs;r þ DQsÞ � ðfH;r þ DfHÞ ð3:6Þ

where suffix r designates the resting value of the corresponding variable, whereas Δ

indicates the corresponding respective increments during phase I as compared with

rest, which, assuming exponential models, should correspond to the respective

phase I amplitudes (A1). The use of Eq. (3.6), however, implies that ΔQs would

correspond to the A1 of an exponential Qs increase only if the Qs kinetics upon

exercise onset had the same time constant of the fH kinetics, which is still

undemonstrated.

The time constants of the phase I _Q response are associated with an extremely

rapid, and functionally instantaneous, phase I τ of _V O2 kinetics (Lador et al. 2006,

2008; Faisal et al. 2009). This would correspond to a practically immediate upward

translation of _V O2 that is apparent since the first breath. Considering the time

resolution in breath-by-breath analysis, the apparent phase I τ of _V O2 kinetics

cannot be considered different from those obtained for the kinetics of _Q and _QaO2,

thus refining and supporting quantitatively the observation (Cummin et al. 1986) of

a close correspondence between the rapid increase of _Q and ventilation at exercise

onset. Application of the Fick principle helps in understanding the quantitative

relations between the kinetics of _Q or _QaO2 and that of _V O2 during phase I.

Because of a delay between muscle oxygen consumption and lung oxygen uptake,

it can be assumed that during the first seconds of exercise, the composition of mixed

venous blood remains unchanged, and thus, the arterial-venous oxygen difference

CaO2 � C�vO2ð Þ stays equal to that at rest (Barstow and Molé 1987; Weissman

et al. 1982). This being so, any increase in _V O2 during phase I would be due only

to an increase in _Q. Lador et al. (2006) found that the A1 of _Q was on average

4.3 L min−1. For an average resting CaO2 � C�vO2ð Þ of 87 ml L−1, this would carry

along a corresponding immediate _V O2 increase of 374 ml min−1, which is very

close to the observed amplitude of phase I for _V O2, reported in the same study

(355 + 148 ml min−1), indicating that the A1 for _V O2 is indeed entirely accounted

for by the _Q increase during phase I, as previously proposed (Wasserman et al.

1974; Whipp et al. 1982).

Lador et al. (2006) found faster τ2 of _Q and _QaO2 than that of _V O2, with equal

time delay. Thus, the amount of oxygen made available to the contracting muscle

mass in phase II overrides the oxygen demand, determining a transient decrease in

CaO2 � C�vO2ð Þ, with consequent transient increase of the oxygen stores in the

venous reservoir. The phase II increase in _Q was attributed to the progressive

activation of sympathetic flow to the heart. In hypoxia (Lador et al. 2013), the τ2 of
_Q was higher than in normoxia. This may be, at least in part, a consequence of a

slower fH increase in hypoxia in response to sympathetic activation. Some studies,

however, have shown unchanged fH kinetics in hypoxia with respect to normoxia

despite slower _V O2 response (Cleuziou et al. 2005; Engelen et al. 1996).
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The _VO2 Kinetics in Hypoxia

Several studies reported higher time constants for the primary component (phase II)

of the _V O2 response in hypoxia than in normoxia, independently of the applied

model (mono-or bi-exponential) (Cleuziou et al. 2005; Engelen et al. 1996;

Hughson and Kowalchuk 1995; Lador et al. 2013; Springer et al. 1991). Only one

study, however, reported at the same time the values of early lactate accumulation

(Lador et al. 2013). I therefore refer to these data for the present analysis.

The average cumulative volume of oxygen V O2ð Þ that is transferred at the

alveolar level during a constant-load exercise is given by the following:

V O2 ¼
Z
t

0

d _V O2dt ð3:7Þ

where t is the exercise time. At the same time, the changes in venous blood oxygen

stores DVvO2ð Þ occurring during the transient can be calculated as follows (Barstow

et al. 1990):

DVvO2 ¼
_V O2

_Q

� �

r

�
_V O2

_Q

� �

ss

� �

Vv ð3:8Þ

where suffixes ss and r refer to the steady-state and pre-exercise resting conditions,

respectively, and Vv is the venous blood volume, assumed invariant within the

exercise transient and equal to 3 L (Barstow et al. 1990). From the data of Lador

et al. (2013), average DVvO2 turned out equal to 260 and to 230 ml in normoxia and

hypoxia, respectively. These values can then be added to _V O2, to obtain the vol-

ume of oxygen actually extracted by the contracting muscles V O2Mð Þ in the two

conditions. Since the metabolic requirements of muscle contraction at a given

steady mechanical power are independent of exercise time, the difference between

the overall metabolic energy (expressed in oxygen equivalents) consumed during a

given exercise time and VO2M defines a muscular oxygen deficit DO2Mð Þ, which is

equal to (di Prampero 1981; di Prampero and Ferretti 1999)

DO2M ¼ DO2AL þ DO2LA ð3:9Þ

where DO2AL is the alactic oxygen deficit, i.e. the obligatory component of DO2M;

and DO2LA is that facultative component of DO2M, represented by early lactate.

DO2AL results from an exponential muscle _V O2 kinetics that, in evenly aerobic

conditions, i.e. when DO2LA is nil, has an equal time constant to that of the mono-

exponential kinetics of muscle phosphocreatine decrease upon exercise onset

(Binzoni and Cerretelli 1991). As already pointed out, this time constant in humans

ranges between 20 and 25 s, as demonstrated by magnetic resonance spectroscopy

experiments, and is invariant and independent of the mechanical power imposed

(Binzoni et al. 1992, 1997; di Prampero et al. 2003; Francescato et al. 2008;
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Rossiter et al. 1999, 2002). As a consequence, DO2AL turns out directly propor-

tional to the steady-state _V O2.

In the study of Lador et al. (2013), the evenly aerobic condition is represented by

the experiments in normoxia, in which no increase in [La]b was observed during the

exercise transient, and the estimated time constant of muscle _V O2 kinetics, after

accounting for changes in blood oxygen stores, corresponded well to that reported

in the above-mentioned studies for muscle phosphocreatine kinetics. In this con-

dition, DO2M ¼ DO2AL

Things are not so in hypoxia, in which case DO2M turns out larger than in

normoxia. Since exercise was carried out at the same power in both conditions, and

thus steady state _V O2 was the same, DO2AL was necessarily equal in hypoxia as in

normoxia. Consequently, the increase in DO2M in hypoxia is exclusively due to an

increase in DO2LA, whence the experimental finding of a net increase of lactate

concentration during the exercise transient. The energy furnished by DO2LA in

hypoxia must be equal to the difference in DO2M between hypoxia and normoxia.

The ratio between DO2LA and the net average lactate accumulation (1.3 mM in the

study of Lador et al. 2013), expressed per unit of body mass, turns out equal to

2.5 ml O2 mM−1 kg−1, a value fairly close to the range normally admitted for the

energy equivalent of blood lactate accumulation (di Prampero 1981).

The rate of substrate flux dictates the rate at which muscle _V O2 increases in

evenly aerobic conditions (Bowtell et al. 2007; Connett et al. 1985; Korzeniewski

and Zoladz 2002). In this case, the phase II kinetics of _Q and _QaO2 is faster than

that of muscle oxygen consumption. However, as soon as in an exercise transient

the increase in _QaO2 becomes as slow as or slower than the rate at which substrate

flux increases, as was the case hypoxia in the study of Lador et al. (2013), and I

would say is the case anytime the evenly aerobic condition is broken around the so-

called lactate threshold, then muscle _V O2 kinetics would be imposed by the former

instead of the latter and would be slowed down. Pyruvate accumulates in con-

tracting muscle fibres, thus promoting muscle, then blood lactate accumulation. To

sum up, any slowing of _QaO2 kinetics entails a slowing of both the kinetics of _V O2

and of muscle oxygen consumption.

The Slow Component

When exercise is carried out at a power higher than the so-called lactate threshold,

beside the appearance of early lactate, a new component of the _V O2 kinetics

becomes evident, defined as the slow component of the _V O2 response to exercise

(Camus et al. 1988; Paterson and Whipp 1991; Poole et al. 1988; Whipp and

Wasserman 1972). When the slow component appears, no steady state is attained

during constant-load exercise: _V O2 keeps increasing until it attains its maximum,

and exercise is terminated (Poole et al. 1988). However, Jones et al. (2010)
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demonstrated that the slow component may appear also at moderate exercise,

slightly below the critical power, so that a steady state may still be attained at a

level, which is lower than the maximum _V O2 but higher than the phase II steady

state. This may justify treating the slow component as a third exponential of the
_V O2 kinetics, whose amplitude would be nil at light exercise in evenly aerobic

conditions, becoming positive above the lactate threshold, possibly higher, the

higher is the mechanical power, yet unmeasurable due to the achievement of a _V O2

level equivalent to the maximum, which by definition cannot be overridden. This

option was anyway retained by Barstow and Molé (1991), who proposed two

distinct exponential models differing by the size and meaning of the admitted time

delay. Time constants higher than 100 s were reported by these authors for the

exponential assumed to characterize the slow component (phase III of the _V O2

kinetics).

The mechanisms behind the slow component are far from being understood.

They are nonetheless related to alterations in the milieu interne of the contracting

muscle mass, possibly as a consequence of early lactate accumulation, and to the

onset of peripheral fatigue (Jones et al. 2011). Initially, what we call nowadays the

slow component was attributed to the increase of the energy cost of ventilation and

to the metabolic effects of increasing body temperature (Hagberg et al. 1978). These

two factors, however, intervene across the entire power range from rest to maxi-

mum, which is not the case for the slow component. Other mechanisms had to be

called upon. Some of these were reviewed by Poole et al. (1994a), including the

potential metabolic effect of increased catecholamine concentration (other factor,

however, active along the entire power range), work performed by non-locomotory

muscles, differences in contraction efficiency between type I and type II fibres,

differentially recruited at progressively increasing powers according to the Henn-

eman principle. Several studies with single-leg extension exercise suggested

localization of the slow component within the active muscle mass (Koga et al.

2005; Krustrup et al. 2009; Poole et al. 1991), with associated “slow component”

for muscle [PC] decrease (Rossiter et al. 2002), a deranging finding indeed for the

suggested link between the slow component and the dynamics of ATP turnover in

the cross-bridge cycle.

The resulting change of perspective has led Jones et al. (2011) to consider three

intrinsic mechanisms potentially explaining the onset of the slow component: (i) a

progressive increase in muscle temperature, (ii) the onset of acidosis related to

lactate accumulation and (iii) alterations in P/O2 coupling leading to possible

changes in the P/O2 ratio. The first of these mechanisms can easily be excluded, on

both theoretical (muscle temperature increases at all powers) and experimental

grounds (Ferguson et al. 2006). The last of these mechanisms has been proposed

following the different muscle fibre recruiting patterns, with type II fibre activation

being added to type I fibre activation only at intense powers (Henneman principle),

as demonstrated by neurophysiological (Sale 1987) and fibre glycogen-depletion

studies (Krustrup et al. 2004), on the hypothesis that type II fibres have lower

mechanical efficiency during contraction and lower P/O2 ratio than type I fibres.
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Such a mechanism, however, does not per se imply the necessity of a slow com-

ponent, as long as at a given intense power, type II fibres are recruited since the

exercise start: in this case, lowered efficiency would carry along a higher phase II

steady state rather than the addition of a phase III with time delay, as postulated in

the model of Barstow and Molé (1991). In fact, this hypothesis was contradicted by

the findings of Zoladz et al. (2008).

Muscle pH is significantly decreased only during intense exercise, when a

continuous increase in lactate concentration takes place. The link between acidosis

and slow component is not due to a direct action of lactate itself, as long as

continuous lactate infusion into working dogs did not modify the time course of

oxygen consumption (Poole et al. 1994b). The link may be indirect, or better,

acidosis may be an epiphenomenon, associated with the onset of the slow com-

ponent, but not a mechanistic cause of it. The lactic acid concentration in the body

fluids results from the balance between lactate production and removal. During

intense exercise, the latter is due exclusively, or very nearly so, to its oxidation, the

first step of which is the reversible transformation of lactate to pyruvate. When

lactate production equals lactate removal, the lactate concentration in body fluids

stays constant, and _V O2 is an overall measure of the whole body energy expen-

diture, independent of the magnitude of lactate production and removal and of the

absolute lactate concentration. On the contrary, during intense exercise, the lactate

concentration in the body fluids keeps increasing with time, indicating that the

overall energy balance includes a fraction of energy deriving from anaerobic lactic

metabolism, which is proportional to the net rate of lactate accumulation and which

is largely due to the recruitment also of type II fibres. These are characterized by

relatively poor aerobic potential, as demonstrated by their low mitochondrial

density (Howald et al. 1985), and thus during intense exercise, these are in hyp-

oaerobic condition (di Prampero and Ferretti 1999), in which active muscle fibres

produce more pyruvate than can be oxidized in the Krebs cycle, so that lactate

concentration keeps increasing steadily inside them and lactate is liberated in the

intracellular space. At the same time, type I fibres are in a hyperaerobic condition,

in which the active fibres can take up lactate from the extracellular space and

oxidize it, in addition to the amount of lactate produced by themselves, a phe-

nomenon tending to decrease lactate concentration in extracellular space. The

combination of a hypoaerobic type II fibre with an adjacent hyperaerobic type I

defines an unevenly aerobic condition, wherein some of the lactate produced in

excess by hypoaerobic fibres can be oxidized by the hyperaerobic fibres nearby

(Fig. 3.3). This process requires an increase in muscle lactate concentration,

entailing a pH decrease. If an equilibrium is attained between the hypoaerobic and

the hyperaerobic fibre, lactate concentration, after an initial rise (early lactate),

stabilizes at a higher level. This may be the case around the critical power: higher

lactate, lower pH, both stable, less efficient contraction due to type II fibre

recruitment (Han et al. 2003; Stienen et al. 1996) and appearance of phase III _V O2

response, which attains a steady state whose level is higher the larger the number of

active type II fibres. It is noteworthy that this analysis bears an analogy with
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Brooks’ theory of the lactate shuttle (Brooks 1986, 2000, 2009), which looks at the

same phenomenon from a slightly different perspective.

By contrast, at powers near the maximum aerobic power, the activity of type II

hypoaerobic fibres exceeds that of type I hyperaerobic fibres: more lactate is pro-

duced by the former than can be oxidized by the latter: muscle lactate concentration

keeps going up, muscle pH keeps decreasing, type II fibres fatigue and perhaps the

muscle tries to recruit a larger number of motor units, which may contribute to a

continuously increasing phase III: after a given time, which is shorter, the higher is

the applied power, the maximal _V O2 is attained and exercise must end within short

(Fig. 3.4).

Fig. 3.3 aMuscle fibre in evenly aerobic condition. The pyruvate (Py) formed from glycogen (G)

is fully oxidized to carbon dioxide and water within the same fibre. Each glycogen unit

participating in the process yields 3 units of ATP in the glycolytic pathway and 34 units of ATP in

the Krebs cycle and consumes 6 units of oxygen. The P/O2 ratio amounts thus to (34 + 3)/6 = 6.17.

b Muscle fibre in hypoaerobic condition. The amount of pyruvate formed at the outcome of the

glycolytic path is greater than what can be oxidized in the Krebs cycle. The excess pyruvate is

transformed into lactate. The P/O2 ratio turns out higher than in evenly aerobic condition: (34 + 6)/

6 = 6.67. cMuscle fibre in hyperaerobic condition. The fibre takes up lactate from the extracellular

space and transforms it into pyruvate, which is fed into the Krebs cycle in the absence of glycogen

breakdown. The P/O2 ratio turns out lower than in evenly aerobic condition: 34/6 = 5.67. d A

couple of muscle fibres in unevenly aerobic condition. The coupling of a hypoaerobic fibre with a

hyperaerobic fibre generates a fully aerobic condition across the two fibres. The P/O2 ratio of this

system is equal to that incurring in evenly aerobic condition: (34 + 34 + 6)/12 = 6.17. The arrow

connecting the two fibres indicates that lactate concentration is highest in the hypoaerobic fibre,

intermediate in the extracellular fluid and lowest in the associated hyperaerobic fibre. From di

Prampero and Ferretti (1999)
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To sum up, behind the slow component, there may be a mixture of fibre type

functional characteristics, fatigue, predominance of hypoaerobic fibres leading to

lactate accumulation, decreased efficiency of muscle contraction during intense

exercise. The general picture underlined here above carries along numerous cor-

ollaries, namely that (i) early lactate starts being accumulated at powers below the

critical power; (ii) the critical power may correspond, or at least be close, to the

power eliciting maximal lactate steady state (Greco et al. 2012; Pringle and Jones

2002); (iii) the amplitude of the slow component (phase III of the _V O2 response) is

greater, the higher is the applied power; (iv) the power–duration relationship above

the critical power is connected with the quantitative characteristics of phase III.

Moreover, as underlined also in Chap. 6, the energetic significance of lactate

accumulation is related to the rate at which its concentration changes in the body

fluids and not to its absolute concentration. The typical plot of blood lactate con-

centration as a function of exercise intensity does not mean that above a given

threshold (e.g. 4 mM), the energy requirement of the exercise is met in part by

anaerobic lactic energy sources: a continuous anaerobic lactic contribution to the
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Fig. 3.4 Example of kinetics of oxygen flow _V O2 upon constant-load exercise onset, with

identification of the primary component (phase II, continuous curve) and of the slow component

(phase III, dashed curve). An exponential phase III implies superposition of a further _V O2 increase

above the steady state of phase II until the new steady state. This would be attained, however, at a
_V O2 higher than the maximal oxygen consumption _V O2max

� �

; which cannot be overcome. Thus,

the _V O2 increase due to phase III stops at the attainment of _V O2max. This sets the maximal time

that can be sustained at a given power (tlim), indicated in the graph by the vertical arrow
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energy requirement can be demonstrated only if the lactate concentration keeps

increasing during the exercise (di Prampero and Ferretti 1999).

The slow component represents a challenge to the classical notion of a linear
_V O2 versus power relationship from rest to maximal exercise. This concept was

already discussed in Chap. 2. In fact, the appearance of the slow component may

flex this relationship upwards in the high-intensity exercise domain. Here, I add

that, in the context of an exponential model of the _V O2 kinetics including slow

component, we may be able to compute a phase II amplitude, present at all powers

between rest and maximal exercise, redefining the classical steady-state concept for
_V O2, and a phase III amplitude, appearing above the critical power (see Chap. 5),

or likewise above the lactate threshold, whose steady state might be attained at _V O2

levels higher than the maximum, and therefore invisible experimentally. The pro-

vocative hypothesis is that these two phases do not refer to same phenomena: in this

case, only the former would represent the metabolic power sustaining muscle

contraction in aerobic conditions, its amplitude being directly proportional to the

applied mechanical power.

The Effect of Priming Exercise

The kinetics of _QaO2, variable which is dictated by _Q and CaO2 (invariant in

normoxia), can logically be accelerated if the blood flow to the contracting muscle

mass is artificially elevated before a square wave exercise. The easiest way to attain

such an acceleration of the _QaO2 kinetics is to perform an intense exercise a few

minutes before the start of the “experimental” exercise session. During recovery

after intense exercise, the decrease of blood flow is relatively slow, so that the

second exercise is initiated when muscle blood flow has not yet returned to its

resting value. In this case, one should expect a _V O2 kinetics characterized by a

smaller τ2 than that which one would find if the same exercise was started from a

resting blood flow condition. This was demonstrated to be so in several studies (see,

e.g. Burnley et al. 2001, 2002; Gerbino et al. 1996; MacDonald et al. 1997; Perrey

et al. 2003), but the observation is not universal (Burnley et al. 2000; Scheuermann

et al. 2002; Wilkerson et al. 2004). In particular, the priming exercise effect does

not appear when priming exercise is carried out at a power below the lactate

threshold (Carter et al. 2005; Gerbino et al. 1996), thus in evenly aerobic condi-

tions. Above the lactate threshold, the effect depends on the intensity of exercise

(Bailey et al. 2009; Tordi et al. 2003) and on the time of recovery between the two

exercise bouts (Burnley et al. 2006). Some authors have reported that the effect is

specific to the slow component (Koppo and Bouckaert 2001; Sahlin et al. 2005),

with contradictory results regarding the primary component (Burnley et al. 2000;

Faisal et al. 2009; Tordi et al. 2003).
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The mechanisms behind the priming exercise effect are still poorly understood.

Several hypotheses have been put forward, which include the interaction of various

mechanisms. Among these, increased muscle oxygen delivery may play a crucial

role for its potentially direct effect (DeLorey et al. 2007; Endo et al. 2005; Faisal

et al. 2009), although enhanced activity of muscle oxidative enzymes and altera-

tions of motor unit recruitment patterns have also been considered (for a review of

these alternative hypotheses, see Poole and Jones 2012). According to Faisal et al.

(2009), greater oxygen delivery with increased leg blood flow after prior heavy

exercise (Fukuba et al. 2007), or an elevation in pyruvate dehydrogenase and

intracellular lactate and acetyl CoA concentrations (Gurd et al. 2006), may generate

an increase in PO2 following elevated oxygen delivery.

The effect of priming exercise on the _V O2 kinetics as determined at the lungs

does not appear when studying the kinetics of muscle oxygen consumption during

blood flow manipulations in the isolated–perfused muscle preparation (Grassi et al.

1998). Therefore, the acceleration of the _V O2 kinetics associated with the perfor-

mance of priming exercise during heavy exercise is a consequence of something

occurring in the respiratory system upstream of the contracting muscle fibres.

The phenomenon is typical of intense exercise, in which early lactate accumu-

lation occurs. It appears associated with faster kinetics of _QaO2. As long as it

accelerates the _V O2 kinetics, priming exercise improves the performance time at

any power above the critical power (Burnley et al. 2011; Ferguson et al. 2010),

without changing the critical power. Since the critical power is tightly matched with

the maximal aerobic power (Adami et al. 2013), this is unaffected as well. In sum, I

propose that the effect of priming exercise has to do with the interaction between

cardiopulmonary oxygen flow and muscle oxygen consumption. This would

explain why it is unlike during light exercise: in this condition, the kinetics of
_QaO2 is anyway fast enough to ensure a sufficient amount of oxygen to sustain

aerobic metabolism. In intense exercise, the faster _QaO2 kinetics generated by

keeping up of muscle blood flow after the priming exercise accelerates the priming

component of the _V O2 kinetics, reduces its slow component and likely reduces

early lactate accumulation, thus improving the matching between respiration and

metabolism in the exercise transient. In other terms, the effects of priming exercise

represent a further demonstration of the important role played by the cardiopul-

monary response in dictating the _V O2 response at exercise onset and of the dis-

sociation between muscular and lung _V O2 response.

Ramp and Sinusoidal Exercise

Equation (1.4a) assumes that the exercising muscles behave as dynamic linear first-

order systems that, as such, admit only one transfer function. By analogy, Eq. (3.5)

requires two transfer functions, one characterizing phase I, the other characterizing

phase II. If we accept that phase II reflects muscle oxygen consumption, once
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allowance is made for the buffer function of blood oxygen stores, it follows that

aerobic metabolism is dictated by the rate of a single first-order reaction. A cor-

ollary of this postulate is that oxygen flow along the respiratory system does not

limit the kinetics of muscle oxygen consumption, at least in the light and moderate

exercise domains. In these conditions, the τ of any _V O2 response should be the

same, independent of the exercise protocol used.

As a consequence, when a ramp exercise protocol is investigated in the sub-

maximal exercise range, both the power and the _V O2 increase linearly with time, but

the latter lags behind the former by a time equal to the time constant of the _V O2

response. The ratio between the two slopes is equal to the mechanical efficiency of

exercise. Similarly, when a sinusoidal exercise protocol is investigated, the _V O2

response follows a sinusoidal pattern. But this pattern is not in phase with that of

mechanical power, but is out of phase by a time corresponding to the time constant of

the _V O2 response. These predictions have received solid experimental support

(Haouzi et al. 1993; Hughson et al. 1991; Niizeki et al. 1995; Swanson and Hughson

1988;Whipp et al. 1981), especially in the light exercise domain (Haouzi et al. 1993).

Elements suggesting dissociation from this model, however, intervene in the

high-intensity exercise domain. The accumulation of early lactate, the appearance

of the slow component, the changes in τ and the slowing of the _QaO2 kinetics with

increasing power suggest nonlinearity at high-intensity exercise. In the context of

the double-exponential model, the same concepts may apply to the primary com-

ponent of the _V O2 kinetics.

The Problem of Gas Flow Analysis

on a Breath-by-Breath Basis

The study of the dynamic response of metabolic and pulmonary variables upon

exercise onset is strongly affected by the recording and computational techniques

used. The first need was to improve the time resolution up to the single breath, the

duration of which is a physiological barrier. This was initially achieved in 1966, when

Auchincloss et al. (1966) published their algorithm for single-breath determination of
_V O2. Attempts at improving the time resolution beyond the single-breath duration

could rely only on computational manipulations, such as superposition of several

trials and interpolation procedures. The second need was to improve the signal-to-

noise ratio during the exercise transient, in order to reduce the error of fitting pro-

cedures, a key step in the calculation of parameters of exponential equations.

The algorithm by Auchincloss et al. (1966) requires a correct determination of the

changes in the amount of gas stored in the lungs over each breath. This quantity

cannot be measured, so they estimated it by imposing fixed pre-defined values of end-

expiratory lung volumes. To this purpose, they used pre-measured values of func-

tional residual capacity. Subsequently, several authors introduced variants to the

Auchincloss algorithm (Busso and Robbins 1997; Swanson and Sherrill 1983;
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Wessel et al. 1979), in order to improve the definition of end-expiratory lung vol-

umes. However, di Prampero and Lafortuna (1989) demonstrated the impossibility of

attaining a correct estimate of end-expiratory lung volume at each breath and, thus, of

reducing the experimental error by acting on the Auchincloss algorithm, whose value

was undermined by an elusive variable. A remarkable computational improvement

was achieved after Capelli et al. (2001) had resumed an alternative quite forgotten

algorithm (Grønlund 1984), which got rid of the need of estimating end-expiratory

lung volume. Using Grønlund’s algorithm, Capelli et al. (2001) demonstrated a two-

time improvement of the signal-to-noise ratio in breath-by-breath determination of

alveolar gas transfer as compared with Auchincloss-like algorithms. Moreover,

Cautero et al. (2002) demonstrated that Grønlund’s algorithm was able to provide

lower τ2 values than any variant of Auchincloss algorithm, no matter what value was

attributed to the end-expiratory lung volumes, suggesting that the primary component

might indeed be faster than previously admitted.

Such algorithm improvements, however, did not act on the time resolution, the

second fundamental aspect in the study of gas exchange dynamics. In fact, appli-

cation of the double-exponential model of Barstow and Molé (1987) provides

extremely low τ1 values, so low (so fast), that it was systematically undersampled

because it was resolved within one, at most two breaths, from exercise start. The

first attempts at improving the time resolution made use of interpolation methods on

the 1 s basis (Beaver et al. 1981; Hughson et al. 1993; Lamarra et al. 1987). All

these attempts are equivalent to the introduction of filters which distort the physi-

ological signal, thus introducing a further source of error, which tends to increase

the value of the calculated time constants. Lamarra et al. (1987), who first proposed

and discussed a stepwise interpolation procedure, were aware of this problem, as

they recognized that the step interpolation generated “mean physiological responses

that are smoothed by a filter whose time constant is the mean breath duration

(typically 3-4 s for these studies)”. For this reason, they restricted application of

their procedure to the analysis of phase II, whose time constant was at least one

order of magnitude greater than the interpolation interval. Hughson et al. (1993), in

order to circumvent the limits of the stepwise interpolation, introduced a linear

interpolation procedure, on the assumption of a continuous, linear _V O2 increase

within the same breath. Yet the filter effect is still maintained, especially in the

determination of τ1, whose values may be within the duration of a single breath.

Although the smaller data scatter with Hughson’s than with Lamarra’s interpolation

indicated that the former was indeed a more precise method than the latter, the

linear interpolation still remained an intrinsically inaccurate method.

More recently, at least in the light exercise domain, mere stacking of multiple

repetitions was proposed and treated as if the data were from the same rest-to-

exercise transient (Bringard et al. 2014; Francescato et al. 2014a, b). With this

procedure, possible signal distortion was prevented by using superposition of raw

data obtained during several identical _V O2 on transients, on the assumption that

each repetition on a given subject is representative of the same physiological sit-

uation. This approach increases the number of observations encompassed by a
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fitting procedure without artificial data manipulations, thus reinforcing the fitting by

mere addition of data. A comparison of the results obtained by means of the

stacking procedure with those obtained with the interpolation procedures (Bringard

et al. 2014), for the same _V O2 computational algorithm (Grønlund’s), showed

equivalent τ2 values, but lower (faster) τ1 values with stacking than with interpo-

lation. It is not unlike that the _V O2 kinetics upon exercise onset be faster than

usually reported as a consequence of insufficient or inadequate data treatment tools.

In spite of what precedes, Keir et al. (2014) recently argued on the need for

performing anyway a 1-s interpolation procedure in the treatment of the primary

component of _V O2 kinetics on the assertion of narrower confidence intervals than

with stacking. Lamarra et al. (1987), who first proposed interpolation techniques,

underlined the signal distortion, and thus the conceptual error introduced by these

techniques and the need for circumventing it. This need has a conceptual origin

whose value is independent of statistics. One may well obtain good, even better

statistics with interpolation than with stacking, at least as far as the primary com-

ponent is concerned. The problem here is that the conceptual error implicit in

interpolation techniques, even if they provide accurate time constants for the pri-

mary component (Bringard et al. 2014), should be avoided even at the price of

somewhat weaker statistics. The study of gas exchange kinetics is less a matter of

statistics than of ideas. A conceptual error remains an error even if it receives

statistical support and provides accurate data.

Conclusions

The synthesis that can be made after the above analysis of the dynamics of exercise

transients is that the picture evolves as the applied mechanical power is increased.

During light exercise, all active muscle fibres (essentially type I slow fibres)

operate in evenly aerobic conditions. In this case, oxygen delivery matches (or even

exceeds) oxygen consumption, the Krebs cycle washes out all the pyruvate pro-

duced by glycolysis and no lactate accumulation occurs. The time constant of the
_V O2 kinetics (mono-exponential model) or the time constant of the primary

component of the _V O2 kinetics (phase II, bi-exponential model) approximates that

of muscle oxygen consumption, once allowance is made for the buffer function

exerted by oxygen stores. The oxygen deficit consists only of its obligatory com-

ponent, namely anaerobic alactic metabolism, whence the correspondence between

muscle [PC] kinetics as determined by NMR studies and muscle oxygen con-

sumption kinetics.

As the power goes up, the metabolic rate increases andmoremuscle fibres are to be

recruited: type II fibres, with lower mitochondrial volume and oxidative potential,

start to be activated. The maximal oxygen consumption of these fibres is lower than

that of type I slow fibres, so that those fibres start accumulating lactate (hypoaerobic

condition), while these fibres do not yet. This phenomenonmay be accentuated by the

The Problem of Gas Flow Analysis on a Breath-by-Breath Basis 89



progressive slowing of the kinetics of cardiovascular variables, which reduces the

amount of oxygen relative to the energy demand that is made available to the con-

tracting muscle fibres at a given time during the transient. As a consequence, muscle,

and subsequently blood, lactate concentrations increase. However, since a type I fibre

can take up the lactate produced by a neighbouring type II fibre (hyperaerobic

condition, di Prampero and Ferretti 1999), a new equilibrium is attained, with steady

blood lactate concentration higher than at rest (early lactate).

By further increasing power, this equilibrium can no more be sustained, because

both the metabolism of type I fibres and the lactate production by type II fibres,

which are recruited at a progressively greater extent, increase. Although the power

is still lower than the maximal aerobic power, muscle and blood lactate concen-

tration keep increasing with time, muscle pH drops, fibres (especially type II fibres)

fatigue, their efficiency decreases and perhaps more fibres need to be recruited: the

slow component (phase III) appears. This may occur above a power that is called

the critical power, which is discussed in Chap. 5. Associated with the critical power

is the concept of maximal lactate steady state. These phenomena progressively

reduce the time that can be sustained at a given power, thus dictating the

power–duration relationship above the critical power (Chap. 5). At even higher

powers, also type I fibres attain their maximal oxygen consumption: in this

condition, all active muscle fibres produce lactate, and subjects exercise at powers

higher than the maximal aerobic power. All fibres become hypoaerobic, and

supramaximal exercise (Chap. 6) is performed. The implications that this state of

things have on the concept of maximal aerobic power are discussed in Chap. 4.
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Chapter 4

Maximal Oxygen Consumption

Abstract As soon as the concept of maximal oxygen consumption ð _V O2maxÞ was

created, it was clear that _V O2max was limited somewhere along the respiratory

system. The quest for the single factor limiting _V O2max went on for long, with

highly contradictory outcomes. The way of looking at _V O2max limitation, however,

changed drastically some 30 years ago. The resumption of the oxygen cascade

theory as a tool for a holistic description of the respiratory system led to the

development of multifactorial models of _V O2max limitation. Two such models are

currently available, one created by Pietro Enrico di Prampero and the other by Peter

Wagner. These models are described in detail and criticized. The evidence sup-

porting the predictions generated by the two models is presented. Demonstration is

provided that the two models converge indeed on the same conclusion, namely that

most of the limitation to _V O2max in normoxia is provided by cardiovascular oxygen

transport. However, the same models show that the role of peripheral oxygen

diffusion and utilization as limiting factors is such that it cannot be neglected. The

special case of _V O2max in hypoxia is then presented, and the effects of a nonlinear

oxygen equilibrium curve are discussed. It is acknowledged that as long as we

operate on the flat portion of the oxygen equilibrium curve, the lungs do not limit
_V O2max, but as soon as the steep part of the curve is attained, the lungs take over a

significant fraction of _V O2max limitation. Finally, the case of prolonged bed rest is

discussed as an example of _V O2max changes induced by simultaneous multiple

modifications occurring at various levels along the respiratory system.

Contents

Introduction .............................................................................................................................. 98

The Unifactorial Vision of _V O2max Limitation ..................................................................... 99

The Oxygen Cascade at Maximal Exercise ............................................................................ 101

An Analysis of di Prampero’s Model ..................................................................................... 103

Experimental Testing of di Prampero’s Model....................................................................... 107

An Analysis of Wagner’s Model ............................................................................................ 108

Experimental Testing of Wagner’s Model.............................................................................. 109

© Springer International Publishing Switzerland 2015

G. Ferretti, Energetics of Muscular Exercise,

DOI 10.1007/978-3-319-05636-4_4

97



A Critical Comparison of the Two Models ............................................................................ 111

Of Maximal Oxygen Consumption in Hypoxia...................................................................... 115

Of Maximal Oxygen Consumption at the End of Bed Rest .................................................. 119

Of the Central Governor Hypothesis ...................................................................................... 123

Of Measuring _VO2max ............................................................................................................ 125

Conclusions.............................................................................................................................. 128

References ................................................................................................................................ 128

Introduction

The concept of maximal oxygen consumption ð _V O2maxÞ was created when it was

observed that the linear relationship between oxygen uptake ð _V O2Þ and mechanical

power ( _w) attains a plateau which cannot be overcome despite further increases of _w

(Herbst 1928; Hill and Lupton 1923) (Fig. 4.1). The _V O2 plateau implied limitation

of oxygen flow at some levels along the respiratory system. The quest for the

factors that limit _V O2max has not ceased ever since. For a long time, the discussion

on _V O2max limitation focused on the identification of a single limiting step. A long-

lasting debate between two opposed fields, that of central (cardiovascular)
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Fig. 4.1 An example of a relationship between oxygen uptake ( _V O2) and power during a classical

discontinuous protocol for _V O2max measurements. The reported data refer to a trained top-level

cyclist tested in Geneva. The line through the points is the regression line calculated on the

submaximal _V O2 values. The horizontal line indicates the _V O2max plateau. The vertical dashed

arrow indicates the maximal aerobic power. From Ferretti (2014)
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limitation and that of peripheral (muscular) limitation characterized 50 years of

research in exercise physiology, without significant synthesis.

A revolution in the approach to the subject of _V O2max limitation occurred after

Taylor and Weibel (1981) resumed the oxygen cascade theory as a tool for

describing oxygen transfer from ambient air to the mitochondria in mammals.

Although their aim was to analyse the structural constraints of respiratory systems

under maximal stress in animals encompassing a wide range of body size, that idea

brought some exercise physiologists to consider the multiple factors that contribute

to _V O2max limitation under a holistic perspective. The quest for the single limiting

step came to an end and the way to the creation of the multifactorial models of
_V O2max limitation (di Prampero 1985, 2003; di Prampero and Ferretti 1990; Ferretti

and di Prampero 1995; Wagner 1992, 1993, 1996a, b). These models have char-

acterized the last 20 years of debate on this issue. _V O2max and the multifactorial

models of _V O2max limitation are the objects of this chapter.

The Unifactorial Vision of _VO2max Limitation

The descriptive physiology of _V O2max has been the object of thousands of papers,

the results of which have been summarized in numerous review articles (Blomqvist

and Saltin 1983; Cerretelli and di Prampero 1987; Cerretelli and Hoppeler 1996;

Ferretti 2014; Jones and Lindstedt 1993; Lacour and Flandrois 1977; Levine 2008;

Saltin 1977; Scheuer and Tipton 1977; Stamford 1988; Taylor 1987; Tesch 1985;

Weibel 1987; Weibel et al. 1992). In short, _V O2max is (i) up to twice higher in

endurance athletes than in sedentary individuals; (ii) higher in men than in women;

(iii) decreased by ageing, with athletes maintaining higher _V O2max values than non-

athletic individuals along the entire lifespan; (iv) reduced by inactivity (e.g. bed

rest) or by hypoxia; (v) increased by endurance training, whether with continuous

or interval-training protocols, depending on the overall training volume. Training

also slows down the _V O2max decline with age.

These effects on _V O2max are associated with consensual and quantitatively

similar changes in maximal cardiac output ( _Qmax) (Blomqvist and Saltin 1983;

Cerretelli and di Prampero 1987; Clausen 1977; Ekblom et al. 1968). Also the

effects of acute manipulations of the cardiovascular oxygen transport system on
_V O2max were widely investigated. _V O2max was found to be lower in acute anaemia

than in normaemia (Celsing et al. 1987; Krip et al. 1997; Woodson et al. 1978) and

higher in acute polycythaemia than in normaemia (Buick et al. 1980; Celsing et al.

1987; Ekblom et al. 1975, 1976; Spriet et al. 1986; Turner et al. 1993), and after

erythropoietin administration (Russell et al. 2002; Thomsen et al. 2007). _V O2max is

reduced also when small quantities of carbon monoxide are added to inspired air

(Ekblom and Huot 1972; Pirnay et al. 1971; Vogel and Gleser 1972). The rela-

tionship between _V O2max and _Qmax is linear and highly significant (Blomqvist and
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Saltin 1983; Cerretelli and di Prampero 1987), as is that between _V O2max and leg

blood flow during single-leg extension exercise (Calbet et al. 2004, 2007; Rich-

ardson et al. 1995b). Finally, if sufficient blood flow is delivered to the contracting

muscle mass, specific muscle _V O2max can increase well above the levels attained at

maximal exercise in normal blood flow condition (Andersen and Saltin 1985;

Richardson et al. 1995a; Rowell et al. 1986). On this basis, a large number of

exercise physiologists concluded that at least during exercise with large muscle

groups, the single factor limiting _V O2max is cardiovascular oxygen transport

(Blomqvist and Saltin 1983; Clausen 1977; Ekblom 1969, 1986; Mitchell and

Blomqvist 1971; Rowell 1974; Saltin and Rowell 1980; Saltin and Strange 1992;

Scheuer and Tipton 1977; Sutton 1992).

However, focusing on active muscles showed that (i) the smaller is the active

muscle mass, the lower is _V O2max (Åstrand and Saltin 1961; Bergh et al. 1976;

Davies and Sargeant 1974; Secher et al. 1974); (ii) specific endurance training of

one leg increases _V O2max during exercise with that leg only (Saltin et al. 1976); (iii)

endurance athletes have a greater fraction of oxidative type I muscle fibres, a greater

muscle capillary density and a higher activity of muscle oxidative enzymes than

sedentary individuals (Brodal et al. 1977; Costill et al. 1976; Gollnick et al. 1972;

Howald 1982; Tesch and Karlsson 1985; Zumstein et al. 1983); (iv) muscle cap-

illary supply, muscle mitochondrial volume and muscle oxidative enzyme activities

are increased by physical training (Andersen and Henriksson 1977; Gollnick et al.

1973; Henriksson 1977; Holloszy and Coyle 1984; Hoppeler et al. 1985; Howald

et al. 1985; Ingjer 1979) and decreased by prolonged inactivity (Berg et al. 1993;

Booth 1982; Hikida et al. 1989). Furthermore, and most importantly, the _V O2max of

altitude-acclimatized subjects who are staying in chronic hypoxia, after sudden

exposure to normoxic gas mixtures, does not return to the pre-acclimatization levels

(Cerretelli 1976). On these bases, some authors concluded that muscle oxidative

capacity, rather than cardiovascular oxygen transport, limits _V O2max (Cerretelli

1980; Lindstedt et al. 1988; Taylor 1987; Weibel 1987), especially during exercise

with small muscle groups (Davies and Sargeant 1974; Kaijser 1970; Saltin 1977).

More recently, this view was supported also by experiments with single-leg

extension exercise (Rådegran et al. 1999; Richardson et al. 1995b; Roach et al.

1999). With the same experimental model, Calbet et al. (2009) demonstrated also a

different _V O2max decrease in hypoxia when exercise was performed with small

rather than big muscle masses. In a minority of cases, such as extreme hypoxia

(West 1983) and in athletes with very high _V O2max values (Dempsey et al. 1984;

Dempsey and Wagner 1999), the lungs were also accounted for as limiting step.

The debate on the single factor that limits _V O2max in humans went on for a long

time, remaining essentially unresolved. Still in 1992, Saltin and Strange (1992)

noted that no consensus existed on what limits _V O2max. The concept of a mono-

factorial _V O2max limitation was so deeply rooted in the world of exercise physi-

ology, that even an important recent review on _V O2max maintained a mono-factorial

focus (Levine 2008). However, the revolution generated by the introduction of
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multifactorial models of _V O2max limitation has transformed the inconclusive debate

on the cardiovascular versus muscular limitation of _V O2max into an old-fashioned

reminiscence of the past, similarly to what has happened to tape recorders for

experimental data collection.

The Oxygen Cascade at Maximal Exercise

The theory of the oxygen cascade represents an attempt at developing a compre-

hensive, integrative view of the respiratory system as a gas transporter from ambient

air to the mitochondria or vice versa. The basic concept, which can be taken as the

axiom behind multifactorial models of _V O2max limitation, describes oxygen as

flowing along the respiratory system driven by oxygen pressure gradients against

several in-series resistances, in analogy with water flow in pipes or current in high-

resistance electric lines. The overall driving pressure is the pressure gradient between

inspired air and the mitochondria. Oxygen partial pressure can be measured at

various levels along the respiratory system: the measured values decrease as long as

we proceed from the mouth to the mitochondria. These measurement sites allow

definition of clear and physiologically significant resistances to flow. A represen-

tation of the oxygen flow from ambient air to the mitochondria is depicted in Fig. 1.3

(see Chap. 1). The set of equations describing the flow of oxygen across each

resistance provides a simple quantitative description of the oxygen cascade theory. A

more detailed nonlinear algebraic solution of the oxygen conductance equations can

be found elsewhere (Shephard 1969). At steady state, all these equations have equal

solutions for oxygen flow (see Chap. 1), which, at maximal exercise, corresponds to
_V O2max, i.e. the maximal flow of oxygen that the incurring overall pressure gradient

can sustain against the total resistance to oxygen flow. This resistance decreases as

long as the body metabolism is increased, because of the concomitant elevation of

ventilation, diffusion capacity, cardiovascular oxygen flow and muscle blood flow.

The resistance at maximal exercise, opposing to _V O2max, is the minimal resistance

opposed by the respiratory system to oxygen flow.

Two variants of the oxygen cascade theory at maximal exercise have been pro-

posed, depending on whether the cardiovascular oxygen transport step is considered

merely convective or not. A convective cardiovascular step implies that the driving

force of oxygen flow across this step is the gradient set by the mean capillary oxygen

partial pressures (P�cO2) in the lungs and in muscles, which can be calculated by

Bohr’s integration at the respective capillaries. In this case, the cardiovascular

system would be seen as an element connecting two distant resistances, not as a

resistive step in se. If conversely cardiovascular oxygen transport is not considered

convective, the driving force across it would be the difference between arterial and

mixed venous oxygen partial pressures (PaO2 and P�vO2; respectively), thus making

blood circulation one of the many in-series resistances of a hydraulic system.

Both interpretations of cardiovascular oxygen transport can be considered viable

because there is a still unresolved quantitative step in the oxygen cascade theory:
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the effects of the heterogeneity of distribution of the ventilation/perfusion ratio

( _VA= _Q) in the lungs, which generates the difference between mean alveolar oxygen

partial pressure (PAO2) and PaO2. The best analytical tool conceived for the

description of oxygen transfer between alveoli and arterial blood is the diffusion–

perfusion interaction equation for the lung (Piiper and Scheid 1981), which

nevertheless does not include the effect of _VA= _Q heterogeneity on PaO2. The

genesis of the two above-mentioned interpretations of cardiovascular oxygen

transport is a consequence of the manner this unresolved step of the oxygen cascade

is treated, and these two interpretations are at the basis of the two main multifac-

torial models of _V O2max limitation, respectively conceived by Pietro Enrico di

Prampero and by Peter Wagner (Fig. 4.2). This generated some apparent conceptual

and analytical differences in the respective formulations, which led to consider the

two models as conflicting. It was recently demonstrated that this was not the case

indeed, at least as long as the analysis is restricted to the trait of the respiratory

system distal to arterial blood (Ferretti 2014). This restriction is acceptable in

normoxia, as long as it is admitted that there is no limitation of _V O2max imposed by

pulmonary ventilation and lung diffusion in this condition.

Fig. 4.2 From left to right, Peter Wagner, Fabio Benfenati (then President of the Italian

Physiological Society), Arsenio Veicsteinas, Pietro Enrico di Prampero, Guido Ferretti, Fabio

Esposito, Carlo Capelli and Paolo Cerretelli. Wagner and di Prampero are the creators of the two

multifactorial models of _V O2max limitation. Picture taken at the 62° annual meeting of the Italian

Physiological Society, which took place in Sorrento, Italy, on 25–27 September 2011. Courtesy of

Arsenio Veicsteinas
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An Analysis of di Prampero’s Model

di Prampero’s model (di Prampero 1985, 2003; di Prampero and Ferretti 1990;

Ferretti and di Prampero 1995) looks at the respiratory system from ambient air to

the mitochondria as a hydraulic model of in-series resistances and assumes steady-

state condition at maximal exercise. If this is so, for a system characterized by n

resistances in series, we have:

_V ¼
DP1

R1

¼
DP2

R2

¼ � � � ¼
DPn

Rn

¼
DPT

RT

ð4:1Þ

where _V is the gas flow, ΔP is the pressure gradient sustaining _V across the ith

resistance R and DPT is the overall pressure gradient. At maximal exercise, _V is
_V O2max and DPT is the difference between the inspired and the mitochondrial

partial pressure of oxygen, PIO2 � PmO2. Since PmO2 tends to 0 mmHg (Gayeski

and Honig 1986; Richardson et al. 2001; Wagner 2012), DPT can be set equal to

PIO2 with negligible error. Of course, ΔPT is the sum of the pressure gradients

across each resistance:

DPT ¼ DP1 þ DP2 þ � � � þ DPn ð4:2Þ

In this case, the fraction of the overall limitation imposed by the ith resistance to

oxygen flow is given by:

Fi ¼
Ri

RT

ð4:3Þ

whence

R1

RT

þ
R2

RT

þ � � � þ
Rn

RT

¼ F1 þ F2 þ � � � þ Fn ¼ 1 ð4:4Þ

indicating that the overall limitation to oxygen flow in this model is equal to the

sum of the fractional limitations imposed by each of the resistances in the system.

The portrait of the oxygen cascade presented in Fig. 1.3 allows identification of

five resistances of clear physiological meaning, namely from proximal (ambient air)

to distal (mitochondria), (i) the ventilatory resistance (RV), (ii) the lung resistance

(RL), which refers to the transfer of oxygen from the alveoli to the arterial blood,

(iii) the cardiovascular resistance (RQ), (iv) the tissue resistance (Rt), which refers to

oxygen transfer from peripheral capillaries to muscle fibres and (v) the mitochon-

drial resistance (Rm), related to mitochondrial oxygen flow and utilization.

Although these resistances are related to general concepts that can easily be per-

ceived, discrimination between Rt and Rm is virtually impossible, because they are

strongly interrelated on a structural basis. Therefore, for subsequent analysis, they
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are merged to form a lumped peripheral resistance (Rp). For the specific case of

_V O2max, Eq. (4.1) can thus be rewritten as follows:

_V O2max ¼
ðPIO2 � PAO2Þ

RV

¼
ðPAO2 � PaO2Þ

RL

¼
ðPaO2 � P�vO2Þ

RQ

¼
P�vO2

Rp

¼
PIO2

RT

ð4:5Þ

Of these resistances, only two are characterized by precisely defined physio-

logical variables, namely RV and RQ, which are, respectively, equal to:

RV ¼
1

_VA � bg
ð4:6aÞ

RQ ¼
1

_Q � bb
ð4:6bÞ

where _VA is alveolar ventilation and _Q is cardiac output. The other two variables are

the oxygen transfer coefficient for air (bg) and for blood (bb), i.e. the volume of

Fig. 4.3 Graphical representation of Eq. (4.13). The changes in _V O2max that follow an acute

manoeuvre acting on the cardiovascular resistance to oxygen flow (Rq) are expressed as the ratio

of the _V O2max before to the _V O2max after the manoeuvre at stake ( _V O2max þ D). This ratio is

plotted as a function of the ratio between the induced change in RQ (DRQ) and the RQ before the

manoeuvre. Points are mean values from different sources in the literature. The continuous straight

line is the corresponding regression equation (y = 1.006 + 0.7 x, r = 0.97, n = 15). The slope of the

line, equal to 0.7, indicates that 70 % of the overall limitation to _V O2max is imposed by

cardiovascular oxygen transport. Modified after di Prampero and Ferretti (1990)
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oxygen that can be displaced across a gradient of a unit of pressure. In STPD

condition, bg is equal to 1.16 ml mmHg−1 and is an invariant constant. Concerning

bb, it is equal to:

bb ¼
ðCaO2 � C�vO2Þ

ðPaO2 � P�vO2Þ
ð4:7Þ

that is the average slope of the oxygen equilibrium curve. Therefore, constant bb is

not an invariant value, for it depends on the oxygen pressure range on which blood

operates. The other three resistances cannot be translated into equivalent physio-

logical expressions. RL, Rt and Rm were set proportional, respectively, to a factor

including lung diffusing capacity corrected for the effect of _VA= _Q heterogeneity, to

muscle capillary density and to muscle mitochondrial volume (di Prampero and

Ferretti 1990).

When a manipulation, either chronic or acute, affects _V O2max without affecting

PIO2, and thus ΔPT, the observed increase in _V O2max is the result of changes in one

or more of the resistances in series. Thus, the model was devised in such a manner

as to provide a value for the fraction of the overall _V O2max limitation which any

given in-series resistance is responsible for. For instance, aerobic training provides

a given _V O2max increase, D _V O2max, because some resistances (at least three in this

case, namely RQ, Rt and Rm) have decreased, and so has RT. Thus, after training has

induced a measurable increase in _V O2max with respect to the value before training,

Eq. (4.5) can be rewritten as follows:

_V O2max þ D _V O2max ¼
PIO2

ðRT þ DRTÞ
ð4:8Þ

If we divide Eq. (4.5) by Eq. (4.8), we get:

_V O2max

_V O2max þ D _V O2max

� � ¼ 1þ
DRT

RT

ð4:9Þ

which, since DRT is the sum of the changes in the ith resistances in series, it can also

take the following form:

_V O2max

ð _V O2max þ D _V O2maxÞ
¼ 1þ

ðDRV þ DRL þ DRQ þ DRpÞ

RT

ð4:10Þ

As a consequence of Eqs. (4.3) and (4.4), the induction of a change in any

resistance by a manoeuvre specifically acting on it yields:

DRi

RT

¼ Fi �
DRi

Ri

ð4:11Þ
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So, Eq. (4.10) can be rewritten as follows:

_V O2max

_V O2max þ D _V O2max

� � ¼ 1þ FV

DRV

RV

þ FL

DRL

RL

þ FQ

DRQ

RQ

þ Fp

DRp

Rp

ð4:12Þ

Equation (4.12) has four unknowns and as such cannot be solved. However, if

we take a condition wherein only one resistance is varied by an acute manipulation,

as is the case, according to di Prampero and Ferretti (1990), for RQ after acute blood

reinfusion or withdrawal, three terms of Eq. (4.12) annihilate. Thus, we remain with

a simplified version of it, with only one unknown. For the specific case of changes

in RQ only, Eq. (4.12) takes therefore the following form:

_V O2max

_V O2max þ D _V O2max

� � ¼ 1þ FQ

DRQ

RQ

ð4:13Þ

Equation (4.13) allows computation of FQ, provided we know the _V O2max

before and after the manoeuvre, the RQ before the manoeuvre and the absolute

change in RQ induced by the manoeuvre. An analytical solution of Eq. (4.13), using

data from different sources in the literature, is reported in Fig. 4.3, where the ratio

between the _V O2max values before and after the manoeuvre (left-hand branch of

Eq. 4.13) is plotted as a function of the ratio between DRQ and RQ. Equation (4.13)

tells that this relationship is linear, with y-intercept equal to 1 and slope equal to FQ.

From linear regression analysis of the data shown in Fig. 4.3, di Prampero and

Ferretti (1990) obtained FQ ¼ 0:70. This means that RQ provides 70 % of the

fractional limitation of _V O2max:
An FQ value equal to 0.70 implies that the respiratory system does not have

linear behaviour. In fact, for a linear respiratory system, the ratio of any given Ri

to RT would be equal to the ratio of the pressure gradient over that Ri to the overall

pressure gradient, so that:

FQ ¼
ðPaO2 � P�vO2Þ

PIO2

ð4:14Þ

from which we would have obtained FQ ¼ 0:50 instead of 0.70 (di Prampero and

Ferretti 1990). The source of nonlinearity, and thus the source of this discrepancy,

was identified in the effects of the oxygen equilibrium curve on bb, as shown in

Fig. 4.4. Assume that an acute manoeuvre acts directly on RV only, e.g. reducing it.

This would increase PAO2, and thus PaO2, but would not change the associated

CaO2, because in normoxia our blood operates on the flat portion of the oxygen

equilibrium curve. Therefore, since P�vO2 undergoes only small changes, bb would

be reduced, and thus RQ would be increased. In sum, because of the shape of the

oxygen equilibrium curve, as long as we are in normoxia, a specific manoeuvre

acting only on RV cannot have effects on _V O2max, because any change in RV would
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be counteracted by an opposite change in RQ: in normoxia, RV and RL do not

limit _VO2max. Using a different terminology, this is the case when perfusion

limitation characterises the alveolar-capillary gas transfer. Thus, the effects of the

respiratory system on _V O2max can be fully described by a two-site model wherein

the effective limitation is located distally to PaO2. This explains why FQ ¼ 0:7
instead of 0.5, so that we necessarily have Fp ¼ 0:3, partly attributable to Ft, partly

to Fm. According to Ferretti et al. (1997a), the differences in _V O2max would be

minimal, if we assume, on one extreme, Rt ¼ Rp, and on the other extreme,

Rm = Rp, and that it makes no difference to assume Rt and Rm in series or in parallel.

Direct experimental assessment of the parameters of Eq. (4.13) confirmed that FQ in

normoxia is between 0.65 and 0.76 (Bringard et al. 2010; Turner et al. 1993).

Experimental Testing of di Prampero’s Model

The nonlinear behaviour of the respiratory system implies that within the context of

di Prampero’s model (i) RV and RL do limit _V O2max in hypoxia; (ii) FQ in hypoxia

is less than 0.7; (iii) the decrease of _V O2max in hypoxia is larger in subjects with

high _V O2max in normoxia; (iv) only subjects with high _V O2max in normoxia

undergo an increase in _V O2max in hyperoxia; (v) exercise with small muscle masses

reduces FQ and increases Fp; (vi) the fall of _V O2max in hypoxia is smaller, the

Fig. 4.4 Average oxygen equilibrium curve. Two arterial and mixed venous points are reported,

applying to normaemia (a0, �v0) and hypoxaemia (a1, �v1). The two straight lines connecting the two

couples of points have a slope equal to the respective oxygen transport coefficients for blood (bb),

which is higher in hypoxaemia than in normaemia. As a consequence, when an increase in the

ventilatory resistance RV entails a decrease in arterial oxygen partial pressure, bb becomes higher

and the cardiovascular resistance RQ lower. These two phenomena compensate each other, so that

no changes in _V O2max are induced by an acute change in RV: the lungs do not limit _V O2max in

normoxia. Modified after di Prampero (1985)
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smaller is the contracting muscle mass. Moreover, since the cause of the nonlinear

behaviour of the respiratory system is related to the shape of the oxygen equilibrium

curve, there must be a linear relationship between _V O2max and SaO2.

To investigate the roles played by RV and RL in normoxia and hypoxia, Esposito

and Ferretti (1997) changed the air density of the inspired gas mixture by replacing

nitrogen with helium, thus reducing RV. Although _VA increased in both cases,
_V O2max did not change when breathing the He–O2 mixture in normoxia, going up

only in hypoxia. Similar results were recently obtained also by Ogawa et al. (2010).

Consistently, no effects of respiratory muscle training were shown on _V O2max in

normoxia, but a positive effect was observed in hypoxia (Downey et al. 2007;

Esposito et al. 2010).

On two groups of subjects, one with high, the other with low _V O2max in nor-

moxia, Ferretti et al. (1997b) found that, in the former with respect to the latter

group, (i) the decrease in _V O2max in hypoxia was larger, and (ii) a significant

increase in _V O2max in hyperoxia occurred. Moreover, they found a highly signif-

icant linear relationship between _V O2max, expressed relative to the value in

hyperoxia set equal to 100 %, and SaO2, which was identical in both groups, in

agreement with the above predictions. According to Wehrlin and Hallén (2006), the
_V O2max of endurance athletes is so high that the decrease of _V O2max in hypoxia

becomes linear. Coherent with this picture is also the finding that the _V O2max

decrease in hypoxia is smaller the stronger is the ventilatory response to hypoxia

(Benoit et al. 1995; Gavin et al. 1998; Kayser et al. 1994; Marconi et al. 2004).

An Analysis of Wagner’s Model

Peter Wagner (1993) constructed a three-equation system with three unknowns

(PAO2, PaO2 and P�vO2) by combining the mass conservation equation for blood

(Fick principle) and the two diffusion–perfusion interaction equations (Piiper and

Scheid 1981; Piiper et al. 1984). At steady state, all these equations must have equal

solutions for _V O2max. The algebraic development of the system led to three

equations allowing a solution for PAO2, PaO2 and P�vO2. These equations lead to a

unique, necessary _V O2max value for any combination of known values of PIO2, _VA,

DL, _Q, bb and Dt at maximal exercise (Wagner 1993). Wagner’s system of equa-

tions implies a vision of the oxygen cascade with two mass balance equations

responsible for convective oxygen transfer, associated with two conductive com-

ponents, described by the diffusion–perfusion interaction equations. This vision is

conceptually different from di Prampero’s, who conceived a pure hydraulic system

of in-series resistances. Proximally, the interaction of a convective component with

a diffusive component sets the maximal flow of oxygen in arterial blood ( _QaO2max),

and this is the first step in the system. Distally, the interaction of a convective

component (Fick principle) with a diffusive component (the diffusion–perfusion
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interaction equation setting oxygen flow from peripheral capillaries to the muscle

fibres) sets _V O2max.

The Fick equation can take either of the following solutions:

_V O2max ¼ _Q � CaO2 � C�vO2ð Þ ¼ _Q � bb � PaO2 � P�vO2ð Þ ð4:15Þ

The term bb in Eq. (4.15) implies a nonlinear negative relationship between
_V O2max and P�vO2 (convective curve), the algebraic expression of which depends

on the solution that is given to the oxygen equilibrium curve. Concerning the

diffusive component, it is described by the following equation:

_V O2max ¼ DtO2 � P�cO2 � PmO2ð Þ ð4:16Þ

where DtO2 is tissue diffusing capacity for oxygen and PmO2 is again equal to

0 mmHg. However, the right branches of Eqs. (4.15) and (4.16) do not share any

term, so that they cannot as such be compared on the same plot. To circumvent this

obstacle, Wagner assumed direct proportionality between P�vO2 and P�cO2, arguing

that the segment of the oxygen equilibrium curve between these two pressure values

is essentially linear, so that within that segment bb can be considered invariant. On

this basis, he reformulated Eq. (4.16) as follows:

_V O2max ¼ DtO2 � Kp � P�vO2 ð4:17Þ

where Kp is the dimensionless constant relating P�vO2 and P�cO2. Equation (4.17)

implies a positive linear relationship between _V O2max and P�vO2 (diffusion line),

which Roca et al. (1989) determined experimentally. The slope of the line is equal

to the product DtO2 � Kp, which Ferretti (2014) called Wagner’s constant, KW.

Equations (4.15) and (4.17) generate analytical relationships that, if we plot _V O2max

on the y-axis and P�vO2 on the x-axis, can be represented on the same graph and

directly compared (Fig. 4.5). In this figure, the resulting _V O2max for any combi-

nation of _QaO2max and KW corresponds to the intersection of the two functions,

which occurs at a precise value of P�vO2.

Experimental Testing of Wagner’s Model

Concerning the diffusive component, a decrease in DtO2 implies, in Fig. 4.5, a

decrease in KW, whence a drop of _V O2max and an increase in P�vO2. The reverse is

caused by an increase in DtO2. This is virtually impossible to test in humans with

acute manoeuvres acting on DtO2, the most important determinant of KW. More-

over, DtO2 is affected by haemoglobin concentration (Schaffartzik et al. 1993).

Wagner (1996a) predicted quite accurately the effects of chronic alterations of DtO2

on _V O2max and P�vO2 in patients affected by chronic obstructive pulmonary disease,
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once allowance was made for the simultaneous impairment of cardiovascular

oxygen transport. If direct proportionality between KW and muscle capillary density

is assumed, an analysis of literature data of muscle morphometry and _V O2max of

altitude-acclimatized climbers (Hoppeler et al. 1990; Oelz et al. 1986) or endur-

ance-trained subjects (Hoppeler et al. 1985) led to P�vO2 values coherent with

Wagner’s predictions (Ferretti 2014).

On the convective curve, an increase in the product of _Q times bb carries along

an increase in both _V O2max and P�vO2. This explains, in Wagner’s model, the effects

of acute polycythaemia and anaemia on _V O2max (Ekblom et al. 1976; Woodson

et al. 1978): the convective curve is displaced upwards and becomes steeper. The

intercept on the x-axis of the convective curve corresponds to the PaO2 point, i.e.

the point at which P�vO2 ¼ PaO2. Hyperoxia displaces this point to the right,

implying a slightly higher _V O2max, because the rightward displacement of the PaO2

point increases the slope of the convective curve (makes it less negative), so that the

diffusion line is intercepted at a higher _VO2max value. The reverse occurs in

hypoxia. The y-intercept of the convective curve corresponds to the _QaO2max point,
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Fig. 4.5 Graphical representation of Wagner’s model. Oxygen uptake ( _V O2) is plotted as a

function of mixed venous oxygen pressure (P�vO2). The curve with negative slope is Wagner’s

convective curve. The straight line with positive slope is Wagner’s diffusion line, whose slope is

equal to Wagner’s constant KW. The convective curve intercepts the y-axis at a _V O2 equal to

arterial oxygen flow ( _QaO2), which is the case when KW = ∞. The same curve intercepts the x-

axis when P�vO2 is equal to arterial oxygen pressure, which is the case when KW = 0. The _V O2max

value is found on the crossing of the convective curve with the diffusion line (full dot). After

Ferretti (2014)
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representing the condition in which _V O2max ¼ _QaO2max (Wagner 1995, 1996a).

The case of hypoxia is treated in a separate paragraph (see Of Maximal Oxygen

Consumption in Hypoxia). Controversial is the case of hyperoxia. Although

Fig. 4.5 predicts an increase in _V O2max, such an increase was rarely observed in

humans, the only clear effects having been observed in individuals with elevated
_V O2max, who are subject to the Dempsey effect (Dempsey and Wagner 1999;

Dempsey et al. 1984; Powers et al. 1989). Richardson et al. (1999) were able to

observe a _V O2max increase during single-leg exercise only when they used pure

oxygen breathing. The thoroughbred horse, a highly athletic animal characterized

by deep hypoxaemia at maximal exercise, was proposed as the nicest example

supporting the prediction of elevated _V O2max in hyperoxia (Wagner 1996a; Wagner

et al. 1989, 1996). This apparent discrepancy between theoretical predictions and

experimental data is hard to explain, and the hypotheses put forward so far are

scarcely convincing, so that the issue still remains open.

In the context of Wagner’s model, athletes have elevated _V O2max because they

have high KW and a simultaneously upward displacement of the convective curve.

The opposite occurs with muscle disuse and with ageing. Changing haemoglobin

oxygen affinity changes the shape of the convective curve.

A Critical Comparison of the Two Models

The two models share the notion that _V O2max is set by multiple factors, despite their

different vision of the oxygen cascade theory. Both models have difficulties in

dealing with that black box related to the effects of _VA= _Q heterogeneity. Wagner

skipped it by stating that they are negligible in normoxia, di Prampero artificially

included them in RL, but without a specific quantitative analysis. The different

approach to the oxygen cascade theory entailed some conceptual differences

between the two models, as summarized in Table 4.1. The exclusion by both

models of a _V O2max limitation imposed by pulmonary ventilation and oxygen

diffusion capacity in healthy non-athletic humans in normoxia implied that both

finally focused only on what goes on distally to PaO2. This facilitates a comparison

of the two models. The critical comparison of the two models which I propose

herewith is based on the reasoning developed elsewhere (Ferretti 2014).

Equations (4.15) and (4.17) are common to the two models. The former defines

RQ, since, because of Eq. (4.6b):

_V O2max ¼ _Q � bb � PaO2 � P�vO2ð Þ ¼
1

RQ

� PaO2 � P�vO2ð Þ ð4:18Þ
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In turn, Eq. (4.17), for PmO2 ¼ 0 mmHg, defines Rp, since

_V O2max ¼ DtO2 � Kp � P�vO2 ¼ KW � P�vO2 ¼
1

Rp

� P�vO2 ð4:19Þ

which indicates that Wagner’s constant KW is the reciprocal of Rp, i.e. Gp. As a

consequence of Eqs. (4.18) and (4.19), Fig. 4.5 can receive a different, novel

interpretation. According to Eq. (4.19), the slope of the diffusive line becomes equal

to Gp, or 1=Rp. The y-intercept of the same line on the origin of the axes, where

P�vO2 ¼ 0 mmHg, indicates that all oxygen delivered to the active muscle mass is

extracted, so that Fp ¼ 0. Concerning the convective curve, Eq. (4.18) implies a

nonlinear relationship in which the slope is equal to � _Q � bb, i.e. �GQ, or �1=RQ.

The y-axis intercept of this line, equal to _QaO2, implies that _V O2max ¼ _QaO2max

and, according to di Prampero’s model, FQ ¼ 1. This means that Wagner’s model

includes two terms that characterize di Prampero’s model: RQ and Rp, and the

respective fractional limitations.

If we accept that indeed the lungs do not limit _V O2max in normoxia, the sim-

plified version of di Prampero’s model, describing the flow of oxygen downstream

of the lungs, can be treated as linear, so that

FQ ¼
PaO2 � P�vO2ð Þ

PaO2

¼
RQ

ðRQ þ RpÞ
ð4:20Þ

Table 4.1 Main apparent differences between the two multifactorial models of _V O2max limitation

Wagner’s model di Prampero’s model

Blood oxygen transport

Purely convective element One of many resistances in series

Hydraulic model of in-series resistances

Partially applicable Fully applicable

Pressure gradient at alveolar level

PAO2 � P�cO2 PAO2 � PaO2

Pressure gradient in blood circulation

No oxygen pressure difference PaO2 � P�vO2

Peripheral diffusion

Imposed by mean capillary pressure Imposed by P�vO2

Role of P�vO2

End point of the diffusion process Driving pressure for diffusion

PAO2, alveolar oxygen partial pressure; P�cO2, mean capillary oxygen partial pressure; PaO2,

arterial oxygen partial pressure; P�vO2s, mixed venous oxygen partial pressure
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whence

1

FQ

¼
ðRQ þ RpÞ

RQ

¼ 1þ
Rp

RQ

¼ 1þ
GQ

Gp

ð4:21Þ

Equation (4.21) expresses FQ in terms of ratio between the slopes of Eqs. (4.18)

and (4.19). Moreover, we know that

_QaO2max ¼ _Q � CaO2 ¼ _Q � bb � PaO2 ð4:22Þ

Dividing Eq. (4.18) by Eq. (4.22), we get the following equation:

_V O2max

_QaO2max

¼
_Q � CaO2 � C�vO2ð Þ

_Q � CaO2

¼
_Q � bb � PaO2 � P�vO2ð Þ

_Q � bb � PaO2

¼
PaO2 � P�vO2ð Þ

PaO2

ð4:23Þ

which is just a different way of expressing Eq. (4.20), whence

_V O2max

_QaO2max

¼ FQ ð4:24Þ

This implies that FQ in normoxia is equal to the oxygen extraction coefficient!

Equation (4.24) confirms that if _V O2 ¼ _QaO2 (y-axis intercept of the convec-

tive curve in Fig. 4.5), FQ ¼ 1 and thus Fp ¼ 0: all oxygen delivered to peripheral

capillaries is consumed by mitochondria. On the contrary, when _V O2 ¼ 0 (x-axis

intercept of the convective curve in Fig. 4.5, where P�vO2 ¼ PaO2), FQ = 0, and thus

Fp ¼ 1, and Rp ¼ 1 or KW ¼ 0 (diffusive curve coincident with the x-axis): no

oxygen flows from capillaries to mitochondria. All intermediate solutions of

Eq. (4.24) fall somewhere between these two extremes on the convective curve, at

the intersection with the corresponding diffusive line. The closer is the intersection

to the PaO2 point, the lower is KW, and thus the higher are Rp and Fp and the lower

is FQ. The relationship between FQ and P�vO2 (Fig. 4.6) is nothing but a repre-

sentation the convective curve, on a plot where _V O2 is expressed relative to _QaO2.

The diffusion–perfusion interaction equation for peripheral capillaries (Piiper

et al. 1984) is as follows:

P�vO2 ¼ PaO2 � e
�Dt=ð _Q�bbÞ ð4:25Þ

Combining Eqs. (4.15) and (4.25), we then obtain the following equation:

_V O2max ¼ _Qmax � bb � PaO2 1� e�Dt=ð _Q�bbÞ
h i

¼ _QaO2max � 1� e�Dt=ð _Q�bbÞ
h i

ð4:26Þ
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whence

_V O2max

_QaO2max

¼ FQ ¼ 1� e�Dt=ð _Q�bbÞ ð4:27Þ

and

Fp ¼ 1� FQ ¼
P�vO2

PaO2

¼ e�Dt=ð _Q�bbÞ ð4:28Þ

This implies that the exponent of Eq. (4.25) is the natural logarithm of Fp, an

equivalence allowing inclusion of the diffusion–perfusion interaction equation for

peripheral capillaries in di Prampero’s model, and representing a further step

towards a more complete representation of the quantitative relations describing

oxygen flow at maximal exercise. Incidentally, I note that FQ is a constant whose

value is invariant in normoxia, and so is, according to Eq. (4.27), the Dt=ð _Q � bbÞ
ratio. This provides further theoretical support to Wagner’s assumption of a direct

proportionality between P�vO2 and P�cO2.

This analysis justifies the statement that di Prampero’s model and Wagner’s

model converge on the same conclusion, namely that both cardiovascular oxygen

transport and muscle oxygen diffusion and utilization are necessary determinants of
_V O2max, the former being responsible for the larger fraction of the overall _V O2max

limitation (some 70 %, according to di Prampero and Ferretti 1990).
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Fig. 4.6 Fractional limitation to _V O2max imposed by the cardiovascular oxygen transport system

(FQ) in normoxia as a function of mixed venous oxygen pressure. From Ferretti (2014)
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Of Maximal Oxygen Consumption in Hypoxia

_V O2max decreases in hypoxia, both acute and chronic (see for review Cerretelli

1980; Ferretti 1990; Cerretelli and Hoppeler 1996; Ferretti 2014). Conversely,

exposure to elevated inspired oxygen pressures leads only to slight, if any, increases

in _V O2max, the effect being evident only in endurance athletes (Ferretti et al. 1997b),

who are subject to the Dempsey effect. It is smaller, the smaller is the active muscle

mass (Cardus et al. 1998). The main cause of the _V O2max decrease in hypoxia is the

drop of PIO2. However, the _V O2max decrease is small at altitudes below 3000 m

above sea level, much smaller than one would expect after the curves of barometric

pressure decrease at altitude (West et al. 1983). I already mentioned some aspects of

nonlinear behaviour of the respiratory system as a consequence of the shape of the

oxygen equilibrium curve, and the linear relationship between _V O2max and SaO2:

this implies that a linear decrease of _V O2max in hypoxia appears only as we have a

drop of SaO2. This does not occur as long as blood operates on the flat portion of the

oxygen equilibrium curve. We need a decrease in PaO2 as big as that required to

attain the steep part of the oxygen equilibrium curve before finding significant falls

of _V O2max. In other terms, as PIO2 decreases, and thus PaO2 decreases, bb goes up,

because the decrease in PaO2 is not accompanied by an equivalent decrease in CaO2:

as a consequence, RQ falls. This reduces RT, thus correcting for the effect of the

decrease in PIO2. It is only after the steep part of the oxygen equilibrium curve has

been attained, that PIO2 and RQ do not change anymore and the drop of _V O2max

becomes linear (see Fig. 4.7). The curve describing the _V O2max decrease in hypoxia

is a kind of mirror image of the oxygen equilibrium curve (Ferretti et al. 1997b).

Ferretti and di Prampero (1995) analysed the interrelations between RQ and RV in

hypoxia, showing that as we approximate the steep part of the oxygen equilibrium

curve, the role of the lungs in limiting _V O2max becomes more important: these

authors calculated that in extreme hypoxia FQ may decrease down to 0.20 with FV

going up to about 0.35. This analysis led to several predictions that could be tested

experimentally. The effects of hypoxia on _V O2max were indeed found to be, as

predicted: (i) larger the higher is the subject’s _V O2max in normoxia (Ferretti et al.

1997b; Gavin et al. 1998; Koistinen et al. 1995; Wehrlin and Hallén 2006), because

of the Dempsey effect; (ii) smaller the more intense is the ventilatory response to

hypoxia (Giesbrecht et al. 1991; Marconi et al. 2004; Ogawa et al. 2007).

A most fundamental work on the determinants of _V O2max at altitude was carried

out by Cerretelli (1976), who showed that, if altitude-acclimatized polycythaemic

subjects living at the Everest base camp are given to breathe a gas mixture con-

taining a PIO2 equivalent to that existing at sea level (acute normoxia), their
_V O2max, that was expected to become higher than that measured in Milano before

the Mount Everest expedition, did not even return to the level observed in Milano.

Those were still times of a mono-factorial vision of _V O2max limitation, so this

finding was taken as a demonstration that the muscles, rather than the
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cardiovascular system, were limiting _V O2max at altitude. This conclusion prompted

several morphological studies, unanimously showing the reduction of muscle

oxidative capacity as a consequence of altitude acclimatization (for a review, se

Cerretelli and Hoppeler 1996; Hoppeler et al. 2008). Great surprise at the time was

generated by the observation that the climbers who reached the highest summits on

Earth without supplementary oxygen had relatively low _V O2max in normoxia, much

lower than that of endurance athletes (Oelz et al. 1986). In fact, since athletes

undergo a bigger fall of _V O2max in hypoxia, the differences in _V O2max which we

may observe at sea level disappear on the top of Mount Everest.

In the context of multifactorial models of _V O2max limitation, the data by

Cerretelli (1976) deserve a different interpretation. Administering oxygen at

150 mmHg to Cerretelli’s subjects at Everest base camp was tantamount to

changing three parameters pertaining to the oxygen conductance equation: (i) the

overall oxygen gradient was higher, because the PIO2 was increased; (ii) the

maximal _Q was increased (it was measured indeed); and (iii) bb was lowered. In

fact, the increase in PIO2 induced a subsequent increase in PAO2 and in PaO2, so

that the arterial blood point was moved onto the flat part of the oxygen equilibrium

curve. Since the mixed venous blood point on the oxygen equilibrium was only

slightly displaced under these conditions, the average slope of the oxygen equi-

librium curve was remarkably reduced, whence the reduction of bb. Within di

Prampero’s model, this means a reduction of GQ with a consequent increase in RQ

in subjects with elevated Rp as a consequence of reduced muscle oxidative capacity.

Within Wagner’s model, this means changing the convective curve and elevating

the _QaO2max point and the PaO2 point in subjects with a flatter diffusive line as a

consequence of reduced muscle oxidative capacity. Indeed Cerretelli’s experiment,

although taken as a demonstration of the muscular limitation of _QaO2max, provided

a most brilliant confirmation of the predominant role of cardiovascular oxygen

transport in limiting _V O2max! (Ferretti 2003)

The apparent divergence of the two multifactorial models of _V O2max limitation

in hypoxia depends only on the fact that Wagner keeps looking at the respiratory

system distally to PaO2, di Prampero tried to integrate the effects of RV and RL,

which in hypoxia, contrary to normoxia, become limiting steps. Within Wagner’s

JFig. 4.7 Top panel Fall of maximal oxygen consumption ( _V O2max) at altitude. _V O2max is

expressed relative to the value observed at sea level, set equal to 100 %. Two x-axes are shown,

one indicating barometric pressure (PB), the other, below, indicating altitude. Open and full dots

refer, respectively, to acute and chronic hypoxia. Data from Cerretelli (1980). Bottom panel Same

curve as on top, calculated for a sea level _V O2max of 2.8 L min−1 (Cerretelli and di Prampero

1987), where PB is replaced by the inspired oxygen pressure (PIO2), corresponding to the overall

oxygen pressure gradient. The straight lines converging on the origin of the axes have a slope

(D _V=DP) equal to the overall oxygen conductance of the respiratory system (G). The modest
_V O2max decrease at low altitude is a consequence of the simultaneous increase in G (decrease in

resistance R), due to the effects of the shape of the oxygen equilibrium curve. From Ferretti (2014)
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model, hypoxia implies a displacement downwards and leftwards of the convective

curve, which lacks its flat part at high P�vO2, because it covers only the steep part of

the oxygen equilibrium curve (Fig. 4.8). With regard to the diffusive line, its slope

appears reduced because of the decreased mitochondrial oxidative capacity, despite

the increased capillary density. Using data from Operation Everest II, Wagner

(1996b) demonstrated the linearity of the oxygen equilibrium curve in hypoxia in

the PaO2 − P�vO2 pressure range. If we admit a linear oxygen equilibrium curve, and

thus of an invariant bb, the oxygen conductance equation takes a linear solution, so

that the effective oxygen pressure gradient in di Prampero’s model is given by PIO2

instead of PaO2. Thus, we obtain the following equation:

FQ ¼
_V O2max

_QaO2max

�
PaO2

PIO2

ð4:29Þ

If we solve Eq. (4.29) using the data of Operation Everest II reported by Wagner

(1996b), we get FQ ¼ 0:19, a value that is very close to the theoretical value of 0.20
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Fig. 4.8 Graphical representation of Wagner’s model in extreme hypoxia. Oxygen uptake ( _V O2)

is plotted as a function of mixed venous oxygen pressure (P�vO2). Continuous lines represent the

convective curve and the diffusion line, as from Fig. 4.5. Dashed lines refer to the convective curve

and the diffusion line in hypoxia. Concerning the convective curve in hypoxia, it lacks the

flattening part at high P�vO2 values, because we operate exclusively of the steep part of the oxygen

equilibrium curve. The diffusion line has lower slope in hypoxia than in normoxia, indicating the

decrease of Wagner’s constant KW in hypoxia. In normoxia, arterial oxygen partial pressure was

assumed equal to 100 mmHg, and P�vO2 was assumed equal to 20 mmHg. The data of Operation

Everest II (Wagner 1996b) were used for the construction of the convective curve and of the

diffusion line in hypoxia. After Ferretti (2014)
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obtained by Ferretti and di Prampero (1995) in their simulation. On the other hand,

we would obtain

Fp ¼ 1�
_V O2max

_QaO2max

� �

�
PaO2

PIO2

ð4:30Þ

whence, using the same data, Fp ¼ 0:22. Wagner (1996b) pointed out the pre-

dominance of the peripheral diffusing component in setting _V O2max variations as a

consequence of acute manoeuvres in extreme hypoxia. This viewpoint is shared by

this analysis within di Prampero’s model.

Of Maximal Oxygen Consumption at the End of Bed Rest

Physical training and prolonged bed rest are the most common tools that can be

used to induce functional adaptive variations along the entire respiratory system,

leading to simultaneous changes in more than one in-series resistance to oxygen

flow in the oxygen cascade, and thus in _V O2max. A huge number of papers on the

effects of training on _V O2max, its determinants and generally speaking human

performance in health and disease can be retrieved in the physiological literature

(for review, see e.g. Blomqvist and Saltin 1983; Booth et al. 2012; Bouchard et al.

2011; Cerretelli and di Prampero 1987; Coyle 1995; Gibala et al. 2012; Hagberg

1987; Hoppeler 1986; Hoppeler et al. 2008; Howald 1982; Rogers and Evans 1993;

Rowell 1974; Saltin 1977). Unfortunately, no standardization of exercise training

protocols can be reckoned in the literature: training intensity and duration, exercise

modes, modality of power administration are so different, that transversal analyses

across the literature are virtually impossible. Conversely, bed rest without coun-

termeasures is an excellent, well-controlled adaptive condition in which the entire

respiratory system undergoes functional adaptations entailing a change in _V O2max.

Therefore, the present analysis of the factors that limit _V O2max after overall

adaptive changes in the respiratory system relies specifically on studies concerning

prolonged bed rest without countermeasures. Moreover, in this experimental model,

only the duration of the bed rest period varies among studies, allowing a precise

evaluation of the time courses of the functional modifications induced by bed rest.
_V O2max decreases after bed rest (Bringard et al. 2010; Capelli et al. 2006;

Convertino et al. 1982; Ferretti et al. 1997a; Greenleaf et al. 1989; Kashihara et al.

1994; Saltin et al. 1968; Stremel et al. 1976; Trappe et al. 2006), even of very short

duration (Smorawinski et al. 2001). The size of the _V O2max decrease is larger the

longer is the bed rest duration, being fast in the first days, and progressively slower

as bed rest proceeds. This means that the change in _V O2max in upright posture at the

end of bed rest, as a function of bed rest duration, is nonlinear, tending to an

asymptote (Capelli et al. 2006). It is kept implicit that these statements apply to
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_V O2max measurements in upright posture shortly after the end of the bed rest

period. In fact, this is not so during bed rest (or space flight), or in supine posture

after bed rest, since very small changes, if any, in _V O2max were found in these

conditions (Bringard et al. 2010; Greenleaf et al. 1989; Levine et al. 1996; Trappe

et al. 2006).

The time course of _V O2max changes in upright posture at the end of head-down

tilt bed rest without countermeasures is shown in Fig. 4.9, on the assumption of an

exponential _V O2max decay. Linearization of the same relationship, after its

expression in logarithmic form (Ferretti and Capelli 2009), allows clear identifi-

cation of two components in the _V O2max decline with bed rest. The algebraic

formulation of the _V O2max decline with bed rest would then take the following

form:

_V O2max;t � _V O2max;a ¼ ð _V O2max;0 � _V O2max;aÞ e�k1�tÞðe�k2�t
� �

ð4:31Þ

(a)

(b)

Fig. 4.9 Top panel The change in maximal oxygen consumption ( _V O2max) in upright posture, at

the end of bed rest or space flight, is expressed as the absolute change in _V O2max with respect to

the corresponding pre-bed rest value and plotted as a function of bed rest duration. Bottom panel

Same as on top, except that the change in _V O2max is expressed in logarithmic form. The lines are

regression lines calculated for bed rests lasting less than 20 days and longer than 20 days,

respectively. The slopes of the two lines indicate the velocity constant of the rapid (0.083 day−1)

and the slow (0.0098 day−1) components of the _V O2max decrease. The corresponding time

constants are 8.4 and 70.7 days, respectively. From Ferretti and Capelli 2009
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where _V O2max; 0; _V O2max; a and _V O2max; t are the _V O2max values before bed rest, at

the asymptote of the _V O2max decrease and at time t during bed rest, respectively,

and k1 and k2 are the velocity constants of the two components of the _V O2max

decrease during bed rest (slope of the straight lines of the bottom panel of Fig. 4.9),

for which values of 0.083 day−1 and 0.0098 day−1 were obtained, respectively. The

corresponding time constants were equal to 8.4 and 70.7 days, respectively.

According to Ferretti (2014), Fig. 4.9 shows that the distal part of respiratory

system, from arterial blood to the mitochondria, may consist of two capacitances of

different size connected in series. When an adaptive change takes place on the

overall system, the effects on the smaller capacitance initially prevail, imposing a

rapid change in _V O2max already in the first days, leading to an asymptote within

short, one month in this case. This makes the effects on the second, larger capac-

itance more important (and detectable), whence a further, though slower, _V O2max

decline. The fast component of the _V O2max decrease after bed rest was attributed to

changes in RQ and thus to the reduction of _QaO2max, whereas the slow component

was related to changes in Rp and thus to muscle hypotrophy. Concerning RQ, note

that the decrease of _Qmax in upright posture after the end of bed rest appears to be

complete after a bed rest duration of 15 days only. Concerning Rp, the apparent time

constant of the decrease of lower-limb muscle cross-sectional area during bed rest,

as reckoned from different sources in the literature, corresponds well to that of the

slower component of the _V O2max decrease (Capelli et al. 2006). Obviously enough,

the effects of muscle mass reduction on _V O2max intervene since the first days in

bed, but since they are slow and relatively small, they are not visible in short-term

bed rest, being overcome by the more rapid cardiovascular changes.

Another factor possibly affecting the magnitude of the _V O2max decline after bed

rest is the day after reambulation at which the test was carried out. In most of the

studies used for the construction of Fig. 4.9, _V O2max was measured at least three

days after the end of bed rest, at a time when recovery of cardiovascular function

was already taking place (Spaak et al. 2005), so that the amplitude of the rapid

component of the _V O2max decline might have been underestimated, especially

when the bed rest duration was short. Only exceptions were the studies by Bringard

et al. (2010) and Lee et al. (2007, 2009), with measurements carried out on the day

of reambulation. The results from these studies, for which the bed rest duration was

35 and 30 days, respectively, compared well with those from other studies, perhaps

because there was already a significant impact of the slow component of the
_V O2max decline, the recovery of which is expected to be slower than that of the

rapid cardiovascular component.

Similar results in upright posture were reported, upon return from a 17-day space

flight, by Levine et al. (1996), who conversely found no changes in _V O2max on the

same subjects in space. They attributed the _V O2max decline observed in upright

posture upon return to the effects of sudden blood volume redistribution after

gravity resumption, which are enhanced in Astronauts who underwent cardiovas-

cular adaptation to microgravity. I would add that this is the case also after bed rest.
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The data of Levine et al. (1996), however, were obtained at the end of a space flight,

the duration of which was barely too short to evidence the effects of the slower

component of the _V O2max decline, related to muscle hypotrophy. This component

in fact was already visible, after the same time, in the study by Trappe et al. (2006)

in space and in supine posture after bed rest. Bringard et al. (2010) found a 44 %

reduction of stroke volume at maximal exercise in upright posture after 35-day bed

rest as compared to the value before bed rest with no modification in maximal heart

rate: the consequence was a 45 % decrease in maximal _Q. This results, associated

with a 13 % increase in CaO2 due to higher haemoglobin concentration, originated

a 38 % decrease in _QaO2max. In the same study, no changes in maximal _Q were

observed in supine posture after bed rest, so that there was a slight, though non-

significant, increase in _QaO2max. So, it turned out that after bed rest, _QaO2max was

56 % lower and RQ 78 % higher, upright than supine: an acute postural change from

supine to upright entailed a _V O2max decrease only due to changes in RQ. Similar

results were obtained after Levine et al. (1996), when comparing the _V O2max data

in flight with those obtained upright shortly after landing from space flight.

Figure 4.10 reports a representation of di Prampero’s model for the case of

prolonged bed rest, using the data of Bringard et al. (2010). The continuous line

represents the theoretical FQ value of 0.7 as from di Prampero’s model. The open

symbols lying on it refer to the acute manoeuvre of moving from supine to upright,

before and after 35-day bed rest. The full dots lying above it refer to the overall

effect of bed rest, in supine—lower left point—and upright—upper right point—

posture. The quantity of the upward shift of open symbols with respect to the filled

points is the same for both postures, indicating that the factor that caused the
_V O2max decrease supine after bed rest acted by the same extent also in the upright

posture. This means that this factor is independent of the acute postural change.

According to Bringard et al. (2010), the upward shift of open symbols represents

the effects of a change in Rp consequent to the development of muscle hypotrophy.

In the context of Wagner’s model, the increase in Rp due to muscle hypotrophy

translates into a decrease in the slope of the diffusion line, whereas the cardiovascular

effect is represented by the downward shift of the _QaO2 point, with consequent

change in the slope of the convective curve (Fig. 4.11). The results of this analysis

provide full quantitative justification to the concept of the dual component of the
_V O2max decrease after bed rest. In more general terms, I feel confident in stating that

whenever there is an overall adaptive phenomenon that changes the size of the

resistances along the entire oxygen cascade, the time course of the ensuing _V O2max

changes is characterized by more than one exponential. If changes are in opposite

directions, theymay compensate each other; if compensation is complete, no effect on
_V O2max would be visible. If changes are homodirectional, they add the one to the

other, and the final effect on _V O2max would depend on the ensuing fractional
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limitation of _V O2max imposed by the various in-series resistances, or on the point on a

Cartesian plane where the modified convective curve and diffusion line intersect.

Of the Central Governor Hypothesis

The models of _V O2max limitation accounted for in this chapter are the two mech-

anistic models that were generated in the context of the oxygen cascade theory and

of the multifactorial approach to the subject of the factors that limit _V O2max. They

currently are the only _V O2max limitation models that can be analysed within the

context of the general theory of the energetics of muscular exercise. As such, they

Fig. 4.10 The ratio between maximal oxygen consumption ( _V O2max) before and after a given

manoeuvre [ _V O2max= _V O2max þ D
� �

, y-axis] is plotted as a function of the relative change in the

cardiovascular resistance to oxygen flow (DRQ=RQ, x-axis). The continuous line, with a slope of

0.7, is the theoretical line obtained by di Prampero and Ferretti (1990) after an analysis of the

literature. The open symbols concern the effects of postural changes from supine to upright before

(open dot) and after (open square) bed rest. The dashed line is experimental and represents the

regression equation calculated on the data of Bringard et al. (2010) after bed rest

(y = 0.76x + 0.96). The slope of the experimental line did not differ significantly from that of

the theoretical line. The y-intercept of the experimental line was not significantly different from 1.

The filled symbols, located well above the experimental line, refer to the effects of bed rest in

supine (filled dot) and upright (filled square). Error bars indicate standard error. The arrows

highlight the effect on _V O2max due to cardiovascular (FQ) and peripheral (Fp) _V O2max limitation.

From Ferretti (2014)
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account for most of the physiological observations carried out so far at maximal

exercise and they have resisted remarkably well experimental testing. They cur-

rently represent the core of the contemporary debate on this issue. Nevertheless, in

recent years, a different approach to the subject of _V O2max limitation has also

gained momentum, which I would define the psychological model of _V O2max

limitation: the central governor hypothesis (Noakes 1998; Noakes et al. 2001). In

the form it is usually formulated, it states that the central nervous system (central

governor) controls the cardiovascular system during maximal exercise in such a

way as to hinder its ability to fully exploit its capacity in order to prevent the

insurgence of heart ischaemia. Thus, according to the central governor hypothesis,
_V O2max is only a consequence of the amount of work that the heart is allowed to

Fig. 4.11 Graphical representation of the effects of bed rest on maximal oxygen consumption in

the context of Wagner’s model. Oxygen uptake ( _V O2) is plotted as a function of mixed venous

oxygen pressure (P�vO2). Continuous lines are the convective curve and the diffusion line, as from

Fig. 4.5, assumed to represent the control condition before bed rest. Dashed lines refer to the

convective curve and the diffusion line after bed rest in upright posture calculated after the data of

Ferretti et al. (1997a, b). Concerning the convective curves, the one after bed rest is flatter than the

one before bed rest, because of the dramatic decrease in arterial oxygen flow after bed rest. The

diffusion line after bed rest indicates the decrease of Wagner’s constant KW, due to the

development of muscle hypotrophy. Arterial oxygen partial pressure was assumed unchanged and

equal to 100 mmHg. The P�vO2 in the control condition was assumed equal to 20 mmHg
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perform by the central nervous system. The direct consequence of this statement is

that _V O2max would have to do neither with the ability of the respiratory system to

transport oxygen to the contracting muscle mass nor with the capacity of muscle

fibres to consume oxygen and sustain aerobic metabolism.

This hypothesis has the charm of simplicity, as compared to the multifactorial

models, and gained appeal by selling itself as an example of modernity, for its

attempt at placing the brain as the controller of the entire organism at maximal

exercise. In fact, its lack of quantitative analysis of the structural and functional

mechanisms that underlie changes in _V O2max makes it difficult to perform an

experimental testing of the central governor hypothesis, so that its epistemological

value is undermined. For these reasons, several authors denied its scientific char-

acteristics and rejected it simply on the subsequently presumed inability of

experimental falsification of this hypothesis. Nevertheless, after some years, a way

to submit the central governor hypothesis to experimental testing was figured out,

demonstrating its scientific characteristics, but at the same time leading to its clear

confutation (Brink-Elfegoun et al. 2007). These authors in fact showed that it was

possible to increase the work of the heart beyond the limits attained at maximal

exercise, without any further increase in _V O2max. These results were in contrast to

the central governor hypothesis, as long as it predicts that _V O2max would increase

whenever the central governor (the brain) allows an increase in heart functional

variables. A similar experiment was carried out a few years later (Elliott et al.

2015), with similar results. Curiously enough, and in spite of the evidence, these

authors refused to admit refutation of the central governor hypothesis, although they

recognized the experimental evidence as a matter of fact, providing one of the most

impressive examples of dogmatism in physiological science.

Of Measuring _VO2max

The classical protocol for _V O2max measurement is the incremental discontinuous

steady-state protocol, by which _V O2max is identified as the plateau attained by the

relationship between “steady-state” oxygen consumption ( _V O2) and power ( _w)

(Fig. 4.1). The _w at which the plateau is attained was defined as the maximal

mechanical aerobic power ( _wmax). In fact, if we abstract from phase III as classically

was the case (see below for a discussion of this issue), _wmax would correspond to

the minimal _w requiring a _V O2 equal to _V O2max. The performance of the classical

protocol, whose standardized procedure is described in details in the Åstrand

textbook (Åstrand et al. 2003), requires the execution of exercise steps of pro-

gressively increasing intensity lasting between 4 and 6 min. The _V O2 is measured

during the last minute of each step. The duration of the steps may be reduced as the

expected maximal power is approached. This may be predicted from heart rate
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measurements. Successive steps are separated by resting recovery periods, lasting

some 5–6 min, during which the peak lactate concentration can be measured for

each step. Incidentally, this allows construction of lactate—power curves, on which

the so-called lactate threshold may also be identified.

The classical protocol was thought to allow a direct measurement of the actual

_wmax, which is unequivocally identified as the _w at the crossing between the
_V O2max plateau and the line describing the _V O2 versus _w relationship (Åstrand

et al. 2003; di Prampero 1981; Howley et al. 1995; Taylor et al. 1955). The _V O2max

plateau, however, is not observable in all tests. The incidence of the _V O2max plateau

depends on the modality of exercise administration (Gordon et al. 2012). In the

absence of a clear _V O2max plateau, subsidiary criteria for the establishment of
_V O2max were proposed. These include: (i) a lack of increase in heart rate between

successive workloads; (ii) a respiratory exchange ratio value ≥1.1; (iii) blood lactate

concentration higher than 10 mM at maximal exercise; and (iv) a rate of perceived

exertion on the Borg scale of at least 19/20 (Åstrand et al. 2003). When at least two

of these subsidiary criteria are met at the end of the test, the identification of
_V O2max is ensured (Howley et al. 1995). In the absence of a plateau, if at least two

of the subsidiary criteria hold, the _w corresponding to the highest measured _V O2max

can be retained as the _wmax of the test. In holding with these criteria, I note that

when a _V O2max test is followed by a constant-power exercise of supramaximal

intensity, no further increase in _V O2max is observed (Hawkins et al. 2007).

In addition to the classical protocol, a variety of procedures, either continuous or

discontinuous, were proposed in the last decades to measure _V O2max. After the

introduction of commercial breath-by-breath metabolic carts and the development

of electro-magnetically braked cycle ergometers, the continuous ramp protocols

(Buchfuhrer et al. 1983) have achieved worldwide diffusion, progressively

replacing the classical discontinuous protocol, because they have much shorter

duration and lower cost than the classical protocol, being normally completed

within 12 min. This makes ramp protocols convenient also in current sport medi-

cine practice.

Ramp protocols and the classical discontinuous protocol yield the same values of
_V O2max; moreover, the _V O2max attained at the end of ramp protocols is independent

of the ramp characteristics (Adami et al. 2013; Amann et al. 2004; Duncan et al.

1997; Maksud and Coutts 1971; Morton et al. 1997; Zhang et al. 1991). Yet ramp

protocols generate higher peak mechanical powers ( _wpeak) at the end of the tests, the

greater is the mean slope of the ramp (Adami et al. 2013; Morton et al. 1997). This

means that the _wpeak attained in a ramp test depends on the protocol characteristics,

being unrelated to _V O2max. So, it does not correspond to the _wmax.

The concept of a strict relation between _V O2max and _wmax was undermined also

by the identification of the slow component of the _V O2 kinetics (see Chap. 3). The

slow component, implying a continuous increase of _V O2 until exhaustion,
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precludes the attainment of a steady state at high intensity exercise. Therefore, the

linearity of the _V O2 versus _w relationship along the entire power range, a crucial

element for the identification of _wmax in Fig. 4.1, was questioned. The slow com-

ponent may indeed become visible within the first 5 min of exercise. In this time

window, however, the effects of the slow component may be counteracted by an

opposite effect due to the slowing of primary component of the _V O2 kinetics at

elevated powers, with associated early lactate accumulation (di Prampero and

Ferretti 1999). Although these two effects may cancel out, so that the points on an

individual _V O2 versus power relationship, which we may obtain from a classical

protocol, may well be aligned on a given straight line along the entire power range,

this alignment may be accidental. In fact, in contrast to this concept, Zoladz et al.

(1995), who used a continuous protocol which amplifies the role of the slow

component, showed an upward shift of the _V O2 values at the highest powers before

the attainment of the peak power, thus obtaining a nonlinear _V O2 versus power

relationship, at variance with what is usually found with the classical protocol.

As already discussed in Chap. 3, if we accept exponential models of the _V O2

kinetics, we can identify at each _w the asymptote of the primary component (phase

II amplitude), actually present at all powers between rest and maximal exercise. To

this asymptote, we may then add, at intense exercise only, at least above the critical

power, a phase III amplitude, whose steady state might be attained at _V O2 levels

higher than the maximum, and therefore invisible experimentally. If we admit that,

as hypothesized in Chap. 3, phase II and phase III do not refer to the same phe-

nomena, only the former would represent the metabolic power sustaining muscle

contraction in aerobic conditions. In this case, the classical steady-state _V O2,

directly proportional to the applied mechanical power, would correspond to the

steady state of phase II only. This redefines the meaning of Fig. 4.1 and of _wmax,

which becomes the highest power at which the contracting muscle mass can deliver

metabolic power from aerobic sources with a mechanical efficiency around 0.25.

This is not, of course, the highest power attained during a _V O2max test, which

depends on the protocol characteristics, whereas the rate of energy expenditure

corresponding to _wmax may be less than _V O2max, being closer to it the larger is the

active muscle mass. If this is so, the classical protocol would not provide a direct

measure of _wmax; it would rather provide the best possible estimate of it. Note also

that, as discussed in Chap. 5, there is a strong link between _wmax and critical power,

which are bound to vary together and by the same absolute amount. The concept of

_wmax still remains a crucial concept in exercise physiology, even if its meaning has

changed as a consequence of the identification of the slow component.

To sum up, if one is to measure _V O2max, he can rely on any type of ramp

protocol. Conversely, if one is to measure also _wmax, ramp protocols are inadequate,

and the classical discontinuous protocols are questioned, but still remain the most

useful tool for this aim.
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Conclusions

There is growing consensus around the concept of multifactorial _V O2max limitation.

In this context, two sets of equations were created, defining mechanistic models,

both capable of explaining several aspects of _V O2max limitation, often the same.

These models competed for years, although they were pointing to the same

direction, being formulations of the same concepts in different terms. A statement

like “cardiovascular oxygen transport provides 70 % of the overall limitation to
_V O2max” implies that the crossing of the diffusion line with the convective curve of

Fig. 4.7 necessarily occurs only at one precise point on a Cartesian plane, the point

on the convective curve where the ratio between _V O2max and _QaO2max is equal

to 0.7.

In hypoxia, where also the lungs become limiting, di Prampero tried to include

RV and RL in the analysis. The consequence was a diminution of FQ from 0.7 in

normoxia to 0.2 at a PIO2 of 90 mmHg (Ferretti and di Prampero 1995), so that FQ

became much lower than the _V O2max= _Qa _V O2max ratio. This is not necessarily a

holistic expansion of di Prampero’s model: the model remains the same, but Ferretti

and di Prampero (1995) tried a speculative analysis which Wagner (1996a)

refrained from doing, and perhaps with a good reason, at least to my mind: the

inability of accounting for the effects of _VA= _Q heterogeneity on RL and FL. The

attempt by Ferretti and di Prampero (1995) to circumvent the problem by creating a

lumped conductance term for the alveolar–arterial step, which was assumed pro-

portional to DL, was an oversimplification.

The classical concept of cardiovascular _V O2max limitation is reinforced by the

multifactorial models, showing that cardiovascular oxygen transport—represented

in the form of either systemic or muscle oxygen delivery—provides most of the

limitation to oxygen flow at maximal exercise, at least in normoxia. However, the

same models show that the role of peripheral oxygen diffusion and utilization as

limiting factors is such that it cannot be neglected. The role of peripheral factors is

greater the smaller is the active muscle mass. In hypoxia, the progressive inter-

vention of lung oxygen flow as a limiting factor restricts the role played by car-

diovascular and muscular factors. Moreover, the balance between them is changed

in favour of a greater role of peripheral factors. As a consequence, FQ in hypoxia

turns out drastically reduced.
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Chapter 5

Critical Power

Abstract The critical power ( _wcr) is the highest power that can be sustained relying

exclusively on aerobic metabolism, although unevenly distributed among muscle

fibres, and thus, it is the highest power for which oxygen consumption is, not only in

theory, the sole source of metabolic energy. As such, the _wcr concept is fundamental

in exercise physiology for its strict relation to the concept of metabolic steady state

and for its association to the maximal lactate steady state. The _wcr corresponds to the

y-axis asymptote of the hyperbolic relationship between sustained power and time to

exhaustion. The curvature of the hyperbole defines a constant corresponding to the

amount of mechanical work that can be sustained above the _wcr (energy store

component). The energy store component does not correspond to the anaerobic

capacity, but to the amount of work that can be carried out at powers higher than the

_wcr, the energy sustaining it deriving from both aerobic and anaerobic sources. After

a survey of the descriptive physiology of _wcr, the case of intermittent exercise is

discussed, as is the relationship between _wcr and the maximal aerobic power. Finally,

the three-parameter model of _wcr, taken as an example of generalization, is

considered, evidencing the relation between its y-axis intercept and the maximal

instantaneous anaerobic alactic power. The determination of _wcr is a key issue in

exercise testing. Procedures for simplifying its determination have been proposed.
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Introduction

The concept of critical power ( _wcr) is fundamental in exercise physiology for its

strict relation to the concept of metabolic steady state. The _wcr was firstly defined by

Monod and Scherrer (1965) as “the maximum power that can be kept up for a very

long time without fatigue”. This qualitative definition came nevertheless from the

quantitative analysis of a graph, in which they plotted the total work done, deter-

mined during several fatiguing exercise bouts of variable intensity, as a function of

the exhaustion time. They gave a hyperbolic solution to this plot, where _wcr

corresponds to the dependent variable’s asymptote (Fig. 5.1), while the curvature of

the hyperbole [the product of x times (y� _wcr)] defines a constant corresponding to

the amount of mechanical work that can be sustained above _wcr, which was called

the “energy store” component (W′). This relationship can be linearized by

replacing time with its reciprocal as independent variable, in which case the _wcr is

the y-axis intercept and W′ is the line’s slope.

Monod and Scherrer (1965) considered _wcr dependent, at least in part, on

muscle blood flow and hence oxygen delivery. Moritani et al. (1981) associated _wcr

with the lactate threshold. Although it has become clear that _wcr is a higher power

than that corresponding to the lactate threshold, at least in non-athletic individuals

(Poole et al. 1988, 1990), this may be the case in endurance athletes (Jones and

Poole 2009), who are characterized by an elevated fraction of type I slow aerobic

fibres in locomotory muscles as compared to the former. Subsequent studies have

related W′ to overall anaerobic capacity and _wcr to the power sustained in evenly

aerobic conditions, with all muscle fibres acting as normoaerobic fibres. This made

these two constants conceptually independent of each other (Hill 1993; Miura et al.

2000; Poole et al. 1990; Vanhatalo and Jones 2009). This concept is criticized in the

paragraph on the physiological meaning of W′.

The present definition of _wcr includes an oversimplification. Considering _wcr as

the asymptote of hyperbolic power versus time curve implies that, for powers below

the _wcr, power can be sustained for an infinite time. Obviously, this is not so. Below

the _wcr, the maximal duration is limited by the amount of substrates for aerobic

exercise, which is finite. Thus, there must exist another hyperbolic power versus

time relationship, whose y-axis asymptote may be the resting metabolic rate, or

even the basal metabolic rate, and whose curvature is proportional to the amount of

substrates for aerobic metabolism that are stored in the body, consisting of glycogen

and lipids. This amount, however, is so huge that power versus time relationship at

powers below the _wcr must be very flat, almost undistinguishable from a horizontal

line. Saltin (1973) treated it as linear. Thus, from a practical viewpoint, the present

definition of _wcr can be considered, on first approximation, acceptable, at least for

exercise durations shorter than 6 h, which is approximately the best time of the

100-km run for top athletes (for an analysis of ultra-marathon running performance,

see Hoffman 2010).
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Fig. 5.1 Top panel Schematic qualitative representation showing the power versus time

relationship for high-intensity exercise. Points 1–4 indicate the time to exhaustion for independent

tests at the designated power. The critical power ( _wcr) is the y-axis asymptote of the hyperbola.

Bottom panel Schematic qualitative representation showing the linearized version of the power

versus time relationship, obtained by replacing time by its reciprocal. Points 1–4 indicate the time

to exhaustion for independent tests at the designated power, as in the top panel. The _wcr is the

y-axis intercept of the line. In both graphs, W′ is the mechanical work above _wcr: it corresponds to

the hyperbola’s curvature in the top panel and to the line’s slope in the bottom graph. Modified

after Jones et al. (2010)
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The Physiological Meaning of the Energy Store Component

The energy store component W′ has received various interpretations, the meaning

of which has been questioned under several respects. To date, the consensus about

the concept of W′ is still weak and is undermined by the different meaning that is

given to the concept of aerobic metabolism. The present discussion of W′ is carried

out in the wide context of the general theory of the energetics of muscular exercise,

developed by Margaria and his successors (see Chap. 1).

Mechanically speaking, there is little doubt that W′ (expressed in J) corresponds

to the mechanical work that can be performed above the _wcr. Being a constant

characterizing the power versus time relationship, its value is independent of the

applied mechanical power. A corollary of the association, made by Moritani et al.

(1981), between _wcr and the lactate threshold, is that _wcr is the highest sustainable

rate of aerobic metabolism, at which the maximal lactate steady state occurs (Poole

et al. 1988; Pringle and Jones 2002). As a consequence, W′ was interpreted as the

work that can be sustained relying on anaerobic lactic metabolism. This interpre-

tation is affected by the notion that the lactate threshold defines the boundary

between aerobic and anaerobic metabolism, which is a physiologically incorrect

concept (di Prampero and Ferretti 1999), and thus, it must be rejected.

Jones et al. (2010) have corrected this interpretation by adding a small aerobic

contribution from myoglobin- and (venous) haemoglobin-bound oxygen stores, but

this does not appear as a substantial modification of the above concept that W′

corresponds to the anaerobic capacity. Nevertheless, the same authors acknowl-

edged that the physiological underpinnings of _wcr and W′ have been the subject of

some controversy, for their difficulty in being assessed. They relate this to the

ambiguous meaning of fatigue, which is an elegant way of admitting that the

situation is confused. Based on various findings, part of which are summarized

below, Jones et al. (2010) stated that “W′ may not represent a fixed “anaerobic”

substrate store, but rather a mechanical work capacity that can be used while

[PCr] and pH project toward a nadir value, which occurs near _V O2max and ulti-

mately exhaustion”. This alternate definition of the meaning of W′, however, does

not bring this concept outside the domain of anaerobic capacity, although in the

same paper, these authors admit that interpreting W′ as the anaerobic capacity is an

oversimplification.

If we accept the notion that _wcr has some relation to the maximal lactate steady

state, it might represent the highest power at which metabolic power is delivered in

fully aerobic conditions. In this case, after the attainment of a steady state for

oxygen consumption, the general equation of the energetics of muscular exercise

would take the simplified form of Eq. (2.2) (see Chap. 2). Under these conditions,

aerobic metabolism may be either evenly distributed, in which case all muscle fibres

oxidize pyruvate via the Krebs cycle, or oddly distributed, in which case hypo-

aerobic type II fibres reduce part of the accumulated pyruvate into lactate: this in

turn is taken up by adjacent hyperaerobic type I fibres and converted back to

pyruvate, which is then fully oxidized via the Krebs cycle. The condition of uneven
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aerobic metabolism requires an increase in muscle and blood lactate concentrations.

This increase takes place during the exercise transient (early lactate, see Chap. 3 and

Cerretelli et al. 1979) and leads to stable lactate concentrations with time at a higher

level than the resting one. The only difference between an even and an odd aerobic

metabolism is that in the former case, the entire oxidation process from glycogen to

CO2 takes place within a single muscle fibre, whereas in the latter case, the same

process requires the intervention of two adjacent fibres, one working in hypoaerobic

condition and accumulating lactate, and the other working in hyperaerobic condi-

tion and oxidizing lactate. Both cases are fully compatible with Eq. (2.2). An

increase in lactate concentration above a given level does not define the transition

from aerobic to anaerobic metabolism. Oxygen consumption still increases at

powers higher than _wcr, and the maximal oxygen consumption is higher than the

oxygen consumption incurring at the _wcr.

The above reasoning includes the demonstration that W′ does not represent

anaerobic capacity, even with the addition of a small aerobic component from

oxygen stores. The energy balance in the range of powers comprised between _wcr

and the maximal aerobic power ( _wmax), which defines the intense exercise domain,

consists of a mixture of energy derived from aerobic and from anaerobic sources.

Oxygen consumption does still increase, because it has not achieved the uppermost

limit that mitochondrial oxidative capacity is able to attain and/or because it can be

sustained by a further increase in systemic oxygen delivery. In other terms, neither

the peripheral resistance nor the cardiovascular resistance to oxygen flow has yet

attained their minimal value at the _wcr.

At the same time, the number of muscle fibres operating in hypoaerobic condition

goes up as the mechanical power increases, as does their rate of lactate production,

until a power is attained at which the lactate produced by hypoaerobic power exceeds

the capacity of hyperaerobic fibres to remove it. Also these fibres in fact increase the

rate at which they oxidize glycogen, and thus have fewer margins to face a higher rate

of lactate production by hypoaerobic fibres. Once this condition has been attained,

lactate concentration keeps increasing with time at a rate which is higher the higher

the mechanical power, and anaerobic lactic power (see Chap. 6) becomes positive.

This line of reasoning applies only to the fraction of mechanical power above

the _wcr, which even at _wmax represents a relatively small amount with respect to the

total applied mechanical power. Within the power range between _wcr and _wmax, we

may also account for the “slow component” of muscle phosphocreatine decrease

(Rossiter et al. 2002). If we assume that this is associated with the activation of

anaerobic alactic metabolism, we can state that during intense exercise, above _wcr

but below _wmax, all the three main energy metabolisms are simultaneously active

also at exercise times longer than the 4–5 min that classically define the duration of

the exercise transient. Note that this is the same power range in which the slow

component of the oxygen uptake kinetics (Chap. 3) becomes visible. If we finally

consider that, at the net of the oxygen deficit, all the power between rest and _wcr is

sustained by aerobic metabolism, oxygen consumption represents anyway and by

far the largest contributor to the overall metabolic rate also at powers comprised

between _wcr and _wmax.
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Descriptive Physiology of Critical Power and Energy Store

Component

For reasons that are outlined below, pertaining to the strict relations between _wcr

and _wmax, all chronic adaptive phenomena and all acute manoeuvres that act on
_V O2max, and thus on _wmax, act also on _wcr. Not all conditions, however, have been

investigated in terms of effects on _wcr. In any case, and coherently with the

principles pointed out here above, it has been demonstrated that both continuous

(Heubert et al. 2003; Jenkins and Quigley 1992) and high-intensity interval training

(Gaesser and Wilson 1988; Jenkins and Quigley 1993; Kendall et al. 2009; Poole

et al. 1990; Vanhatalo et al. 2008) increase _wcr. Moreover, strength training was

shown to increase the time to exhaustion during high-intensity exercise by an effect

on W′ without changes of _wcr (Sawyer et al. 2014). It seems logical to expect a

decrease in _wcr after prolonged bed rest, especially during upright exercise, but I am

unaware of any study specifically addressing this issue. Conversely, there is some

evidence that _wcr goes down in hypoxia (Dekerle et al. 2012; Moritani et al. 1981;

Parker-Simpson et al. 2014; Valli et al. 2011). Possibly for its effects on muscle

blood flow, and thus on the rate of lactate accumulation, prior high-intensity

exercise displaces _wcr closer to _wmax and reduces W′ (Ferguson et al. 2007, 2010;

Miura et al. 2009; Vanhatalo and Jones 2009).

Interesting is the case of hyperoxia. If the degree of hyperoxia is sufficiently

strong, so that the concentration of free oxygen in blood becomes significant,

hyperoxia increases _wcr, thus reducing the rate at which lactate concentration goes

up and muscle phosphocreatine goes down at a given power. Since hyperoxia does

not increase _V O2max, and thus _wmax, this reduces the difference between _wmax and

_wcr, so that the size of the energy store component W′ inevitably decreases, as

demonstrated by Vanhatalo et al. (2010). More generally speaking, I would tend to

state that whenever the difference between _wmax and _wcr is reduced—implying an

increase of the _wcr= _wmax ratio—the size of W′ decreases; conversely, whenever the

difference between _wmax and _wcr is enhanced, the size ofW′ increases. The _wcr= _wmax

ratio is increased also when there is an identical absolute increase in _wmax and _wcr.

This occurs for instance during exercise training (Heubert et al. 2003; Jenkins and

Quigley 1992): also in this condition, the increase in _wcr is accompanied by a

decrease in W′ (Vanhatalo et al. 2008).

Interventions specifically acting on substrate stores can be predicted to have an

effect on W′, which is positive if substrate stores are enlarged, negative in the

opposite case. Coherently with this prediction, glycogen depletion reduces W′

(Miura et al. 2000), whereas creatine supplementation increases it (Kendall et al.

2009; Smith et al. 1998).

All these results are coherent with the energetic meaning of _wcr and W′ outlined

previously. They thus provide strong experimental support to the concepts that (i)

_wcr represents the upper limit of unevenly distributed aerobic metabolism as
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summarized by Eq. (2.2), and (ii) the energetics of W′ consists of the simultaneous

intervention of aerobic, anaerobic lactic and eventually also anaerobic alactic

metabolism.

Energetic Consequences of the Hyperbolic

Critical Power Model

The hyperbolic model of _wcr originally conceived by Monod and Scherrer (1965)

and represented in Fig. 5.1 can be algebraically represented in the following form:

_w� _wcrð Þtlim ¼ W 0 ð5:1Þ

where tlim is the maximal time over which a given _w above the _wcr can be sustained.

Equation (5.1) tells that tlim is inversely proportional and W′ is directly proportional

to the _w� _wcr difference. Equation (5.1) therefore provides a solid theoretical

explanation of the experimental results reported in the preceding paragraph and

allows precise predictions of how the power versus time relationship evolves when

chronic adaptive changes or acute manoeuvres alter W′ and/or _wcr.

The total amount of mechanical work (W) carried out during a square wave

exercise lasting a time equal to tlim is given by:

W ¼ _w � tlim ð5:2Þ

whence, after combining Eqs. (5.1) and (5.2) and rearranging, we obtain:

W ¼ W 0 þ _wcr � tlim ð5:3Þ

Equation (5.3) can be expressed in terms of metabolic energy as follows:

E ¼ W 0

g
þ _wcr

g
� tlim ð5:4Þ

where η is the mechanical efficiency of exercise. Since the lactate concentration at

the steady state of an exercise carried out at _w ¼ _wcr does not vary with time, the

ratio _wcr=g corresponds to the net (measured value minus resting value) steady-state

oxygen consumption at the _wcr, which I propose to call the critical oxygen con-

sumption ( _V O2cr), and Eq. (5.4) can be rewritten as follows:

E ¼ W 0

g
þ _V O2cr � tlim ð5:5Þ

where the ratio W 0=g, according to the general equation of the energetics of mus-

cular exercise, is equal to:
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W 0

g
¼ _V O2 � _V O2cr

� �

þ b _La
� �

tlim ð5:6Þ

where _La is the rate at which lactate concentration in blood increases (slope of a

lactate versus time line) after the first 5 min of exercise, and β is a proportionality

constant indicating the amount of energy corresponding to a mole of lactate accu-

mulated in blood (energy equivalent of blood lactate accumulation, see Chap. 6).

Combining Eqs. (5.5) and (5.6) yields:

E ¼ _V O2 þ b _La
� �

tlim ð5:7Þ

In Eq. (5.7), _V O2 is the net oxygen consumption, to be expressed in watts when

energy is expressed in joules (note that 1 L of oxygen STPD provides about 20.9 kJ

of energy). _V O2 corresponds to the asymptote of the primary component of the

oxygen consumption kinetics (steady state of phase II) and includes the energy

derived from anaerobic sources during contraction of the oxygen deficit (O2def),

which is given by.

O2def ¼ _V O2s ð5:8Þ

Because of Eq. (3.4), Eq. (5.8) can be rewritten as follows:

O2def ¼ _V O2 � ðk � La½ �eþs0Þ ð5:9Þ

where the lactate concentration [La]e represents early lactate, λ is the constant

indicating how much s increases per unit increase of lactate in blood during the

exercise transient (di Prampero and Ferretti 1999), and s0 is the time constant of the

obligatory component of the oxygen deficit, i.e. the time constant that would incur

in the absence of early lactate accumulation. The s0 values range between 23 and

30 s (see Chap. 3), which corresponds well to the time constant of muscle phos-

phocreatine depletion upon exercise onset (Binzoni et al. 1992; di Prampero et al.

2003; Francescato et al. 2008, 2013; Rossiter et al. 1999, 2002). Therefore, during

exercise at any power _w higher than _wcr, the amount of energy derived from the

anaerobic lactic component (ELa) of the metabolic energy expenditure is equal to:

ELa ¼ b _La � tlim þ O2def � _V O2 � s0 ð5:10Þ

On the other hand, the anaerobic alactic component (EPC) of the metabolic

energy expenditure is equal to:

EPC ¼ _V O2 � s0 ð5:11Þ

It is noteworthy that Eqs. (5.10) and (5.11) do not account for the slow

component of both phosphocreatine and _V O2, which is known to occur at powers
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higher than _wcr. Further analysis to include the slow component in these equations

requires, however, a precise knowledge of its effects on η and an assumption on its

time course, which are both hazardous items preventing me from implementing

them. While abstaining from doing so, I am nonetheless aware that Eqs. (5.10) and

(5.11) may be oversimplifications entailing some underestimate of the anaerobic

components of the energy balance during exercise above the _wcr. Whatever the

case, it remains a matter of fact that, for an exercise carried out for a time equal to

tlim, the quantity of metabolic energy represented by ELa and EPC is by far lower

than that derived from aerobic metabolism.

The Critical Power Model in Intermittent Exercise

A continuous exercise carried out until tlim can also be subdivided into n fractions

of shorter duration, separated by recovery intervals of perhaps, but not necessarily,

equivalent duration (intermittent exercise). In this case, for a given power during the

exercise phase _we[ _wcr, one might in principle expect equivalent tlim for

continuous as for intermittent exercise. However, the energy balance is more

complex in the latter than in the former exercise mode, due to repeated cycles of

oxygen-deficit contraction followed by oxygen debt payment. If the times of

exercise (te) and recovery (tr) are sufficiently short, the refilling of anaerobic energy

stores may be incomplete in the recovery phase, so that the exercise would be

interrupted at depletion of anaerobic alactic capacity. If this is the case, and if

recovery is indeed carried out at rest (i.e. with a power during the recovery phase,

_wr, of 0 W), then the tlim obtained for intermittent exercise as the product of n times

te would be shorter than that for continuous exercise at the same intensity.

These principles are at the basis of the application of the critical power model

for intermittent exercise proposed by Morton and Billat (2004). In fact, their

application has more general value than reported above, because it admits not only

_we[ _wcr, but also _wcr[ _wr ≥ 0 W, in which case the oscillations between _we and

_wr are reduced in amplitude. These inequalities may also be seen as constraints, and

so Morton and Billat (2004) did, as long as they considered the power above _wcr as

anaerobic, although it is a mixture of aerobic and anaerobic metabolism. Indeed, the

only actual constraint is to have two different power values during exercise and

recovery, the former being higher than the latter, in a condition allowing compu-

tation of an accurate energy balance. I nevertheless agree with them that only taking

_we[ _wcr would allow the establishment of a _we versus tlim relationship for inter-

mittent exercise.

The metabolic energy, aerobic and anaerobic, above _wcr at each _we interval is

delivered at a rate that is equal to the ratio between the _we � _wcr difference and the

mechanical efficiency η. Its amount in each time fraction spent at _we corresponds to:
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Ee ¼
_we � _wcr

g
te ð5:12Þ

where subfix e indicates any period at _we into which tlim is subdivided, with

tlim = n te. During each recovery interval, however, anaerobic capacity is partially

refilled at a rate that depends on (i) the difference between _Ee and _Er, (ii) the time

constant of the oxygen debt payment during the recovery phase, (iii) the rate of

blood lactate accumulation during each _we interval and (iv) the rate of blood lactate

removal during each _wr interval, which in turn is a function of _wr (Gisolfi et al.

1966). The combination of the effects of the ensemble of these factors determines

the rate of depletion of anaerobic energy sources, which dictates the changes in tlim
(=n te) with respect to the value obtained during continuous exercise.

Morton and Billat (2004) assumed a faster rate of anaerobic energy sources

depletion during intermittent exercise with any given _we and _wr combination than

one would compute on the basis of the analysis proposed here above, as a conse-

quence of their assertion that all the power above _wcr is derived from anaerobic

metabolism. In the preceding paragraph, I tried to demonstrate that this assertion is

not correct. There is, however, a further aspect to consider, namely that anaerobic

lactic capacity may be up to twice larger during intermittent than during continuous

exercise at the same power, as indicated by the classical results of Osnes and

Hermansen (1972): this being the case, for the same rate of anaerobic energy

sources depletion tlim would become correspondingly longer. A theoretical analysis

of the effects of intermittent exercise on the _we versus tlim relationship is depicted in

Fig. 5.2. Morton and Billat (2004) obtained a 18 % decrease in _wcr (in fact its

equivalent during running, i.e. critical velocity) and a 16 % increase in anaerobic

work (in fact mechanical work above the _wcr) during intermittent running than

during continuous running at the same exercising speed, although their results are to

be taken with caution in view of the limited number of observation.

The Relationship Between _VO2max, Critical Power

and Maximal Aerobic Power

As pointed out in Chap. 4, ramp protocols have attained worldwide diffusion in the

performance of exercise testing and the measurement of maximal oxygen con-

sumption ( _V O2max). A mechanical analysis of ramp protocols helps shedding light

on the relationship between _wcr and _wmax. To this aim, it is important to remind that

the highest power attained at the end of a ramp protocol (peak power, _wpeak) is not

the _wmax, is higher than _wmax and is higher the greater the ramp slope.

On one side, Whipp (1994) analysed the links between _wpeak and _wmax. His

model, concerning discrete ramps with steps of varying duration, implies an inverse
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relationship between _wpeak and step duration, described by the following translated

equilateral hyperbola:

TS � _wpeak � b
� �

¼ a ð5:13Þ

where TS is the step duration, constant b is equivalent to _wmax and constant a to the

anaerobic work, i.e. the amount of mechanical work carried out relying on

anaerobic energy sources. Solving Eq. (5.13) for _wpeak yields:

_wpeak ¼
a

TS
þ b ð5:14Þ

Equation (5.14) describes a linear relationship between _wpeak and 1=TS, with
slope equal to a and y-intercept equal to b, for which Adami et al. (2013) obtained

a = 2.61 kJ and b = 264 W: the latter value corresponded well to the experimental

_wmax that the same authors determined during a classical _V O2max protocol (267 W).

On the other side, Morton (1994, 2011) assumed that the _w in a ramp test

increases continuously with time (t) at a constant rate. Consequently, he implied a

linear relationship between _w and t whose angular coefficient is the ramp slope (S).

In this case, the total mechanical work performed during a ramp is equal to the area
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Fig. 5.2 Theoretical analysis of the effects of intermittent exercise on the power ( _w) versus time

relationship. The continuous curve refers to continuous exercise and the dashed curve to

intermittent exercise. The critical power was 200 and 160 W, respectively, after assuming a critical

power decrease in intermittent exercise equal to that reported by Morton and Billat (2004). The

curvature increase was assumed to be larger (+50 %) than reported by these authors, to account for

a higher apparent anaerobic capacity in intermittent exercise
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of the triangle under the _w versus t line (see Fig. 5.3). On this basis, Morton (1994)

developed an algebraic system which led to the following equation:

T ¼ _wcr

S
þ

ffiffiffiffiffiffiffiffi

2W
0

S

r

ð5:15Þ

where T is the time to exhaustion and W 0 is the work carried out above _wcr in a

ramp test. If we then multiply Eq. (5.15) by S, we get:

S � T ¼ _wpeak ¼ _wcr þ
ffiffiffiffiffiffiffiffiffiffiffi

2W
0
S

p
ð5:16Þ

Equation (5.16) predicts that, if we plot _wpeak as a function of
ffiffiffi

S
p

, we obtain

linear relationships with slope equal to
ffiffiffiffiffiffiffiffi

2W 0
p

and y-intercept equal to _wcr. Adami

et al. (2013) constructed such a plot (Fig. 5.4) and obtained _wcr ¼ 198 watt, i.e.

74.2 % of the _wmax determined on the same subjects, and W 0 ¼ 16:8 kJ. Similar

values for W 0 were obtained also by Morton et al. (1997). It is of note that,

according to Adami et al. (2013), W 0 was seven times greater than constant a of

Whipp’s model, despite being calculated from the same experimental results. This

discrepancy confirms that, whereas a refers indeed to the energy from anaerobic

Fig. 5.3 Geometric representation of the work done during a ramp test. The straight bold line

represents the increment of power ( _w) as a function of time (t). The angular coefficient of this line

coincides with the ramp slope (S). _wcr indicates the critical power and T the time to exhaustion. The

area of triangle α is equal to 1=2 _w2
crS

�1. The area of rectangle β is equal to _wcr T � _wcrS
�1ð Þ. The

area of triangle γ is equal to 1=2 _wpeak � _wcr

� �

T � _wcrS
�1ð Þ. Morton (2011) identified the area of

triangle γ (striped area in this figure) as the anaerobic work capacity. The sum of areas α + β + γ

corresponds to the total mechanical work performed (1=2 _wpeakT). Modified after Adami et al. (2013)
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sources sustaining supramaximal powers, W 0, which includes a, is the energy

(aerobic and anaerobic) sustaining all the work carried out above _wcr, as previously

discussed.

In both models, _wmax varies only with the mean ramp slope, whereas _wcr (in

Morton’s model) and _wmax (in Whipp’s model) are constants. As a consequence, for

any given ramp, Eqs. (5.14) and (5.16) must produce equivalent results, i.e. they

must yield the same _wpeak value. This allows combination of these two equations, to

obtain, after rearrangement (Adami et al. 2013):

ffiffiffiffiffiffiffiffiffiffiffi

2W 0S
p

¼ a

TS
þ _wmax � _wcrð Þ: ð5:17Þ

Equation (5.17) tells that
ffiffiffiffiffiffiffiffiffiffiffi

2W 0S
p

is a linear function of 1=TS, with y-intercept

equal to _wmax � _wcrð Þ and slope equal to a. Thus, (i) the difference between _wmax

and _wcr is a constant, independent of anaerobic capacity, step duration and ramp

slope; (ii) _wmax and _wcr are linked by precise quantitative relations and can vary

only by the same absolute amount; and (iii) the ratio between _wcr and _wmax gets

higher the higher is _wmax.

Equation (5.17) provides the theoretical basis explaining several observations

about _wcr. The fact that the _wcr= _wmax ratio (i) is higher in athletes with elevated
_V O2max (Heubert et al. 2005) than in subjects with low _V O2max (Adami et al. 2013),

Fig. 5.4 An experimental analysis of Morton’s model of ramp tests, whereby peak power ( _wpeak)

is plotted as a function of the square root of the mean ramp slope (S). Data are presented as

mean ± SD. The regression line was calculated on the ensemble of the individual data, from Adami

et al. (2013)
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(ii) increases with aerobic training (Heubert et al. 2003; Jenkins and Quigley 1992)

and high-intensity interval training (Gaesser and Wilson 1988) and (iii) decreases in

hypoxia (Dekerle et al. 2012; Valli et al. 2011) is fully coherent with Eq. (5.17).

Finally, Eq. (5.17) implies that _wmax has a radically different meaning from _wpeak. It

defines the maximal _w that can be attained by the contracting muscle mass thanks to

the convertion of chemical energy into mechanical work by aerobic metabolism. A

theoretical corollary of this definition is the linearity of the _V O2 versus _w rela-

tionship along the entire _w range, provided the phase II asymptote for oxygen

consumption (see Chap. 3) is taken as representative of the necessary aerobic power

to sustain muscle contraction at powers above _wcr.

Simultaneous Determination of Critical Power

and Maximal Aerobic Power

The procedure for the determination of _wcr and of the relationship between _w and

tlim is complex, cumbersome and long. It requires performance of several constant-

load exercises at powers higher than _wcr up to exhaustion. The need of allowing

adequate recovery periods between successive tests implies that a _wcr determination

cannot be completed within one experimental day (Hill 2004; Jenkins and Quigley

1992; Moritani et al. 1981; Morton et al. 1997). These constraints have limited its

application to routine exercise testing.

Equation (5.17) provides a nice tool for determining the absolute difference

between _wmax and _wcr after ramp tests. Although also this procedure requires the

performance of multiple tests, the duration of each test is however shorter than that

of exhaustive continuous exercises at powers higher than _wcr. Thus, estimating _wmax

and _wcr after ramp tests by a procedure including Eq. (5.17) would represent a

significant step forward in the procedures for exercise testing.

The use of ramp tests for the estimate of _wmax and _wcr requires an assumption

concerning W′ and the knowledge of precise values of S and TS, which in fact are

predetermined for each ramp. In ordinary conditions, W′ can be estimated after

Adami et al. (2013). With three discrete ramp tests up to exhaustion, an equivalent

of Fig. 5.4 can be constructed. This figure allows computations of the characteristic

parameters of Eq. (5.17) by linear regression analysis. Of the three ramps that are

necessary to construct Fig. 5.4, one should be carried on with a modified procedure,

foreseeing the measurement of oxygen uptake ( _V O2). This ramp should consist of a

few _w below _wcr, carried out until steady state, followed by a steep ramp: the ramp

would provide the _V O2max value of the subject, and the steady-state light steps

would allow construction of the submaximal _V O2 versus _w line. Extrapolation then

of this line up to _V O2max would provide an estimate of the _wmax value. Since

Eq. (5.17) provides a value for the absolute difference between _wmax and _wcr, this

last would then easily be obtained. The implicit assumption, of course, is that,

according to the energetic principles discussed in Chap. 3, the extra _V O2 related to
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the appearance of the slow component is not included in the rate of aerobic

metabolism that is necessary to sustain the energy transformation during muscle

contraction.

The Three-Parameter Model of Critical Power

The three-parameter model for _wcr (Morton 1996) is a generalization of the basic

_wcr model discussed so far, which we may also call the two-parameter model. Only

one difference exists between the two mathematical developments: in the basic _wcr

model, the x-axis asymptote of the _w versus tlim relationship is constrained to 0,

whereas in the three-parameter model, it is let to vary and thus to take different

values from 0. In this form, the x-axis asymptote (kt) is considered as a third

parameter of the critical power model, which needs to be determined.

In this new context, the solution for W 0 of Eq. (5.1), which represents a par-

ticular case of the three-parameter model for kt = 0 s, takes the following general

form:

_w� _wcrð Þðtlim � ktÞ ¼ W 0 ð5:18Þ

From an analytical viewpoint, this means that the hyperbola describing the

relationship between _w and tlim is translated not only on the y-axis, but also on the

x-axis (see Fig. 5.5). Of course kt, which is a negative time, has no practical use.

However, a leftward x-axis translation means that there is a finite positive y-axis

intercept, corresponding to the power attained when tlim = 0 s, i.e. the maximum

instantaneous power ( _w0). From the physiological viewpoint, determination of

constant kt is a tool allowing computation of _w0.

In theory, _w0 is the power which can be developed starting from rest when the rate

of anaerobic energy store depletion is infinite. In practice, the closest concept to _w0 is

that of maximal instantaneous anaerobic alactic power, related to the maximal rate of

ATP splitting (see Chap. 6), which may be sustained for a fewmilliseconds. Since the

maximal anaerobic power decreases when the amount of anaerobic alactic energy

stores is decreased, the three-parameter model carries along three corollaries:

(i) a decrease in anaerobic energy stores implies a decrease not only inW′, but also in

kt, so that the _w versus tlim relationship not only takes a different curvature, but is also

displaced leftward; (ii) _wcr is independent of kt; and (iii) when anaerobic alactic

energy stores are fully depleted, energy liberation is impossible at powers higher

than _wcr.

The three-parameter model can be applied to the analysis of ramp exercise. In

fact, Eq. (5.15) is simply a solution of the following more general equation
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T ¼ _wcr

S
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k2t þ
2W 0

S

� �

s

þ kt ð5:19Þ

for the special case in which kt = 0 s. If we then multiply Eq. (5.19) by S, we get:

S � T ¼ _wpeak ¼ _wcr þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

S2k2t þ 2W 0S
� �

q

þ Skt ð5:20Þ

As a consequence, combination of Eqs. (5.14) (Whipp’s model) and (5.20)

yields:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

S2k2t þ 2W
0
S

� �

q

þ Skt ¼
a

TS
þ _wmax � _wcrð Þ ð5:21Þ

The left-hand branches of Eqs. (5.17) and (5.21) are both equal to the difference

between _wpeak and _wcr, which is a linear function of 1
TS
. If both _wcr models were

correct, the basic model being just a particular case of the three-parameter model,

they should yield, for any value of S, the same _wpeak values. This would be so only if

the values taken by constants kt andW′ remain invariant, or if they vary in such a way

as to compensate one for the other. Neither is the case: the three-parameter model

implies only a horizontal shift of the hyperbola describing the _w versus tlim rela-

tionship, without changes in its curvature, as long as anaerobic alactic energy stores

are not reduced. As a consequence, moving from the two- to the three-parameter

Fig. 5.5 Graphical representation of the three-parameter model of critical power. The relationship

between power ( _w) and time to exhaustion (tlim) for high-intensity exercise is reported for the time

window 1 to 60 s. The critical power ( _wcr) and the energy store component obtained by Adami

et al. (2013) were used. The x-axis asymptote is equal to −6 s. Arrows indicate _wcr and the power

for tlim = 0 s. The latter corresponds to the maximal instantaneous anaerobic power
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model implies variations of kt without changes in W′, so that the two models cannot

predict the same _wpeak values. As long as we operate on the flat part of the hyperbola,

e.g. for tlim > 5 min, the differences between the two models are negligible, but the

resulting _wpeak values diverge progressively as tlim decreases below 5 min, well into

the supramaximal exercise domain. The largest difference is observed at tlim = 0 min:

the corresponding power, _w0, is equal to ∞ in the two-parameter model, but takes a

finite value, close to the maximal instantaneous anaerobic alactic power, in the three-

parameter model. Measured values of maximal power during explosive exercise, for

which tlim < 2 min, are compatible with the latter, not with the former _wcr model.

When we move to the analysis of ramp exercise, a consequence of what pre-

cedes is that the relationship reported in Fig. 5.4 would change, if we use the three-

parameter model. In fact, letting kt vary implies a shift of the y-intercept by an

amount equivalent to Skt. Moreover, since kt has a relation to a, also the slope

changes. Thus, since S varies among different ramps, each point in Fig. 5.4 would

lie on a different relationship, with different slope and y-intercept. Thus, when

looking into the overall physiological relationship reported in Fig. 5.4, a curve

would be obtained. The relationship shown in Fig. 5.4 was constructed inside the

two-parameter model of _wcr. Despite representing a special case, wherein a linear

rather than nonlinear relationship is imposed by introducing the constraint of

kt = 0 s, it nevertheless provides acceptable estimates of _wmax � _wcr, as long as it

does not include powers implying large differences between the two models.

Nevertheless, no quantitative analyses after experimental data obtained during ramp

exercise could be done so far, due to the difficulty of attributing specific, different

a values for each ramp within the frame of Whipp’s model.

Conclusions

The _wcr, i.e. the y-axis asymptote of the power–time relationship, is the highest

power that can be sustained relying exclusively on aerobic metabolism, although

unevenly distributed among muscle fibres, and thus, it is the highest power for

which _V O2 is in practice, not only in theory, the sole source of energy. At all

powers above _wcr, there is a continuous increase in blood lactate concentration,

even though _V O2 does still increase with power. As a consequence, the slow

component appears until the time of exhaustion is attained. There is a direct link

between _wcr and _wmax, but _wcr is independent of anaerobic capacity. The deter-

mination of _wcr is a key issue in exercise testing. Procedures for simplifying its

determination have been proposed.

The three-parameter model of _wcr is an excellent theoretical tool, which includes

and summarizes the mechanics of all exercise modes up to exhaustion. It provides

estimates that better correspond to the peak power values that are measured during

explosive exercise in the supramaximal domain. It describes all powers higher than
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_wcr under the cover of a unique equation, namely Eq. (5.18). This equation,

however, has limited practical value in applied sport science, for its complexity

(three instead of two constants) and for the experimental irrelevance of some of

them.
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Chapter 6

Supramaximal Exercise

Abstract Powers higher than the maximal aerobic power can be attained relying on

anaerobic lactic and alactic metabolisms as energy source. These metabolisms are

analysed separately in this Chapter, where the power and capacity of both have been

quantified. Anaerobic lactic metabolism has been treated first, although it is still a

controversial issue on quantitative grounds, because several authors denied the

possibility of performing a correct estimate of the metabolic energy corresponding to

a mole of lactate accumulation in blood. Thus, its analysis is preceded by a pre-

liminary discussion of the principles and assumption behind the concept of energetic

meaning of blood lactate accumulation is based. Then, anaerobic alactic metabolism

is discussed, for which a distinction between average and instantaneous powers is

introduced: the former reflects the rate of ATP resynthesis from the Lohmann’s

reaction and the latter refers to the maximal rate of ATP hydrolysis and concerns the

ATP already available at the contraction site. This analysis shows that the maximal

power generated by anaerobic alactic metabolism is extremely high, up to some 20

times higher than the maximal aerobic power for the instantaneous methods. The

price to pay for this is an extremely low capacity, so that exercise can be sustained at

maximal power only for a very short time, of the order of a few seconds for average

power, some milliseconds for instantaneous power. Such an organization of ener-

getic metabolism, with a wide range of powers and capacities for the ensemble of the

metabolic pathways, allows animals, humans included, to face the multiple needs

that a prey–predator system imposes. In general terms, animals have evolved in such

a way that power is highest when capacity is lowest, and vice versa.
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Introduction

The maximal aerobic power ( _wmax) is not the highest power that a human can

develop. Powers higher than the _wmax can be attained relying only on anaerobic

metabolism as an energy source. In this case, the general equation of the energetics

of muscular exercise takes the following form:

_E / A _TP
 ��

¼ A _TP
��!

¼ c _V O2max þ b _Laþ a _PC ð6:1Þ

where the two terms b _La and a _PC indicate the amount of ATP that is generated

from anaerobic lactic metabolism and anaerobic alactic metabolism, respectively.

These are analysed separately in this chapter. Of both, the power and capacity are

quantified. From a more general perspective, the aim of this chapter was indeed to

discuss the energetics of explosive supramaximal exercise.

I will treat anaerobic lactic metabolism first, of which some hints have already

been given in previous chapters, especially as far as the genesis of early lactate

accumulation during exercise transients is concerned. Several aspects of anaerobic

alactic metabolism were also treated previously, as long as this is the main con-

tributor to the obligatory component of the oxygen deficit. Anaerobic lactic

metabolism as an energy source is, however, still a controversial issue on quanti-

tative grounds, because several authors denied the possibility of performing a

correct estimate of the metabolic energy corresponding to a mole of lactate accu-

mulation in blood. As a consequence, the study of the energetics of anaerobic

supramaximal exercise underwent decay in recent years, so that our current

knowledge still relies mostly on the classical results obtained by the School of

Margaria between the sixties and the eighties of last century. A preliminary dis-

cussion of the principles on which the energetic meaning of blood lactate accu-

mulation is based is therefore necessary.

The Meaning of Blood Lactate in Supramaximal Exercise

Let us take as an axiom the concept that maximal oxygen consumption represents

the uppermost limit of aerobic metabolism. As a necessary consequence, the met-

abolic power above _wmax can derive only from anaerobic energy sources. Apart
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from the contraction of the obligatory component of the oxygen deficit, which

occurs also in the early stages of a supramaximal exercise, reliance is mostly made

on anaerobic lactic metabolism. On this basis, on the assumption that the overall

metabolic power is directly proportional to the applied mechanical power also

during supramaximal exercise, Margaria et al. (1963b) predicted that the rate at

which lactic acid is produced, and thus accumulates in blood (and I would add in

muscle), is a constant whose value depends on the size of the applied supramaximal

power. Experimental validation of this prediction implies linear relationships

between blood lactate concentration ([La]b) and exercise time during constant-

power supramaximal exercise, with higher slopes the higher is the applied

mechanical power. In order to establish these relationships, Margaria et al. (1963b)

performed supramaximal exercises of varying intensities while running on a

treadmill at various inclines. At each speed and incline, the subjects repeated

several trials of progressively increasing duration up to exhaustion. At the end of

each trial, the subjects rested and [La]b was measured throughout the recovery

period. This led to the demonstration of the predicted linear relationships between

[La]b and time, and to the demonstration that, as put 50 years ago, the rate at which

lactic acid is produced (in g kg−1 min−1)—actually accumulated, and on average, as

more correctly pointed out by di Prampero and Ferretti (1999)—increases linearly

with the corresponding metabolic power (in kcal kg−1 min−1) (Fig. 6.1). The

intercept on the x-axis of this line was considered indicative of the metabolic power

below which no net lactate production occurs (an oversimplification indeed). The

slope of the line was taken as a measure of the amount of energy released in vivo by

the production of 1 mmol of lactic acid: it amounted to 222 cal g−1 or 84 kJ mol−1.

Moreover, assuming that (i) the peak concentration of lactic acid between the 5th

and the 8th min of recovery is the same in all body fluids (attainment of equilibrium

in lactate concentration) and (ii) the water fractions of the blood and of the whole

body are 0.8 and 0.6 respectively, Margaria et al. (1963a, b) deemed possible to

estimate the amount of lactic acid produced per kg of body mass.

Those results, however, were affected by numerous assumptions, some of which

were undemonstrated in those times. Moreover, Margaria et al. (1963b) had the

inadvertence of speaking of lactate production rather than lactate accumulation.

Therefore, despite the consistency of the evidence that was being progressively

accumulated, a stirred debate developed around the concept of energy equivalent of

blood lactate accumulation and the energetic significance of lactic acid production.

In particular, the concept of equilibrium in lactate distribution was contested by the

Scandinavian school of exercise physiology. According to di Prampero and Ferretti

(1999), this precluded a widespread practical use of these concepts in vivo, thus

finally hindering the progress of our knowledge in the field. I strongly maintain that

the energy equivalent of blood lactate accumulation, even though with some

cautions and less emphasis than in the past, is and remains a key concept, of

extreme utility in the analysis of whole-body energy expenditure during supra-

maximal exercise (di Prampero 1981).
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On the Distribution of Lactate

Margaria et al. (1963b) calculated the rate of lactate production per unit of body

mass, on the assumption that the peak [La]b attained between min 5 and 8 of resting

recovery after the end of an exercise bout represented the attainment of an equi-

librium in lactate concentration in blood and interstitial fluids. This concentration

was also assumed to be equal in all body compartments. The latter assumption was

demonstrated to be incorrect, as long as (i) lactate anions at equilibrium are mostly

located in the extracellular phase (Roos 1975), so that (ii) lactate concentration

gradients between intracellular and interstitial fluids exist, and (iii) a passive

equilibrium in lactate concentration is not possible. The further characterization of

lactate exchange in terms of lactate–proton co-transport shed new light on the

equilibria of lactate dynamics (Bonen 2001; Juel 1997, 1998; Juel and Halestrap

1999), even at the subcellular level (Hashimoto and Brooks 2008). Under these

circumstances, it is uneasy to calculate the precise amount of lactate that is

Fig. 6.1 Lactate increase in the body, expressed in g kg−1 min−1 (right ordinate) and net steady-

state oxygen consumption per unit of body mass (left ordinate) as a function of power, expressed

in cal kg−1 min−1. Full lines refer to non-athletes, dashed lines to athletes. The full line for lactate

intercepts the x-axis at a power equal to 220 cal kg−1 min−1, approximately the same value at

which the corresponding oxygen consumption line reaches its maximum. According to Margaria

et al. (1963b), below this power no lactate was produced and the power was sustained by aerobic

metabolism. The lactate line for athletes is displaced to the right. This indicates higher aerobic

power and maximal oxygen consumption. The slope of the two lactate lines is the same. Its value

indicates an energy “production” of 222 cal g−1 of lactate formed. From Margaria et al. (1963b)
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produced per unit of body mass without a preliminary knowledge of the lactate

concentrations in intracellular and interstitial fluids and of their respective fractions.

We must also consider that lactate, as it is produced, is also removed, so that the

peak [La]b at min 5–8 during recovery is probably less than it would be, where the

distribution and mixing of lactate in the body instantaneous. It is easy to state today

that the estimate of the energy equivalent of lactate accumulation made by Margaria

et al. (1963b) was rough. However, this does not mean that the concept that blood

lactate accumulation has an energetic meaning is to be rejected.

Let us assume that peak [La]b reflects indeed the attainment of the equilibrium in

lactate distribution in the extracellular compartments. This equilibrium should be

independent of the absolute lactate concentrations in blood, and in interstitial and

intracellular fluids, each of which can be assimilated to a capacitance that needs to

be “discharged”. Thus, after that equilibrium has been attained, two possibilities are

given: (i) these capacitances differ in size or in resistance, so that the process of

lactate removal is characterized by different time constants, in which case two

exponentials are necessary to characterize the function describing lactate removal

from the body, or (ii) these two capacitances have the same size and resistance, so

that the process of lactate removal from the two body fluids is characterized by

equal time constants, in which case a mono-exponential fully describes the entire

phenomenon. The body of evidence in favour of the latter hypothesis is important

though ancient (Åstrand 1960; di Prampero et al. 1978a, b; Gisolfi et al. 1966;

Hermansen and Stensvold 1972; Margaria et al. 1933, 1963b).

A two-compartment model of a different kind, in which one compartment

consists of the previously active muscle mass and the other compartment includes

the remainder of the volume of blood lactate distribution, was also conceived. This

has generated a double-exponential model of lactate removal (Oyono-Enguelle

et al. 1993; Zouloumian and Freund 1981), so that some studies have analysed

lactate removal after exercise according to this model as well (Freund et al. 1986;

Oyono-Enguelle et al. 1990; Taoutaou et al. 1996). This model explains some

features of lactate removal immediately after the end of exercise; the first expo-

nential, however, is by far faster than the second, so that the asymptote is quickly

attained: therefore, once the equilibrium of lactate concentration in the body has

been attained, the first exponential has already reached its asymptote and the further

decrease of lactate reflects has the time constant of the second exponential. In other

terms, it is as if these two compartments have merged, so that the kinetics of lactate

disappearance after recovery min 8 becomes compatible with the classical mono-

exponential model.

An elegant quantitative discussion of lactate distribution at equilibrium was

carried out by di Prampero (1981). He calculated the ratio of blood to whole-body

lactate concentrations at equilibrium, which he demonstrated to be a constant whose

value depends on the characteristics of lactate transport across biological mem-

branes, but is independent of the lactate concentrations in the various compart-

ments. Once the equilibrium has been achieved, this constant is invariant with time.

Therefore, it could be used for computation of whole-body lactate concentration at

the very end of exercise, after determination of the corresponding blood lactate
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concentration, by back-extrapolation to recovery time 0 of the exponential equation

describing the lactate washout from blood during recovery. On this basis, although

with a significant degree of approximation, di Prampero et al. (1978b) were able to

estimate that the production of 1 mol of lactate during supramaximal exercise can

provide about 100 kJ of metabolic energy. Considering the numerous approxima-

tions involved, this figure is remarkably close to that obtained by Margaria et al.

(1963b).

The Energetics of Supramaximal Exercise

During supramaximal exercise, oxygen consumption may attain its maximum

( _V O2max) in less than 1 min. After this time, we can reasonably assume that the

energetic contribution from anaerobic alactic energy sources (Lohmann reaction)

desists (di Prampero and Ferretti 1999). So the metabolic power after the initial

period is the sum of two terms, one being _V O2max, the second being related to

anaerobic lactic metabolism. As a consequence, the general equation takes the

following form:

_E / A _TP
 ��

¼ A _TP
��!

¼ c _V O2max þ b _La ð6:2Þ

If we express _E in oxygen equivalents, Eq. (6.2) can be rewritten as follows:

_E ¼ _V O2max þ b _La ð6:3Þ

where β is the energy equivalent of blood lactate accumulation, i.e. the amount of

energy generated by the accumulation of 1mol of lactate in blood, and _La is the rate of

blood lactate accumulation. Expressing then Eq. (6.3) relative to _V O2max yields

_E

_V O2max

¼ 1þ
b _La

_V O2max

ð6:4Þ

Equation (6.4) allows a comparison of subjects differing in maximal aerobic

power and thus working at different levels of supramaximal exercise with different

exercise modes. From the data of Margaria et al. (1971a) during treadmill running

and Pendergast et al. (1977) during swimming, it was possible to calculate β for

both exercise modes. The results, reported in Fig. 6.2, indicate that the energy

equivalent of blood lactate accumulation was strikingly similar (3.0 and 2.7 ml

O2 kg−1 mM−1 for running and swimming, respectively). These values were

essentially confirmed by the analysis of further data obtained under a variety of

conditions on humans (Cerretelli et al. 1979; di Prampero et al. 1978b; Margaria

et al. 1972), dogs (Cerretelli et al. 1964) and isolated–perfused dog gastrocnemii

(Cerretelli et al. 1969). More recently, Capelli and di Prampero (1995) measured the
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rate of blood lactate accumulation during supramaximal track cycling in a condition

in which _E was known. This allowed application of Eq. (6.4), from which β during

cycling resulted equal to that for running and swimming. It is nowadays admitted

that β is a constant whose value is under any circumstances comprised between 2.7

and 3.3 ml O2 kg
−1 mM−1 (di Prampero and Ferretti 1999).

It is noteworthy that β is not the energetic equivalent of lactate formation in the

working muscles and does not yield any direct information on the stoichiometric

relation between lactate formation and ATP resynthesis. It is nevertheless a constant

allowing determination of the energy release in the body whenever [La]b increases

in blood. As an example, take the case of ramp exercise carried out until exhaustion,

which is commonly used in exercise testing. During ramp exercise, the highest

work loads are supramaximal, and the more the steeper is the ramp. Thus, part of

the ramp is performed at powers above the maximal aerobic power, which are

sustained by anaerobic lactic metabolism. If the mechanical efficiency of exercise is

known, as is the case for exercise on the cycle ergometer, it would be possible to

obtain a good estimate of _E from each value of mechanical power. Solution of

Eq. (6.4) for _La yields

_La ¼
_E � _V O2max

b
ð6:5Þ

Fig. 6.2 Overall metabolic

power ( _E) as a function of the

rate of blood lactate

accumulation ( _La), both

expressed relative to the

maximal oxygen consumption

( _Vo2max), in running [full dots,

from Margaria et al. (1971a)]

and swimming [open dots,

from di Prampero et al.

(1978b)]. Constant β is

obtained from the slopes of

the two regression lines
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which allows estimating, after assuming a value for b, _La whenever _E[ _V O2max,

e.g. at each step during the final, supramaximal part of a steep ramp test for _V O2max

determination.

The Maximal Lactic Power

Since [La]b increases linearly with the exercise intensity, one may predict that it

attains a maximum when the energy release from anaerobic lactic metabolism

requires the highest possible rate of chemical reactions in the glycolytic pathway.

This prediction was demonstrated to be correct during strenuous exercise on the

treadmill (Margaria et al. 1964). In fact, subjects ran at 18 km h−1 at slopes up to

25 %, thus performing exercises requiring a metabolic power larger than twice the

maximal aerobic power. The results showed that _La attains an invariant maximal

value which does not increase by further increasing the exercise intensity (Fig. 6.3).

Moreover, the time after which [La]b starts increasing was found to be shorter the

higher is the exercise intensity (displacement on the left of the x-axis intercept of the

linear relations in Fig. 6.3). Margaria et al. (1964) proposed that the energy sources

for the time that precedes the increase in [La]b were derived from anaerobic alactic

metabolism, due to the contraction of the alactic oxygen deficit.

∇ [L
a
]

Fig. 6.3 Lactate increase in blood (Δ[La]b) as a function of exercise duration. The four lines refer

to four different supramaximal workloads, which were obtained by changing the incline of a

treadmill while running at an invariant speed of 18 km h−1. The slope of the lines is equal to the

rate of blood lactate accumulation. Since it is unchanged when the incline is increased (the

regression equations are reported on the figure), the slope is equal to the maximal rate of lactate

accumulation in blood, which is equivalent to the maximal rate of energy release from anaerobic

lactic metabolism, or maximal lactic power. From Margaria et al. (1964)
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Quantification from these experiments of the maximal lactic power was made

possible by the knowledge of β, calculated as described above. On this basis, di

Prampero and Ferretti (1999) obtained a value equivalent to some 75 ml

O2 kg−1 min−1. This value, which applied to non-athletic young male subjects,

corresponded to about 1.5 times the mean _V O2max for this type of population.

The complexity of the protocol for the determination of the maximal lactic

power is such to restrict a wide use of this test, even for research purposes. So, the

studies on the maximal lactic power are extremely scanty. We know that it is higher

in power athletes than in non-athletes (Hermansen 1971) and that it is reduced after

altitude acclimatization (Grassi et al. 1995). Some relation to the muscle fibre

composition of lower limbs must exist, so that it would be easy to predict a low

maximal lactic power in endurance athletes, possibly less than their maximal aer-

obic power. The loss of muscle mass with ageing allows predicting its decrease at

older ages. Sport practice demonstrates that it can be trained—interval training was

introduced to this purpose indeed—but no study of the effects of specific training on

the maximal lactic power was ever carried out.

The Maximal Lactic Capacity

Knowledge of β, of the overall energy requirement of the exercise, and of the time

constant of _V O2 kinetics, which determines the contraction of the alactic oxygen

deficit (23 s, Binzoni et al. 1992), allows computation, after measurement of peak

[La]b at exhaustion and of _V O2max, of the amount of energy that can be derived

from the full utilization of anaerobic lactic energy stores, or maximal lactic

capacity. This ranges, for continuous supramaximal exercise, between 45 and

55 ml O2 kg−1 (di Prampero and Ferretti 1999), corresponding to a peak [La]b at

exhaustion between 14 and 17 mM. It is greater the larger is the active muscle mass,

higher in power athletes and lower in marathon runners than in non-athletic subjects

(Komi et al. 1977; Nummela et al. 1996; Tam et al. 2012). It may be as twice as

high during intermittent exercise (Osnes and Hermansen 1972) and is decreased in

chronic hypoxia (Cerretelli 1967; Cerretelli and Binzoni 1990).

Lactate accumulation in muscle is obviously associated with a simultaneous

increase in H+ concentration in the active muscle mass, which may well limit

maximal lactic capacity. This depends also on the buffer characteristics of muscle

fibres and blood, and on the rate at which lactate can be removed from muscles. If

this is so, then the higher lactic capacity during intermittent exercise is a conse-

quence of the effects of recovery periods—no matter whether active or resting—on

H+ concentration in muscle fibres. In fact H+ inhibit glycolysis, stopping the gly-

colytic energy flow when given lactate concentrations are attained: these would

correspond, at the end of continuous exhausting exercise, to the [La]b values

reported above. The slight decrease in muscle lactate during the recovery phase of

intermittent exercise allows further lactate production in the successive supra-

maximal bout, whence the attainment of higher [La]b values, and so of a larger
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lactic capacity, in intermittent than in continuous exercise, thus explaining the

results of Osnes and Hermansen (1972). In sport practice, this reasoning provides

the physiological explanation of how and why during interval training sessions

athletes can tolerate numerous extremely high power repetitions, otherwise

incompatible with the findings at the end of supramaximal continuous constant-load

exercise in the laboratory.

The maximal lactic capacity is unchanged in acute hypoxia, but progressively

decreases in chronic hypoxia (Cerretelli 1967). The reduction of maximal lactic

capacity in chronic hypoxia, an intriguing aspect of altitude acclimatization, is

reversible after return to sea level (Cerretelli and Binzoni 1990) and is unaffected by

bicarbonate loading (Kayser et al. 1993). These findings are not due to changes in the

activity of glycolytic enzymes, which is unaffected by chronic hypoxia (Cerretelli and

Hoppeler 1996). The ensemble of these results was considered contradictory, so that

this phenomenon was called the lactate paradox. Although the maximal [La]b is

lower the higher is the altitude at which acclimatization has occurred, the ability of

muscle fibres to produce lactate seems unaffected by the acclimatization process:

what appears to be reduced is the net flux of lactate from the contracting muscle mass

to the blood (Brooks et al. 1998). This led to the hypothesis that the lactate paradox

might follow a fall of lactate transport outside muscle fibres, perhaps due to reduced

activity of the lactate–proton co-transporter. If the acclimatization process is pro-

longed beyond 6 weeks, maximal lactic capacity progressively recovers, until the

differences between acute and chronic hypoxia disappear (Lundby et al. 2000),

suggesting that the lactate paradox may be a transient phenomenon. In fact the rate of

lactate outflow from muscle fibres to blood increases with time at altitude, which

implies also an increase in the rate of lactate removal from blood by lactate metab-

olizing organs, such as liver, brain, kidneys and heart, and eventually also non-

contracting muscles. If the hypothesis of a reduced activity of the lactate–proton co-

transporter in chronic hypoxia is correct, then the recovery of the maximal lactic

capacity after the 6 week at altitude implies up-regulation of co-transporter synthesis

(van Hall et al. 2001). Such modification requires alterations of the regulation of

protein synthesis, and thus necessarily has a slow kinetics. If this is so, then there

would be dissociation between co-transporter inhibition and increased co-transporter

synthesis, which would explain the lactate paradox as a transitory phenomenon.

However, the lactate paradox was observed also in populations living permanently at

altitude, which undergo lifelong hypoxic stimulation: if the lactate paradox was

transitory, these populations would not be affected by it. Clearly enough, our

understanding of the lactate paradox is still incomplete.

The P/La Ratio

Constant β is an epiphenomenon of the actual phenomenon that is the amount of

energy released by anaerobic lactic metabolism through ATP resynthesis, the latter

being the actual source of energy for muscular contraction. Thus, knowledge of the
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amount of ATP resynthesized from the accumulation of 1 mol of lactate in the

contracting muscle mass is a key element for our understanding of the energetics of

muscular exercise. This is the P/La ratio, i.e. constant b in Eq. (6.2), which is

related to β through another constant γ, the dimension of which is moles of ATP

resynthesized per J of energy released (reciprocal of the amount of energy that is

necessary to resynthesize one mole of ATP). Computation of the P/La ratio from the

measurement of blood lactate accumulation in humans is impossible because we do

not know the value of γ. The P/La ratio was calculated from data obtained in

isolated–perfused dog gastrocnemii with blood flow occlusion under supramaximal

stimulation (di Prampero et al. 1978a). Under these conditions, the amount of

energy derived from muscle oxygen stores is negligible, so that the general equation

reduces to

_E / A _TP
 ��

¼ A _TP
��!

¼ b _Laþ a _PC ð6:6Þ

Since phosphocreatine concentration, which is invariant at rest, goes down to

almost 0 mM at the end of an exhaustive series of supramaximal stimulations

(Cerretelli et al. 1969), the energy provided by anaerobic alactic metabolism in the

transition from rest to stimulation can be considered constant. As a consequence,

the total enthalpy change (ΔH, work plus heat) under those conditions is given by

DH ¼ HAl þ XLa½La�m ð6:7Þ

where HAl is the enthalpy change due to anaerobic alactic metabolism, ΧLa is the

enthalpy change due to the formation of 1 mol of lactate at the output of the

glycolytic pathway, and [La]m is the overall amount of lactate produced (no lactate

removal in these circumstances). Equation (6.7) implies a linear relation between

ΔH and [La]m, with slope equal to ΧLa and y-intercept equal to HAl. The linear

regression of the relation established by di Prampero et al. (1978a), reported in

Fig. 6.4, yielded ΧLa = 76 kJ mol−1 and HAl = 1.2 kJ kg−1. Moreover, if the

mechanical efficiency of muscular contraction under these conditions was invariant,

also the relationship between work (W) and [La]m (Fig. 6.4, right ordinate) ought to

be linear, with slope indicating the work done per mole of lactate produced, for

which a value of 20 kJ mol−1 was obtained. The P/La ratio is given by the further

ratio of this last value to the W per mole of ATP split (W*
*p), which was found to

range between 16 and 19 kJ mol−1 (Cerretelli et al. 1969, 1972; Cerretelli and di

Prampero 1988; Ferretti et al. 1987). As a consequence, the P/La ratio ranges

between 1.25 and 1.05 mol of phosphate per mole of lactate, which is slightly less

than the value of 1.5 predicted from stoichiometry. These values would be com-

patible with a range of values for the enthalpy change of ATP hydrolysis comprised

between 60 and 72 kJ mol−1, which is significantly higher than what one would

expect from the value of 50 kJ mol−1 that can be calculated assuming a P/La ratio

equal to that in vitro.
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Energetics of All-Out Efforts of Extremely Short Duration

During all-out efforts of extremely short duration, the metabolic power developed

by the contracting muscle mass may attain values as high as 200 W per kg of body

mass. Such values may be attained, for instance, by power athletes who perform

vertical jumps on both legs, for a duration of the push phase of some 0.25 s.

Assuming that the mass of the active muscles during such a jump corresponds to

25 % of the overall body mass, this would be tantamount to state that the metabolic

power that a muscle may achieve corresponds to some 800 times the resting

metabolic rate (1 W kg−1). Such a dramatically fast increase of the rate of energy

metabolism of muscle fibres cannot be sustained by either the aerobic or the

anaerobic lactic metabolism, the maximal powers of which are by far lower than

this and whose kinetics of activation are too slow. Thus, for these types of exercise,

the energy for ATP resynthesis can be provided only by anaerobic alactic metab-

olism through the Lohmann’s reaction. If this is so, then the general equation of the

energetics of muscular exercise would reduce to

La

H

∇

Fig. 6.4 Enthalpy change (ΔH, in kJ kg−1, left ordinate, dots) and work (W, in kJ kg−1, right

ordinate, triangles) as a function of lactate formed (La, mmol kg−1) during supramaximal

stimulation of isolated–perfused dog gastrocnemius in anoxia. The slopes of the lines indicate,

respectively, the energy released by (top lines) and the work performed by (bottom lines) a unit of

lactate formed during contraction. Continuous lines are regression lines obtained with the classical

least-square method; dashed lines are regression lines obtained with Brace method. From di

Prampero et al. (1978a)
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_E / A _TP
 ��

¼ A _TP
��!

max ¼ a _PCmax ð6:8Þ

where the suffix max indicates that the process of ATP resynthesis is proceeding at

its maximal rate. However, if we push the system to its extremes, we may realize

that during very short times, of the order of a few ms, A _TP
 ��

max may exceed A _TP
��!

max,

in which case only the ATP immediately available at the site of the acto-myosin

interaction can be used to sustain muscular contraction, since the maximal rate of

ATP resynthesis by the Lohmann’s reaction is too slow to sustain such a high rate

of ATP splitting, and ATP concentration very rapidly falls. So we have

_Emax / A _T
 �

Pmax[A _TP
��!

max ¼ a _PCmax ð6:9Þ

The ensemble of explosive anaerobic alactic exercises includes all the types of

exercise for which Eq. (6.8) applies. Also the anaerobic alactic metabolism is

characterized by specific values of maximal power and capacity. With some

assumptions, these can be determined in humans from mechanical measurements

performed during explosive exercises of known mechanical efficiency and extre-

mely short duration.

The Measurement of Maximal Anaerobic Alactic Power

A direct determination of maximal anaerobic alactic power is practically

impossible due to the extremely short exercise duration. Equation (6.8) denies the

possibility of attaining a steady-state condition. Muscle phosphocreatine concen-

tration keeps decreasing until subject’s exhaustion, for no other mechanism can

resynthesize ATP, thereby allowing phosphocreatine resynthesis at the required rate

and in such short times (less than 10 s in all cases). Thus, we are bound to derive the

maximal anaerobic alactic power from the measurement of the maximal mechanical

power ( _w) attained on average during an explosive exercise that leads to exhaustion

in less than 10 s and whose mechanical efficiency η is known, and from the

subsequent computation of the corresponding metabolic power ( _E). In fact, we have

�_w ¼ g a _PCmax ¼ g _Almax ð6:10Þ

where _PCmax is the maximal rate of phosphocreatine splitting, _Almax is the maximal

metabolic anaerobic alactic power, expressed in oxygen equivalents, and α is a

constant corresponding to the amount of energy delivered by one mole of phosphate

split.

The first among the methods for the determination of _Almax was proposed by

Margaria et al. (1966) and consists of the determination of the maximal vertical

speed attained during an all-out run up a ladder of known slope. In these conditions,
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speed attains a peak within 3 s, which is maintained for the next 3–4 s. The maximal

mechanical power ( _w) is directly proportional to the measured vertical speed in the

time interval at maximal speed. _Almax can then be obtained from _w, as long as η is

known (0.25 for uphill running, Margaria et al. 1963a; Minetti et al. 2002). Similar

methods were subsequently devised, using different exercise modes, but with the

common characteristics of being all-out efforts of short duration and known η

(Bosco et al. 1983; Bar-Or 1987; Ikuta and Ikai 1972; Pirnay and Crielaard 1979).

More complex is the case of the so-called instantaneous methods. In this class,

the most common and successful method is still the one proposed by Davies and

Rennie (1968), with subsequent modifications (Antonutto et al. 1999; Zamparo

et al. 1997). A simplified version of this test was developed by Bosco et al. (1983)

for the determination of the time of flight and of the corresponding jump’s height

only. In short, the time course is assessed of the vertical force exerted on the ground

during the push phase of an all-out vertical jump performed on a force platform.

Knowing the subject’s body mass, we can determine the instantaneous vertical

speed from the definite integral of force with respect to time from the start of the

push to the start of the flight. Then, from the product of each instantaneous force

value times the corresponding velocity value, we obtain the time course of _w. This

is the power generated by the entire chain of lower limb extensor muscles (Fig. 6.5).

The highest instantaneous _w value is retained as the maximal anaerobic power or

peak power (b_w). The integral mean of the power versus time curve in the push

phase provides the mean anaerobic power ( _w). The values of _w obtained with the

jump method, despite appearing twice higher than those of _w obtained with Mar-

garia’s test, are indeed in line with the latter, because in the former case both legs

push simultaneously on the force platform, whereas in the latter case, there is the

alternate push of a single leg, so that the active muscle mass at each time instant is

double with that than with this method. Thus, also on the force platform the

measurement of _w corresponds to the maximal rate of ATP resynthesis (Eq. 6.8)

rather than of ATP splitting (Eq. 6.9).

An overview of values of maximal anaerobic alactic power is reported in

Fig. 6.6. b_w is 3–4 times higher than Margaria’s _w. The time basis on which b_w is

determined is of the order of a few ms: in this case, it is unlike that a significant

contribution of the Lohmann’s reaction to ATP resynthesis takes place, so we can

reasonably state that b_w reflects the maximal rate of hydrolysis of the ATP already

available at the acto-myosin interaction site (Ferretti et al. 1987). Since conversely

the measurement of _w provides power values that reflect the maximal rate of ATP

resynthesis from phosphocreatine, this would imply that the maximal rate of ATP

hydrolysis is higher than the maximal rate of ATP resynthesis from the Lohmann’s

reaction. This explains the need of distinguishing between average methods, which

respond to Eq. (6.8), and instantaneous methods, for which Eq. (6.9) applies.

The maximal anaerobic power, whether instantaneous or average, is more

elevated in power athletes and lower in endurance athletes than in non-athletic

individuals (Chamari et al. 1995; di Prampero et al. 1970; Ferretti et al. 1994).
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It decreases with age (Bonnefoy et al. 1998; Chamari et al. 1995; Ferretti et al.

1994; Grassi et al. 1991) and is lower in women than in men (Batterham and Birch

1996; Murphy et al. 1986). These patterns follow differences in active muscle mass.

In chronic hypoxia, both b_w and _w are reduced in direct proportion with the decrease

Flight time

Body weight

.

Fig. 6.5 The time courses of instantaneous force (F, continuous line), velocity (v, dotted line) and

power ( _w, dashed line) during a maximal vertical jump off both feet without countermovement on

a force platform are shown along with the position of the subject’s centre of gravity (CG) during

the various phases of the jump. The force trace is directly recorded from the platform. Dividing

instantaneous force by the body mass yields instantaneous acceleration. Instantaneous v is obtained

as the time integral of acceleration. The _w curve is obtained as the product of the force curve times

the velocity curve. When the subject stays still on the platform (position 1), the recorded force is

equal to the subject’s body weight. During the jump push phase (position 2), the force exceeds

body weight and an upward vertical acceleration occurs: in this phase, v increases and a positive

power is developed. During the flight (position 3), the recorded force falls to zero and v decreases.

m stands for mass and t for time. The peak power ( _wp) is identified as the highest instantaneous

power value on the power curve. The mean power during the push phase is obtained as the integral

mean of the power curve. Modified after Ferretti et al. (1987)
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in muscle cross-sectional area (Ferretti et al. 1990). Different is the case of

microgravity exposure: the per cent fall of b_w and _w is larger than that of muscle

cross-sectional area, so that the latter is unable to explain the decrease of the former,

whether after space flight (Antonutto et al. 1999) or after bed rest (Ferretti et al.

2001), a finding that these authors attributed to asynchrony of motor unit recruit-

ment after microgravity exposure. However, Milesi et al. (2000) suggested the

possibility of an inefficient electro-mechanical coupling, whereas Reeves et al.

(2002) proposed changes in the architecture of pennate muscles of the lower limbs

as a possible explanation. Concerning the maximal rates of ATP splitting and

resynthesis, they are both reduced by a decrease in muscle temperature: in this case,

one would expect a fall of b_w and _w as demonstrated by Ferretti et al. (1992). To

sum up, with the only exception of microgravity, the differences in anaerobic power

among human subjects are the result of differences in the speed of ATP splitting and

resynthesis times the amount (concentration time muscle mass) of high-energy

phosphates in the active muscles. This concept can be formalized by the following

equation:

b_w ¼ kW� � p½ATP� ð6:11Þ

where k is the velocity constant of the reaction and W*
*p is the work done per unit

of phosphate split (19 kJ mol−1). For these reasons, attempts were made at

enhancing maximal anaerobic power by increasing the muscle content of high-

energy phosphates through creatine supplementation, yet with contradictory results

(Bemben et al. 2001; Hoffman et al. 2005; Ziegenfuss et al. 2002) as a consequence

of differences in dose among studies and elevated urinary creatine excretion.
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Fig. 6.6 Values of maximal mechanical alactic power in healthy non-athletic humans. Platform

data (instantaneous and average) from Ferretti et al. (1987); run data (Margaria’s test) from

Margaria et al. (1971b)
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Maximal Instantaneous Alactic Power and Aerobic Exercise

The concentration of phosphocreatine and of ATP in muscles is lower the higher is

the muscle metabolic rate at the steady state of an aerobic exercise (Binzoni et al.

1992; Karlsson et al. 1972; Molé et al. 1985; Piiper et al. 1968), as a consequence

of the contraction of the oxygen deficit. The equilibrium constant of the Lohmann’s

reaction, however, is such that the equilibrium is displaced towards ATP resyn-

thesis. As a consequence, although there is a negative linear relationship between

phosphocreatine concentration and metabolic rate at steady state, the same cannot

the case for ATP: the ATP fall is modest at low workloads, to become important

only after phosphocreatine concentration has attained remarkably low levels. So,

the maximal anaerobic alactic power ought to be lower when increasing the

intensity of the exercise baseline on which a power test is superimposed, according

to a pattern that recalls that of muscle ATP decrease. In fact, this was found to be

the case for b_w (Ferretti et al. 1987).

A comparison between the data of Ferretti et al. (1987) as a function of steady-

state oxygen consumption and the average ATP values obtained in the isolated–

perfused dog muscle preparation (Piiper et al. 1968) is reported in Fig. 6.7, in which

b_w and ATP concentration ([ATP]) are expressed relative to the respective resting

Fig. 6.7 Maximal instantaneous anaerobic power ( _wp, closed circles and dashed line) and ATP

concentration ([ATP]) (open circles and solid line), both expressed as percent of their resting

values, are plotted as a function of the net oxygen consumption of a priming work load, expressed

as percent of the maximal oxygen consumption ( _Vo2max). The phosphocreatine concentration

([PC]) scale, as calculated from Karlsson et al (1972) is also given on top of the figure. From

Ferretti et al. (1987)
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value. According to Eq. (6.10), if constants k and W*
*p are invariant, and thus

independent of exercise intensity, the two curves of Fig. 6.7 should coincide. This is

not so, as during intense exercise relative b_w is consistently higher than relative

[ATP]. The difference between the two curves becomes evident at powers likely

close to the lactate threshold and appears to widen as the workload approaches the

maximum. So, Ferretti et al. (1987) linked this discrepancy to the increase of

muscle H+ due to lactate accumulation. The tendency is compatible with an increase

of either of the two constants of Eq. (6.11). An increase inW*
*p may be advocated,

as long as the mechanical efficiency of the contraction occurs in the isolated–

perfused dog gastrocnemius during repeated short tetani, simultaneously with lac-

tate accumulation and depletion of the high-energy phosphate stores (di Prampero

et al. 1981). Possible solutions of Eq. (6.11) with the data of Fig. 6.7 are shown in

Table 6.1.

If Eq. (6.11) holds, the time course of the decrease of b_w after the beginning of

constant-load exercise should follow the contraction of the obligatory component of

the oxygen deficit. Thus, it should be characterized by a mono-exponential kinetics

with a time constant of 20–25 s (see Chap. 3). In fact, a value of 20 s could be

estimated (Ferretti et al. 1987), in line with that reported for phosphocreatine

decrease by Binzoni et al. (1992). After the exercise steady state has been attained,

so that phosphocreatine concentration does not change anymore with time, also b_w
ought to attain a steady level. This should not be the case, however, during intense

exercise above the critical power, when lactate does not reach a steady level any-

more but keeps increasing with time: following the lactate increase, b_w ought to fall

continuously to attain a nadir at exhaustion.

Maximal Mean Alactic Power and Aerobic Exercise

The measurement of _w is probably related to the maximal rate of ATP resynthesis

from phosphocreatine, as pointed out above. [PC] in contracting muscles decreases

linearly with the exerted mechanical power (Binzoni et al. 1992; Piiper et al. 1968),

Table 6.1 Work performed per mole of ATP split (W*
*p) and velocity constant of ATP splitting

(k), after assuming, respectively, k (2.3 s−1) and wp (18.9 kJ mol−1) invariant

Net _Vo2 (% of _Vo2max) b_w (W kg−1) [ATP] (mM) W*
*p (kJ mol−1) k (s−1)

0 52.9 4.60 18.9 2.30

30 51.3 4.44 19.0 2.32

50 50.4 4.30 19.3 2.35

70 48.1 3.98 19.9 2.42

100 45.1 3.34 22.2 2.71

Data from Ferretti et al. (1987)

_Vo2, Oxygen consumption; _Vo2max, Maximal oxygen consumption; b_w, Maximal instantaneous

alactic power; [ATP], ATP concentration
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and thus with the net oxygen consumption ( _V O2) of the submaximal priming

exercise. Thus, if Margaria’s test is performed without discontinuity from the steady

state of a preceding light aerobic exercise, there must be a negative linear rela-

tionship between _w and _V O2 . The data of Margaria et al. (1971b) show that this is

the case indeed, the relation being described by the following equation:

_w ¼ _w0 � d _V O2 ð6:11Þ

where _w0 is the _w attained starting from a resting condition (y-intercept of the

negative relationship between _w and _V O2) and δ is the proportionality constant

indicating the loss of _w per unit increase in _V O2. Expressing _w in W kg−1 and _V O2

in ml kg−1 s−1, we have δ = 3.1 J ml−1 and _w0 ¼ 14:2 W kg�1 (di Prampero 1981).

The value of latter constant corresponds well to the _w obtained by Margaria et al.

(1971b) when the test was initiated from rest (see also Table 6.1). Expressing _w and
_V O2 in the same units, δ turns out equal to η. Assuming an energy equivalent of
_V O2 of 20.9 kJ L−1 STPD, as in the case when the respiratory quotient is equal to

0.96, for δ = 3.1 J ml−1 we have η = 0.15, a value somewhat lower than the

canonical value of 0.25 for exercise (Margaria et al. 1963a; Minetti et al. 2002).

In the experiments of Margaria et al. (1971b), the measurement of _w was

superimposed without discontinuity to a priming exercise of the same type, so that

part of the energy expended for running up the stairs was of aerobic energy. So we

can also write

_w ¼ g _Almax þ _V O2

� �
ð6:12Þ

Since Eqs. (6.11) and (6.12) must have equal solutions, if we express all met-

abolic powers in the same units (e.g. ml kg−1 s−1), so that δ = η, we get

g _Almax þ _V O2

� �
¼ _w0 � g _V O2 ð6:13Þ

whence

_Almax þ _V O2 ¼ _EAl; 0 � _V O2 ð6:14Þ

where

_EAl; 0 ¼ _w0g
�1 ð6:15Þ

Solution of Eq. (6.14) for _Almax yields

_Almax ¼ _EAl; 0 � 2 _V O2 ð6:16Þ

For η comprised between 0.15 and 0.25, as during uphill running, we have _EAl; 0

ranging from 94.7 to 56.8 W kg−1. This range represents an uppermost limit for
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_Almax as determined with an average method, an extreme of metabolic power

release from the Lohmann’s reaction during running. Considering then that during

vertical jumping on the force platform both legs push simultaneously, this figure is

doubled. These figures allow an estimate of the instantaneous metabolic alactic

power suggesting that ATP hydrolysis at its maximal rate may provide up to

300 W kg−1 of metabolic energy.

Anaerobic Alactic Capacity

As the maximal anaerobic alactic power is extremely high, so the maximal

anaerobic alactic capacity must be very small. Assuming for simplicity an

instantaneous maximal alactic power of 200 W kg−1 of body mass, and considering

that _wp is obtained on a time basis of some 10 ms, we get a maximal anaerobic

capacity of about 2 J kg−1 (140 J for an ordinary man with a 70 kg body mass). For

a resting [ATP] of 5 mM of wet muscle, assuming that the active muscle mass

during a vertical jump approximates 26 % of body mass (Ferretti et al. 1987), this

would correspond to a quantity of ATP in the active muscles of some 90 mmoles.

Considering that 1 mol of ATP yields 19 J of mechanical work (*75 J of energy),

the active muscle mass has an immediately available energy store of some

1.7 kJ. This discrepancy means that _wp may in principle be maintained for much

longer than 10 ms, up to 120 ms.

Let us now consider the case of average anaerobic power. Taking
_Almax ¼ 56 W kg�1, as calculated above, and considering that it may be maintained

for some 6 s, we obtain a maximal anaerobic capacity of 336 J kg−1 (23.5 kJ for an

ordinary man with a 70 kg body mass). For a resting [PC] of 20 mM of wet muscle,

and assuming that the fraction of body mass represented by the active muscle mass

is the same as for a vertical jump (even though there is alternate contraction of the

two legs, ATP is consumed in both of them), we end with a quantity of phos-

phocreatine in the active muscles of some 360 mmoles. Since the stoichiometric

ratio of ATP to PC is 1 (constant a of Eq. 6.1), also 1 mol of phosphocreatine yields

19 J of mechanical work (*75 J of energy). Thus, the active muscles have an

overall capacity of generating energy from anaerobic alactic sources corresponding

to 27 kJ, i.e. more than 15 times the capacity of immediately available ATP. This

value is compatible with maximal exercise duration at maximal power of 6.9 s, a

very astonishingly close value to what is found in the experimental practice.

Conclusions

The maximal power generated by anaerobic alactic metabolism is extremely high,

some 20 times higher than the maximal aerobic power in young healthy non-athletic

subjects for the instantaneous power related to the splitting of immediately available
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ATP, some 5–6 times higher than the maximal aerobic power when energy is

released after ATP resynthesis from phosphocreatine. The price to pay for this is an

extremely low capacity, so that exercise can be sustained at maximal power for a

very short time, of the order of a few seconds for average power, some milliseconds

for instantaneous power. Such an organization of energetic metabolism, with a wide

range of powers and capacities for the ensemble of the metabolic pathways, allows

animals, humans included, to face the multiple needs that a prey–predator system

imposes. In general terms, animals have evolved in such a way that power is highest

when capacity is lowest, and vice versa.

The three-parameter critical power model implies a positive, commeasurable y-

axis intercept corresponding to the power that one would expect when the maximal

time over which a given power above the critical power can be sustained (tlim) is

equal to 0 s ( _w0). The measurement of _wp is what in physiology gets closest to _w0,

and it is tempting to propose that this is so indeed. The fascination of this statement

is that, if this is so, it would be possible to introduce aerobic and anaerobic

metabolism into a unique equation describing the power versus time relationship in

the entire range of potential exercise performance. Wilkie (1980) tried to combine

the three main metabolisms in a complex nonlinear equation describing the power

versus tlim relationship for exercises lasting less than 10 min. The advancement of

knowledge since the publication of his work was such that I frankly recognize

nowadays that we deal with a system characterized by several key parameters,

namely the critical power, the maximal aerobic power, the maximal lactic power,

the maximal average anaerobic alactic power and the maximal instantaneous

anaerobic alactic power. All these parameters should be included in a model of the

power versus tlim relationship. Apart from the critical power, whose capacity is in

theory infinite, in practice limited only by the size of body fat stores, so that it

conveniently represents the y-axis asymptote of any power versus tlim curve, all

other parameters have a finite capacity, which is largest for the maximal aerobic

power. Each capacity is a constant, independent of the associated maximal power,

defining the curvature of specific power versus time hyperbolas for each of the

implicated metabolisms. Establishing such a relation on solid experimental grounds

would be the next adventure, in my opinion, in the field of the energetics of

muscular exercise.
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