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Foreword

Dear Reader.
The book you are holding is truly a goldmine of exercise, respiratory and

environmental physiology, and if you had not realized the greatness of the Milano
School before, you will certainly do so after having read it. The term “School” can
only be used when a continuum of academic achievements spans over several
generations and has maintained its scientific relevance also in a historical perspec-
tive. This is certainly true for the scientific work described here and starting in Italy
more than a century ago. That such important work was done outside Scandinavia
was not evident to me at the time I started my doctoral studies at the Department of
Physiology at Karolinska Institute in Stockholm, Sweden in the early 1970s. The
perspective then was Scandinavian, and the great names in exercise physiology were
E. Asmussen and M. Nielsen in Denmark and E. Hohwu-Christensen and P. O.
Åstrand in Sweden. My supervisors C.M. Hesser and H. Bjurstedt had developed
advanced techniques for continuous blood gas and ventilatory measurements during
non-steady state situations such as apnoea and hypergravity stress and were among
the first to install computers (at the time analogue) in their laboratory. They encour-
aged me to apply such techniques to non-steady state exercise in humans and analyse
the data in terms of control engineering. As my work progressed, my limited
perspective changed dramatically as shown by the following quote from my thesis:

Recalling the study of Margaria et al. (1933), their approach was in essence that of
a systems analysis, although the terminology of control engineering was not used.
Thus, a step function was used as the input function and the relationship between the
time courses of the output and input functions was studied. The dynamic properties
of the unknown system were described in terms of a mathematical model, which was
found to be consistent with the hypothesis that there are two compartments of the O2

debt.
Another key paper that inspired me greatly was by P.E. di Prampero et al. (1970)

describing the kinetics of oxygen uptake during the onset of submaximal exercise,
and I was fascinated by the fact that R. Margaria as a coauthor was still active
40 years after his seminal work in the 1930s.
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vi Foreword

A typical feature in papers from members of the Milano School is the clarity, even
beauty, of the diagrams, for example that reproduced as Fig. A1 on page 85 in this
book and originating from the classical paper by Margaria et al. (1933). Typically,
the diagrams report original data without becoming too crowded, and they are
usually accompanied by the underlying equations in the text, with explanations, so
that the reader can understand how they were derived. Many further examples of
such diagrams and informative equations are found in Chaps. 5 and 6 dealing with
the energetics of various forms of locomotion. Present technologies with watches
and cellphones that estimate caloric expenditure would not have been possible
without the data summarized in these two chapters.

The book is by definition a subjective account on the development in central
research areas in exercise and environmental physiology, as seen with the eyes of a
group of senior members of the Milano school and does not pretend to be neutral.
Therefore, the expert reader has no reason to be disappointed if his/her own work is
not mentioned or not recognized as expected. Hopefully, other schools will write
their own stories in their way, and I will be the first to read and enjoy their work.

In a similar way, this foreword is not objective, but instead influenced by my
personal knowledge of the authors. During my postdoctoral period at the Department
of Physiology, State University of New York at Buffalo, I was happy to meet
members of the Milano School such as P. Cerretelli and P. E di Prampero, who
were frequent visitors to the laboratory. Later I collaborated with several members of
the Milano School during studies of exercise in weightlessness on the US Space
Shuttle and on the Russian space station Mir, where members of the Milano School
such as G. Ferretti, C. Capelli, G. Antonutto, P. Zamparo, D. Negrini and
G. Miserocchi played important roles. As before, I was impressed by the ingenuity
of their experimental designs and the quality of their work. I am certain that the
reader of this book will agree.
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Abbreviations

ATP

ATP

3D Three-dimensional
A Ratio between the metabolic power at altitude and at sea level
a Proportionality constant relating phosphate concentration to muscle

oxygen consumption
a asymptotic (suffix, in Chapter 7)
A1 Phase I amplitude of a double or triple exponential equation
A2 Phase II amplitude of a double or triple exponential equation
A3 Phase III amplitude of a triple exponential equation
Ac Centrifugal acceleration
ADP Adenosine-di-phosphate
Af Area projected on the frontal plane
af Forward acceleration
alt Altitude (suffix, used for cycling at altitude)
AMREE American Medical Research Expedition to Everest
AT Anaerobic threshold
Atot Total body surface
ATP Adenosine-tri-phosphate
_Al Anaerobic alactic power
_Al
max Maximal anaerobic alactic power
_ATP Rate of ATP resynthesis

_
��! Rate of ATP hydrolysis

_
 ��� Rate of ATP resynthesis

B ratio between constant ke at altitude and at sea level
b proportionality constant, corresponding to the moles of ATP

resynthesized per mole of lactate accumulated
C Energy cost (generic, concerning locomotion)
C Compliance (distensibility, generic, concerning lung mechanics)
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xii Abbreviations

c proportionality constant, corresponding to the moles of ATP
resynthesized per mole of oxygen consumed

Ca Aerodynamic energy cost
Cacc Energy cost of accelerated running
CaO2 Oxygen concentration in arterial blood
Cc Energy cost of cycling
Ccw Compliance of the chest wall
Ch Hydrodynamic energy cost
CL Compliance of the lungs
Cn - a Non-aerodynamic energy cost
CO2 Carbon dioxide
COPD Chronic obstructive pulmonary disease
Cr Creatine
Cr Energy cost of running
CRESE Center for Research in Special Environments, Buffalo NY, USA
Crs Compliance of the overall respiratory system (chest plus lung)
Csk Energy cost of skiing
Csw Energy cost of swimming
CT Computerized tomography
Ctot Total creatine concentration
CvO2 Oxygen concentration in mixed venous blood
Cw Energy cost of walking
CWT Critical water temperature
Cx Aerodynamic coefficient
D Drag
d Time delay
DA Added drag
dA Thickness of the air–blood barrier
dCO2 Infinitesimal increase in oxygen concentration at distance x in a lung

capillary
DefO2 Overall oxygen deficit
DL Lung diffusing capacity, generic
DLCO Lung diffusing capacity for carbon monoxide
DLNO Lung diffusing capacity for nitrogen monoxide
DLO2 Lung diffusing capacity for oxygen
Dm Diffusing capacity of the alveolar-capillary membrane
d _MO2 Infinitesimal blood oxygen uptake from alveoli
DO2M Muscle oxygen deficit
Ds Time delay of the slow component (phase III) of the _VO2 kinetics
Dt Peripheral tissue diffusing capacity, generic
DtO2 Peripheral tissue oxygen diffusing capacity
E Metabolic energy
EBO2 Aerobic energy stores in the blood
ECG Electrocardiogram



Abbreviations xiii

Ek Kinetic energy
ELa

max Maximal anaerobic lactic capacity
ELO2 Aerobic energy stores in the lungs
EM Equivalent body mass in accelerated running
EO2 Energy from aerobic sources stored in the body
Ep Potential energy
EPC

max Maximal anaerobic alactic capacity
EPOC Excess post-exercise oxygen consumption
ES Equivalent slope during accelerated running
E.S. Extracellular space
ESA European Space Agency
ESa Aerodynamic component of the equivalent slope
ESn-a Non-aerodynamic component of the equivalent slope
Est,rs Standard elastance of the respiratory system (chest plus lung)
EtO2 Aerobic energy stores in tissues
_E Metabolic power
_E0 Intercept of the linear relationship between _E and _w on a cycle

ergometer
_Ea Metabolic power spent to overcome aerodynamic forces
_Ec Metabolic power in cycling
_Ei Internal metabolic power
_Emax Maximal metabolic power
_En- a Metabolic power spent to overcome non-aerodynamic forces
_Er Metabolic power at rest
F Force
f Frequency, generic
Fa Aerodynamic component of the force opposing motion
FB Body weight
Fc Overall force opposing motion in cycling
FEV1 Forced expiratory volume after 1 s
FFA Free fatty acids
fH Heart frequency, or heart rate
fH

max Maximal heart rate
Fi Fractional limitation to _VO2

max imposed by the ith resistance to oxygen
flow, where i indicates the position of the resistance at stake in a series
of resistances

FL Fractional limitation to _VO2
max imposed by the lung resistance to

oxygen flow
Fn Fractional limitation to _VO2

max imposed by the nth resistance to oxygen
flow (last downstream in a series of resistances).

Fn-a Non-aerodynamic component of the force opposing motion
Fn - a0 Non-aerodynamic component of the force opposing motion on flat

terrain



xiv Abbreviations

Fp Fractional limitation to _VO2
max imposed by the lumped peripheral

resistance to oxygen flow
fp Pedalling frequency
FQ Fractional limitation to _VO2

max imposed by the cardiovascular
resistance to oxygen flow

Fr Froude number
FRC Functional residual capacity
Ftot Total force acting on a body in water in the vertical direction
FV Fractional limitation to _VO2

max imposed by the ventilatory resistance to
oxygen flow

Fv Vertical force opposing motion, or work per unit distance on the
vertical axis

Fw Buoyant force
G Free energy
g Gravity acceleration
g’ Vectorial sum of forward (or centrifugal) acceleration plus gravity

acceleration
GL Conductance to oxygen flow related to lung diffusion/perfusion
Gm Mitochondrial conductance to oxygen flow
Gp Lumped peripheral conductance to oxygen flow
GQ Cardiovascular conductance to oxygen flow
_Glox Rate of glycogen oxidation
GT Overall conductance to oxygen flow
Gt Peripheral tissue conductance to oxygen flow
GV Ventilatory conductance to oxygen flow
h Heat (chapter 2)
h Height (whenever expressing potential energy as Mgh, as in chapters

5, 6 and 11)
H+ Hydrogen ions
H2O Water
HAPE High altitude pulmonary oedema
Hb Haemoglobin
[Hb] Blood haemoglobin concentration
Hct Haematocrit
hirr Irreversible heat
HIF-1 Hypoxia inducible factor 1
hrev Reversible heat
htot Total heat (= hrev + hirr)
i Incline of the terrain
IA Iodo-acetamide
IL Index Locomotorius (locomotor index)
iPWel Iso-inspiratory power
I.S Intracellular space
Jl Lymph flow



Abbreviations xv

Jv Trans-epithelial water flow
k Proportionality constant, generic
k1 Phase I rate constant of a double or triple exponential equation
k2 Phase II rate constant of a double or triple exponential equation
k3 Phase III rate constant of a triple exponential equation
ke Proportionality constant relating the energy cost C to the square of

speed
kealt Proportionality constant relating the energy cost C to the square of

speed at altitude in cycling
Kf Filtration coefficient
ki Proportionality constant of the relationship between the internal

metabolic power in cycling and the pedalling frequency
Kl Lymphatic conductance
Kp Dimensionless constant relating P�vO2 to P�cO2.
KWa Wagner’s constant, equal to the product between DtO2 and Kp

kw Proportionality constant relating the force opposing motion to the
square of speed

L Length, distance
LA Los Angeles
Lab Blood lactate concentration
Lâb Peak or maximal blood lactate concentration attained in recovery after

exercise
Lab0 Blood lactate concentration at recovery time 0 (end of exercise)
LBNP Lower body negative pressure
Leq Lung equilibration coefficient
Lho Distance (length) covered on the horizontal plane
Lp Water specific conductance
Lt Distance (length) covered along the treadmill’s axis
_La Rate of lactate accumulation
_Lab Rate of blood lactate accumulation
_Lap Rate of lactate production
_Lar Rate of lactate removal
M Mass
Mb Body mass
MEP Maximal explosive power
MFT Mean (subcutaneous) fat thickness
MLSS Maximal lactate steady state
n Number (e.g. of moles)
Nalv Number of alveoli
NASA National Aeronautics and Space Agency, USA.
NIRS Near-infrared spectroscopy
NMR Nuclear magnetic resonance
O2 Oxygen
Ot Oarlock reaction force



xvi Abbreviations

P Phosphate
P Pressure
P Reaction force of water against the blade of the oar (chapter 6, rowing)
P Mean arterial pressure
P0.1 Pressure measured at 0.1 s
pa Component of the reaction force of water against the blade of the oar,

acting along the same direction of the shell of the boat
PACO2 Carbon dioxide partial pressure in alveolar air
PaCO2 Carbon dioxide partial pressure in arterial blood
Palv Alveolar pressure
PAO2 Oxygen partial pressure in alveolar air
PaO2 Oxygen partial pressure in arterial blood
PB Barometric pressure
PB0 Barometric pressure at sea level
PCO2 Carbon dioxide partial pressure, generic
PcO2 Mean capillary oxygen partial pressure
PCr Phosphocreatine
PCr0 Phosphocreatine concentration at exercise start (exercise time 0)
PCrss Phosphocreatine concentration at exercise steady state
Pcw Elastic recoil pressure of the chest wall
Pd Distending pressure
PEEP Pulmonary end-expiratory pressure
Pel Elastic recoil pressure, generic
PFK Phospho-fructo-kinase
pHm Muscle pH
Pi Inorganic phosphate
PIO2 Oxygen partial pressure in inspired air
Pip Pulmonary interstitial pressure
PL Elastic recoil of the lung
Pliq Pleural liquid pressure
PmO2 Oxygen partial pressure in mitochondria
PO2 Oxygen partial pressure, generic
˜PO Overall high energy phosphate concentration
Ppl Intrapleural pressure
Prs Overall elastic recoil pressure of the overall respiratory system (chest

plus lung)
Pt Component of the reaction force of water against the blade of the oar,

acting along a perpendicular direction to that of the shell of the boat
PtO2 Oxygen partial pressure in peripheral tissues
PvO2 Oxygen partial pressure in mixed venous blood
Pγ Pressure reflecting surface tension
P/O2 ratio Amount (moles) of high-energy phosphates resynthesized by the

consumption of one mole of oxygen



_PCr

Abbreviations xvii

* Rate of phosphocreatine splitting

_Q Total blood flow (cardiac output)
_QaO2 Oxygen flow in arterial blood (systemic oxygen delivery)
_QaO2

max Maximal oxygen flow in arterial blood
_Qmax Maximal cardiac output
Qst Stroke volume of the heart
R Resistance
r Rest (suffix)
RBC Red blood cell
Rg Radius of gyration
Ri ith resistance to oxygen flow along the respiratory system
Ri ith resistance to oxygen flow, where i indicates the position of the

resistance at stake in a series of resistances.
RL Lung resistance to oxygen flow
Rm Mitochondrial resistance to oxygen flow
Rmin,rs Minimal resistance of the respiratory system (chest plus lung)
Rn nth resistance to oxygen flow (last resistance downstream in a series of

resistances).
Rp Lumped peripheral resistance to oxygen flow
RPE Rate of perceived exertion
RQ Respiratory quotient, generic
RQ Cardiovascular resistance to oxygen flow
Rrs Resistance of the respiratory system (chest plus lung)
RT Total resistance to the oxygen flow along the respiratory system
Rt Tissue resistance to oxygen flow
Rtr Overall traction resistance
RV Residual volume
RV Ventilatory resistance to oxygen flow
SA Overall surface of the air–blood barrier
SaO2 Arterial oxygen saturation
sl Sea level (suffix)
ss Steady state (suffix)
STPD Standard temperature and pressure, dry
T Temperature
t Time
Tc Temperature of the heat sink
Th Temperature of the heat source
TLC Total lung capacity
TPR Total peripheral resistance
Tr Traction force exerted by the rower on the oar
tt Transit time
TTI Tension time index
Tu Underwater torque



xviii Abbreviations

UCI Union Cycliste Internationale, the governing body of international
cycling competitions

UCP-1 Uncoupling protein 1
V Volume
v Velocity or speed
VA Alveolar volume
Vc Blood volume in the alveolar capillary network
VLO2 Volume of oxygen taken up through the lungs
VLO2ss Volume of oxygen taken up through the lungs during steady state

exercise of any duration
Vm Mitochondrial volume
vm Mean velocity of locomotion
vmax Maximal speed
vmax,sl Maximal speed at sea level (in cycling)
vmin Minimal speed
VO2 Oxygen volume (oxygen consumption, generic)
VO2

eLa Oxygen deficit due to early lactate accumulation, in oxygen equivalents
VO2

PCr Oxygen deficit due to PCr hydrolysis, in oxygen equivalent (alactic
oxygen deficit)

vopt Optimal walking velocity
vs Shortening velocity
VT Tidal volume
vv Vertical velocity
Vvb Venous blood volume
_V Gas flow
_VA Alveolar ventilation
_VA= _Q Ventilation/perfusion ratio
_VCO2 Carbon dioxide output, (carbon dioxide flow, generic)
_VE Expired ventilation (total expiratory gas flow)
_VE

max Maximal expired ventilation
_VLO2 Lung oxygen flow, or oxygen uptake
_VLO2r Lung oxygen flow at rest
_VLO2ss Lung oxygen flow at the exercise steady state
_VLO2t Lung oxygen flow at time t
_VmO2 Muscle oxygen flow, or rate of muscle oxygen consumption
_VmO2ss Rate of muscle oxygen consumption at steady state
_VmO2t Muscle oxygen flow at time t
_VO2 Rate of oxygen consumption or oxygen flow (generic)
_VO2

max Maximal oxygen consumption (maximal oxygen flow). Suffixes 0, a
and t indicate that _VO2

max is measured at time 0, at the asymptote and at
time t of an exponential kinetics of a _VO2

max change with time.
_VO2ss

Oxygen flow at steady state (generic)
vopt Optimal walking speed



Abbreviations xix

vt Tangential velocity
w Mechanical work
wD Work done for overcoming drag
we External work
wi Internal work
wm Energy generated by muscle contraction during walking, in order to

keep speed constant
wr Work of rowing
wre Work of breathing, or respiratory work
wtot Total mechanical work
w*ATP Work done per mole of ATP split
W/D Wet weight to dry weight ratio
_w Mechanical power
b_w Peak power (maximal absolute mechanical power during standing high

jump off both feet)
_wmax Maximal mechanical power
_wD Mechanical power necessary to overcome drag
_we External mechanical power
_wel Elastic power of the lungs
_wi Internal mechanical power
_wk External power transmitting kinetic energy to water, but useless to

overcome drag
_wn-D Mechanical power against non-aerodynamic or hydraulic forces

(non-drag forces)
_wr Mechanical power of rowing
_wtot Total mechanical power
x Distance along a lung capillary
Xrs Reactance of the respiratory system (chest plus lung)
Zrs Impedance of the respiratory system (chest plus lung)
α Angle between the mean body sagittal axis and the terrain
β Angle between the terrain and the forward direction of the treadmill’s

movement
βb Oxygen transfer coefficient in blood
βg Oxygen transfer coefficient in a gas phase
γ Angle between the terrain and the horizontal plane
Δ Difference (delta) between two values, generic
ΔEk Kinetic energy change
ΔEp Potential energy change
ΔG Free energy changes
ΔG*ATP Molar free energy change of ATP hydrolysis
ΔG�gl Free energy liberated by the oxidation of a glycosidic unit
ΔH Enthalpy change



xx Abbreviations

ΔPi Pressure gradient across the ith resistance to oxygen flow, where
i indicates the position of the resistance at stake in a series of
resistances.

ΔP Pressure difference
ΔPCrss Amount of PCr split in the transition from rest to exercise steady state
ΔPn Pressure difference across the nth (last downstream) resistance to

oxygen flow in a series of resistances.
ΔPT Total partial pressure difference along the respiratory system
ΔS Entropy change
ΔU Overall energy change (in thermodynamics)
ΔV Volume difference
Δv Velocity change during a stride (or step)
ΔVO2

st Oxygen deficit due to oxygen store changes
ε Thermodynamic efficiency
εR Thermodynamic efficiency of oxidative ATP resynthesis
εS Thermodynamic efficiency of ATP splitting
εTot Overall thermodynamic efficiency of the ATP cycle (=εR εS)
η Mechanical efficiency
ηD Drag efficiency
ηH Hydraulic efficiency
ηΟ Overall efficiency of locomotion
ηp Propelling efficiency
ηv Mechanical efficiency of vertical work
θ Chemical reaction rate of carbon monoxide with haemoglobin
μ Ratio between the non-aerodynamic component of the force opposing

motion (Fn-a) and the overall efficiency of locomotion (ηΟ)
μ Coefficient of kinetic friction
μ′ Dimensionless friction coefficient of skiing, depending on snow

temperature
ν Ratio between constant kw (see above) and the overall efficiency of

locomotion (ηΟ)
π Oncotic pressure
ρ Density of a fluid
ρ0 Gas density at PB = 760 mmHg and T = 273 °K
ρB Body density
ρb Blood density
ρw Water density
σ Protein reflection coefficient
τ Time constant
τ1 Phase I time constant of a double exponential equation
τ2 Phase II time constant of a double exponential equation
τal Time constant of the exponential decrease of PCr concentration
τL Time constant of the mono-exponential lung oxygen flow increase
Φ Ratio between body density and water density



Abbreviations xxi

φ Fraction of _VO2
max that can be sustained to cover a given distance at the

maximal possible speed
φ1 First phase of the cardiovascular response to apnoea
φ2 Second phase of the cardiovascular response to apnoea
φ3 Third phase of the cardiovascular response to apnoea



Chapter 1
Before Margaria: Mosso and Herlitzka

Guido Ferretti

Abstract In this chapter, after a short synopsis of the evolution of the concept of
natural philosophy and of its transformation into modern physiology at the begin-
ning of the nineteenth century, an instant picture of the state of physiology when
Angelo Mosso started his scientific career is portrayed. Then the personality and
scientific contributions of Mosso are analyzed. Further, the role of Mosso’s pupils
and cultural heirs is summarized, with special attention paid to Amedeo Herlitzka,
who was the master of Rodolfo Margaria. The cultural and political differences
between the times of Mosso and those of Margaria are highlighted. The peculiar fate
of the Jewish Herlitzka, a supporter of the fascist regime compelled to exile after the
promulgation of the racial laws, is evidenced.

G. Ferretti (✉)
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2 G. Ferretti

Mosso’s ergograph. With the kind permission of Accademia di Medicina, Torino

1.1 Introduction

This book overviews exercise, respiratory and environmental physiology from the
viewpoint of a School, the School of Milano, established by Rodolfo Margaria
during his entire, long career. The seed launched by Margaria in 1933 and sprayed
by his mastery during some 40 years has generated a powerful and solid tree, which,
in the third generation after him, still represents one of the pillars sustaining the
evolution of factual and theoretical knowledge in integrative physiology.

The aim of this chapter is to introduce the men who forged Margaria as a scientist,
set the Institute where he trained in Torino, and in a way can be considered as his
predecessors: Angelo Mosso and Amedeo Herlitzka. There would not be a produc-
tive exercise physiology in Italy, there would not have been Margaria’s epopee in the
form which we know nowadays, without Mosso and Herlitzka. In turn, these two
men are typical cultural fruits of an era, which we need to outline at least in its basic
characteristics, if we wish to understand their parabola.

Thus, in this chapter, we firstly present a synopsis of the cultural climate in which
the ancient Academies were transformed into modern Universities, within which the
noble science of Physiology underwent a dramatic development, as did other
fundamental branches of basic medical sciences. These transformations gave origin
to the extraordinarily live and stimulating world of basic medical sciences in the



second half of the nineteenth century, which affected the Italian academic environ-
ment deeply after the national unification and the proclamation of the Kingdom of
Italy in 1861. The new unified State organized a modern national University system,
following the example of the Middle Europe countries.

1 Before Margaria: Mosso and Herlitzka 3

That was the time when Angelo Mosso started his academic and scientific life and
became Professor of Physiology at the University of Torino. Amedeo Herlitzka, one
of his successors in Torino, was a pupil of him, and was the mentor of Margaria.
Thus, Herlitzka represents the chain connecting Mosso to Margaria. The personality
and the scientific work of Mosso and Herlitzka are analyzed briefly in the remainder
of this chapter.

1.2 Some Considerations on Natural Philosophy

In ancient times, the study of physiology was included in the more general category
of natural philosophy. Natural philosophy is the branch of philosophy overlapping
with natural science, inasmuch as it concerns the philosophical understanding of
nature, whether quantitative and experimental, as in Alexandrian science in Helle-
nistic times, or after the scientific revolution of the seventeenth century, or qualita-
tive and metaphysical, as in the Presocratics or in Middle Age philosophers. It
included the study of inanimate objects, whence modern physics stemmed, as well
as of living systems, whence modern biology and physiology were born.

The study of nature as a philosophical inquiry started in Greece, in the Ionian
School, around the sixth century BC. Contrary to the Middle East theological
empires, in which power relied on a coherent, comprehensive, and pervasive theol-
ogy and was guaranteed by a powerful class of clergymen, Greek theology consisted
of a system of humanlike infantile Gods watching on our destiny, but lacked a
coherent arrangement explaining the relationship between Humans and the World.
The door to the free inquiry of nature was opened, the curiosity of free Greek spirits
trespassed that door, and the philosophical study of nature, as opposed to the
theological explanation of nature, started.

When Thales of Miletus (≈625–≈545 BC) identified water as the basic principle
of nature, through its changes of state, he formulated a conjecture open to criticism,
and, perhaps inadvertently, set the conditions for the deep metaphysical discussions,
which further development of Greek philosophy consists of: natural philosophy was
born. Thales’ pupil Anaximander (610–547 BC) introduced refutation: when he
argued that a thing cannot be the contrary of itself, and thus that assuming water,
which is essentially wet, as the principle of nature would preclude the existence of
dry objects, he implied that Thales’ conjecture was false. Criticism of philosophical
conjectures played a fundamental role in the development of natural philosophy ever
since. After a couple of centuries of even stirred debates, the philosophical theory of
the four elements was set and generally accepted: earth (cold and dry), fire (hot and
dry), water (cold and wet), and air (hot and wet). All things in nature would consist
of different combinations of these four elements. This is definitely a theory, but not a



scientific theory, as long as it does not foresee the interaction between theory and
experiment: neither Thales nor Anaximander and their successors performed exper-
iments. It is the outcome of metaphysical speculation about nature, a kind of
speculation that characterized most of the theoretical settings of natural philosophy
ever since.

4 G. Ferretti

Another highly influential philosophical evolution, which had a huge impact on
subsequent natural philosophy, was the creation of the concept of teleology by
Aristotle (383–322 BC). He inherited from Plato the idea that the world tends to
perfection, and further developed that vision, in so far as perfection requires a kind of
divine, immanent will, driving the world toward it. So, in his natural philosophy,
concerning inanimate things, Aristotle conceived the world (κóσμoς) as consisting
of round bodies (stars, planets, and whatever, σφαῖραι) rotating along a perfect
trajectory, and thus describing the circumference of a circle, the most perfect of all
geometrical forms (Ross 1936). Concerning living systems, his main question
was not: how does it work. It rather was: what is its purpose in the strive toward
perfection. This being the context, experimental science was useless to his mind,
because experiment alters nature and prevents observation of its perfection (Lanza
and Vegetti 1971).

These views had an incredible impact on the developments of Natural philosophy
in the subsequent centuries. Indeed, when, on the ashes of the Roman Empire, new
theocratic reigns based on monotheistic religions took form, all found in Aristotle’s
teleological vision of natural philosophy a very useful instrument, allowing integra-
tion of natural philosophy in the dominating theological construction. Aristotle’s
natural philosophy became a dogma, with several consequences, among which the
survival of almost all his writings to present times, the hindering of other approaches
to the study of nature, the banning of any other discording theory, and the criminal-
ization of dissection as a scientific practice.

Another major effect was the disappearance of most of the science that flourished
in early Alexandria in the third century BC. The extraordinary fertility of freethink-
ing in the newly constructed town, unbound from religious and psychological
prejudices, generated a short yet golden era of scientific and experimental approach
to the study of natural philosophy. In the fields of interest to us, men like Erasistratus
and Herophilus, who first practiced dissection as a normal tool for the study of living
bodies, humans included, have an extraordinary value. Unfortunately, their works
did not survive and only fragments, reported in later writings, are available, largely
for the aforementioned reasons. What appears from these fragments is that they
attained an impressively detailed gross anatomical knowledge, which they tried to
translate into functional knowledge. So, Herophilus (≈325–≈255 BC) distinguished
sensory and motor nerves, identified skeletal muscles as the site of voluntary
movement, and their contraction, stimulated by motor nerves, as the cause of it,
developed a theory of vision as a brain activity, created a mechanical vision of the
arterial pulse, which he used as a diagnostic tool (Von Staden 1989). The best-
known corpus subsuming the anatomical and functional knowledge of antiquity is
Galen’s, which partly acknowledged the work carried out in Alexandria 400 years
earlier.
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A scientific approach to the study of nature developed, or was resumed, at the
time of the scientific revolution of the sixteenth to seventeenth centuries AD, giving
raise to the birth of modern science. In parallel, the natural philosophers, prone to the
new scientific approach, felt the need of increasing the dissemination of the new
knowledge that they were generating. The first modern philosophical, and thus
scientific, Societies were founded in that period to this aim. 1

Those events have been so widely and deeply analyzed that it is useless to
summarize them in the few lines that we could reserve to them in this context.
Suffice it to say that the scientific revolution overthrew Aristotle’s dogmas and
encompassed all fields of natural philosophy. Suffice it to say that Isaac Newton
entitled his masterpiece Philosophiae Naturalis Principia Mathematica (Mathemat-
ical Principles of Natural Philosophy), to understand the philosophical context in
which he operated.

The natural philosophy of living systems was fully part of the scientific revolution
of those times. That was the golden age of classical gross anatomy, when Andreas
Vesalius (1514–1564) criticized Galen’s anatomy and, with a typical scientific
approach, corrected it under several respects (Vesalius 1543). Shortly afterward,
William Harvey (1578–1657), based on theoretical reasoning after gross experimen-
tal evidence, proposed that blood must circulate in the body, although no anatomical
evidence of a communication between arteries and veins was available yet (Harvey
1628). The subsequent invention of the microscope led Marcello Malpighi
(1628–1694) to the discovery of capillaries, thus providing the first experimental
evidence of a structural basis for blood circulation (Malpighi 1661). In the field of
interest of this book, we remind also the work of Santorio Santorio (1561–1636),
who first tried to measure heat production by muscles, initiating in a way the
scientific study of metabolism (Santorio 1612), and that of Giovanni Alfonso Borelli
(1608–1679), who first interpreted the movements of animals on mechanical laws
and laid the foundations of human flight (Borelli 1681). Moreover, Nils Stensen
(1638–1686) formulated a theory of muscle contraction based on microscopic
observations (Stensen 1667). On Santorio and Borelli, see respectively Reggiani
(2012), and Maquet (1989) or Derenzini (1958); on Stensen, we remind the nice
analysis of his theory of contraction by Kardel (1990).

An important aspect of the work of these scientists was the attempt at applying the
new physical laws to the study of living systems, along the principles of what is now
called the iatromechanical school. In fact, they were natural philosophers who
combined the nature of inanimate objects (physics) to that of living systems (biol-
ogy) as the starting axiom of their work. These attempts represent a major step on the
pathway that led to the establishment of physiology as an independent branch of

1To the best of our knowledge, the first modern philosophical Society was the Accademia dei
Lincei. It was established in 1603 by Federico Cesi (1586–1630) in Rome, with the aim of
collecting, exchanging, and disseminating knowledge in all fields of natural philosophy, beyond
any bond of tradition and authority. Its most illustrious affiliate in those times was Galielo Galilei,
who was admitted in 1611. L’Académie Française and the Royal Society of London followed,
respectively, in 1635 and in 1660.



science. Another important step on this pathway, about one century later, consisted
of the coupling of chemistry to biology, as happened after the identification of
oxygen and carbon dioxide, which led to the demonstration that oxygen is consumed
and carbon dioxide is produced in animal metabolism (see Chap. 2).
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1.3 The Transformation of Ancient Academies in Modern
Universities

At the beginning of the eighteenth century, the technical developments, made
possible after the birth of modern physics, progressively generated an industrial
revolution in the United Kingdom, in the German states and in France. A British
philosopher, John Locke (1632–1703), designed new forms of state organization,
which we call liberal. The liberal state started to appear more apt to govern societies,
in which the industrial revolution was moving economic power from the rural
aristocracy to the industrial bourgeoisie, which however felt deeply underrepre-
sented in the absolute monarchic states of the ancien régime. As a consequence, in
the second half of the eighteenth century, gorgeous social, cultural, and political
changes shattered Europe and revolutionized it. In France, these changes led the
Monarchy to crumble in the French Revolution and exited in the deep political
reforms introduced by Napoleon Bonaparte. Meanwhile, the liberal regime consol-
idated in the United Kingdom and in the Netherlands, whereas the revolt of the
British colonies on the East Coast of North America and their declaration of
independence led to the creation of the United States of America, ruled by a
Constitution based on John Locke’s liberal principles.

At the same time, new cultural energies were liberated. Along the same critical
line of Locke, Voltaire (1694–1778) in France created the Enlightening movement,
which put Reason at the center of philosophical thinking, promoted freedom as a
necessary state of mind for cultural development, and supported a liberal reformation
of the State. In Germany, a less radical movement than the Enlightenment, called
Aufklärung (Elucidation or Clarification), took over some aspects of the Enlighten-
ment to promote moderate reforms in support of the common people across German
courts. It took not the strong political orientation of the Enlightenment and of
Locke’s political philosophy; it maintained the central role of absolute monarchies
in the political systems; nevertheless, it promoted some reforms by the princes and
the kings in support of the cultural growth of their subjects. Amongst others, the
Aufklärung gave education a central role in its political reform program, promoted
“philanthropism” and sustained the idea of a popular school, supported by the
Courts, aimed at improving the cultural status of men through the use of “reason,”
pursuing happiness and popular solidarity. The pedagogic ideas of the Aufklärung
played an important role in the transformations of ancient Academies in modern
State Universities at the beginning of the nineteenth century.
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Moreover, the recent archaeological discoveries shed new light on the greatness
of past civilization. New interests in the study of history arose and generated a novel
cultural environment tending to the valorization of classical harmony of ancient
artworks in opposition to the baroque style: Neoclassicism, especially promoted in
Germany by Johann Joachim Winckelmann (1717–1768) and taken over in France
by the Empire style at Bonaparte’s times. Neoclassicism gave an intrinsic cultural
value to art pieces as such, the fruition of which was to be opened to as many people
as possible in public establishments (Museums), along the educational principles of
the Aufklärung. These principles were not foreign to the creation of State Universi-
ties as sites of fruition of philosophy, history, and science, by the largest possible
audience.

Neoclassicism contained also the seeds of another, deeper, and more pervasive
cultural movement, Romanticism, which contained the germs of nationalism in
it. Romantic ideas were not foreign to the birth of independent Greece, to the
Risorgimento (Resurgence) in Italy, whence the political unification of Italy
stemmed, to the naissance of the unified Kingdom of Germany under the Prussian
Court. Moreover, Romanticism pervaded also the ideological construction of the
new French state after the revolution, and a new competition arose among Nations in
Europe, which consisted of not only political confrontation and wars, but also of
economic competition and, most important to us, cultural competition, through the
richness of their Museums and the cultural power of their Universities.

Before the French Revolution, the educational and cultural power was tightly
controlled by religious orders in most European countries, either directly or, as in
many reformed cities in Germany and Switzerland, indirectly, through the con-
trol exerted by theocratic states. Exceptions to these, since the sixteenth century,
were the free Colleges in England, Scotland, and Holland, and the relative tolerance
allowed by the Republic of Venice to its academic institutions, primarily the
University of Padova. The fall of the cultural monopole of the Church of Rome in
catholic countries at the time of the French Revolution and of Bonaparte’s empire, 2

and the pervading influence of the Aufklärung, not only in Germany, but also in the
Austrian Empire, created the new political conditions wherein the State, either
revolutionary, as in France, or absolutist, as in the Austrian Empire and in the
German kingdoms, focused on Academia and transformed it into modern State
Universities, creating new Faculties. In this context, science started to be supported
by the States as an instrument of glory and power to them.

2Napoleon Bonaparte himself promoted the creation of a new Academy in Milano, then capital
town of the France satellite state known as Repubblica Cisalpina. That Academy, established in
1797, survived the remarkable and turbulent political events of the following two centuries and is
still lively active in Milano as Istituto Lombardo – Accademia di Scienze e Lettere. Several
physiologists issued from the School of Milano were or are members of it, namely Rodolfo
Margaria, Emilio Agostoni, Giovanni Cavagna, Paolo Cerretelli, Edgardo D’Angelo and, as
corresponding members, Pietro Enrico di Prampero and Guido Ferretti, who, incidentally, are two
of the authors of this book.
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1.4 From Natural Philosophy to Physiology

Some of the natural philosophers of the sixteenth and seventeenth centuries, actually
scientists in the modern sense, operated, at some times, in Academic establishments
(Vesalius, Santorio and Harvey in Padova, Borelli in Messina and Pisa, Malpighi in
Bologna and Messina), but not necessarily. Science was not a recognized profession,
was a hobby, an intellectual pleasure. Many scientists of those days were wealthy
gentlemen, some earned their wages from other related jobs. The concept of science
as a profession was foreign to the minds of scientists in those times.

Nevertheless, the process leading to the creation of modern State Universities,
which we outlined in Sect. 1.2, was close to start. By 1815, after Napoleon had been
definitely defeated in Waterloo, most of the ancient academic institutions were
already within the new educational system. New Universities were also created,
and science became a profession, a rewarding profession. In medical schools, a
newly structured program of medical training was progressively consolidating. This
prompted a huge development of knowledge in many fields, implying the definitions
of new boundaries among different branches of science, i.e., of natural philosophy.
The branch of natural philosophy concerning the functional studies of living systems
along the principles of physics and chemistry was named Physiology.

The first scientific journal formally dedicated to physiology, the Journal de
Physiologie Expérimentale, started to be published in 1821, under the auspices of
François Magendie (1783–1855), who was Professor of Medicine at the Collège de
France in Paris. Jan Evangelista Purkyně from Bohemia (1787–1869), who first
described the so-called Purkyně fibers of the heart, was the first natural philosopher
to be formally appointed professor of physiology by a university establishment: it
happened at Breslau, Prussia (now Wrocław, Poland) in 1823. The first textbook
containing the word physiology in its title appeared in 1837: it is Johannes Müller’s
Handbuch der Physiologie des Menschen für Vorlesungen. Müller (1801–1858),
who studied natural philosophy at the medical school in Bonn, and then trained in
anatomy at the University of Berlin under Karl Rudolph (1771–1832), obtained a
lectureship in physiology at Bonn in 1824, where he became the first full professor of
physiology in 1830. In 1850, most medical schools had at least one Professor of
Anatomy (structure), Physiology (function), Pathology (alteration of structure and
function), Medicine, and Surgery. This structure of medical schools still represents
the core of medical training nowadays, although the subdivision of branches never
stopped, prompted by the continuously growing body of medical and biological
knowledge. The era of natural philosophy was over; the era of physiology had risen
and was shining splendidly.
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1.5 An Instant Picture of Physiology in the Second Half
of the Nineteenth Century

The birth of modern universities, the creation within them of chairs of physiology,
and the increasing availability of public resources for free experimentation in
university laboratories set the conditions for an impressive development of physio-
logical knowledge. Many of the basic principles on which contemporary physiology
still relies nowadays were set in those times.

Just to stay on concepts pertinent to the future development of the School of
Milano, when young Angelo Mosso joined the laboratory of physiology in Florence
to train with Moritz Schiff (1823–1896)—Italian universities in those times were
much more open to hiring foreign scientists than they are nowadays—an instant
picture of contemporary physiology shows a bright panorama. Claude Bernard
(1813–1878) had created the concept of milieu intérieur (Bernard 1859, 1865).
Carl Ludwig (1816–1895) had redefined the principles of the old iatrochemical
school in a more solid and comprehensive theory of physiology as the science of
physics applied to living systems (Ludwig 1858), providing the basis for a new
interpretation of respiratory gas exchange and blood circulation in terms of pressure–
flow relationships. Along this line, he obtained the first measurements of pressure in
the pleural space. He also demonstrated the effect of excitatory (sympathetic) and
inhibitory (parasympathetic) nerves on the sinus node of the heart. Moreover, Adolf
Fick (1829–1901) had formulated the laws of diffusion (Fick 1855) and the law
describing the relationship between oxygen flow and total blood flow (cardiac
output) (Fick 1870). Felix Hoppe-Seyler (1825–1895) had demonstrated the nature
of the pigment of the blood, which we now call hemoglobin (Hoppe-Seyler 1862).
Paul Bert (1833–1886) had already published his classical textbook on the compar-
ative physiology of respiration (Bert 1870). And Hermann von Helmholtz
(1821–1894) had demonstrated that the law of conservation of energy applies also
to living systems (Helmholtz 1847).

It was in that context that Angelo Mosso entered the game of physiology. He
threw a fertile seed in a fertile land. The ground was rich enough to sustain the roots
that developed from that seed.

1.6 Angelo Mosso and his Pupils

Angelo Mosso (1846–1910) (Fig. 1.1), from Torino, graduated in medicine in the
same town in 1870. After serving the army as a medical officer, he joined Moritz
Schiff in Florence, then, in 1875, he moved to Leipzig, in Carl Ludwig’s laboratory,
where he spent a couple of years. There, he started working on respiration and he
was among the first to use the kymograph for recording respiratory movements. In
those years, he was immersed in the core of contemporary physiology and he got
acquainted with several of the most prominent physiologists of that time.
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Fig. 1.1 Portrait of Angelo Mosso. From Sandrone et al. (2012)

Shortly after returning to Torino, when Jakob Moleschott (1822–1893) left
Torino for Rome in 1879, Mosso replaced him as Professor of Physiology in his
hometown, where he remained until his death. Under his leadership, the Institute of
Physiology of the University of Torino took an international allure. It became a pole
of attraction for physiologists from all over Europe, especially after he promoted the
establishment of a high-altitude laboratory at the Capanna Margherita (m. 4560
above sea level, inaugurated by Queen Margherita di Savoia in 1893, see Fig. 1.2),
and a permanent altitude laboratory at Col d’Olen (m. 2900 above sea level,
established in 1907), which after his death was entitled to him. Both are located on
the Mount Rose massif, in the Pennine Alps (Cogo et al. 2000).

He left numerous pupils, who continued his teaching and his mission. Let us cite,
amongst others, Vittorio Aducco (1860–1937), Professor of Physiology at Siena
from 1891 to 1894, then at Pisa from 1894 to 1937, who experimented on muscle



physiology along Mosso’s line of thinking and studied neural control of breathing,
identifying coordinated inspiratory and expiratory centers in the bulb; and Mariano
Luigi Patrizi (1866–1935), Professor of Physiology at Modena from 1898 to 1924—
with the exception of 3 years, from 1909 to 1912, which he spent in Torino to teach
criminal anthropology as the first successor of Cesare Lombroso—then in Bologna
until 1935, who was among the first to study psychophysiology in Italy.
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Fig. 1.2 Picture taken on the inauguration day at Capanna Margherita, Mount Rose, August
18, 1893. The two red arrows indicate, from left to right, Angelo Mosso and Margherita of
Savoy, Queen of Italy. With the kind permission of the University of Torino

As his successors in Torino, Mosso left, on one side, Piero Giacosa (1853–1928),
who became professor of Materia Medica—we would call it pharmacology
nowadays—and who studied the physical chemistry of blood, eyes, and eggs and
the therapeutic properties of several alkaloids extracted from various herbs. On the
other side, at the Institute of Physiology, Mosso left first of all Amedeo Herlitzka
(1872–1949), who succeeded him directly as Professor of Physiology. Nevertheless,
we owe a special mention also to Alberto Aggazzotti (1877–1963) (see Fig. 1.3),
who chaired the Angelo Mosso laboratory at Col d’Olen (1915–1923), then became
Professor of Physiology, firstly in Catania, then in Modena, from 1924 to 1952. In
the latter town, he was Dean of the Medical School from 1935 to 1944. Aggazzotti
continued the work of Mosso on respiration and was one of the first to investigate
acute mountain sickness. His seminal and precursor works on gas exchange of
chicken eggs (Aggazzotti 1913, 1914) were highly praised by Hermann Rahn in



Buffalo (Rahn 1988), and this established a further, indirect and unexpected ideal
link between the Schools of Milano and Buffalo.
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Fig. 1.3 Portrait of Alberto
Aggazzotti. From Rahn
(1988). Picture forwarded
by Oreste Pinotti, Torino, to
Hermann Rahn and Paolo
Cerretelli, reproduced with
the kind permission of Paolo
Cerretelli

We finally remind Carlo Foà (1880–1971), perhaps the youngest pupil of Angelo
Mosso, whose reputation as a physiologist highly relies mostly on his work on the
sexual glands. Foà became Professor of Physiology in 1914 at Messina, whence he
moved to Parma in 1918, then to Padova in 1922. In 1924, he was called to the newly
established University of Milano, where he created the first laboratory of physiology.
When, being Jewish, he was forced to quit in 1938, because of the racial laws of the
fascist regime, despite his support to the regime (Troiani and Manni 2007), his
position was taken by Margaria. Foà took refuge in Saint Paul, Brazil, where he
remained until the end of World War II, when he returned and was reintegrated in the
professorial roles of the University of Milano.

Many articles have been devoted to analyze Mosso’s vast scientific activity
(amongst others, see Cogo et al. 2000; Di Giulio et al. 2006; Di Giulio and West
2013; Gori 2002; Herlitzka 1947; Foà 1957; Lankford 2015; Losano 1996). His
pioneering work on altitude physiology was mostly analyzed. In 2016, pH, the



Journal of the Italian Physiological Society, dedicated a special issue to Mosso
(Ferretti and Conti 2016).
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The importance and popularity of Angelo Mosso went well beyond his academic
role as a teacher and a scientist, for his societal engagement. He promoted physical
education and sport practice as a tool to improve soldiers’ and workers’ health, in
opposition to the static German gymnastics, which predominated in Italy in those
times. We owe much to him, if physical education became a compulsory subject in
the educational programs of public Italian school system. We owe much to him if
physical training was introduced in the Italian army. He summarized his vision of
exercise and health in an important book on physical education (Mosso 1893). In the
last years of his life, when he was already affected by the disease that would have
brought him to death, and he was counseled to escape altitude for the seaside for
health reasons, he devoted himself to the practice of archeology, in which, as a
neophyte, he nevertheless obtained remarkable successes by applying his cute
scientific attitude. He visited Greece several times, he spent long months in Crete
to study Minoan excavations and artifacts, he reported his results in remarkable
publications (Mosso 1907, 1910). Mosso’s popularity was so high that, when he
died, La Stampa, the main newspaper of his hometown, Torino, dedicated an entire
page to his obituary.

The international reputation of Angelo Mosso was also very extensive and
widespread. He was a member of numerous international academies and societies,
including l’Accademia dei Lincei in Italy, the Institut de France, and the Swedish
Royal Academy of Science. In 1904, King Vittorio Emanuele III appointed him
Senator of the Kingdom of Italy. He died on November 24, 1910. On December
10, 1910, he was solemnly commemorated at the Senate by Luigi Luciani
(1840–1919) (Fig. 1.4), colleague Senator and Professor of Physiology himself at
the University of Rome.

1.7 An Overview of Mosso’s Scientific Activity

This overview makes use of Luciani’s words at the Senate. It is not a random choice.
The wish is to give a lively idea of how the value of Mosso’s scientific activity was
perceived in his time. In his intervention, Luciani cited two of the most prominent
works of Mosso (Mosso 1880, 1897) and a subsequent German textbook on altitude
physiology (Zuntz et al. 1906). The text is the English translation made by Guido
Ferretti for pH (Ferretti and Conti 2016). It is reproduced with the kind permission of
the Italian Physiological Society.

. . .Mosso combined the figures of experimental physiologist, scientific divulgator, promoter
of physical education among the youngsters and, in the last period of his life, of archaeol-
ogist explorer. As a physiologist, he devoted his experimental studies to a variety of subjects,
and he left traces of his work in various chapters of physiology. The most fortunate of his
studies were aimed at obtaining the graphical expression and the mechanical explanation of
several physiological movements. This is not the site for mentioning them all and analyzing
their intrinsic value and the originality of the methods that he devised. I would mention only
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Fig. 1.4 A portrait of Luigi Luciani in his office at the University of Rome in 1913. Property of the
National Library of Medicine, Bethesda MD, USA, in public domain

that, with his plethysmograph, he obtained the curves of volumetric oscillations either of
organs, which, after they had been recently detached from a living body, were exposed to
artificial circulation, or of the limbs of a normal man, due to changes of vascular tone and to
arterial pulsation. His numerous studies “On the blood circulation in the human brain” led
him to be awarded the Royal prize of the Lincei Academy in 1879, because the ensemble of
the phenomena that he described raised the hope that he had opened a new way to elucidate
the physiological changes (at least the most striking) associated with psychical activity.

Among the most ingenious works by Mosso, I count those wherein he analysed the
various forms of pulsatile oscillations, either positive or negative, that depend on heart
activity and are transmitted to the arteries, the veins, the alveolar air, the thoracic and
abdominal walls. These are long-lasting contributions, because they are based on studies
carried out with perfect technique and they are driven by brilliant critical discernment. In
the study of muscular contractions, he introduced another special instrument that he
invented, the ergograph, with which he could obtain the graphical representation of the
time course of fatigue of the flexor muscles of the hand, and study how fatigue was affected
by a variety of intrinsic and extrinsic conditions. Following the path opened in France by
Marey, he contributed, with his sphygmomanometer, to the perfection of the method for
obtaining an indirect yet operator-independent measure of the mean pressure of the aorta,
thus making the study of blood pressure changes in a variety of diseases a real clinical
possibility. These works, together with other, yet less important works on physiological
mechanics, certainly constitute the main core of the scientific opus of Mosso, the reason why
his name will remain honorably in the hall of fame of physiology.

Less fortunate were his researches on the genesis and metamorphosis of blood corpus-
cles, in which he defended hazardous ideas, which were not supported by further results.
Yet also these attempts proved the originality of his genius, as long as he could stimulate a
process of revision of the ongoing doctrines on hematopoiesis, which was useful to the
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progress of science, the promotion of which, as is well known, may profit more of a fruitful
error than of a sterile truth.

His works on the mechanism and the chemistry of respiration and on respiratory
innervation were most numerous and altogether most important. His doctrines on periodic
breathing, on superfluous breathing, on apnea, on the so-called acapnia, proposed to be one
of the main causes of mountain sickness, were and still are a matter of discussion and
generated a wide literature, both in Italy and abroad. One may rightly observe that his
studies heralded rapidly a very vast field of scientific exploration, without exhausting the
single subjects. He certainly threw a lot of seeds along his pathway, some of which produced
remarkable fruits. In 1897 he published a richly illustrated book entitled “The physiology of
man on the Alps”, in which he collected in elegant form, largely accessible to cultivated
persons, foreigners to physiological studies, the sum of the researches by his collaborators
and himself on the physiological effects of climbing onto the Mount Rose.

If one considers that some years later, in 1906, four German physiologists, Zuntz,
Loewy, Fr. Mueller, W. Gaspari, published another bigger volume “On the ascensions
and the climate in the mountains”, in which all subjects already treated by Mosso underwent
rigorous experimental control and were more deeply investigated and discussed, we can
well conclude that the genial initiatives of our mourned colleague were very remunerative
for science.

We should not forget that the Istituto Scientifico Internazionale, solidly built at Col
d'Olen, at the foot of the Mount Rose, at an altitude of about 3000 meters, was honorably
given his name, because he promoted its construction, with the help of the Patrons of
science, led by our beloved King and by the Mother Queen. Many scientists in the fields of
geophysics, meteorology, zoology, physiology and pathology every year convene there for
carrying out their studies. . .

Beside his scientific achievements, Mosso deserves consideration as a constructor of
new tools and instruments for physiological measurements on humans. Apart from
the kymograph, which he brought back from Leipzig, he constructed, under the
impulse of Carl Ludwig, the first plethysmograph, allowing measurements of vol-
umes and volume changes of complex geometrical parts of bodies. A kind of
balancing bed allowed him to analyze the distribution of blood in the body (Mosso
1884). Great importance has the construction of the ergograph, an instrument for
measuring muscle force, which he used not only to study fatigue (Mosso 1889,
1891) but also to investigate the effects of altitude exposure on muscle contraction
(Mosso 1897). He finally realized a pneumatic chamber, similar to that developed in
Paris by Paul Bert, in which he could study the effects of changes in barometric
pressure on respiration. A nice report of Mosso’s instrumentation was provided by
Giovanni Losano and Marco Galloni for the special issue of pH, the journal of the
Italian Physiological Society, on Mosso (Ferretti and Conti 2016).

1.8 Angelo Mosso on Altitude

At the Capanna Margherita, Angelo Mosso investigated periodic breathing and the
ventilatory responses to hypoxia. Using the ergograph, he showed that local muscle
fatigue followed the same patterns at sea level (Torino) as at altitude (Mount Rose).
Moreover, he demonstrated the existence in nature of anaerobic energy sources, well



before the meaning of anaerobic glycolysis, lactate accumulation was understood,
and phosphagen discovered (Mosso 1897).
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Concerning breathing, Mosso was involved in a controversy, as long as he was
convinced that acapnia, or better hypocapnia, rather than hypoxia, was the main
cause of respiratory alterations at altitude. Hugo Kronecker (1839–1914) shared the
same view, after he reported on the beneficial effects of carbon dioxide breathing on
a monkey exposed to extreme hypoxia (equivalent altitude 8800 m) in a pneumatic
chamber (Kronecker 1894). The acapnia hypothesis was challenged, mostly by
Adolf Löwy (1862–1937) and Nathan Zuntz (1847–1920) (Löwy et al. 1897;
Zuntz et al. 1906), who were in favor of the hypoxic hypothesis of Paul Bert (Bert
1878), and particularly by Joseph Barcroft (1872–1947), who reported values of
arterial oxygen partial pressure (PaO2) in hypoxia (Barcroft 1914). In subsequent
years, the experimental evidence led to a clear refutation of the acapnia hypothesis,
in particular after the demonstration that the carotid body was an oxygen sensor
(Heymans et al. 1934). In fact, the alveolar gas equation provided an explanation of
Mosso’s result: hypoxia is the main stimulus of hyperventilation at altitude, but
hypercapnia reinforces hyperventilation, thereby further elevating PaO2. The sym-
biotic interaction between central and peripheral chemoreceptors may explain this
issue (Löschke et al. 1958; Nielsen and Smith 1952). Kellogg (1978) attributed
Mosso’s error to possible carbon dioxide accumulation in the pneumatic chamber.

Angelo Mosso was interested also in understanding muscle performance during
altitude exposure, stimulated by the long history of altitude explorers, and more
recently climbers, reporting an impairment of performance in long-duration exercise
with increasing altitude. In 1880, Edward Whymper (1840–1911), the first climber
of the Matterhorn, when he was in Quito (3100 m), Ecuador, preparing the first
ascent of Chimborazo (6420 m), measured the time needed to run a mile at the
maximum possible travel speed and compared the results with previous determina-
tions at sea level. He reported a performance decrease of about 8% at altitude.

In 1894, at Capanna Margherita, as compared to Torino, Mosso performed force
and work measurements on small muscle groups. He summarized his results as
follows (Mosso 1897) 3: I made the experiments with the ergograph on August
15 and 16, several days after my brother had come to the Capanna Regina
Margherita, and when he was already acclimatized, because the early days he did
not feel completely well. The amount of mechanical work done in the path B of Fig. 3
(current Fig. 1.5) is a little less. The curve (except toward the end, where there is a
slight rise) reproduces the pattern of the previous figure, that is A, made in lowland.
I repeated similar experiments on myself, Beno Bizzozzero, and all the soldiers of the
expedition; I found none on which the barometric depression at 4560 meters had
produced a very considerable decrease in strength. Of course, I am talking of the
paths taken after the fatigue produced by the ascent had disappeared. So it can be

3In the paragraphs on Angelo Mosso’s scientific activity, the parts in italic are English translations
of the original reports by Mosso himself, made by Guido Ferretti for the special issue of pH on him.
The Figures illustrating these paragraphs are from the same sources.



said that on Mount Rose at 4560 meters, muscle strength has slightly decreased, and
the type and characteristics of the individual effort somewhat changed, as you can
see with the ergograph. In some people, the differences between these recordings,
concerning the work done, were so small that these variations can be included in the
diurnal oscillations.
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Fig. 1.5 Angelo Mosso’s digital ergograph (top panel) and tracings recorded on his brother
Ugolino (lower panel) during the exhaustive exercise of lifting 4 kg with the middle finger every
two seconds, in Turin (a) and at Capanna Margherita (4560 m) (b). From Mosso (1897)

Mosso’s ergographic data referred to very light loads. He was surprised by these
results, and he challenged them by performing tests during arm exercises with bigger
muscle masses (Fig. 1.6).
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Fig. 1.6 Soldier Sarteur
while raising two dumbbells
(5 kg each) until exhaustion,
on the balcony of Capanna
Margherita. From Mosso
(1897)

He described the results as follows: In Fig. 4 (current Fig. 1.6) we see one of these
experiments made on a day of good weather on the balcony of the Regina
Margherita hut. The soldier Sarteur is holding two dumbbells weighing 5 kg each.
A metronome beats the seconds, and he raises the dumbbells over the head every
4 seconds. Assuming that this is the starting position, after one second, by flexing his
arms, the dumbbells will be at chest height. In the next second, after stretching his
arms, the dumbbells will drop close to the knees. From this position after one more
second, he will return to flex his arms and bring the dumbbells at chest, and then the
last second, by stretching his arms, he will lift the dumbbells over the head, returning
to the position indicated by the figure. In that position, he waits one second and then
will put the dumbbells close to his chest, and so continuing until he can endure. By
counting the number of lifts before exhaustion (determined by his inability to sustain
the initial load), it is possible to determine the overall work and the power developed
in various exercises. We repeated these tests in the camps as we were going onto the
summit of Mount Rose, and to my surprise, I found that at 4560 meters far more
work had been done than in Turin.
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Apart from the impressive clarity of the exposition, demonstrating the vivid and
plain description of scientific data in those times as compared to present days, these
results were even more surprising than the previous ones to Mosso’s mind. He
hypothesized, quite correctly, that the work increase at altitude was at least partly
due to a training effect, inasmuch as the soldiers competed among them in lifting
weights for fun during the climbing pauses. Mosso’s enigma can be formulated
this way: why running a mile at Quito implies a fall of performance, whereas lifting
weights at Capanna Margherita does not?

Several considerations could be done to this purpose. Firstly, the exercise inten-
sity of Mosso’s weightlifting experiments was probably submaximal rather than
maximal: the soldiers did not lift the dumbbells as fast as possible but were asked to
follow a predetermined relatively slow rhythm dictated by a metronome. Secondly,
current models of maximal oxygen consumption limitation establish a clear differ-
ence between whole-body exercise, like running, and exercise with small muscle
masses, like the one performed byMosso’s soldiers (see Chap. 7). In the former case,
limitation is central and is largely imposed by oxygen delivery, which is impaired at
altitude; in the latter case, limitation is largely peripheral, being imposed more by
muscle fatigue than by oxygen delivery. Last, but not least, when Mosso performed
his experiments, the glycolytic pathway was not completely elucidated, Hill and
Meyerhof’s theory of the energetics of muscular exercise was far from being
formulated, and even farther were Margaria’s refutation of it and the discovery of
high energy phosphates. Margaria’s revolution was yet to come: Mosso was a
necessary precursor of Margaria, who operated amidst the knowledge of his times.

Paolo Cerretelli, whose collaborators repeated Mosso’s experiment, had a differ-
ent view of the issue. According to him, Mosso raised the issue of blood flow
partition and regulation in muscles during exercise. In fact, Cerretelli argued that
the performance of maximal exercise with a small muscle mass implies a higher
maximum blood flow per unit of active muscle mass, than that observed in the same
muscles during exercise involving large muscle masses. This may be of little
importance in normoxia, yet in hypoxia, an extra increase in the absolute blood
flow in a given limited muscle mass may improve muscle oxygen availability, thus
leading to a greater capacity for work (Kayser et al. 1994). To our opinion, however,
Cerretelli underscored the fact that Mosso’s soldiers performed submaximal
exercise.

A few years later, Zuntz et al. (1906), with Mosso’s logistic support, measured
oxygen consumption and carbon dioxide production in humans during uphill walk-
ing at various altitudes up to Capanna Margherita. These authors filled a gap between
Whymper’s anecdotal observation at Quito on running the mile and a rigorous
experimental demonstration of the deterioration of exercise capacity at altitude,
along the theoretical thinking of Bert. Moreover, this data allowed the earliest
computation of the energy cost of vertical work at altitude, suggesting that the
mechanical efficiency of walking is the same at altitude as at sea level. Of course,
Zuntz had no acquaintance with the concept of energy cost of locomotion, yet by that
study, he established a new unpredictable bridge between Mosso and Margaria
(Margaria 1938).
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1.9 Angelo Mosso and the Firefly

In the time of Mosso, it was a common belief that the chemical energy sustaining
muscular work was to come from the oxidation of energetic substrates, particularly
carbohydrates. So, Mosso could not believe the reports of his old guide and friend
Jean-Joseph Maquignaz4 (1829–1890) from Valtournenche, Aosta Valley, Italy—
Valtournenche is located on the Italian side of the Matterhorn –, who claimed that at
an altitude above 4000 m it was hard to work, because whenever men tried to break
rocks, they had to stop after a few shots for breathlessness. There was no clear
connection between ventilation and muscle performance: fatigue could be only of
muscular origin. Although it was known that both metabolism and ventilation
increase at exercise, the effects of altitude on maximal oxygen consumption were
yet to be determined.

However, Mosso performed an observational experiment on fireflies, which
suggests that Maquignaz might not be fully wrong, and Mosso acknowledged this,
and which he reported as follows (Mosso 1897): I made tests on fireflies, which, by
means of phosphorescence, let us know better about the excitation of the nervous
system. The phosphorescence of these insects is a chemical process, such that the
light irradiated from phosphorus, although the process was incomparably different
in its intimate nature. I was very interested in seeing whether oxygen reduction in
rarefied air would modify the vital phenomenon of light. For this reason, I took a few
fireflies and put them under a large glass bell, in which I slowly made air rarefied,
until the pressure was only 30 centimeters (of mercury), as it is on the highest peak
of the Himalayas. I was amazed to see that their brightness grew, the more oxygen
diminished as a consequence of air rarefaction. We all know that the firefly shines
with intermittent periods of light and darkness. As soon as air became rarefied, such
periods ceased, and the fireflies kept constantly bright. Even if after half an hour, or
an hour, they had been in such a rarefied air that a dog or a man would die, these
beetles were shining with a brighter light than they show in our meadows at the time
of their loves. The color of the light was less yellow and took a more fiery and red tint
on the edge of the segments. During summer nights, a man who picks up a firefly sees
that only the two segments in the back of the body are bright. In the rarefied air, the
body of the fireflies stretches by about three millimeters in the bright posterior part.
For all of them, the period of rest, or of darkness, of light organs becomes shorter, so
that the light is continuous, with periods of more intense and fainter glow. We
believed from physiologists that the light these animals emit was a life phenomenon
closely linked to the oxygen in the air. Now we see that this is not true.

4Jean-Joseph Maquignaz, head of the alpine guides in Valtournenche, was one of the best climbers
from the Aosta Valley in those times. In 1865, he was part of the group of Italian climbers, led by
Jean-Antoine Carrel, who attained for the first time the summit of Matterhorn from the Italian side,
three days after the first ascent byWhymper’s group. In 1882, he was the first to attain the summit of
the Dente del Gigante, in the Mont Blanc massif, the last inviolate summit higher than 4000 m in the
Alps. He disappeared in 1890 during a climb on the Mont Blanc. His body was never found. Most of
the greatest English climbers of that era had been his clients.
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Therefore, Maquignaz could be right, sure, but there is much more in this: the first
demonstration of anaerobic energy production in living systems. Moreover, as
Cerretelli pointed out (Cerretelli 2014), this observation opens the way to admitting
that even in humans cell metabolism may be less closely linked to oxygen than was
believed up to then. The fireflies experiment provided evidence that the cells of light
organs must contain some substances allowing them to produce light without the
combustion of oxygen.

Only some 30 years later, when Karl Lohmann (1898–1978) discovered
“phosphagen” and Einar Lundsgaard (1899–1968) performed his celebrated exper-
iment on the contraction of muscles poisoned with monoiodoacetic acid (see
Chap. 3), it was understood that high energy phosphates actually provide the energy
for muscle contraction. Mosso was obviously unaware of the existence of anaerobic
energy sources. Notwithstanding this, he might have perceived the possible exis-
tence of energy primary sources in the cell, presumably also in the muscle fiber,
capable to develop high power levels, but for a short time. Mosso showed the muscle
ability to develop very high powers, sustainable only for a few seconds, without any
increase in oxygen consumption, thanks to the energy generated by the transforma-
tion of a specific unknown substance, which is now known under the name of
phosphocreatine. It is at the same time tempting and intriguing to conclude that
the first hint toward Margaria’s revolutionary concept of oxygen debt (Margaria
et al. 1933) might have come from a minimalistic experiment of Angelo Mosso on
little fireflies.

1.10 Angelo Mosso on Circulation

In the preceding paragraphs, we highlighted in some detail a few aspects of Mosso’s
scientific activity directly pertaining to the main subject of this book. Yet, as
underlined by Luciani in his commemoration at the Italian Senate, the scientific
interests of Mosso were widespread. They were also intermingled with philosophical
thinking. He was aware of the role that the Enlightenment played in the development
of his contemporary cultural milieu, yet he was aware that Reason was not an
abstract concept, so that we need solid grounds on which we may exert our drive
toward a better knowledge of the world in the light of Reason. Science was the main
field on which this could be done, because a scientific approach to knowledge was
the necessary path allowing the scrutiny of factual observation to the “infallible”
judgment of Reason. This vision of science establishes a direct link between
Enlightenment and Positivism and its mechanistic interpretation of Nature. More-
over, it places Mosso in continuity with the iatromechanichal school of the XVII
century and explains Mosso’s materialistic approach to science and the central role
that the development of new measurement tools played in his activity.

We already mentioned the use of the ergograph at Capanna Margherita for the
investigation of the effects of altitude on fatigue during exercise with small muscle
masses. In fact, he used the ergograph to study fatigue in a variety of conditions,



including the effects of aging, and of the type of work. From this, it was an easy step
to introduce the concept of training, which was already governing the British
approach to exercise and sport, and to investigate the effects of specific training
maneuvers on muscle performance. His results were summarized in his famous book
on fatigue (Mosso 1891).
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Another key instrument in his vision was the plethysmograph, which was not
only useful to measure volume changes, but also to infer therefrom blood volume
and blood flow changes in various organs. The effects of artery pulsation, respira-
tion, and stress on blood flow could be investigated as well, although the inertia of
the recording tools was such as to prevent the follow-up of rapid phenomena. To get
rid of this inconvenience, he devised the construction of the hydrosphigmograph,
combining a pneumatic and a hydraulic transmission system. Using this instrument,
Mosso obtained the first recordings of cerebral blood flow (Mosso 1880). In fact, he
was able to profit of an accident, from which two individuals exited with an opening
of the skull, making the brain accessible through the skin. Mosso placed a tympanum
on the opening, which transmitted brain oscillations to another tympanum through a
hydraulic system, and the oscillations of the second tympanum could be recorded by
a kymograph. So, the kymograph recorded what the meninx and the skin transmitted,
id est the pulsation of cerebral arteries. Since brain blood flow varies locally
depending on the degree of activity of the underlying brain parts, he could, under
some circumstances, investigate brain activity sub specie of brain blood flow
changes.

There is something extraordinary in these experiments, as long as these same
principles are applied nowadays to study brain activation during mental tasks and to
identify which areas of the brain are excited during specific body activities, by means
of functional magnetic resonance imaging. These are key issues in modern system
neuroscience (Le Bihan 1996; Norris 2006). In the Pubmed database, we reckoned
135,793 publications in the last ten years, after typing “brain functional magnetic
resonance imaging” as keyword.

In sum, Mosso can be considered also as one of the initiators of the Italian
tradition in neuroscience. A direct link, parallel to the Mosso—Herlitzka—Margaria
connection, is clearly identifiable with Pisa, Parma and the development of major
Italian neurophysiological Schools, through his pupil Vittorio Aducco and Aducco’s
pupil Mario Camis (1878–1946). Incidentally, we note that the early Giuseppe
Moruzzi (1910–1986), before his departure to Brussels, trained with Camis at
Parma. Moruzzi had, for Italian neurophysiology, a role at least equivalent to that
of Margaria for the School of Milano.

1.11 From Mosso to Herlitzka

Mosso was a full professor of physiology and chairman of the Institute of Physiology
at the University of Torino until his death, although in the last years, because of his
health problems and his new passion for archaeology, he was less and less present.



After his death, Herlitzka, his older pupil in Torino, took over Mosso’s role at the
Institute of Physiology. Herlitzka, who was perhaps the most direct heir of Mosso’s
physiological approach and experimental tradition, continued several of the research
lines initiated by Mosso, in a different political context (Margaria and Rowinsky
1950). He kept working on altitude physiology, a passion which he transmitted also
to Margaria, but, attracted by the technological advancements of his times and the
bombastic development of aviation, he interpreted it more in the sense of aviation
medicine than of altitude physiology. Nevertheless, he chaired the Angelo Mosso
laboratory at Col d’Olen from 1923, after Aggazzotti moved to Catania, to 1938,
when he was forced to quit University because of racial laws (Troiani and Manni
2007).
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Rodolfo Margaria (1901–1983) was the most eminent of Herlitzka’s pupils. We
will talk of him extensively in the next chapters, as the actual initiator of the School
of Milano. Here we remind only that it was Herlitzka who trained young Margaria in
physiology and put him in contact with Otto Meyerhof and with Archibald Vivian
Hill. Like every scientist, Margaria had several masters and one academic father:
Herlitzka. The next paragraphs are devoted to an outline of Herlitzka’s contribution
to physiology, covering the gap between Mosso and Margaria.

Gaetano Viale (1889–1934) was another important pupil of Herlitzka, with whom
he graduated in 1913 and trained in the laboratory of physiology in Torino. He was
still a medical student when he collaborated with Herlitzka on the conservation of
living tissues in liquid solution, by studying the action of lipid solvents (Viale 1910).
We owe to him also one of the first measurements of energy expenditure during level
walking at altitude (Barkan et al. 1914, see Chap. 5), which resulted equal to that
obtained at sea level at the same speed. In 1925 he moved to Rosario, Argentina,
where he taught physiology at the Medical School for four years. He returned to Italy
in 1929, to succeed Valentino Grandis in Genova. His premature death put an end to
his career when he was 45.

1.12 Amedeo Herlitzka

Born in Trieste, which was under the Austrian Empire in those times, in 1872 from a
wealthy Jewish family of Italian lineage, Amedeo Herlitzka (Fig. 1.7) joined the
medical school of Pisa in 1891, whence he moved to Florence in 1894, and finally to
Rome, where, under the guidance of Luciani, graduated in Medicine in 1897. In fact,
he took a longer time to graduate than usually in those days for a very peculiar
reason: his acquaintance with irredentist movements, promoting the association of
Trieste to the Kingdom of Italy. The Austrian police arrested him in 1892; on trial,
the court found him guilty of high treason and sentenced him to prison, where he
spent almost seven months, from September 1892 to April 1893.

When he was in Florence, Herlitzka started his scientific activity as an embryol-
ogist at the Institute of Physiology chaired by Giulio Fano (1856–1930), working on
the differentiation of newt’s eggs (Herlitzka 1897). Then, when he moved to



Luciani’s laboratory in Rome, he studied cells’ differentiation (Herlitzka 1898),
contributing to the definition of the law of the constancy of cell volume in epithelia
and analyzing its physiological significance.
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Fig. 1.7 Amedeo Herlitzka in 1937. Picture taken at Col d’Olen, at the celebration of the 30th
anniversary of Angelo Mosso’s laboratory. From: Abrahamson (2019)

After graduation, in 1898, he moved to Torino to join Mosso, where he remained
for 40 years. Initially, he led the laboratory of physical chemistry (now biochemistry,
then a branch of physiology). As already pointed out, he succeeded Mosso in 1910.
During WorldWar One, he was enrolled as a volunteer in the Italian army, serving as
medical officer. He happened soon to treat soldiers exposed to toxic gases. This
prompted him to investigate their effects on rabbits, in particular with regard to
carbon dioxide and bromine. He introduced the use of soda lime to absorb carbon
dioxide and tested a specific facemask first on animals and then on humans
(Herlitzka 1915), which however the Army never used. In 1917, he was charged
to organize a medical center for the clinical and physiological evaluation of aircraft
pilots and for the study of the psychophysiology of human flight. This is when he
developed his passion for aviation, perceiving the important physiological and
medical problems related to it (Galloni and Musso 2017). It is thanks to his efforts
that the Institute of Physiology of Torino became a psycho-physiological office of
the Royal Air Force.
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Herlitzka’s connection with the army continued after the war. In 1919, he became
chairman of the Army cabinet for war gases. He established a second center for
psychological testing of military pilots in Rome, initially chaired by Aggazzotti, but
soon taken over by Brother Agostino Gemelli (1878–1959), a Franciscan friar, who
graduated in medicine, served the army during the war and founded the Catholic
University in Milano in 1921 on behalf of the Pope. Herlitzka’s studies on aviation
medicine carried out in that period were summarized in a fine book in 1923
(Herlitzka 1923). In the same year, he founded the Centre for Physiological Research
on deep-sea divers, which he chaired until its closure in 1933.

Under the fascist regime, which he strongly supported, Herlitzka further contrib-
uted to the development of aviation medicine in Italy together with Agostino
Gemelli. He became a friend of Italo Balbo (1896–1940), a prominent hierarch of
the regime, Vice Minister, then Minister of the Royal Air Force between 1926 and
1934, and an eminent pilot himself. He was consultant of the Ministry of the Navy on
physiological problems of deep sea diving. In 1929, he was admitted to the
Accademia Nazionale dei Lincei. He never stopped in promoting altitude research
at the Col d’Olen, as a tool for understanding aviation respiratory problems. Now-
adays, we will call him a physiologist of adaptation to special environments.

In 1938, after the promulgation of the racial laws, he was obliged to quit all his
positions and roles in the Italian academic and military systems. He escaped in exile.
After a short stay in Paris, where he tried to obtain a position in England, but
unsuccessfully for his acquaintance to fascism, he took refuge in Argentina, where
he had excellent relationships after a travel there in 1927 to support Italian culture on
behalf of Balbo, and where his brother, an electric engineer, chief executive officer
of an electrical company in Buenos Aires, was living since long. He remained there
until 1946, working at the Centre of aviation studies of the Argentinian army
(Abrahamson 2019; Troiani and Manni 2007). When he returned to Italy, he
reobtained his academic roles at the University of Torino but was purged from the
Accademia dei Lincei for his strong contiguity with the fascist regime, despite his
destitution for racial reasons. He was one of the founders and the first President of
the new Italian Physiological Society after the War (Fanò-Illic 2021). He died on
July 12, 1949, at age 77.

Herlitzka was a man of his times, which were by far different from the times of
Mosso. The international environment in which Mosso operated was restricted after
World War One by the advancement of nationalistic regimes. In Italy, the liberal
state, which had been created after the unification of the country in 1861, collapsed
after the war and the fascist dictatorship took over. Herlitzka, whose nationalism
developed in his early age under the Austrian imperial regime in Trieste, adhered to
it enthusiastically. The regime was not racist at the beginning, yet it undertook a
racist policy after Hitler went to power in Germany and the alliance between Italy
and Germany was signed. Herlitzka’s acquaintance to the regime revealed useless to
him in those circumstances: when the racial laws were introduced, he just had to quit
his functions, as every other Jewish professor, as any other Jewish professional. This
was one of the most shameful pages in the history of fascism and of modern Italy
altogether.



26 G. Ferretti

Nevertheless, fascism’s fascination for aviation, which the regime pursued as a
powerful propaganda tool, partly prompted by its attraction for the futuristic avant-
garde, helped Herlitzka develop a passion that stemmed during World War One. His
love for aviation medicine and physiology, associated with a deep interest for the
solution of physiological problems of practical and social interest, which he inherited
from Mosso, characterized his scientific history between the two world wars. Yet, he
did it in a different way from Mosso’s. Mosso promoted physical education for the
improvement of the health of workers. Fascism militarized physical education and
placed it in a different, propagandistic context. Times had changed, priorities had
changed, and the psychological and political attitude of Herlitzka was different from
Mosso’s. Herlitzka addressed his efforts to a niche field, highly technological,
connected to the army more than to the society, strongly related to one of the main
interests of the regime: aviation.

Notwithstanding his political relations, Herlitzka was a bright physiologist,
imprinted by Mosso’s positivism, with widespread physiological interests, including
exercise physiology, as will appear from the next paragraphs.

1.13 Herlitzka’s Scientific Activity

Although of less apparent impact and international recognition than Mosso’s work,
partly because of Italy’s closure on itself in the fascist era, as pointed out above,
Herlitzka’s contribution to the advancement of physiological knowledge was of
great importance, especially in the fields of applied physiology and aviation medi-
cine. Herlitzka inherited from Mosso his rigor in conceiving and realizing experi-
ments and his great attention to the technical aspects of physiological research. He
inherited also the sense for a practical application of scientific studies, which in his
mind were aimed at providing, through a rigorous scientific approach, novel solu-
tions to prominent practical problems of public and political interest.

When he moved to Torino, he initially pursued his former studies on embryo
development and investigated the possibility of gonad transplantation. He was
among the first to demonstrate tissue degeneration after organ transplantation in
animals, and he performed a remarkable series of experiments on the effects of
various types of saline solutions on organ and tissue conservation.

However, his scientific activity took soon different directions. Biochemistry was
booming. New substances were continuously identified. The various steps of the
glycolytic pathway were on the way of being recognized, setting the terrain for
Embden andMeyerhof’s synthesis, which we call glycolysis. Herlitzka was attracted
by that cultural climate and started investigating glycogenolysis. He demonstrated
the possibility of glycogenolytic activity by nucleohistones in several tissues,
including the liver and the kidney epithelia. Another important contribution of him
was the demonstration that pepsin is a protein (Herlitzka 1904). He studied muscle
thermodynamics, investigating heat production of isolated rabbit hearts (Herlitzka
1905a, b; Herlitzka 1912).
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It is a matter of fact that Herlitzka was a restless man. His curiosity was extremely
wide and led him to encompass numerous fields of biological research. He demon-
strated the additive effect of refraction indexes of proteins in ionic solutions
(Herlitzka 1906). This was the first important step, on the path leading to the
realization of methods for the refractometric determination of plasma proteins
(Sunderman 1944). However, he also investigated chlorophyll. He studied taste,
testing several types of salts. He proposed that the salty taste may be a consequence
of anion liberation and of a negative charge on colloids (Herlitzka 1909). He
demonstrated the possibility of restoring the heart beat by injecting small quantities
of adrenaline in the coronary artery of the dog. He showed that the heart function is
optimal within given blood pressure ranges (Herlitzka 1905a). His practical mood
led Herlitzka to go on with his investigations on how to conserve living tissues, a
field of great importance to those who wish to perform organ transplantation.
Concerning neurophysiology, he proposed that a unique center, located in the left-
brain hemisphere, to which the right motor areas are completely subjected, controls
the genesis of voluntary motor impulses. And this is only a representative yet tiny
account of his widespread scientific interests.

The war implied a dramatic shift in Herlitzka’s scientific work. What we now call
“applied physiology” became predominant in his interests. Muscle physiology took
a central place. He investigated the heat production by the heart and during muscular
contraction. He was among the first to perform exercise testing on and to carry out a
physiological evaluation of athletes. His practical mood drew him to the investiga-
tion of the functional characteristics of athletes and sportsmen. His results were
summarized in a remarkable booklet on the physiological evaluation of athletes
(Herlitzka 1931).

This booklet deserves a closer inspection, because it is indicative of Herlitzka’s
approach to science. Each chapter is on a specific subject, analyzed along a clear line,
which we can describe as follows: (i) set a practical problem to be solved; (ii) define
the physiological context of its possible solutions, and thus the necessary experi-
ments; (iii) describe the equipment to be used and the experiments to be done, and
why; (iv) describe the data in detail; (v) draw physiological interpretations of the
data; and (vi) describe the practical impact and the possible solutions of the practical
problem at stake. To our eyes, this appears as a simple, rigorous description of
scientific methodology and of its connections to actual life. As an example, fatigue is
an important practical problem to athletes and in sport practice; physiology can help
understand fatigue, but this is not what counts most to him: what counts is what we
could do to prevent and treat fatigue in athletes.

During the war, aviation physiology and medicine became his greatest scientific
and practical passion. The fact of collaborating closely with the Air Force and having
implemented the national center for the psychophysiological evaluation of pilots
placed him in a privileged condition for performing unique studies. In those times,
the aircrafts were not pressurized, so hypoxia tolerance was a great problem to deal
with. The study of altitude physiology could provide several answers to questions
raised by the Air Force Ministry. So, privileged access to the Angelo Mosso
laboratory at Col d’Olen, which he chaired, allowed him the performance of



pioneering studies on altitude physiology and mountain sickness, namely
concerning the chemico-physical alterations of blood (Herlitzka 1926), the onset
of loss of consciousness, the hyperventilation at altitude. Theoretical considerations
on breathing in the stratosphere and on the acceleration effects on pilots can be found
in a book that he published during his exile to Argentina (Herlitzka 1945). Fenn, Otis
and Rahn revolutionized our understanding of the physiological responses to hyp-
oxia, during World War Two (Farhi 1990; Ferretti 2018). Yet Herlitzka was among
those who set the basis for that and asked questions, which the Rochester triad
provided convincing answers to.
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Unfortunately, his scientific career was suddenly cut by the shame of racial laws.
Nevertheless, from the scientific viewpoint, Herlitzka is and remains the ideal trait
d’union between Angelo Mosso and Rodolfo Margaria, the necessary link between
the pioneering, international, positivistic nineteenth-century scientific mood of
Mosso, and the revolutionary vision of Margaria. Margaria’s revolution would not
have been possible if he remained confined in Italy, with the sole Herlitzka as master;
nonetheless, it would not have been possible even without Herlitzka’s traineeship as
well. An ideal physiological link appears clearly between Mosso, Herlitzka, and
Margaria, even though the general cultural and political contexts in which they
operated differed remarkably. It is this link that sustains the foundation on which
Margaria has built the School of Milano.

1.14 Herlitzka on the Energetics of Muscular Contraction

The next chapter of this book treats of Hill and Meyerhof’s theory of muscular
contraction and its refutation by Margaria et al. (1933). This is a cornerstone in the
history of exercise physiology. Herlitzka published his book on the physiological
evaluation of athletes in 1931. A chapter of it is dedicated to the energetics of
muscular exercise. Hill and Meyerhof, Nobel Prize winners, were still dominating
the scene. Yet phosphagen had already entered the game (Lohmann 1928). Hill
would have defended his theory against phosphagen one year later (Hill 1932).
Margaria had just arrived in Boston, where he started working on the experiments
that would have generated the refutation of Hill and Meyerhof’s theory of the
energetics of muscle contraction (Margaria et al. 1933). The words that Herlitzka
used to describe the energetics of muscular exercise, besides reflecting common
ideas of those times, tried to accommodate phosphagen in it. They are impressive:
they show how unexpected, fulgurating, and dramatically shattering would have
been the article by Margaria, Edwards, and Dill 2 years later. This is the reason why
we report a few pages of Herlitzka’s text on this subject. The translation from Italian
is by Guido Ferretti.

Recent researches on the chemistry of muscular contraction have evidenced that this is
accompanied by the formation of lactic acid coming from a compound of glucose and
phosphoric acid, which Embden et al. (1912) called lactacidogen and is now identified as an
exose-mono-phosphoric acid (Embden and Zimmermann 1927). This substance, when split,
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liberates, on one side, lactic acid, on the other side, phosphoric acid. We shall describe
later, when we will discuss about recovery, the further fate of lactic acid.

For the moment, we just remind that lactic acid formation occurs at the beginning of
contraction and is fully independent of the presence of oxygen. This, in turn, determines
disappearance of already formed lactic acid, so that the lack of oxygen favors lactic acid
accumulation in muscle. When muscular work is intense, and thus lactic acid production is
active, this cannot be quickly destroyed by oxygen, so that it accumulates in muscles, where
it causes contractures, and moves into blood, from where it is eliminated through the urine.
We should not forget that lactic acid is always formed in muscle from glucose, which
originates from muscle glycogen, after glucose has bound phosphoric acid to form
lactacidogen. In addition, fats or proteins, when the organism works using them instead
of sugars, firstly, by splitting and oxidizing, form sugar (glucose), which is the only
substance that a muscle can burn.

However, another reaction can occur in muscles, which may intervene in certain types of
contractions. The Eggleton spouses (Eggleton and Eggleton 1927) have recently found that
phosphoric acid in muscle can exist, not only bound to glucose, but also bound to another
substance, namely a nitrogen containing substance, creatine, which we know since long to
be present in muscles. We also know that a side product of it, creatinine, a normal
constituent of urine, can increase in muscle in certain types of muscular activities. The
compound formed by the binding of creatine to phosphoric acid, called phosphagen,
undergoes very likely a splitting since the beginning of muscle contraction, but the formed
phosphoric acid disappears very quickly, even from isolated muscle, so that it must be used
in some new combination.

The most credited doctrine nowadays states that muscle contraction depends on the
action of lactic acid on muscle fibrils. The chain of events would be the following: after nerve
excitation, the lactacidogen is split, thus liberating lactic acid. Lactic acid causes fibril’s
shortening. Lactic acid neutralization by alkali, with lactate formation, makes fibrils’
relaxation possible. As you can see, oxygen does not participate in this process. Its action
becomes evident after the end of muscular work, in a successive step, recovery, which we
shall describe thereafter.

Very recently, it was shown that (Lundsgaard 1930), in muscles poisoned with sodium
mono-iodo-acetate, contraction occurs without lactic acid formation, that is without sugar
splitting. There is however complete splitting of phosphagen. Lactic acid formation should
then represent the necessary condition to restore phosphagen.

Whether these two processes, phosphagen splitting and lactic acid formation, integrate
or take place separately in different forms of muscle shortening is yet to be elucidated. What
could these different forms of shortening be? We need to go back to the old researches by
Pekelharing and van Hoogenhuyze (1910), who studied substances replacement during
muscle contractions that generate work and compared it with what happens during tonic
contractions, like those occurring when we maintain a posture for long time. In the latter
case, according to the two authors, there would be an abundant elimination of creatinine
through the urine, which however they did not observe during the execution of external
work, i.e. in isotonic contractions. This suggests that muscular tone may be maintained by
phosphagen splitting, whereas rapid isotonic contractions be due to lactacidogen splitting.

These differences in the chemical process in the two forms of shortening, if confirmed,
would be in perfect agreement with the doctrine by Bottazzi (1897), which assigns rapid
contractions and muscle tone to two distinct parts of muscle fibers, the former to the
myofibril, the latter to the sarcoplasm. We understand that, if shortening occurs by modi-
fying the state of two distinct substances, also the chemical processes that induce these
modifications may well differ.

Anyway, we can follow the chemical changes in athletes, during their sport activity, by
examining blood and secretions, in various types of sports, which, as we said several times,
depend on different forms of muscle contractions. To this purpose, it is noteworthy that a
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fraction of the formed lactic acid that is not further destroyed, and thus accumulates in
muscles, moves into blood, from where it is eliminated through urine and sweat.

The scientific context in which Herlitzka developed his reasoning is clearly affected
by Hill and Meyerhof’s theory. The role of lactate was undisputed. Phosphagen was
breaking the game. Herlitzka strives at accommodating phosphagen into the domi-
nating theory. His attempt is ingenuous, in a way pathetic. He attaches to old studies
postulating distinct types of contractions to conceive different yet intermingled
energetic processes, to protect the central role of lactate in the energetics of muscular
exercise. It is also noteworthy that there is always a practical view in Herlitzka’s
reasoning: two mechanisms should explain differences in sport practice by athletes.
Take a practical problem (sport performance, in this case, pilots at altitude in another
context) and find a solution by appealing to science and theoretical physiological
thinking based on experiment. In the following chapter of his book, on recovery,
Herlitzka fully adheres to Hill’s vision of oxygen consumption as the chemical
process ensuring lactate washout during recovery: an oxygen debt is paid, but this
is a radically different concept from Margaria’s oxygen debt.

A page is going to be turned, a new world will soon appear, and a new star will
soon rise: Rodolfo Margaria and his new concept of oxygen debt. Herlitzka shaped
him, Hill and Meyerhof refined him without altering his critical insight, Dill pro-
vided the environment in which he could give free course to his scientific ability.
And the revolution exploded.
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Chapter 2
Margaria’s Revolution: A Novel Energetic
View of Muscular Contraction

Pietro Enrico di Prampero and Guido Ferretti

Abstract This chapter is divided into two parts. The first has a historical approach
and reports briefly on the evolution of knowledge on muscle, on oxygen as a
gas-sustaining life, on energy transformations, and on lactate as an end-product of
metabolism during exercise. The ensemble of this knowledge is the basis on which
Archibald Vivian Hill and Otto Meyerhof created the first comprehensive theory of
the energetics of muscular exercise, centered around lactate as a main energy source
for muscle contraction, for which they were awarded the Nobel Prize in Physiology
or Medicine in 1922. The subsequent events, most importantly the discovery of
high-energy phosphates, which led Rodolfo Margaria to confute Hill and
Meyerhof’s theory in 1933, are further summarized. A short biography of Margaria
is also provided, with a detailed analysis of the keystone paper by Margaria,
Edwards, and Dill, published in 1933, which set the foundation of the School of
Milano. In the second part, we provide an analysis of Margaria’s approach to the
energetics of muscular exercise, the driving principle of which is compatibility of
energetic data with the laws of thermodynamics, which are briefly summarized.
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Archibald Vivian Hill (standing, wearing short trousers) while measuring acceleration of a sprint
runner at start. Ithaca, NY, USA, 1927

2.1 Introduction

After some introductory historical notes on the development of knowledge in muscle
physiology and the energetics of muscular exercise, the present chapter is devoted to
a description of the theoretical synthesis by Hill and Meyerhof that led to the first
comprehensive theory of the energetics of muscular contraction. The cultural climate
within which these events took place has been briefly outlined in Chap. 1, discussing
Herlitzka’s views on lactate as the energy source for muscle contraction. Hill and
Meyerhof’s theory was falsified by the memorable study by Margaria et al. (1933),
which we subsequently analyze in detail. This study modified the current view of the
energetics of muscular exercise radically, opening the way to the present view of
muscle energetics, which is discussed in Chap. 3. A peculiar aspect of Margaria’s
approach to the energetic processes underlying muscular contraction is their full
compatibility with the principles of thermodynamics, as summarized in Sect. 2.3. A
brief section on maximal power in humans concludes this chapter.
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2.2 Historical Notes

2.2.1 Antiquity to the Nineteenth Century

Herophilus (Alexandrian School) and his younger contemporary Erasistratus, in the
early third century B.C., were the first, at least as far as the Western World is
concerned, to recognize the importance of muscles for movement and to propose
what is very likely the first theory of contraction. Galen (129–201 A.D.), who
summarized the theory as follows: “during contraction the muscles are filled with
pneuma,1 increase in breadth, but diminish in length”, clearly defined the muscles as
the organs of voluntary movement; they have only two possible states: contraction
and relaxation, the latter being regarded as purely passive.

These ideas held, substantially unmodified, until the Renaissance: the great
natural philosophers of that era (sixteenth to seventeenth century) viewed muscles
as the organs of voluntary movement, like the Alexandrian School, placing however
emphasis to varying degrees on “pneuma” as the origin of contraction. René
Descartes (1596–1650) replaced the concept of “pneuma” as primum movens of
the voluntary contraction with the “vital spirits,” the behavior of which, at variance
with the previous metaphysical concept of “pneuma,” was amenable to
physical laws.

By the second half of the seventeenth century, the discovery of the microscope,
together with the “revolutionary” Galilean climate, allowed substantial advances to
be made also in the field of muscle physiology: William Croone (1633–1684),
Giovanni Alfonso Borelli (1608–1679), Anton van Leeuwenhoek (1632–1723),
Nils Stensen (1638–1686), and Jan Swammerdam (1637–1680) established by
observation and experiments the fibrous structure of muscle, its cross-striation, and
its contraction with no changes of volume. The cultural interrelations among these
scientists, who influenced each other deeply, were nicely discussed by Wilson
(1961). Stensen also proposed a geometric theory of muscle contraction based on
microscopic observations of its fibrous structure (Kardel 1990).

John Mayow (1643–1679) made a further step forward by proposing, for the first
time in history, the idea of the utilization, during contraction, of “nitro-aerial”
particles of air with the simultaneous disappearance of a body constituent (the
analogy with the oxygen utilization for burning carbohydrates and fats is self-
evident). Indeed, in those days, it was already clear that air does not consist of a
single pure gas, but is a mixture of different gases. Michal Sedziwój (1566–1636)
had already proposed that one component of air may be a “life-giving” substance. In
fact, when kalium nitrate is heated, a gas is liberated that can be collected in flasks
and used. According to the Dutch engineer Cornelis Drebbel (1566–1625), that gas
could sustain up to 12 men in a submarine rowing longer than one hour from

1* The Greek word “pneuma” (πνε~υμα), literally “breath of life,” indicates here a vital principle
midway between soul and spirit on the one side and more concrete “somatic” functions, on the
other.



Westminster to Greenwich down the river Thames (Poole et al. 2015). That sub-
stance may well correspond to Mayow’s “nitro-aerial” particles of air.
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However, those pioneering ideas were ignored for more than 100 years. Mean-
while, gas chemistry slowly evolved. Already in 1640, Jan Baptiste van Helmont
(1580–1644) had demonstrated that the mass of the remaining ashes after charcoal
burning in a sealed vessel was less than that of the charcoal initially put into the
vessel. His interpretation was that the burning process generates an invisible sub-
stance, which is liberated into air and which he called gas or wild spirit. The concept
of a pure gas different from air had been created. Joseph Black (1728–1799) further
studied the nature of this gas. In 1764, he demonstrated that limestone, if heated or
combined with some acids, liberates a gas, which he called fixed air. Then he showed
that fixed air was heavier than air, did not sustain burning, and killed animals that
were exposed to it, even though he showed also that animals produced it during
breathing. In fact, Black identified carbon dioxide.

In the 1770s, Joseph Priestley (1733–1804) and Carl Wilhelm Scheele
(1742–1786) discovered oxygen independently. Priestley, who first published his
experiment in 1774, called it “dephlogisticated air.” This means air without phlo-
giston. Phlogiston was a kind of metaphysical fire-like element, which was thought
to be liberated during combustion. The theory of phlogiston was deeply rooted in
eighteenth-century chemistry. Georg Ernst Stahl (1660–1734) was its strongest
advocate. According to him, inflammation (combustion) liberates phlogiston, thus
transforming the burned substance into ashes. Clearly, Stahl did not follow, or was
not aware, of Helmont’s interpretation of burning. The identification of oxygen led
Antoine-Laurent Lavoisier (1743–1794) to refute the phlogiston theory, demonstrat-
ing that combustion implies the combination of a fuel with oxygen (theory of
oxidation).

By the end of the eighteenth century, Lavoisier, together with Pierre-Simon de
Laplace (1749–1827), had shown the simultaneous occurrence of carbon dioxide
production (by an increase in weight of alkali), oxygen consumption (by a decrease
in volume) and heat production (by the melting of ice) in guinea-pigs at rest.
Moreover, Armand Séguin (1767–1835) and Lavoisier showed, by experiments on
men, that oxygen consumption is increased by muscular work (Séguin and Lavoisier
1789). Lavoisier and Séguin can therefore be considered as the first exercise
physiologists. The ensemble of these observations generated the theory that the
production of mechanical work by muscle contraction is a chemical process of
combustion, in which the reaction of oxygen with a yet undefined fuel produces
carbon dioxide, in a process implying heat formation. This means that animals
(humans) exercise and move thanks to chemical energy transformations into
mechanical work and heat, although heat was not yet considered a form of energy.
This is a revolutionary concept indeed, so fraught with consequences for future
physiological developments, that we can easily recognize it as the seminal starting
point of exercise physiology. Without Lavoisier’s revolutionary vision, neither Hill
and Meyerhof nor Margaria would have been possible. In 1794 the guillotine put an
end, together with his life, to the pioneering work of Lavoisier.

As pointed out in Chap. 1, by the second half of the nineteenth century, the belief
that the behavior of all living things, muscles included, is amenable to physical laws
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pervaded the scientific community. The idea was not new, think for instance of the
iatromechanical vision of natural philosophy in the seventeenth century, but became
hegemonic in the positivistic cultural climate of those times. In this context,
Hermann Ludwig von Helmoltz (1821–1894) did show that the law of the conser-
vation of energy applies to living organisms as well (Helmholtz 1847), a finding
confirmed later in more detail by Danilewski (1880) and by Rubner (1894) i
animals and by Atwater (1904) in man. The question of whether the muscle could
be considered a heat engine was also posed and answered positively by Mayer
(1845), and later by Engelmann (1895). In contrast, Fick (1893) rejected it, based on
the observed efficiency of human and horse muscles (0.20–0.25) that, as he rightly
pointed out, would require, on a heat engine hypothesis, temperature gradients
physiologically incompatible with living matters. A detailed review of the early
studies on muscle thermodynamics was published in 1904 (Frank 1904).
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Louis-Antoine Ranvier (1835–1922) recognized the existence of red and white
muscles with different morphological and physiological characteristics (Ranvier
1873). By the end of the century, numerous experimental investigations on the
energetics of muscular exercise in man had been carried out both in France and
Germany, in the groove opened by the pioneering studies of Lavoisier. The conclu-
sions arrived at by several authors (Chauveau and Kaufmann 1887; Chauveau and
Tissot 1896; Heidenhain 1864; Heinemann 1901; Pettenkofer and Voigt 1866; Zuntz
1901) are remarkably close to presently accepted knowledge, in terms of fuel of
choice for muscular exercise, and of energy expenditure of static contractions and of
locomotion in man.

2.2.2 The Twentieth Century

At the beginning of the twentieth century, Fletcher and Hopkins (1907, 1917) did
show the appearance of lactic acid in muscles during contraction. Along this line,
Archibald Vivian Hill (1886–1977) and Otto Fritz Meyerhof (1884–1951) (Fig. 2.1)
obtained a substantial body of evidence, collected by the two of them separately (Hill
1913, 1916, 1922; Meyerhof 1920, 1921, 1922), on the appearance of lactic acid, on
heat production, on mechanical work and on the efficiency of contraction. On these
bases, they proposed the first modern theory of the energetics of muscular contrac-
tion, currently subsumed under the term “The Hill and Meyerhof’s theory.” For this,
the two were awarded the 1922 Nobel Prize for Physiology or Medicine.

In Hill and Meyerhof’s theory, the breakdown of glycogen to lactic acid is the
essential energy-yielding reaction, regardless of the availability of oxygen. In aero-
bic conditions, it is assumed that about one-fourth of the lactate produced is
oxidized, thus yielding the energy for the resynthesis of the remaining three-fourths
to glycogen (Meyerhof 1922, 1924). In 1924, an analysis of the time course of
oxygen consumption at the onset of, during, and after moderate exercise, prompted
Hill et al. (1924) to introduce the term “oxygen debt.” By this, they indicated the
amount of oxygen utilized in the recovery after exercise for the resynthesis to
glycogen of part of the lactic acid formed during the preceding exercise period.



Thus, in this view, the oxygen debt was necessarily associated with the removal of
about one-fourth (see above) of the lactate produced in the initial exercise period,
wherein the oxygen consumption has not yet reached a constant “steady state” value.
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Fig. 2.1 Otto Fritz Meyerhof (left) and Archibald Vivian Hill (right) sitting ahead of the members
of the Kaiser Wilhelm Institut für Experimentelle Medizin, in Heidelberg. Picture taken on the
occasion of Hill’s visit there in 1930. The standing man on the extreme left is Karl Lohmann, who
discovered ATP. With the kind permission of the Archives of the Max Planck Society, Berlin

It is noteworthy that, when Hill and Meyerhof defined their theory, the entire
series of chemical reactions characterizing the glycolytic pathway was not fully
elucidated yet. The first representation of a biochemical process leading to lactate
formation from glucose degradation through the reduction of pyruvate was
published afterward, although the full glycolytic chain was yet to be identified
(Meyerhof and Lohmann 1927). The first systematic description of a biochemical
pathway corresponding to most of what we now call glycolysis was proposed only in
1933 by Gustav Georg Embden (1874–1933) (Embden et al. 1933), the same year in
which the enzyme catalyzing the reduction of pyruvate into lactate (lactate dehy-
drogenase) was identified (Andersson 1933). Therefore, Hill and Meyerhof outlined
their theory without having a clear idea of the underlying biochemical pathways,
although Meyerhof perceived the existence of a pathway degrading glucose to
lactate. In fact, the identification of glycolysis was a long and complex process,
lasting decades, involving several scientists, requiring the identification of several
intermediate compounds and of the enzymes catalyzing the chemical reactions
involved, and measurement of the heat produced in each transformation. The
complete glycolytic chain as we know it nowadays was published only after
World War Two (Meyerhof and Geliazkowa 1947).

However, as time went by, a large number of experimental data emerged that did
not necessarily fit into Hill and Meyerhof’s theory, which was therefore put under
closer scrutiny:
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(a) Embden and Lawaczeck (1922) and Stella (1928) showed that the concentration
of inorganic phosphate (Pi) in muscles increased during a series of contractions.

(b) Eggleton and Eggleton (1927a, b), Fiske and Subbarow (1927, 1928) and
Nachmanson (1928) identified Phosphocreatine (PCr) and showed that its con-
centration in muscle decreases during contraction.

(c) Lohmann (1928)2 isolated a new type of organic phosphate, Adenosine-Tri-
Phosphate (ATP), also present in muscle.

(d) Lundsgaard (1930a, b) showed that muscles poisoned with iodoacetic acid
contract repeatedly, albeit for a limited period, without lactic acid accumulation.

Hill (as Herlitzka, see Chap. 1) realized that the appearance of phosphates could
undermine his theory. Since he was a real scientist, he accepted the risk of refutation.
In 1932, he wrote a remarkable review (Hill 1932), wherein, from a “loser” perspec-
tive, he predicted a “revolution” in muscle physiology and tried to defend his theory
by integrating the phosphates in it—pretty much as Necker, prime minister of King
Louis XVI, tried to do in order to save the ancien régime at the onset of the French
revolution in 1789. Every physiologist should read Hill’s review to take a lesson of
humility and intellectual honesty. However, contrary to Hill’s prediction, phosphates
did not kill Hill and Meyerhof’s theory. They could in principle be accommodated
by considering them as the link between the biochemical pathways and the contrac-
tile unit in muscle fibers. In fact, Margaria actioned the guillotine and his concept of
the alactic oxygen debt hammered the nail in the coffin of Hill’s theory. The way
Margaria himself told this story is reproduced in the Appendix to this chapter
(Margaria 1975, historical notes, pp. 10–16).

2Karl Lohmann (1898–1978) had a very peculiar life. Born in Bielefeld, he studied chemistry at
Münster, and, in 1924, he obtained a PhD in chemistry at Göttingen. Then, he joined Meyerhof in
Berlin and followed him to Heidelberg, as Meyerhof became chairman of the Kaiser Wilhelm
Institut für Experimentelle Medizin (see Fig. 2.1). Those were the days of his discovery of ATP and
description of the Lohmann reaction. In Heidelberg he also obtained his MD degree. He accepted
the Nazi regime and, in 1937, became Professor of Physiological Chemistry at Friedrich-Wilhelms
University in Berlin, and in 1944 he became a consultant at the Ministry of Health. Yet there was no
proof of his adhesion either to the Party or to the SS. Nevertheless, he was charged for having
collaborated with a children neurological clinic during the war. His ambiguous relations to the Nazi
regime might explain why he was never awarded the Nobel Prize in Physiology or Medicine. In
contrast, after the Soviet occupation of Berlin, he adhered to the communist regime. So, in 1948, he
was named Dean of the Faculty in his University, whose name had meanwhile changed into
Humboldt University, and in 1949 he became a member of the Berlin Academy of Science (the
Acadamy of Science of the DDR, ADW). In 1950, he became vice director of the ADW Institute for
Medicine in Berlin-Buch, and in 1951 was named first director of the newly founded Institute for
Medicine and Biology, also in Berlin-Buch. In 1957 he became President of the Institute for
Nutrition in Potsdam. Although he never became a member of the Communist Party, he was
awarded many honors by the communist regime. His peculiarity (mean or great, it depends on
the viewpoint) is that, somehow coherently, he always accepted to collaborate with any political
regime, independent of its characteristics, without compromising by a formal adhesion to any
political party on power.
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2.2.3 Rodolfo Margaria

Rodolfo Margaria (Fig. 2.2), born in Chatillon, Aosta Valley, on November
15, 1901, obtained his degree in medicine in 1924 at the University of Torino,
where he started working at the Institute of Physiology with Herlitzka, on altitude
physiology (Margaria 1928, 1929). Despite the nationalistic closure of Italy in the
fascist era, Herlitzka was convinced of the value of international collaborations.

So, he managed in such a way as to send young Margaria to train abroad, initially
at University College London (1930–31), where he worked with Joseph Barcroft

Fig. 2.2 Portrait of Rodolfo Margaria (left) with David Bruce Dill. They were co-authors of the
fundamental 1933 paper, which provided refutation of Hill and Meyerhof’s theory of the energetics
of muscular contraction. Dill himself attributed the paternity of the idea to Margaria. With the kind
permission of Paolo Cerretelli



(1872–1947) on the effects of carbon dioxide on respiration and on carbon dioxide
binding to hemoglobin (Barcroft and Margaria 1931, 1932; Margaria 1931), and
where he got acquainted with Hill. Then Margaria attended the Harvard Fatigue
Laboratory in Boston (1931–32), chaired by Lawrence Henderson (1878–1942),
who first analyzed the buffer power of bicarbonate in biological fluids (Henderson
1908), whence Karl Albert Hasselbalch (1874–1962) derived the logarithmic equa-
tion currently known as Henderson-Hasselbalch equation (Hasselbalch 1916).
There, he worked with David Bruce Dill (1891–1986) and falsified, as outlined in
detail in the next section, Hill and Meyerhof’s theory of the energetics of muscular
contraction. In 1934, he eventually completed his training at the Kaiser Wilhelm
Institut für Experimentelle Medizin in Heidelberg, chaired by Meyerhof, working on
muscle pH changes during contraction with Alexander von Muralt (1903–1990)
(Margaria and von Muralt 1934).
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He became Professor of Physiology in 1934, initially in Ferrara, then in Pavia,
where he performed his classical study on the energy cost of walking and running
(Margaria 1938). In 1938, he was appointed Professor of Physiology at the Univer-
sity of Milano, where he remained until the end of his career in 1972, after the
eviction of Carlo Foà (1880–1971) following the promulgation of the racial laws by
the fascist regime. In the same year, he took the chairmanship of the newly created
Centro di Studi e Richerche di Medicina Aeronautica at Guidonia, Rome, which he
maintained until 1943.

After the war, he was Visiting Professor at Yale University, New Haven for a
couple of years (1948–50). His long-lasting interest in sport’s physiology led him to
create and chair, since 1957, the first School of Specialization in Sport Medicine, in
Milano. The participants in the Italian mountaineering expedition to K2, in 1954,
underwent exercise testing in the Institute of Physiology of Milano. Several athletes
participating in the Olympic Games in Rome in 1960 and in Mexico in 1968 were
evaluated by his collaborators on the spot (Cerretelli and Radovani 1960; Cerretelli
et al. 1960; di Prampero et al. 1970). In addition, Eddy Merckx was tested in Milano
before establishing his celebrated one-hour world record in unaccompanied cycling
in 1972. Margaria was a member of the Accademia Nazionale dei Lincei and of the
board of the International Union of Physiological Sciences.

His scientific activity was at the core of the development of the School of Milano.
His papers are widely discussed at various stages in this book. He summarized his
contribution to our knowledge of exercise physiology in his small yet rich book
entitled Fisiologia Muscolare e Meccanica del Movimento (Margaria 1975). Along
the line traced by his predecessors and masters, Mosso and Herlitzka, he pleaded for
the application of physiological knowledge. According to him, everyone ought to
know his maximum muscular power, aerobic and anaerobic. This is necessary for
athletes wishing to attain their maximum efficiency and useful to the Nation’s
medical system as a major tool for preventive medicine. This vision is the back-
ground of the law on sports medicine, promulgated in 1982, shortly before his death,
and of the ensuing sports medicine certificate of habilitation to sports practice, then
made mandatory for everybody who wish to compete in any sport in Italy: a law,



which should be taken as a virtuous model all over the world. Margaria died in
Milano on January 29th, 1983.
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Margaria’s legacy goes well beyond the impact of his scientific work and of his
publications. He was the founder, on the groove traced by Mosso and Herlitzka, of
the physiological School where we come from. He trained people like Emilio
Agostoni (1929–2021), Joseph Milic Emili (1931–2022), Paolo Cerretelli, Giovanni
Cavagna, Piero Mognoni (1936–2008), Gabriele Cortili (1939–2009), Giuseppe
Sant’Ambrogio (1933–2002), Franco Saibene (1932–2008), Pietro Enrico di
Prampero, and, in his last academic years, he introduced to physiology Edgardo
D’Angelo, Giuseppe Miserocchi and Arsenio Veicsteinas (1944–2017), just to
mention those who remained active in physiology all life long. He transmitted to
all of them an intellectual mood, a quantitative vision of science and the ambition of
pursuing the truth, as far as possible in science. He also transmitted qualities that he
inherited from Herlitzka, in particular the importance of including in their scientific
activities practical and societal problems. Sports medicine and environmental phys-
iology as related to altitude and microgravity were not, to his mind, only instruments
for testing new scientific hypotheses, but also fields in which the physiological
knowledge could help solve practical problems. Margaria’s legacy is still well
present in all the new generation issued and trained by his pupils, 40 years after
his death.

2.2.4 Margaria’s “Revolution”: The Alactic Oxygen Debt

Thanks to the detailed series of experiments performed at the Harvard Fatigue
Laboratory, in Boston, Margaria, with Edwards and Dill (1933), did show that,
over a large range of running speeds in humans, the blood lactate concentration did
not increase appreciably above resting, thus indicating that no lactate production had
occurred. Hence, under these conditions, the oxygen debt paid in the recovery period
could not be attributed to lactate removal. Moreover, lactate could not be the main
energy source for muscular contraction in light exercise, as long as it did not increase
in proportion with the overall metabolic rate. Therefore, the contraction of the
oxygen debt (oxygen deficit, we would call it nowadays) at the beginning of light
exercise could not be due to lactate production and the subsequent increase in
oxygen consumption could not be due to the aerobic removal of produced lactate.
Therefore, Margaria et al. (1933) distinguished two causal mechanisms of the
oxygen debt: the one due to lactic acid, which they called the lactacid mechanism
(nowadays lactic), the other causing the contraction of an oxygen debt in absence of
any formation of lactic acid, which they called the alactacid mechanism (nowadays
alactic). The former was shown to intervene only at workloads higher than the 60%
of the maximal oxygen consumption of the subject. This implied that the alactacid
mechanism occurs by far more frequently in ordinary life than the lactacid mecha-
nism. These facts, as they wrote, raised the importance of the alactacid mechanism
of contracting the oxygen debt to the primary degree, whereas the lactacid mecha-
nism was downgraded to the level of a mechanism of emergency.
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In addition, the amount of the alactacid oxygen debt increased linearly with the
increase of the steady-state metabolic rate above the resting level during exercise,
whereas the lactacid oxygen debt did not. Thus, they commented as follows: the
alactacid oxygen debt is very probably the expression of an oxidative process, in
which the energy liberated [after the end of exercise] is spent in repaying the amount
of energy set free anaerobically during the muscular contraction [at the beginning of
exercise], i.e., it is a true oxygen debt in the meaning given by A. V. Hill to this term.
Then, after recognizing that the most important anaerobic process, beyond lactate
formation, was phosphagen splitting to form PCr and phosphate, they put forward
the hypothesis that the resynthesis of the phosphagen is the process, which absorbs
the energy developed in the oxidative processes attributable to the alactacid oxygen
debt payment.

To sum up, the beautiful theory of the energetics of muscular contraction by Hill
and Meyerhof, centered around the primary role of lactic acid as energy source, was
slain by these ugly facts. Nevertheless, Margaria Edwards and Dill granted Hill and
Meyerhof the honor of arms. They stated elegantly that their concept defined an
oxygen debt in the sense meant by Hill, and they admitted that the lactacid oxygen
debt, as originally proposed by Hill and Meyerhof, accounts for the energy of
resynthesis of glycogen from lactic acid. Unfortunately, this latter part concerns
only a minority of conditions encountered in actual life: those in which the perfor-
mance of severe exercise is required.

Published in 1933 in the American Journal of Physiology, this study generated a
cascade of consequences, among which, incidentally, also the School of Milano.
Above all, however, we must recognize that it is the cornerstone of the theory that,
after nearly 90 years, is still considered the most correct view of the energetic
processes underlying muscle contraction: the hydrolysis of phosphagen as primary
energy yielding mechanism. At the steady state of exercise, the hydrolysis of
phosphagen and its resynthesis at the expense of oxygen consumption proceed at
the same rate. Conversely, in the initial exercise period, because of the inertia of the
oxidative machinery, a certain fraction of the phosphagen split to yield the necessary
amount of energy cannot be resynthesized; it will be only in the recovery after
exercise at the expense of the so-called “alactic” oxygen debt. The net production of
lactate is viewed as playing a quantitatively important role in terms of phosphagen
resynthesis only above the so-called maximal oxygen consumption.

It should also be noted that, at the time, ATP and PCr were lumped together under
the term phosphagen. Only in 1934 Lohmann, who had identified ATP in 1928,
suggested it to be the primum movens of muscular contraction (Lohmann 1934). This
view was further supported when Engelhardt and Lyubimova, discovering the
ATPase activity of myosin, bridged the gap between structure and function
(Engelhardt and Lyubimova 1939).

No further details as concerns the history of muscle and exercise physiology will
be reported here, the interested reader being referred to the magnificent Dorothy
Needham’s Machina Carnis (1971). However, before discussing to a deeper extent
Margaria’s concept of oxygen debt (see Chap. 3), it seems worthwhile to outline his
multifaceted approach to the energetics of muscle and exercise physiology. Indeed,



the above conceptual “revolution” that subsumes under one and the same hat data
obtained from widely different experimental approaches, such as the identification of
phosphagen in vitro and the physiology of exercising men, highlights ad
abundantiam the extraordinary intellectual creativity of Margaria.
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This same general approach will bring Margaria in subsequent years to identify
several other relevant aspects of the energetics of muscular exercise. These include
the energy equivalent of lactate production, the mechanisms controlling the aerobic
energy-yielding processes and the energetics of the exercises at maximal absolute
power in humans, to mention just a few (see Chap. 3). Moreover, he expressed his
talent in many other areas of human physiology, some of which are outlined below
and in the subsequent chapters.

To summarize, the guiding principle that can be evicted from Margaria’s multi-
faceted scientific production, and that he has transmitted to those of us who had the
fortune to work at his side, is precisely the above-mentioned capacity to subsume
under coherent and simple theories experimental observations seemingly quite
distant.

2.3 The Energetics of Muscular Contraction: A View from
Milano

As already mentioned, the revolution generated by Margaria et al. (1933) and the
subsequent creation of the concept of the alactic oxygen debt had the remarkable
peculiarity of being fully compatible with the general principles of thermodynamics.
The successors of Margaria in Milano kept this concept very clear in their mind, and
the experiments that they conceived to test Margaria’s energetic theory were driven
by a thermodynamic vision. This thermodynamic approach is a key point of the
enduring success of Margaria’s energetic vision of muscular exercise.

The paragraphs that follow are therefore devoted to providing a short summary of
the basic principles of thermodynamics, from a historical perspective. Subsequently,
we analyze Margaria’s vision of thermodynamics as applied to muscular contraction,
and summarize data, analyses, and theories resulting from several studies performed
in Milano, Göttingen, and Geneva between the 1960s and the 1980s, in which
several thermodynamic parameters related to muscle contraction were determined.
These studies stemmed from multiple discussions among Margaria himself, Paolo
Cerretelli, Johannes Piiper, and many other colleagues directly or indirectly
connected with the Milano School. More specifically we will deal with the entangled
web existing among (i) intramuscular concentrations of ATP and PCr, (ii) muscle
shortening speed, (iii) efficiency of muscle contraction, and (iv) exhaustion time in
humans exercising at maximal absolute power.
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2.3.1 The Thermodynamics of Muscle Contraction

A crucial tenet of classical thermodynamics is the demonstration that the efficiency
of a heat engine is set by the temperature difference between heat source and sink:

ε= ðTh�TcÞ=Th ð2:1Þ

where ε is the thermodynamic efficiency, and Th and Tc are the absolute temperatures
(°K) of the heat source and sink, respectively (Klotz 1964).

Equation 2.1 shows that, to attain an efficiency of 1.0, Tc ought to reach absolute
zero, which is obviously impossible for any real physical engine. This same Equa-
tion shows also that, as already pointed out by Fick (1893), the muscle cannot
operate as a heat engine. Indeed, were this the case, since Tcmust be close to 310 °K
(37 °C) and since the efficiency of muscle contraction under optimal isotonic
conditions is about 0.25, Th ought to attain 413–443 °K (140–170 °C), an obvious
physiological nonsense.

Indeed, the muscle is a chemical engine that transforms a fraction of the energy
made available by ATP hydrolysis into work, whereas the remaining fraction is
dissipated as heat. In turn, ATP is reconstituted at the expense of numerous bio-
chemical processes, all in the end depending on the oxygen consumption (VO2). The
details of the complex and refined series of biochemical processes are summarized in
Fig. 2.3 and discussed in detail in Chap. 3. Suffice it to say here that, when
considering a complete activity cycle: rest – work – recovery – rest, such that the
final conditions be the same as the initial ones, the overall energy requirement is
covered by the oxidative processes. Hence:

VO2 =ΔU= hþ w ð2:2Þ

where h is the dissipated heat, w is the work performed on the surrounding, and ΔU is
the overall chemical energy change, proportional to the overall energy expenditure,
and hence to the VO2.

In contracting muscles, as well as in many other physiological processes, a
fraction of the work performed is utilized for changes of volume and/or pressure
of the muscle itself. Since we are generally interested in the work performed by the
muscle on its surroundings, this fraction of the work performed is lost for all
practical purposes. It is therefore customary to utilize another quantity, defined
enthalpy change (ΔH ), which is obtained by subtracting the amount of work done
on the muscle itself from the overall chemical energy change (ΔU ):

ΔH=ΔU-
Z

PdV =wþ h ð2:3Þ



where PdV is the work done by the muscle on itself, P being the pressure, and dV

R
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Fig. 2.3 Schematic representation of the energetics of muscle contraction. ATP, adenosine-tri-
phosphate; ADP adenosine-di-phosphate; PCr, phosphocreatine; Pi, inorganic phosphate. The
hydrolysis of ATP yields the energy that the muscle proteins utilize for contraction (work plus
heat). In turn, ATP is reconstituted at the expense of the indicated processes. Free energy represents
the free energy change of ATP hydrolysis. From Ferretti et al. 2022, modified after di Prampero
1981

R
the volume change. The muscle, however, is substantially incompressible, hence, as
a first approximation, we can assume that PdV = 0. Therefore:

ΔH=ΔU=wþ h ð2:4Þ

2.3.2 Entropy and Efficiency of Biological Processes

Equations 2.3 and 2.4 would apply also if a muscle, absorbing heat from its
surroundings, would produce work and/or store chemical energy. It is noteworthy
that in the late 1950s, Hill and Howarth (1959) hypothesized that during eccentric
contractions a fraction of the mechanical work absorbed by the muscle could be
utilized to resynthesize ATP.

Anyway, apart from these considerations, Eqs. 2.3 and 2.4 cannot specify the
direction in which natural events do evolve. More specifically, Eq. 2.3 does not
explain the existence of those spontaneous processes, such as the solution of a sugar
cube in water, occurring without any difference of chemical energy between reagents
and products. Indeed, in this specific instance, since ΔH = 0, there must be another
“force” promoting the solution of sugar. The existence of this “force” explains the
reason why a sugar cube always dissolves in water, whereas the opposite phenom-
enon, i.e. the formation of a sugar cube from a dilute solution never occurs
spontaneously.

To express quantitatively this set of common sense observations, it is necessary to
utilize a quantity defined as entropy. In simplified terms, entropy is a measure of the



disorder: it is higher, the greater the disorder of a given system. A lump of bricks is
characterized by a greater entropy than the same number of bricks ordered to form a
wall, even if the overall chemical energy content of the system is equal. The natural
tendency toward a continuous increase of the disorder is expressed quantitatively by
the continuous increase of the entropy of the Universe. It necessarily follows that the
processes that occur spontaneously are those associated with an increase in entropy:
by themselves, the walls fall, but they do not self-construct. The disorder of the
system, and hence its entropy, increases as a consequence of the solution of a sugar
cube in water. The driving force, allowing the process to proceed spontaneously with
a velocity > 0, is proportional to the increase in entropy. Hence, in every real
thermodynamic process, be it the solution of a sugar cube in water, or the fall of a
wall, the entropy of the Universe increases. The second law of thermodynamics
summarizes quantitatively this state of affairs: the inevitable tendency of the entropy
of the Universe toward a continuous increase.
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When dealing with systems of small dimensions, such as the human body or a
muscle, we cannot take the entropy of the whole Universe into account. It is
therefore convenient to use a different quantity defined free energy, the symbol of
which (G) stems from the name of the American physicist (Josiah Willard Gibbs,
1839–1903) who first proposed it. G, neglecting the remainder of the Universe, is a
quantitative measure of the intrinsic tendency of a given system toward spontaneous
transformations. Its changes can be expressed as:3

ΔG=G reagents � G products ð2:5Þ

where ΔG is positive in all processes that can proceed spontaneously, in which case
the G of the reagents is greater than the G of the products.

ΔG is the sum of two terms: (i) the enthalpy change (ΔH), expressing the sum of
w and h (Eq. 2.3), and (ii) the product of the entropy change (ΔS) and the absolute
temperature (T ):

ΔG=ΔH þ TΔS ð2:6Þ

Considering again the previous example, the sugar cube can dissolve in water,
because, even if under these conditions ΔH = 0, ΔG is positive because of the
increase of entropy. Indeed, the disorder of the sugar molecules dissolved in water is
greater than that of the same molecules assembled into the sugar crystals of the cube.
The reaction can therefore proceed spontaneously. Moreover, with the use of an

3The formulation of Eq. 2.5 is not conform to the classical formulation reported in thermodynamics
books (ΔG = G products - G reagents). The aim of the present formulation is to have the energy
fluxes positive for exoergonic reactions and negative for endoergonic reactions, as usually found in
physiology textbooks. Another consequence of the present notation is that the thermodynamic and
the mechanical efficiencies turn out positive in the former case (work performance and heat
liberation toward the external environment) and negative in the latter case (work performance
and heat liberation toward the internal environment).



appropriate tool, such as a semi-permeable membrane, the system could also per-
form external work (Fig. 2.4). In this case, combining Eqs. 2.3 and 2.6, and setting
ΔH = 0, we obtain:
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Fig. 2.4 Two water-filled reservoirs separated by a semipermeable membrane (m), can be utilized
to perform mechanical work thanks to the free energy changes. In (a), the sugar cube is still intact,
so that the two reservoirs are in hydrostatic equilibrium. When the sugar cube has dissolved in
water (b), the resulting increase in osmotic pressure leads to the transfer of a certain amount of water
from reservoir 2 to reservoir 1. The increase of the water level in 1 can be harnessed by a simple
mechanical tool (e.g. a piston) to produce useful external work. Since under these conditions the
enthalpy change is nil, the only driving force is the increased disorder of the system (entropy). It
also follows that, to perform external work, as shown by Eq. 2.7, the system must absorb heat from
the surroundings, thus leading to a decrease of its temperature. From di Prampero 2015, with the
kind permission of Raffaello Grandi, Edi Ermes

ΔG � TΔS=ΔH=wþ h= 0 ð2:7Þ

In such a system, w can be performed only at the expense of h, the value of which
must therefore decrease. This necessarily implies a decrease of T: the system
becomes colder.

It should be added here that, even if the entropy of the Universe keeps always
increasing, when considering tiny portions of the Universe such as the human body,
local decreases of entropy occur systematically whenever complex structures (such
as proteins) are synthesized from simpler constituents (e.g., amino acids). In this
specific case, the disorder (and hence the entropy) of the products (molecular



proteins) is smaller than that of the reagents wherefrom they have been synthesized
(free amino acids). This can happen since in a coupled reaction (or a series thereof)
the increase of entropy is greater than its local fall, thus necessarily leading to a net
increase of the overall entropy of the Universe. The same occurs paradigmatically in
the development of a human being from a fertilized egg: life requires energy income
from outside the body. This capacity of streamlining the fluxes of energy through the
system, to obtain a local decrease of entropy, is one of the fundamental character-
istics of living systems. All of them are bound by the first and second laws of
thermodynamics, in spite of their essentially limitless variety (the number of living
species and forms on Earth is only a tiny fraction of the existing possibilities). The
two laws of thermodynamics are beautifully summarized by the famous aphorism of
the German physicist Rudolf Clausius (1822–1888): “Die Energie der Welt ist
constant. Die Entropie der Welt strebt einem Maximum zu”. (The Energy of the
Universe is constant; the Entropy of the Universe tends toward a maximum).
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The maximal work that a muscle could perform theoretically under ideal revers-
ible conditions, i.e., at infinitely low speed and with no energy losses, is equal to ΔG.
The ratio between w and ΔG is defined as thermodynamic efficiency (ε):

ε=
w
ΔG

ð2:8Þ

The fraction of ΔG that is not transformed into work is dissipated as heat. This,
however, is not the only heat source during muscular contraction. Indeed, assuming
hypothetically a thermodynamic efficiency = 1.0, under which conditions the
amount of work performed is equal to ΔG, we can rewrite Eq. 2.7 as follows:

h= - TΔS= hrev ð2:9Þ

where hrev is defined as reversible heat. hrev is always exchanged, also under these
ideal conditions. The sign of hrev changes with the direction of the reaction: indeed,
this is the reason why it is defined “reversible.”

On the contrary, when ε < 1.0, as is normally the case, the amount of heat
dissipated is equal to the difference between ΔG and w. This additional amount of
heat is defined irreversible heat (hirr), because it could not be recovered, even if the
direction of the reaction were inverted. The amount of hirr depends on ε, which, in
turn, is smaller, the greater the speed of the reaction. Thus, the total amount of heat
dissipated during muscular contraction (htot) is greater, the higher the speed of the
process (see Sect. 2.3.4):

htot = hrev þ hirr =ΔG� ð1 � εÞ � TΔS ð2:10Þ

ΔG cannot be determined easily in vivo, since it depends on numerous factors,
such as the concentration of products and reagents of all the reactions involved, as
well as on the pH and on the ionic force of the medium in which the reactions occur.



For this reason, the efficiency of muscular contraction is conventionally assessed on
the basis of the so-called mechanical efficiency (η):
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η=
w
ΔH

=
w

wþ h
ð2:11Þ

Combining Eqs. 2.4, 2.8, and 2.11 one obtains:

η=
ε ΔG
ΔH

ð2:12Þ

This Equation shows that, for exoergonic reactions, whereas the limits of ε are
0 and 1, those of η are 0 and ΔG/ΔH. Since the ratio ΔG/ΔH can be substantially
different from 1, any given experimental measurement of η has a rather limited
interest, unless the ratio ΔG/ΔH is also known. In practice, however, since the
oxidative processes generally occur without large entropy changes, in this specific
case we can assume ΔH ≈ ΔG. Thus, the efficiency values assessed from the ratio
between mechanical work performed and the corresponding metabolic energy
expenditure from aerobic sources are rather close to ε.

Margaria was perfectly aware of the above principles and recognized the need
that a theory of the energetics of muscular exercise be necessarily compatible with
the thermodynamic constraints. He made use of η in the study of human locomotion
and he was definitely convinced that a measure of it informs on the thermodynamic
efficiency of muscular contraction. The concepts of oxygen debt and of its payment
imply a series of metabolic reactions that are overall exoergonic, with a precise
thermodynamic efficiency. The η of concentric muscle contractions (0.20–0.25)
corresponds to the η that Margaria computed for uphill walking and running at
high positive slope (Margaria 1938), and that Dickinson (1929) first obtained for
pedalling on a cycle ergometer. These values result from the themodynamic effi-
ciencies of all reactions involved in resynthesizing ATP and in the transformation of
the chemical energy stored in ATP into mechanical work and heat during muscular
contraction.

2.3.3 Partial and Global Efficiencies: The ATP Cycle

In physiological conditions (Margaria 1958), we deal with numerous metabolic
cycles in series, in which the products of a given reaction are the reagents of the
subsequent one. Under these conditions, the global efficiency of the process is the
product of the individual efficiencies of all the intervening reactions. Let us consider,
for instance, an aerobic exercise at the steady state, wherein hydrolysis and
resynthesis of ATP proceed simultaneously at the same rate, the resynthesis of
ATP occurring at the expense of the oxidative processes. If this is so, the oxidation
of one glycosidic unit (162 g of glycogen) yields 2840 kJ and leads to the resynthesis



of 37 moles of ATP, the molar free energy of which (ΔG*ATP) under physiological
conditions is about 50 kJ mol-1 (see Fig. 2.5). Hence, the thermodynamic efficiency
of the oxidative resynthesis of ATP (εR) amounts to:
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Fig. 2.5 Free energy change per mole ATP (ΔG*ATP) as a function of the intramuscular concen-
trations of PCr and ATP. From di Prampero 1981

εR =
n ΔG�

ATP

ΔG�
gl

=
37 � 50
2840

= 0:65 ð2:13Þ

where ΔG�
gl is the free energy liberated by the oxidation of one glycosidic unit and

n (= 37) is the number of ATP moles resynthesized per glycosidic unit oxidized.
In turn, the efficiency of work performance at the expense of ATP splitting (εS) is

the ratio between the mechanical work produced per mole of ATP split (w�
ATP) and

ΔG�
ATP. Hence, since under optimal conditions, in dog gastrocnemius, w*ATP ≈

20 kJ mol-1 (Table 2.1), we obtain:

εS =
w�

ATP

ΔG�
ATP

=
20
50

= 0:40 ð2:14Þ

In this condition, the overall efficiency of the process (εtot), i.e., the product of εR
(Eq. 2.13) times εS (Eq. 2.14), can be subdivided into its two components, ATP
splitting and resynthesis:



54 P. E. di Prampero and G. Ferretti

Table 2.1 Overall concentration of high-energy phosphates in muscle (˜P0), shortening velocity
(vs), work per mole ATP split (w�

ATP) and thermodynamic efficiency (ε) at work onset during
rhythmic isotonic contractions of dog gastrocnemius in situ, under anaerobic conditions. Data from
di Prampero et al. 1981

˜P0 (mmol kg-1) vs (mm s-1) w�
ATP (kJ mol-1) ε

18.7 135.0 15.1 0.30

14.4 99.7 16.8 0.34

12.0 78.0 18.1 0.39

4.7 58.6 24.2 0.57

εtot = εR εS =
n ΔG�

ATP

ΔG�
gl

w�
ATP

ΔG�
ATP

=
n w�

ATP

ΔG�
gl

=
37 � 20
2840

= 0:26 ð2:15Þ

This Equation tells that εtot is equal to the ratio between the work performed by
the splitting of the ATP resynthesized by one glycosidic unit, and the energy
liberated by the oxidation of the same glycosidic unit. Incidentally, the value of
εtot provided by Eq. 2.15 is very close to the η reported above for uphill walking and
aerobic exercise on the cycle ergometer, at the steady state under optimal conditions.

2.3.4 Contraction Efficiency, Speed of Shortening, and ATP
Concentration

The theoretical analysis performed by Margaria (1958) along the lines reported
above is based on the implicit assumption that work performance and free energy
liberation per mole of ATP are essentially constant. Margaria’s pupils tested this
assumption experimentally in the 1960s and 1980s. The results that they obtained on
the isolated-perfused muscle preparation demonstrated that things were not so
straightforward. Indeed, during rhythmic isotonic contractions of dog gastrocnemius
under anaerobic conditions, the muscle shortening velocity decreases, whereas the
w*ATP and the ε of contraction increase with decreasing the high-energy phosphate
concentration in muscle (di Prampero et al. 1981). This data are shown in Table 2.1.

The w*ATP reported in Table 2.1 was calculated from the ratio of the actual work
performed and the number of moles of high energy phosphates (sum of ATP and
PCr) hydrolyzed, corrected for the amount of lactate produced. In turn, ε was
obtained from the ratio of w*ATP and ΔG*ATP, obtained as indicated in Fig. 2.5.

Table 2.1 and Fig. 2.5 show that the increase of ε with decreasing concentration
of high energy phosphates in muscle is due, on the one side, to the increase
of w*ATP, and on the other, to the decrease of the corresponding ΔG*ATP brought
about by the decrease of the intramuscular PCr concentration. Figure 2.5 shows also
that, thanks to the relatively high value of the equilibrium constant of the Lohmann
reaction, catalyzed by creatine-kinase (K = 20), the ATP concentration is kept to
rather high values, until the PCr concentration is substantially reduced.
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Fig. 2.6 Work performed (w�
ATP) and free energy output (ΔG*ATP) per mole ATP, as a function of

the intramuscular ATP concentration, expressed as a ratio of the total creatine concentration (Ctot),
as given by the sum of PCr and free creatine. Frog Sartorius at 10 °C in nitrogen, poisoned with
monoiodoacetic acid. From di Prampero et al. 1988

In the late 1980s, the data and conclusions reported above were further supported
by a series of experiments performed on frog sartorius at 10 °C poisoned with
monoiodoacetic acid in nitrogen (di Prampero et al. 1988). Under these conditions,
data analysis and interpretation are simplified, because, thanks to the inhibition of
lactate formation by monoiodoacetic acid poisoning, the only energy source avail-
able for work performance is the splitting of ATP and PCr.

The so obtained data, reported in Figs. 2.6 and 2.7, support the view that w*ATP
and ε increase with decreasing the intramuscular concentration of ATP. However,
the “bill” to be paid for this increase of ε is a reduction of the shortening speed,
because the difference between “driving force” (ΔG*ATP) and “work output” (w

�
ATP)

decreases progressively with the fall of intramuscular ATP concentration.
The data reported in Figs. 2.6 and 2.7 are coherent with those obtained more

recently by Bruno Grassi and coworkers (Grassi et al. 2011). These authors mea-
sured the _VO2 and the force generated by dog gastrocnemius in situ during rhythmic
isometric tetanic contractions after acute inhibition of creatine-kinase by means of
iodo-acetamide. At steady state (after 3 min of contractions), after iodo-acetamide
poisoning, the time integral of the tension-time curve (tension time index, TTI), the
_VO2 and the ATP concentration were substantially reduced, whereas the ratio TTI/
_VO2 was greater than observed under control conditions (Table 2.2).
It should be remembered that the inhibition of the creatine-kinase activity by

iodo-acetamide and hence of ATP resynthesis from PCr and ADP, leads to a rapid
fall of ATP without substantial changes of PCr concentration.

As a first approximation, the ratio TTI/ _VO2 can be considered an index of the
thermodynamic efficiency of contraction; hence, these data support the view that the
efficiency in question increases with decreasing ATP concentration.
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Fig. 2.7 Thermodynamic efficiency (ε), left ordinate, and shortening speed, right ordinate, as a
function of the ratio between ATP and total creatine concentrations (Ctot). The speed of shortening
is expressed as the ratio between the speed of the last (vf), to the speed of the first (vi), contraction.
Frog Sartorius at 10 °C in nitrogen, poisoned with monoiodoacetic acid. Modified after di Prampero
et al. 1988

Table 2.2 Rate of O2 consumption ( _VO2), tension time index (TTI), ratio TTI/ _VO2 and intramus-
cular ATP concentration during isometric tetanic contractions in dog gastrocnemius in control
conditions and after iodo-acetamide (IA) poisoning. Data from Grassi et al. (2011)

Control IA IA/Control

_VO2 (ml g-1 min-1) 0.160 0.046 0.29

TTI (arbitrary units) 1.00 0.60 0.60

TTI/ _VO2 (arbitrary units) 6.25 13.00 2.08

ATP (mmol kg-1 dry weight) 18.2 4.8 0.26

2.4 Exercise at Maximal Power in Humans

The considerations summarized in the preceding sections should be taken cum grano
salis because of the numerous underlying simplifications and approximations; nev-
ertheless, they explain in a rather convincing way other observations on the same
topic in humans. Margaria et al. (1971) investigated the maximal vertical velocity
over a long flight of stairs in young healthy male subjects. The maximal running
bouts were performed either from rest or, without interruption, from the steady state
of moderate-intensity aerobic exercises. The so obtained data did show that the
stores of anaerobic alactic energy, as given by the sum of ATP and PCr, available at
the onset of the maximal intensity running bout, cannot be entirely utilized at



maximal power. Ferretti et al. (1987), who repeated the experiment during all-out
standing high jumps on a force platform, attained the same conclusion.
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Under these conditions, because of the short duration of the all-out efforts (6 s
during running, 0.5 s during jumping, 20 ms at maximal instantaneous power), the
only energy sources, above the net _VO2 prevailing at the very onset of the bout, were
the splitting of ATP and PCr. This allowed an estimate of the overall amount of
energy derived from ATP and PCr splitting, after subtracting the amount derived
from _VO2from the overall energy spent during the bout. The energy equivalent of
ATP splitting at rest (19 kJ mol-1) obtained by Ferretti et al. (1987) fits well with the
data reported in Table 2.1 for isolated muscle. When the all-out effort was
superimposed to a steady state _VO2 higher than resting, the maximal power
decreased by the same amount and in the same manner in both studies, regardless
of the duration of the all-out effort. The fall of explosive power was accentuated as
the _VO2 of the preceding exercise increased. The pattern followed by the power fall
reflects the characteristics of the ATP changes in contracting muscles, as imposed by
the chemical equilibria of the Lohmann reaction.

The explosive effort used byMargaria et al. (1971) lasted about 6 s. In this period,
the muscle concentration of PCr decreased substantially. In the initial phase of the
explosive bout, the fall of PCr and the resulting (smaller) fall of ATP intramuscular
concentrations led to an increase of ε, sufficient to compensate for the concomitant
decrease of the shortening velocity, so that the external mechanical power remained
essentially unchanged. With increasing the intensity of the preceding exercise, the
speed of shortening is reduced to such an extent, that the power must be reduced,
even if a substantial fraction of the alactic oxygen stores (ATP + PCr) is still
available.

From a general point of view, these considerations suggest that, as far as
mammalian skeletal muscle is concerned, biological evolution has given the priority
to speed, rather than to economy, thus explaining also why in resting mammalian
skeletal muscles the PCr concentration is so much higher than the ATP concentra-
tion. Indeed, thanks to creatine kinase, and to its relatively high equilibrium constant,
under normal operational conditions, the ATP concentration is always sufficiently
high to avoid a substantial reduction of the shortening speed, which would inevitably
compromise survival in a prey–predator system.

2.5 Conclusions: Of Animals and Cars

Every self-moving object, whether live or inanimate, is propulsed by an energy –
transforming engine. In animals, including humans, the engine is biological and is
called muscle. In most types of cars, it is an internal combustion engine. Both require
oxidation of an organic substrate (glycogen or fatty acids in animals, gasoline in
cars) and consumption of oxygen. Substrate combustion provides the chemical
energy that is transformed into mechanical work in internal combustion engines.
Substrate oxidation provides the chemical energy that is necessary to resynthesize



ATP, the hydrolysis of which provides the energy that is transformed into mechan-
ical work during the cross-bridge power stroke. As clearly demonstrated by Margaria
and his pupils, since ATP can be resynthesized by anaerobic metabolic pathways,
there is a remarkable difference between animals and cars: the former can rely on
different metabolic pathways, with different inertias and performances, the latter
cannot. Nature has created much more versatile motors than human genius has.
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Only a fraction of the chemical energy, however, can be transformed into
mechanical energy, the remainder being lost as heat: the greater this fraction, the
larger the mechanical efficiency of the engine. The maximal mechanical power is
proportional to the maximal rate at which the chemical energy transformation
occurs. The maximal capacity of the energy transformation is the maximal amount
of energy available to the engine. For the car, it is equal to the volume of the fuel
tank. For humans, it is variable: very high for aerobic metabolism, which relies on a
large amount of glycogen and an even larger amount of fatty acids; very low for
anaerobic alactic metabolism, which relies on muscle PCr concentration only.

The maximal mechanical power is also proportional to the maximal speed of the
car. The constant relating power to speed has the dimension of a force (F) and
includes all forces opposing the movement of an object. When the object moves on
Earth, these forces include non-aerodynamic forces, id est the friction forces of the
ground (the road for a car) and gearing, and the drag generated by air resistance.
When the object is not propelled by an engine, these forces progressively reduce the
kinetic energy of the object, which after a given time stops. In objects that are
propelled by engines, the speed can be maintained by the energy transformations
occurring in the engine.

At the speeds attained by cars moving on a flat road, the aerodynamic forces are
by far predominant. In walking humans, non-aerodynamic forces predominate, as
detailed in Chap. 5. Chemical power is also directly proportional to speed, but
through a proportionality constant which is much greater than F, being equal to
the ratio of F to η. This larger constant is equal to the fuel consumption per unit of
distance and corresponds to the energy cost as defined by Margaria (1938). As
discussed in detail in Chap. 5 and 6, the fraction of it related to aerodynamic forces
varies with the square of the speed. For any given maximal power, the maximal
speed attained is inversely proportional to this constant. Car designers have therefore
strived at reducing its value, by improving cars’ aerodynamics and engine’s effi-
ciency. Nevertheless, thanks mostly to the work of Margaria and the School of
Milano, we can say that muscles perform much better than cars’ internal combustion
engines. Moreover, muscles can also contract eccentrically, which implies energy
absorption by the contracting muscle, and a mechanical efficiency above-1.00, and
which cars’ engines cannot do. This has an impact on mechanical efficiency during
running, as demonstrated within the School of Milano, in particular by Giovanni
Cavagna.

We finally point out that, as already mentioned, muscles derive chemical energy
from three intermingled metabolic pathways, physiologically described as aerobic
metabolism, anaerobic lactic metabolism and anaerobic alactic metabolism. They
differ among them in terms of power and capacity. Thus, animals (humans)



encompass a large spectrum of performances, depending on the situation and on the
needs. In modern athletics, this spectrum is represented, on one extreme, by Usain
Bolt running the 100 m dash in 9.58 s, on the other extreme, by Eliud Kipchoge
running the marathon in approximately 2 h. In nature, such a flexible muscle
energetic system is particularly well adapted to a prey–predator system in which
animals move continuously within their vital space.
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Most of the activity carried out within the School of Milano and within all the
other Schools active in the fields of the energetics of muscular exercise and the
energetics and biomechanics of human locomotion since the years 1930s, started
with Margaria’s falsification of Hill and Meyerhof’s theory and the subsequent
revolution of knowledge in the field. The ensemble of these activities has produced
a deep change and a continuous development of our understanding, not only of
exercise physiology, but also of the environmental and ecological conditions of
animals’ life.

Appendix: Margaria’s Tale of the “Revolution” in Muscle
Physiology in the 1930s

Some Historical Notes

It has long been known that the amount of energy that is transformed during
muscular exercise is proportional to the rate of oxygen consumption: this indicates
that the ultimate energy source is in all cases coming from combustions. The muscle,
however, is not a combustion engine, and oxidations are not the chemical reactions
providing energy for the production of mechanical work.

It is well-known that a muscle can perform a long series of contractions in
absence of oxygen, and that the mechanical characteristics of contraction, as well
as heat production, the electrical modifications (action potentials) and so on, are
exactly the same in presence as in absence of oxygen: the only difference is due to
the fact that in absence of oxygen a muscle is unable to perform prolonged work.

Clearly enough, the fundamental chemical reactions that provide energy to carry
out mechanical work are anaerobic. In the years 1920s–1930s, people thought that
these reactions consisted of lactic acid formation from glycogen (glycolysis). This
theory was promoted especially by A.V. Hill and O. Meyerhof, and it seemed to
provide a satisfactory explanation both of the energetic transformations occurring in
isolated muscles during contraction, accurately analyzed by the former by measuring
heat production, and of the chemical alterations (lactic acid formation, glycogen
disappearance, oxygen consumption) occurring in muscle during exercise. More
precisely, these authors identified the production of lactic acid from glycogen as the
fundamental reaction of muscular contraction: without lactic acid, no muscle con-
traction would have been possible. Oxidations would have taken place at a second
time, to provide energy for glycogen resynthesis and lactic acid removal, since the



glycolytic reaction is reversible, in order to sustain a continuous, prolonged muscular
activity.
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This theory, which was called Hill and Meyerhof’s theory for muscular contrac-
tion, was almost universally accepted by the physiologists of those times. A “revo-
lution” in muscular physiology, to use A.V. Hill’s terminology (1932), occurred in
1930, when a young Danish physiologist, E. Lundsgaard, found that a muscle, after
poisoning with monoiodoacetic acid, a substance blocking lactic acid formation
from glycogen, is still able to carry on multiple contractions, which do not differ
at all from the normal ones: only, the total number of contraction is very limited, and
at the end the muscle is in a typical contraction state. In these conditions, the muscle,
instead of becoming acid, as usual, becomes alkaline. The energy for work produc-
tion by the muscle seemed to come from the splitting of a substance just discovered
in muscles, creatine phosphate, into its two components (creatine and phosphate), a
strongly exergonic reaction indeed.

Hill and Meyerhof’s theory had to be modified to account for this new discovery.
Creatine phosphate splitting was then considered as the reaction that was directly
involved in energy supply for mechanical work production, and this reaction was
supposed to be located upstream of the reactions of glycolysis.

This last was moved from the first to the second row, but quantitatively speaking
maintained its full meaning, as far as the chemical and energetic processes that occur
during muscular contraction are concerned. In particular, lactic acid formation from
glycogen was still considered an obligatory and necessary step in the chain of
reactions involved in muscular contraction; and lactic acid was still considered and
obligatory intermediate product of glycogen oxidative metabolism. So, glycolysis
was still considered the main, although indirect, anaerobic energy source for mus-
cular contraction.

Lactic acid formation from glycogen still remained the only mechanism for the
oxygen debt contraction, in agreement with the original scheme prospected by
A.V. Hill, and glycogen resynthesis from lactic acid was still the mechanism for
the payment of the same oxygen debt.

According to this hypothesis, we should have found a proportionality between the
quantity of lactic acid formed as a consequence of exercise and the amount of the
oxygen debt; and the disappearance of lactic acid from blood should have gone on in
parallel to the process of oxygen debt payment.

Experiments carried out (1933) on man by R. Margaria, R.H.T. Edwards, and
D.B. Dill did not confirm this hypothesis. First of all, they found that lactic acid does
not increase in blood at all as a consequence of light or moderate exercise, although
also in these cases there is a contraction of a remarkable oxygen debt: an increase of
lactic acid in blood occurred only after strenuous muscular exercise, the intensity of
which was close to or higher than the maximum oxygen consumption.

In these conditions, the increase of the oxygen debt appeared to proceed at the
same rate as, and linearly to, the increase of lactic acid in blood.

On the other side, the kinetics of lactic acid disappearance from blood was
definitely different from the kinetics of oxygen debt payment. Lactic acid removal
from blood during recovery appeared as a simple exponential process with a half-



time of 15 minutes, whereas the time course of oxygen consumption during recovery
looked like a more complex process, in which at least two exponential functions
were involved: the first being very fast, with a half-time of 0.5 min, and the second
very slow, with a half-time of 15 min, id est of the same order of lactic acid removal
from blood.
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It is evident from this data that lactic acid metabolism is so slow, that it cannot
account for the fast and intense oxidative processes that take place in the organism
during intense muscular work: clearly enough, glycogen and other substrates, which
are burned in the muscle during exercise, cannot take the lactic acid path, because the
metabolism of this substance would slow down the entire chain of oxidative
reactions to a much slower rate than that actually observed and deducible from
oxygen consumption.

In conclusion, the splitting of glycogen to lactic acid did not seem to be a process
compatible with the chemical and energetic events that occur during normal mus-
cular exercise, except as an emergency mechanism during strenuous exercise.

In these last conditions, lactic acid formation actually has the meaning of the
contraction of an oxygen debt, as suggested by Hill.

Notwithstanding, the oxygen debt contracted during moderate-intensity exercise
cannot be due to glycolysis, but to other anaerobic reactions, which Margaria,
Edwards, and Dill thought to identify with creatine phosphate splitting. For this
reason, they made a distinction between the fraction of the oxygen debt due to
creatine phosphate splitting, which for this reason was called alactacid, and is paid
very quickly during the recovery period, and the other fraction due to glycolysis
(lactacid oxygen debt), which is paid much more slowly, in parallel to lactic acid
disappearance from blood.

The quantity of these two fractions of the oxygen debt was plotted as a function of
the intensity of exercise (or of the oxygen consumption) in the diagram reported in
Fig. 3 (actually Fig. 2.8 in this appendix).

From these experiments it was clear that the combustion coefficient of lactic acid,
id est the fraction of lactic acid that is burned, as compared to the total amount of
lactic acid that disappears, is not¼, as observed byMeyerhof on isolated muscle, but
sensibly less. The oxygen consumption that is necessary to remove a given quantity
of lactic acid from blood in 1 min can be calculated for any given pre-assigned value
of the combustion coefficient: if we give to this coefficient a value of ¼, the oxygen
consumption involved in the process appeared to be higher than the actually
observed one. With this approach, it was remarked that the combustion coefficient
of lactic acid could not possibly be higher than about 1/8–1/10.

A few years later, it was found that creatine phosphate splitting can occur only in
presence of adenosine-tri-phosphate (ATP), a compound that K. Lohmann isolated
in muscle in 1928, and that can be split in adenosine-di-phosphate and inorganic
phosphate: this reaction is strongly exergonic too. This substance, or others of the
same type, is nowadays considered as the fundamental exergonic reaction, not only
in muscular contraction but in all vital processes requiring the production of different
forms of energy.
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Fig. 2.8 Total alactacid and lactacid debt as a function of oxygen consumption. The type of
exercise consisted in running on a treadmill at the speed and incline indicated on the abscissa. The
exercise lasted 10 min, except when differently indicated (on the right) at the maximal exercise
intensities. From Margaria et al. 1933. This Figure is Fig. 3 of Margaria’s book

For this reason, this reaction has been inserted upstream of creatine phosphate
splitting in the chain of reactions that occur during muscular contraction.

By so doing, the role of creatine phosphate has progressively evolved to get the
meaning of a provider of phosphate and energy for the resynthesis of adenosine-tri-
phosphate from adenosine-di-phosphate.

From: Rodolfo Margaria (1975). Fisiologia muscolare e meccanica del
movimento. Biblioteca della EST, Mondadori, Milano, pp. 10–16. Translation
from Italian by Guido Ferretti. Figures omitted, except Fig. 3.
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Chapter 3
Margaria’s Concept of Oxygen Debt

Pietro Enrico di Prampero and Guido Ferretti

Abstract This chapter is mainly devoted to an analysis of the exercise transients,
along the paths traced by Margaria in 1933. The oxygen deficit contracted during
light exercise at the expense of anaerobic alactic metabolism (obligatory component
of the oxygen deficit), the role of oxygen stores and early lactate in the oxygen
deficit, especially at higher work loads, the metabolic control of muscle oxygen
consumption during exercise and the slow component of its kinetics at the onset of
exercise are discussed. A more detailed description of anaerobic metabolisms is
carried out in the second part. Blood lactate accumulation in submaximal exercise,
the energy equivalent of lactate and the maximal lactate power are analyzed. The
maximal explosive power and the power and capacity of anaerobic alactic power are
then discussed. In the appendix, a detailed analysis of the concept of anaerobic
threshold is proposed along the energetic way of thinking of the School of Milano.
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Laboratory work in Milano in the 1970s. From left to right, Pietro Enrico di Prampero, Paolo
Cerretelli, Arsenio Veicsteinas (seated) and Giovanni Sassi. With the kind permission of Arsenio
Veicsteinas family

3.1 Introduction

In the preceding chapter, we discussed the origin, the meaning, and some conse-
quences of the revolutionary study by Margaria et al. (1933) that, falsifying Hill and
Meyerhof’s theory of muscular contraction, opened the way to the present view of
muscle energetics. We also analyzed several subsequent studies that emerged there-
from within the school of Milano, which shaped and refined that view. We finally
discussed how Margaria’s concepts were compatible with a thermodynamic vision
of energy exchanges of living animals. We will now address a strictly related
question: how the concept of oxygen debt evolved from the early 1960s onward
within the School of Milano.
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3.2 Metabolic Transients and Oxygen Debt “Contraction”
and “Payment”

During muscular exercise, the rate of ATP splitting is dictated by the work intensity.
At the onset of a constant load square-wave exercise, it increases in an essentially
instantaneous way to attain a level that is higher, the greater the work intensity. This
level remains subsequently unchanged until the end of exercise, to fall to the
pre-exercise resting level, again in an essentially instantaneous way, at the very
instant at which the exercise ceases. On the contrary, at variance with ATP splitting,
the rate of muscle oxygen consumption ( _VmO2) lags behind the mechanical events
with a certain inertia: for instance, at the onset of an aerobic square-wave exercise of
moderate intensity, it increases to reach a steady state in 2–4 min (Fig. 3.1). It
follows that, in the first minutes of exercise, the energy yield from the oxidative
processes is not sufficient to resynthesize the overall amount of ATP utilized for
muscular work. However, in all cases, the rates of ATP splitting and resynthesis
must be equal (or very nearly so), since even a small and transitory fall of ATP
concentration leads to serious consequences in terms of thermodynamic efficiency
and speed of shortening (see Sect. 2.3.4). It follows that a fraction of the ATP

Fig. 3.1 Energy requirement per unit of time for ATP resynthesis in equivalent oxygen units ( _E ,
broken line) and oxygen uptake through the upper airways (continuous line) ( _VO2 , L min-1,
continuous line), as a function of time, during moderate square wave exercise in humans (sche-
matic). At work onset, _E exceeds _VO2; in the recovery, the opposite is true: hence, an oxygen debt
is “contracted” at work onset and “paid” in recovery (gray areas). At steady state, requirement and
uptake coincide ( _VO2 = _E ). It is noteworthy that, when this type of representation started to be
used, _VO2 was considered equivalent to the rate of muscle oxygen consumption also in an exercise
transient. Modified after di Prampero 2015



necessary for work performance must be resynthesized at the expense of energy
sources different from aerobic metabolism. This amount of energy was called by
Margaria et al. (1933) oxygen debt contraction (Fig. 3.1).
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At work offset, _VmO2 progressively returns to the resting value, following a time
course essentially similar, but opposite, to that observed at work onset; on the
contrary, as mentioned above, the rate of ATP splitting falls to the pre-exercise
level, again in an essentially instantaneous way. Thus, the energy sources from
which the oxygen debt was borrowed at work onset, can be reconstituted at the
expense of the extra oxygen utilized in the recovery after exercise, above the resting
muscle energy requirement (Fig. 3.1). Margaria defined the latter situation as
“payment” of the oxygen debt, to distinguish it from the “contraction” occurring at
work onset. Of common usage nowadays is also the terminology “deficit” and “debt”
to indicate the contraction and payment, respectively.

Hill et al. (1924) attributed the oxygen debt to the oxidative removal of the extra
lactate produced at work onset. However, as discussed in detail in Chap. 2, Margaria
et al. (1933) demonstrated that, in exercising humans, regardless of the work
intensity, the contraction of the oxygen debt, which they defined “alactacid”
(alactic), is independent of lactate removal. They attributed it to the resynthesis of
the amount of phosphagen split at work onset, thus paving the way to the theory of
the energetics of muscle contraction that is still considered essentially correct
(Ferretti 2015).

In the paragraphs that follow, we describe in some detail the energy sources and
the time course of oxygen debt contraction and payment, along the paths traced by
Margaria and co-workers.1

1The terminology and the language used in the present discussion is typical of the way of
expressing the concepts about the energetics of muscular exercise in the 1970s and 1980s.
Terminology meanwhile has evolved, more in form than in substance. A representative case
concerns the currently accepted taxonomy of exercise intensities: light (between rest and the lactate
threshold), moderate (between the lactate threshold and the critical power), and intense (between the
critical power and the maximal aerobic power) (see e.g. Poole and Jones 2012). If the third of these
taxonomic categories is sound, the separation of a light and a moderate exercise domain by the
lactate threshold looks conceptually weak. Notwithstanding the doubtful meaning of the lactate
threshold concept, a steady state for oxygen uptake and for blood lactate concentration, implying no
lactate accumulation after completion of the exercise transient, and thus no incurring anaerobic
lactic metabolism, means that in both cases, after attainment of the steady state, the metabolism is
entirely aerobic. The only difference is that in the light exercise domain, the steady blood lactate
concentration corresponds closely to that at rest, whereas in the moderate exercise intensity, the
steady blood lactate concentration is higher than at rest, because of “early” lactate accumulation
during the exercise transient. We nevertheless acknowledge that the terminology used in more
ancient times was somewhat lax.
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3.2.1 Aerobic Exercise

Aerobic exercise encompasses the range of work intensities wherein, after the initial
transient phase, during which the oxygen debt is contracted, a steady state is attained,
i.e., a condition in which no net lactic acid accumulation, neither net ATP nor
phosphocreatine (PCr) splitting do occur. Under these conditions, at the onset of a
“square wave” exercise of moderate intensity, _VmO2 was assumed to increase, as a
first approximation, as a mono-exponential function of time (t):

_VmO2t = _VmO2ssð1�e- t=τÞ 3:1Þ

where _VmO2t and _VmO2ss indicate the net (above resting) rates of muscle oxygen
consumption at time t and at steady state (ss), respectively, and τ is the time constant
of the exponential equation describing the phenomenon. In a wide range of meta-
bolic intensities, τ is about 23 s; it follows that, after about 92 s (i.e., for t ≈ 4 * τ),
_VmO2 has essentially attained a steady state ( _VmO2t ≈ 0.98 _VmO2 ), as shown
schematically in Fig. 3.2 (Piiper et al. 1968; Binzoni et al. 1992).

Indeed, at work onset, the intramuscular PCr concentration decreases to attain,
after about 3 min, a constant level. The energy liberated by this initial fall of PCr is

Fig. 3.2 Net oxygen consumption ( _VO2 , percentage of the value at steady state, _VO2ss ) as a
function of time, during aerobic work and in the following recovery, in dog gastrocnemius
(schematic). At work onset, the oxygen consumption at the muscle level increases mono-
exponentially with a time constant of about 22 s, whereas in recovery after exercise a slow
component of the oxygen consumption decrease is also appreciable. Modified after Piiper et al.
1968



utilized for the resynthesis of a fraction of the ATP necessary for work performance,
the intramuscular concentration of which is essentially unchanged. Furthermore, at
work onset, in addition to the amount of oxygen taken up through the lungs, also a
decrease in the body oxygen stores (id est of the amount of oxygen bound to
hemoglobin in venous blood, and to muscle myoglobin) contributes to the energy
requirements. It seems worthwhile to point out here that the contribution of the body
oxygen stores to the overall oxygen consumption, due to the decrease of the amount
of oxygen already present in the body before the onset of exercise, is not detected at
the lung level (di Prampero et al. 1970a). Finally, during aerobic exercises of
medium to high intensity, at work onset a certain amount of lactate can also be
produced, thus contributing to the muscle energy requirement (Cerretelli et al. 1979,
see also the Appendix to this Chapter). Hence, the oxygen deficit (DefO2) can be
expressed as the sum of three terms:
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DefO2 =VO2
PCr þ VO2

eLa þ ΔVO2
st ð3:2Þ

where VO2
PCr and VO2

eLa (“early lactate”) represent the oxygen equivalent of net
PCr hydrolysis and of the amount of lactate produced (in fact accumulated) before
the attainment of the steady state, and ΔVO2

st is the change of the oxygen stores at
work onset.

The hydrolysis of PCr is a necessary component of the oxygen deficit, since it
determines the kinetics of activation of the glycolytic pathway. Conversely, the
utilization of body oxygen stores and the early lactate accumulation are not obligatory
components of the oxygen deficit, as they appear only under specific circumstances.

3.2.2 Oxygen Consumption and Phosphocreatine
Concentration at the Muscle Level: The P/O2 Ratio

During light aerobic exercise, at the muscle level, since no early lactate is accumu-
lated, and muscle oxygen stores do not contribute to DefO2, as measured at the
muscle level (Piiper et al. 1968; Francescato et al. 2003), the only energy source
available to cover DefO2 is the splitting of PCr. In this condition, Eq. (3.2) is reduced
to

DefO2 =VO2
PCr = _VmO2ss τal ð3:3Þ

where τal (≈ 23 s) is the time constant of the exponential decrease of PCr concen-
tration, which corresponds to the time constant of the exponential increase of _VmO2

2

2At steady state, the oxygen consumption (above resting), as measured at the upper airways level, is
equal to that of the active muscles. However, during the metabolic transients at the onset and offset
of the exercise, the muscle oxygen consumption is not necessarily equal to that measured at the
upper airways, because of the “buffering” effect of the body oxygen stores.



(see Figs. 3.1 and 3.2). Equation (3.3) reports in quantitative terms the relationship
between the intramuscular PCr concentration and the exercise intensity at steady
state, both expressed in terms of equivalent oxygen consumption. VO2

PCr is tradi-
tionally defined “net alactic oxygen deficit” and expresses the “obligatory” fraction
of the total deficit Eq. (3.2), in so far as it cannot be modulated by simple experi-
mental manipulations (di Prampero and Margaria 1968). A direct consequence of
Eq. (3.3) is that, during light aerobic exercise, VO2

PCr is a linear increasing function
of the exercise intensity. Hence, since in this case, the kinetics of muscle PCr
concentration is a mirror image of that of _VmO2 (di Prampero and Margaria 1968),
muscle PCr concentration must be a linear decreasing function of the net steady state
_VmO2ss (Binzoni et al. 1992; Piiper et al. 1968), as reported in Fig. 3.3 for isolated
dog gastrocnemius in situ:
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Fig. 3.3 Concentration of high energy phosphates in dog gastrocnemius as a function of the net
oxygen consumption per kg of muscle during aerobic work at steady state ( _VmO2ss). ATP and ADP
are essentially unchanged, whereas PCr concentration decreases linearly with increasing _VmO2ss .
From Piiper et al. 1968

PCrss =PCr0 - a _VmO2ss ð3:4Þ

where PCrss and PCr0 are the muscle PCr concentrations at the exercise steady state
and at rest before the exercise onset, respectively, and a is the appropriate correlation



constant. Equation (3.4) shows that the amount of PCr split in the transition from rest
to steady state exercise (ΔPCrss), is equal to:
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PCr0 -PCrss =ΔPCrss = a _VmO2ss ð3:5Þ

Since ΔPCrss represents the biochemical equivalent of VO2
PCr, the ratio between

Eqs. (3.5) and (3.3):

ΔPCrss
VO2

PCr =
a _VmO2ss

τal _VmO2ss
=

a
τal

ð3:6Þ

provides the quantity of PCr that is split at work onset to generate the amount of
energy that cannot be supplied by the oxygen consumption, corresponding to
VO2

PCr. Therefore, the ratio a/τal is a conceptual analog of the P/O2 ratio, and thus
corresponds to the amount of high-energy phosphates resynthesized at the expense
of oxygen consumption. The P/O2 ratio, obtained from the experimentally deter-
mined values of a and τ on human gastrocnemius muscle, ranges between 5.0 and
6.4, depending on the muscle PCr concentration prevailing at work onset
(di Prampero et al. 2003; Francescato et al. 2003, 2008), i.e., rather close to the
canonical value of ≈6.0 reported in biochemistry textbooks.

3.2.3 Oxygen Stores, Early Lactate and the Overall Oxygen
Deficit

The contribution of ΔVO2
st to the overall oxygen deficit increases to a lesser extent

than the work intensity (di Prampero et al. 1970a); on the contrary, VO2
eLa becomes

progressively larger the higher the work intensity (Cerretelli et al. 1979).
The relative role of the three terms of Eq. (3.2) is reported in Fig. 3.4 for exercises

of increasing intensity during treadmill walking and running. Whereas VO2
PCr is

dictated by _VmO2ss , the relative contribution of VO2
eLa and to a lesser extent of

ΔVO2
st, depends also on the type of the exercising muscles, on the subject’s training

level and on the body position during exercise. For instance, ceteris paribus, VO2
eLa

is greater, as compared to the data reported in Fig. 3.4, during cycloergometric or
arm exercise. We can also predict it to be greater in untrained than in trained
subjects, and in supine than in upright position.

We analyze now the kinetics of whole-body oxygen uptake, as measured at the
upper airways ( _VLO2 ), at the onset of square wave aerobic exercise of various
intensities. Since the _VLO2 increases to attain a constant steady-state value after
about 3 min, and considering the energetics of the oxygen debt as defined by
Margaria, this kinetics was described by mono-exponential Equations of the
following type:
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Fig. 3.4 Oxygen deficit (DefO2) as a function of the net oxygen consumption at the steady state
( _VmO2ss ) in humans during treadmill walking or running. The overall deficit is indicated by the
uppermost function; its three components (hydrolysis of phosphocreatine, VO2

PCr, oxygen stores
utilization, ΔVO2

st, early lactate accumulation, VO2
eLa) correspond to the vertical distance between

the appropriate functions (the red arrows highlight their values at _VmO2ss= 2.5 L min-1). The
indicated values refer specifically to walking and running in active non-athletic subjects. Modified
after di Prampero 2015

_VLO2t = _VLO2ss 1- et=τL ð3:7Þ

where _VLO2t and _VLO2ss are the net lung oxygen uptake at time t and at the steady
state, respectively, and τL, which ranges between 30 and 120 s, is the time constant of
the process as measured at the mouth (di Prampero 1981). In exercises with a
relatively large muscle mass and of light to moderate intensity, τL is generally
about 40–45 s. For higher exercise intensities, under which conditions VO2

eLa is
proportionately larger, the kinetics of _VLO2 becomes slower (Cerretelli et al. 1979).
In addition, during arm exercise, the _VLO2 kinetics, other things being equal, is
slower than during leg exercise (Cerretelli et al. 1977). These different responses
were attributed to the varying behavior of VO2

eLa and of ΔVO2
st at work onset:

indeed, a large contribution of one, or both these terms, leads to a larger overall
DefO2, and hence to a slower _VLO2 kinetics at work onset.
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We should note at this stage that constant τal of Eq. (3.1) and τL of Eq. (3.7)
describe different physiological phenomena, albeit related to each other. Indeed,
whereas τal is the time constant of _VmO2 kinetics, τL is the time constant of _VLO2

kinetics. Hence, both τal and τL reflect VO2
PCr and, at high work loads, VO2

eLa, but
only τL encompasses also ΔVO2

st.
At the onset of exercise of extremely high intensity, requiring a rate of energy

expenditure more than twice the maximal oxygen consumption ( _VO2
max), leading to

exhaustion in 15–60 s, _VLO2 increases, following the “usual” exponential time
course, tending toward a steady state corresponding to that required to sustain the
developed mechanical power, were the metabolism entirely aerobic. However, this
level cannot be attained, since _VLO2 stops increasing abruptly once _VO2

max has been
reached. This occurs in a time, which is shorter, the higher the work intensity.
Conversely, at the end of such high-intensity exercises, _VLO2 remains at, or close
to, _VO2

max for 10-to-30 s; it decreases thereafter following the “usual” recovery time
course (Fig. 3.5). It follows that the oxygen debt paid at the end of these high-
intensity exercises is substantially larger (up to 1.6–2.0 times) than observed after
maximal aerobic exercises (di Prampero et al. 1973).

3.2.4 Metabolic Transients: The Oxygen Debt “Payment”

In the recovery after exercise, _VLO2 tends to the pre-exercise value following a
complex function that, as originally described by Margaria et al. (1933), can be
dissected into two major components. The first includes a fast exponential _VLO2

decrease with a time constant of about 42–45 s. The time integral of this exponential
function represents the so-called payment of the alactic oxygen debt. It comprises
PCr resynthesis and oxygen stores replenishment. So it is, at least, equal to the sum
of VO2

PCr plus VO2
eLa.

The second component is described by an exponential function with a much
longer time constant, of about 12–17 min. This time constant corresponds to that of
lactate removal at the end of exercise (Margaria et al. 1933). It includes an “increase
of the resting metabolism” of the muscle due to the preceding exercise, the physi-
ological bases of which are rather difficult to pinpoint. However, it is tempting to
attribute this slow component of the time course of muscle metabolism during
recovery after exercise to the changes of muscle pH (pHm) due to the preceding
exercise. Indeed, during intense exercise, pHm decreases, to resume the value
prevailing at rest (pHm ≈ 7.0) in the subsequent recovery period, following once
more an exponential function with a time constant similar to that reported above for
lactate washout (≈ 14 min) (Harris et al. 1976). This state of affairs leads to small
changes of the equilibrium constant of Lohmann’s reaction, which depends on the
prevailing pHm:
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Fig. 3.5 Time course of energetic processes in humans (schematic). Upper panel: Metabolic
power ( _E ) is below maximal oxygen consumption ( _VO2

max). Curve 1 accounts for (i) the oxygen
uptake through the airways (curve 3), (ii) early lactate accumulation (curve 2) and (iii) oxygen stores
depletion. The energetic contribution of the last two processes is given by areas VO2

eLa (between
curves 2 and 3) and ΔVO2

st (between curves 1 and 2); the area VLO2 indicates the oxygen taken up
through the lungs. The difference between _E (horizontal upper dotted line) and curve 1 is covered
by PCr splitting (VO2

PCr). Thus, the area VO2
PCr yields the net alactic oxygen deficit. In the

recovery phase, area VO2
PCr indicates the payment of the oxygen debt, and curve 1 describes the
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log Keq = log fð½ATP�� ½Cr�Þ=ð½ADP��½PCr�g ð3:8Þ

where Keq is the equilibrium constant of the reaction, square parentheses indicate
concentration, and Cr is free creatine. This equation shows that the progressive
increase in pHm, which occurs during recovery, is parallel to the continuous removal
of lactate from the exercising muscles, and brings about a decrease of the equilibrium
constant of Lohmann’s reaction (Harris et al. 1977), and hence, a decrease in free
creatine concentration in muscle. As discussed in Sect. 3.2.6, creatine may control
the rate of oxidative metabolism. It is, therefore, tempting to propose the following
chain of events (H+ designates hydrogen ions):

Lactate removal→decreased Hþ½ �→decreased Cr½ �→slow component of _VLO2 decrease:

Finally, it seems worth mentioning that moderate exercise, in addition to
the various components of the increased _VLO2 in the recovery associated with the
oxygen debt payment, leads also to a modest, but more prolonged, increase of the
overall resting oxygen consumption, generally defined excess post-exercise oxygen
consumption (EPOC). In turn, EPOC has been associated with irisine, a peptide of
112 amino-acids and about 20 kD molecular weight, produced by the exercising
muscles. Irisine is a myokine with thermogenic effects. It increases adipose tissue
metabolism by inducing the synthesis of uncoupling protein 1. Irisine expression is
elevated in highly active elderly individuals. It is also increased by continuous
exercise training (Boström et al. 2012; Zhang et al. 2016). Several of the positive
effects of daily moderate muscular exercise in patients affected by the so-called
“metabolic syndrome” (obesity, hypertension, type 2 diabetes) may be attributed to
EPOC. Irisine may also have an additional role, together with that of pHm, in setting
the slower component of the _VLO2 kinetics during recovery after exercise (Larsen
et al. 2014; Tjønna et al. 2008).

Fig. 3.5 (continued) corresponding time course of the process. The area between curve 1 and curve
2 represents the replenishment of oxygen stores. Thus, curve 2 describes the kinetics of the oxygen
uptake through the airways during recovery. Lactate is not represented, because the kinetics of its
recovery is much slower. Lower panel. _E is 1.75 _VO2

max, the exercise time to exhaustion is
2.25 min (see the broken time axis). The areas VO2

PCr, VLO2 and ΔVO2
st have the same meaning as

in the upper panel. Curve 1 shows the kinetics of muscle oxidative processes. The onset of
anaerobic lactic energy production (dotted line, theoretical) starts when _VO2

max is attained
(horizontal arrows). The energy provided by lactate accumulation, in oxygen equivalents, is
given by area VO2

eLa. At the exercise end, VO2
PCr is paid by oxidative processes, which remain

at the _VO2
max level for about 20 s. From di Prampero 1981
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3.2.5 The Control of Muscle Oxygen Consumption

The state of affairs described above can be interpreted univocally, assuming that the
_VmO2 is in some way controlled by the intramuscular concentration of PCr, or,
rather, by its mirror image, free creatine. In other words, VO2

PCr can be considered as
the controller of muscle metabolism (di Prampero and Margaria 1968; di Prampero
et al. 2003; Mader 2003; Mahler 1985). It follows that the fraction of the oxygen
deficit represented by VO2

PCr must necessarily occur, to “bring” the muscle to the
metabolic level required by the ongoing exercise intensity.

This simplified view of the role of creatine and/or PCr in regulating _VmO2 should
be taken with caution. The work by Grassi et al. (2011) supports a dual role of PCr
breakdown at exercise onset: an almost instantaneous increase in energy yield for
muscle contraction, coupled with an important role in _VmO2 regulation (di Prampero
1981; Whipp and Mahler 1980; Meyer et al. 1984; Meyer 1988; Kaasik et al. 1999;
Greenhaff 2001; Rossiter et al. 2005). Again, according to Grassi et al. (2011): “. . .
the bioenergetic mechanism which is fast enough to meet sudden increases in
metabolic demand, that is PCr breakdown, is functionally related, through the
level of some of its metabolites to the regulation of oxidative phosphorylation, the
most important mechanism for ATP resynthesis.” For detail and further references on
this and related matters, the reader is referred to Grassi et al. (1996, 2002, 2005).

These considerations further highlight the reasons why the School of Milano
considered that an alactic oxygen deficit must occur at work onset, nor can it be
“paid” before the end of the exercise, regardless of its intensity. Indeed, were the
alactic oxygen deficit not incurred, the muscle could not increase its metabolism; on
the other side, were the oxygen debt paid before the end of the exercise, the muscle
metabolism would necessarily fall below the level required. The alactic oxygen
deficit is a physiological necessity.

3.2.6 The Slow Component

In more recent years, a third phase of the _VLO2 kinetics at work onset, defined “slow
component,” has been identified. It consists of a moderate and slow _VLO2 increase,
which often, in medium-to-high intensity exercises, persists beyond the time neces-
sary and sufficient to attain the steady state (2.5–3 min). The slow component has
been analyzed in some detail, for both theoretical and practical reasons. Indeed if, on
the one side, the identification of the underlying biochemical and physiological
mechanisms is of substantial theoretical interest, on the other, the _VLO2 increase
due to the slow component may severely compromise aerobic performances of long
terms events, e.g., leading to a substantial increase in the energy cost of running
during a marathon or semi-marathon.

The slow component has been described mathematically by means of either
exponential equations with a rather long time constants (τ ≥ ≈ 90 s), or of linear



increasing functions (Barstow and Molé, 1991; Camus et al. 1988; Capelli et al.
1993; Poole et al. 1988, 1994). None of these studies mentions a theoretical reason
for choosing an exponential rather than a linear treatment of it. In the time domain
considered by many authors (generally ≈ 10 min, or thereabout), both models fit the
experimental data rather well. The choice, however, is not without consequences. On
the one side, a linear function, after a sufficiently long time, will inevitably lead to
the attainment of _VO2

max, and hence to exhaustion; on the other side, an exponential
is consistent with a steady state, even after a longer time and to a higher level than
observed under “canonical” conditions, i.e., in the absence of any slow component.
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The slow component becomes evident during high-intensity exercise. Neverthe-
less, Jones et al. (2010) reported that a slow component may appear also during
moderate exercise, around or slightly below the critical power: in this case a _VLO2,
were the slow component conveniently described by an exponential equation, a
steady state in _VLO2 may still be attained at a metabolic power ( _E) lower than _VO2
max, but higher than that expected at steady state from the classical _VLO2 versus

power relationship. If this was the case, an exponential model of the slow component
may indeed be retained. This option is also supported by further energetic argu-
ments, as pointed out hereafter.

We have previously seen that the progressive increase of pHm, occurring in
recovery after heavy exercise, might be responsible for the slow component of the
_VLO2 kinetics observed in this condition. We have hypothesized that this is due to
the effects of pH on the equilibrium constant of Lohmann’s reaction, and hence on
creatine concentration Eq. (3.8). Therefore, it would be logical to hypothesize that
something similar may occur also during exercise, whenever work intensity leads to
an increase of intramuscular lactate concentration and to a decrease of pHm. If the
exercise is not of exceedingly high intensity, the resulting increase in creatine
concentration ceases as soon as an equilibrium between lactate production and
removal is attained (see Appendix).

This hypothesis is supported by a study by Capelli et al. (1993), who observed
that, during prolonged (20–40 min) exercise on a cycle ergometer, the intensity of
which ranged from 60 to 80% of the subjects’ _VO2

max: (1) _VLO2 kept increasing also
after the first 4–5 min of exercise and (2) the rate of increase of _VLO2 after the fifth
minute of exercise was directly proportional to that of lactate accumulation in blood.
On the contrary, for exercise intensities <60% _VOmax

2 , the rates of both _VLO2 and
blood lactate accumulation did indeed attain a constant value after a few minutes of
exercise. In similar metabolic conditions, Rossiter et al. (2005) observed a slow
component in the kinetics of the changes in PCr concentration at exercise onset,
investigated by 31P-NMR spectroscopy. A possible role for pHm changes in intense
exercise was suggested also by Jones et al. (2011).

In contrast with this hypothesis, Poole et al. (1994) discussed other potential
mechanisms explaining the slow component, namely (1) a possible metabolic effect
of increased blood catecholamine concentration, (2) an increased work of
non-locomotor muscles, especially respiratory muscles, above the so-called ventila-
tory threshold; (3) potential differences in contraction efficiency between type I and
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type II muscle fibers. Overall, none of these mechanisms interferes with the energetic
processes of muscle, as long as (1) blood catecholamine concentration increases also
in light exercise, when no slow component appears (Leuenberger et al. 1993;
Miyamoto et al. 2006); (2) non-locomotor muscles, if any, increase internal work,
and (3) no differences in the delta-efficiency of cycling exercise was found between
athletes and non-athletes (Moseley et al. 2004).
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The slow component challenges the concept of a constant delta-efficiency of
cycling exercise, as long as it implies the notion that the relationship between
_VLO2 and mechanical power may not be linear along the entire _E range from rest
to _VO2

max. Depending on what the causes of the slow component are, this may
impose a significant revision of the concept of maximal aerobic power and of its
meaning within the general theory of the energetics of muscular exercise.

3.3 The Lactate Mechanism

When the work intensity exceeds that corresponding to _VO2
max, there is a substantial

and continuous accumulation of lactate in blood. Under these conditions, the subject
reaches exhaustion when blood lactate concentration ([La]b) attains 15–17 mM. In
addition, the time necessary to reach this critical [La]b is shorter the higher the work
intensity. The reason for this is that a fraction of the ATP yielding the energy for
muscle work performance is resynthesized at the expense of the anaerobic formation
of lactate. Indeed, under these conditions, the rate of pyruvate formation from
glycogen is greater than that of its oxidation to carbon dioxide and water via the
Krebs cycle. As a consequence, the excess pyruvate is transformed anaerobically
into lactate, and the subject can sustain exercise intensities greater than _VO2

max,
albeit for relatively short times (at most a few minutes). However, because lactic acid
is a strong acid that at physiological pH is almost completely dissociated, lactate
formation leads to a fall of pHm that, when a given threshold is attained, blocks the
enzymatic formation of lactate itself, thus preventing an excessive and dangerous
hydrogen ion accumulation in the body fluids. In addition, lactate production is
rather uneconomical energetically, as far as it yields only three moles of ATP per
glycosidic unit, as compared to the 37 obtained from the complete oxidation of the
same amount of glycogen (Table 3.1).

Neglecting the initial exercise period in which _VLO2 has not yet attained its
maximal value, the energetics of muscular exercise under these conditions can be
described by:

_ATP
 ���

= b _Laþ c _VOmax
2 ð3:9Þ

where _ATP
 

and _La are the rates of ATP resynthesis and of lactate accumulation,
respectively (moles per unit of time); b and c are proportionality constants



corresponding, respectively, to the moles of ATP resynthesized per mole of lactate
accumulated, or of oxygen consumed (Table 3.1).
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Table 3.1 ATP production per mole of substrate, or of oxygen, consumed along various metabolic
pathways

Reaction

ATP/mole RQ

Substrate Oxygen

Glycogen*$ lactate 3

Glucose$ lactate 3

Lactate$ CO2 + H2O 17 5.2 1.00

Glycogen*$ CO2 + H2O 37 6.2 1.00

Glucose$ CO2 + H2O 36 6.0 1.00

FFA$ CO2 + H2O 138 5.6 0.71

Acetate$ CO2 + H2O 23 5.7 0.73

β-Hydroxibutirrate$ CO2 + H2O 26 5.8 0.80

The corresponding respiratory quotient (RQ) is also reported. The asterisk indicates that the
corresponding data are per glycosidic unit. FFA, free fatty acids. Modified after di Prampero 1981

The aim of the following paragraphs is dual. On one side, we demonstrate that,
with the exception of the initial exercise period, the transition between the conditions
(partially anaerobic) described by Eq. (3.9) and the completely aerobic ones, occurs
in the vicinity of _VO2

max, and in any case above the critical power. On the other side,
we argue that assessment of [La]b can be safely utilized for determining the overall
energy expenditure during exercise, provided that the underlying limits and assump-
tions are correctly interpreted (di Prampero and Ferretti 1999).

3.3.1 Blood Lactate in Submaximal Exercises: The
Anaerobic Threshold

In a large range of low-to-moderate intensity exercises, [La]b does not increase
above the value prevailing at rest (≈ 1.0–2.0 mM). At higher intensities, but still
below _VOmax

2 , [La]b increases during the first minutes of exercise, to attain a constant
level, or very nearly so, within 5–10 min (Fig. 3.6).

When these [La]b values are plotted as a function of the exercise intensity,
expressed as a fraction of _VO2

max, one obtains graphs as the one reported in
Fig. 3.7a. The so obtained curves depend on many variables such as: type of
exercise, training level, subjects’ body position, time after work onset of blood
sampling. They are generally interpreted as an index of the fact that, above a work
intensity corresponding to about 65% _VO2

max, the exercise becomes partially
anaerobic, since, above this work intensity, [La]b becomes substantially higher
than at rest. As such, the exercise level, above which [La]b becomes greater than
4 mM, is generally defined “anaerobic threshold” (Fig. 3.7b).
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Fig. 3.6 Blood lactate concentration as a function of time during cycloergometric exercise at the
indicated metabolic intensities (% of maximal oxygen consumption). From Ribeiro et al. 1986,
modified as in di Prampero 2015, with the kind permission of Raffaello Grandi, Edi Ermes

The increase in [La]b occurring whenever the anaerobic threshold is attained leads
to a corresponding increase in pulmonary ventilation (measured as expired ventila-
tion, _VE ), and of the ratio between _VE and carbon dioxide output ( _VE / _VCO2 )
(Fig. 3.7C). On this basis, Wasserman et al. (1973) proposed a respiratory method to
assess the anaerobic threshold. In addition, at the anaerobic threshold, or close to it,
the relationship between heart rate and work intensity ceases to be linear; indeed,
Conconi et al. (1982) suggested defining the anaerobic threshold as the exercise
intensity at which this relationship deviates from linearity (Fig. 3.7D). The numerous
methods for determining the anaerobic threshold yield similar results, the interested
reader being referred to Lindinger and Whipp (2008) for further references and data.

However, in spite of its practical relevance, within the context of the energetic
view of the School of Milano, the anaerobic threshold cannot be considered as an
index of the workload above which the exercise becomes partially anaerobic,
because of the reasons outlined herewith.

The ordinate of Fig. 3.7A is proportional to the amount of energy, not to the
power, derived from anaerobic lactic metabolism, whereas the abscissa of the same
figure is proportional to the overall _E , id est to the energy expenditure per unit of
time. Thus, unless the exercise duration is also reported, any given point of this
figure cannot express quantitatively the amount of _E derived from anaerobic sources.
Indeed, any given lactate concentration value has a widely different significance
according to whether it is reached, e.g., after 30 s or 15 min of exercise.
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Fig. 3.7 (A) Peak blood lactate concentration (Lâb) as a function of the exercise intensity,
expressed as a percentage of _VO2

max; average values in cyclists (open dots), sprinters (full dots),
and endurance runners (open squares). (B) The anaerobic threshold (AT) is generally defined as the
exercise intensity (as a percentage of _VO2

max) at which blood lactate concentration reaches 4 mM.
(C) The AT can also be determined on the basis of the metabolic intensity at which the pulmonary
ventilation ( _VE ), or the carbon dioxide output ( _VCO2 ), increase in excess as compared to the
corresponding oxygen consumption, or (D) at the running speed at which the relationship between
heart rate ( fH) and the speed (v) ceases to be linear (Conconi test). Modified after di Prampero 2015

Moreover, a constant [La]b, regardless of its absolute value, represents an entirely
aerobic condition for the organism as a whole, since it results from an equilibrium
between lactate production and removal. Indeed, as long as the amount of lactate
eliminated as such by the kidney or by the sweat glands is negligible, lactate removal
occurs in part by complete oxidation to carbon dioxide and water, following the
reconversion of lactate into pyruvate, and in part via resynthesis to glycogen. Both
processes require a continuous consumption of oxygen. The oxygen utilized and the
energy liberated by the complete oxidation of glycogen are the same, regardless of
the reversible transformation pyruvate – lactate – pyruvate. It necessarily follows
that a condition in which [La]b is constant in time, regardless of its absolute value, is,
from the whole body point of view, entirely aerobic, and thus the rate of oxygen
consumption is a quantitatively correct measure of the whole body energy expendi-
ture, even if [La]b is higher than 4 mM.
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On the contrary, under partially anaerobic conditions, the amount of pyruvate
transformed into lactate is greater than that undergoing the opposite transformation,
thus leading to a continuous increase of [La]b in time. In this case, a correct
assessment of the whole body energy expenditure can be obtained only by adding
the energy derived from the lactate accumulated during the period in question to the
amount of oxygen consumed (di Prampero and Ferretti 1999).

Beneke (2003) defined “Maximal Lactate Steady State” (MLSS) as the maximal
Lab concentration value that can be maintained at a constant level for at least
10–15 min. This definition is closer to the concept discussed above, in so far as
the exercise intensity at which MLSS is attained, represents indeed the highest
power, above which lactate production exceeds its oxidative removal. Thus, we
insinuate that MLSS is related in someway to the concept of critical power (Ferretti
2015; Jones et al. 2010; Leo et al. 2022).

Nevertheless, and independently of these conceptual problems, above the
so-called anaerobic threshold, the relevant modifications occurring in terms of
ventilation, gas exchange ratio, and acid-base equilibrium do have a substantial
role in reducing the exercise duration, even if this last does indeed remain entirely
aerobic from the energetic point of view.

Furthermore, above the anaerobic threshold and after the first few minutes of
exercise, [La]b can be maintained at a constant level only if there is an equal increase
in lactate production and removal. Thus, the muscle fibers that produce lactate (type
II fibers) deplete their glycogen stores at a rate 13 times faster than those oxidizing
their glycogen stores completely (type I fibers). It follows that the lactate-producing
muscle fibers may reach the minimal glycogen level compatible with the required
exercise intensity in a shorter time than those that oxidize glycogen completely. If
this is so, type II fibers may become the factor limiting the exercise duration and/or
leading to a decrease in the exercise intensity that can be sustained by a subject. This
does indeed explain why, in long-distance events such as the marathon, semi-
marathon, cross-country skiing, and so on, individual performances are better
correlated with the anaerobic threshold, rather than with the _VOmax

2 of the subject.
It should be noted, however, that _VO2

max and anaerobic threshold are not completely
independent, in so far as a high _VO2

max is inevitably correlated with a high anaerobic
threshold and vice-versa.

For a more detailed discussion of these problems, the reader is referred to the
Appendix.

3.3.2 The Energy Equivalent of Lactate

When the work intensity exceeds _VO2
max, [La]b keeps increasing beyond the first

minutes of exercise, thus indicating a continuing anaerobic lactate contribution to the
overall energy requirement of the body. At the end of this type of exercises, [La]b
increases further to attain a peak between the fifth and the seventh minute in recovery



(Fig. 3.8). In a rather large range of work intensities and durations, the peak Lab
concentration attained in recovery (Lâb) is proportional to the overall amount of
lactate produced per kg body mass during the preceding exercise period. For a
detailed analysis and references on this matter, the reader is referred to di Prampero
1981; di Prampero and Ferretti 1999.
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Fig. 3.8 Average blood lactate concentration ([Lab], dots), expressed as the ratio to the peak
attained in the recovery (Lâb), and the corresponding range (vertical bars), as a function of time in
the recovery after supra-maximal exercise. In the inset, the average values are reported on a semi-
log scale. The time constant of the simple exponential function calculated between the 6th and 40th
minute of recovery is≈ 14 min (half-time ~ 20 min). Back extrapolation at t= 0 s of the so obtained
function (Lab0) represents the hypothetical blood lactate concentration that would be attained at the
very end of the exercise, where the diffusion and distribution of lactate in the water phase of the
body are instantaneous. Modified after di Prampero 1981

[La]b is greater the longer the exercise (Fig. 3.9) and, for any given duration, the
greater the exercise intensity (Fig. 3.10, inset). If the initial exercise period is
neglected, the rate of lactate accumulation in blood, ( _Lab ) and _E are linearly
correlated, as described by:

_E= 1:01 _VOmax
2 þ 2:96 _Lab ð3:10Þ

_E= 0:85 _VOmax
2 þ 2:72 _Lab ð3:11Þ

_E= 0:78 _VOmax
2 þ 2:83 _Lab ð3:12Þ

in running, front crawl swimming and cycling, respectively, where _E and _VO2
max are

expressed in ml kg-1 min-1 and _Lab in mM min-1, both quantities referring to the



appropriate net value (above resting) (Margaria et al. 1963b; di Prampero et al. 1978;
di Prampero and Ferretti 1999).
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Fig. 3.9 Blood lactate concentration (Lab) as a function of time during (broken line) and after
(continuous lines) three supra-maximal exercises of equal intensity but of increasing duration,
indicated by the vertical dotted lines (schematic). The maximal concentration (arrows) is attained
about 5 min after the end of the exercise. After di Prampero 2015, with the kind permission of
Raffaello Grandi, Edi Ermes

The intercepts on the y axis of the three functions of Fig. 3.10, i.e. the metabolic
intensities corresponding to a null _Lab, neglecting the initial exercise period, indicate
the relative power, at which lactate starts accumulating continuously in blood, and
hence the exercise becomes partially anaerobic. These powers are ≈ 100% _VO2

max

in running, ≈ 85% in swimming and ≈ 78% in cycling. This supports the hypothesis
that lactate production becomes energetically relevant only at metabolic intensities
close to _VO2

max, above the critical power. On the other side, the differences reported
above among the three forms of locomotion considered Eqs. (3.10, 3.11, and 3.12)
show that the data obtained in one specific exercise type may not be transposed, as
such, to another exercise type.

The slope of the three regressions of Fig. 3.10 (Δ _E=Δ _Lab ) is similar, and, as
demonstrated by the set of Eqs. (3.10, 3.11, and 3.12), ranges between 2.7 and 3.0
mlO2 kg

-1 mM-1. Thus, in these three exercise types, the energy made available
whenever [La]b increases by 1 millimole per liter of blood, is equivalent to that made
available by the consumption of ≈ 2.85 mlO2 kg

-1 body mass: this is the energy
equivalent of blood lactate accumulation. This value is extremely useful in practice;
indeed it allows an estimate of the overall energy expenditure simply determining
_VO2 and [La]b, even if the overall energy requirement exceeds _VO2

max.
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Fig. 3.10 Energy requirement per unit of time ( _E) in running (blue), front crawl swimming (red)
and cycling (green) as a function of the rate of blood lactate accumulation ( _Lab ). To compare
subjects of varying athletic capacity, _E and _Lab are expressed relative to the individual _VO2

max. _Lab
was obtained from the peak (above pre-exercise resting) attained in the recovery divided by the
duration of the preceding exercise. The inset shows the rate of blood lactate accumulation during
front crawl swimming at three supra-maximal work intensities corresponding to a net oxygen
requirement of 70, 80, and 90 ml kg-1 min-1: the slopes of the so obtained regression lines yield
_Lab . From di Prampero 1981, modified as in di Prampero, 2015, with the kind permission of

Raffaello Grandi, Edi Ermes

It is also noteworthy that the energy equivalent of blood lactate accumulation
does not depend on any predefined assumption concerning the distribution of lactate
in the body fluids, provided that, once Lâb is attained during recovery, the lactate
distribution among the different compartments of the body has attained an equilib-
rium, regardless of the absolute Lâb value. This assertion is supported by the
observation that, if the lactate concentration is expressed as a ratio of the



corresponding peak value, rather than in absolute values, the kinetics of lactate
disappearance from blood is independent of the specific peak values, being described
by an exponential with a time constant of ≈ 14 min (see. Fig. 3.8).
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3.3.3 The Maximal Lactic Power

_Lab increases with the exercise intensity above _VO2
max (see Fig. 3.10, inset).

However, when the exercise intensity exceeds a given level, _Lab does not increase
any further, regardless of the workload (Fig. 3.11). In other words, as was the case
for _VO2, also _Lab attains a maximal value that cannot be overcome, itself a measure
of the maximal lactic power.

This state of affairs, originally suggested by Margaria and Edwards (1934), was
demonstrated experimentally 30 years later by Margaria et al. (1964), who showed
that, in a group of well-trained young non-athletic subjects, whose net _VO2

max

amounted to ≈ 50 ml kg-1 min-1, the maximal lactic power during treadmill
running was ≈ 0.4 mM s-1. So, on the basis of an energy equivalent of 3 mlO2

kg-1 mM-1, as from Eq. (3.10) for running, the corresponding _E , expressed in
oxygen equivalents, amounted to 72 ml kg-1 min-1, i.e., about 1.5 times the net
_VO2

max of the investigated subjects.
In spite of the obvious practical and theoretical relevance of these data, as far as

we know, in the more than 50 years elapsed since the paper by Margaria et al. (1964)

Fig. 3.11 Peak lactate concentration above resting attained in recovery (Lab in the text, ΔL.A. in
the original Figure), as a function of the duration of the preceding exercise. Treadmill running at
18 km h-1, at the indicated inclines (10, 15, 20, and 25%). The corresponding metabolic power is
92, 108, 135, and 159 mlO2 kg

-1 min-1, respectively. Exhaustion occurs after about 30, 22, 11 e
5 s, respectively, i.e. before the attainment of the maximal lactate concentration, because of the
complete utilization of the anaerobic alactic stores (mainly PCr hydrolysis). Note that the Lab can
be easily expressed in mM, considering that the molecular weight of lactate is 90 dalton. From
Margaria et al. 1964
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was published, the maximal lactic power was rarely investigated. We know that it is
higher in power athletes than in non-athletes (Hermansen 1971) and that it decreases
at altitude (Grassi et al. 1995). We can nevertheless predict, or hypothesize, that it
should (1) be related to muscle fiber composition, (2) be low in aerobic athletes and
high in power athletes; (3) decrease with age and generally speaking whenever
muscle atrophy occurs; (4) increase with power training (sports practice indeed
suggest this to be the case).
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3.4 The Anaerobic Alactic Energy Sources

The whole body _E can increase by more than 50-fold in a fraction of a second: from
the resting value (≈ 1W � kg-1) to≈ 55W kg-1 in exercises at the maximal absolute
power of about 5–7 s duration in non-athletic subjects (Margaria et al. 1966). This
increase occurs exclusively at the level of the active muscles that, in this type of
exercise, do not exceed ≈30% of the muscle mass, corresponding to ≈20 kg of
muscle for a 70 kg subject. It follows that, inside the active muscles, the increase of _E
amounts to ≈ 55/0.3 ≈ 180 fold. Furthermore, in “explosive” exercises, such as a
maximal standing high jump off both feet, the peak power developed is about 4 times
larger than that observed in maximal exercise of 5–7 s duration (Ferretti et al. 1987).
If this is correct, we may speculate that human muscles can increase their _E by more
than 700-fold in a fraction of a second.

This extraordinary increase of muscle _E can be due neither to aerobic metabolism,
nor to anaerobic lactic metabolism, nor to their sum. In fact: (1) the corresponding
values of maximal power are far from being sufficient to cover the energy require-
ment and (2) their response times are by far too slow, as compared to the time
(fractions of a second) in which the above extraordinary increase of muscle power
does take place. Under these conditions, the energy for the resynthesis of ATP can be
provided only by the hydrolysis of PCr, the sole energetic process that can keep
pace, in terms of both intensity and velocity, with ATP utilization by the active
muscle fibers. It follows that, assuming as a first approximation that the contribution
of oxygen consumption and of lactate production to ATP resynthesis in the first
seconds of exercise are negligible, the energetics of muscle contraction during
exercises at maximal absolute power leading to exhaustion in 5–7 s is described by:

_ATP
 ��

=* _PCr ð3:13Þ

where _ATP
 

is he rate of ATP resynthesis, and * _PCr indicates the rate of PCr
splitting. These conditions are traditionally defined as anaerobic alactic and represent
formally the energetics of all the exercises of very short duration (< 7 s) at maximal
absolute intensity.

Equation (3.13) represents formally a situation in which no steady state can be
attained; indeed the intramuscular PCr concentration decreases continuously until



the exercise must be interrupted or its intensity reduced. The mechanical power ( _w)
developed in these conditions can be expressed as:
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Fig. 3.12 Vertical velocity vv as a function of time after the onset of an all-out running bout on a
flight of stairs. The all-out run was performed from rest (blue dots) or, without interruption, from a
steady-state aerobic exercise, the net oxygen consumption of which amounted to 18 (red triangles)
or 35 (green squares) ml kg-1 min-1. The corresponding external mechanical power can be
calculated from Eq. (3.15). From Margaria et al. 1971, modified as in di Prampero, 2015, with
the kind permission of Raffaello Grandi, Edi Ermes

_w= η _Al ð3:14Þ

where _Al indicates the net rate of utilization of the anaerobic alactic energy sources
(essentially PCr splitting), expressed in oxygen equivalent, for ATP resynthesis, and
η is the mechanical efficiency of the exercise.

Equation (3.14) allows an assessment of the maximal anaerobic alactic power
( _Al

max
) in man, on the basis of the maximal mechanical power ( _wmax ) during very

short all-out exercises (of a few seconds duration), the mechanical efficiency of
which is known. This elegant approach was proposed and applied for the first time
by Margaria et al. (1966), who assessed _Al

max
on subjects climbing a normal flight

of stairs at maximal speed (Margaria’s test). In such a trial, the speed attains a
maximal value in about 3 ≈ s, it remains at this level for an additional ≈ 3 s and falls



rapidly thereafter (Fig. 3.12). Under these conditions, throughout the constant speed
phase, _w is directly proportional to the vertical component of the velocity:
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Table 3.2 Summary of main characteristics of the maximal metabolic anaerobic alactic power
(Margaria’s test)

Value at 20 years in males (ml kg-1 min -1) 140–160

Males/Females ratio 1.15–1.30

60 years age/20 years age 0.60

Power athletes/Non-athletes 1.2–1.5

Fraction due to genetic characteristics 0.90

Ethnic differences None

The maximal alactic power is expressed in oxygen equivalents (1 ml min-1 = 0.35 W kg-1 body
mass, data from di Prampero 2015).

_wmax =
Mgh
t

=Mgvv ð3:15Þ

M being body mass, g gravity acceleration, h height, and vv the vertical compo-
nent of the velocity. Hence, _wmax can be easily estimated from the vv determined by
means of photocells appropriately positioned on the flight of stairs. Considering also
that in this type of exercise η = 0.25 (Margaria et al. 1963a; Minetti et al. 2002),
_Al
max

can easily be calculated from Eq. (3.15). Ikuta and Ikai (1972) proposed a
similar approach to assess _Al

max
during all-out cycloergometric exercises.

Davies and Rennie (1968) proposed an alternative method, allowing a measure of
the maximal absolute mechanical power (b_w) during standing high jumps off both feet
on a force platform. Bosco et al. (1983) simplified this method and made it available
to a wider audience. For a detailed analysis of the numerous methods available for
assessing b_w , the reader is referred to Cerretelli (2001), Dal Monte (1983), di
Prampero (2015); Ferretti (2015).

_wmax is higher in power athletes and lower in endurance athletes than in
non-athletic individuals, decreases with age and is lower in women than in men, in
proportion to the size of the active muscle mass (Bonnefoy et al. 1998; Chamari et al.
1995; di Prampero et al. 1970b; Ferretti et al. 1994; Grassi et al. 1991; Murphy et al.
1986). In chronic hypoxia, _wmax is reduced because of the reduction in muscle cross-
sectional area (Ferretti et al. 1990). Lastly, since the rate of chemical processes is
temperature-dependent, _wmax is lower, the colder is the contracting muscle mass
(Ferretti et al. 1992). The average values of _Al

max
in exercises of about 6 s duration,

together with the main physiological characteristics thereof, such as the effects of
age, sex and training, are summarized in Table 3.2.

In “explosive” exercises, such as a standing high jump off both feet, the mean
mechanical power during the push phase is about twice that observed during the
Margarita’s test. This depends on the fact that, in the former case, both lower limbs
are active simultaneously, instead of one at a time. The mean mechanical power
during the jump ranges between 20 and 40 W kg-1. During the push phase of a



b

�� ��

standing high jump off both feet, the _w can attain 50 to 70 W kg-1. This is of the
same order as the mechanical power of a medium size car (80 HP = 58.7 kW,
800 kg mass: 73.4 W kg-1). The obvious difference is that this mechanical power
can be sustained for only a fraction of a second by an exercising human, as compared
to quite long periods of time for a car: this is the only advantage of a car engine over
muscles.
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On the practical side, the measurement of _wmax and b_w during explosive exercises
yields useful assessment of the “sprint” characteristics of an individual. It should be
noted, however, that, as long as b_w is concerned, the data depend not only on the
physiological characteristics of the subjects but also on their neuromuscular coordi-
nation and determination to express the maximum during the test. In fact, the implicit
assumption is that at b_w all the fibers of the active muscle mass are activated
simultaneously. However, this may not be the case in some special conditions,
such as long-term microgravity exposure, in which a disruption of the motor control
of the lower limbs occurs (see Chap. 11).

3.5 Conclusion: The General Equation of the Energetics
of Muscular Exercise

To sum up, starting from the revolutionary work of Margaria et al. (1933), the
School of Milano has collected a remarkable bunch of data on the energetics of
muscular exercise. Margaria and his pupils, as detailed in the previous paragraphs,
defined the quantitative characteristics and the thermodynamic constraints of the
main three energy metabolisms (aerobic, anaerobic lactic, and anaerobic alactic).
The evidence collected and the theoretical developments up to the end of the 1970s
were put together and condensed in a coherent framework by di Prampero (1981). In
that review, he summarized the basic principles of the energetics of muscular
exercise in the following simple equation:

_E / _ATP
��!

= _ATP
 ��

= c _VO2 þ b _Laþ a _PCr
��!

ð3:16Þ

where _ATP
!

and _ATP
 

are the rates of ATP hydrolysis and resynthesis, respectively.
Equation (3.16) has been defined as the general equation of the energetics of
muscular exercise. In this Equation, the three constants a, b, and c indicate the
moles of ATP resynthesized, respectively, by a mole of PCr hydrolyzed, a mole of
lactate accumulated, and a mole of oxygen consumed. Lohmann’s reaction tells that
a is equal to 1; c (otherwise P/O2 ratio) takes a mean value of 6.17 for the oxidation
of a glycosidic unit into glycolysis. For constant b, Fig. 3.10 demonstrates that it is
equivalent to 1.5, yielding an energy equivalent of ~2.8–3.0 ml of oxygen per kg
body mass per mM.
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All experimental conditions analyzed in the previous paragraphs represent a
particular case of Eq. (3.16). Light aerobic exercise, exercise transients, intense
exercise above the anaerobic threshold, supramaximal exercise, all-out explosive
efforts, they can all be represented by Eq. (3.16), or by simplified forms of it, if one
or more terms become equal to zero. The three terms of the right side of Eq. (3.16)
are characterized by a maximal power and a maximal capacity. The maximal power

is the _VO2
max for c _VO2, the maximal lactic power for b _La, and _Al

max
for a _PCr

��!
.

Concerning capacity, that of aerobic exercise depends on exercise intensity and on
substrate availability, whereas the maximal lactic capacity is related to the maximal
blood lactate concentration and the maximal alactic capacity to muscle PCr
concentration.

Equation (3.16), which was formulated 40 years ago (di Prampero 1981), has
resisted the further evolution of knowledge in the field of exercise physiology
remarkably well (Ferretti 2015). Nowadays, it is still a pillar of our knowledge of
the energetics of muscular exercise, and the best summary of the conjectures on the
energetics of muscular exercise that, after Margaria’s revolution of 1933, still drive
experiments and thinking on this subject.

Appendix

The Anaerobic Threshold

This appendix is devoted to a critical analysis of the anaerobic threshold concept, to
show that it cannot be seen as an index of the metabolic intensity above which the
exercise becomes partially anaerobic.

To this aim, let us first consider a group of muscle fibers, all “aerobically” active
in a homogeneous way. Under these conditions, graphically represented in
Fig. 3.13A, each muscle fiber oxidizes completely the pyruvate produced by gly-
colysis, and the number of moles of ATP resynthesized per glycosidic unit
(162 grams of glycogen) amounts to 3 + 34 = 37. In turn, this requires the
consumption of 6 moles of oxygen, thus leading to a P/O2 ratio of 37/6 = 6.17.3

Let us now consider a group of muscle fibers all active “anaerobically” in a
homogeneous way, as represented graphically in Fig. 3.13B. Assume further that
under these conditions, which should be more appropriately defined “hypo-aerobic,”
each muscle fiber oxidizes only half the amount of pyruvate derived from glycolysis.
Of course, the remaining pyruvate that cannot be oxidized at the mitochondrial level
via the Krebs’ cycle, is anaerobically transformed into lactate in the cytosol, thus
leading to an overall resynthesis of 37 + 3 = 40 moles of ATP. As a consequence,

3The symbol P/O2, as utilised in this section, refers to the overall ratio between ATP resynthesized
and oxygen utilised. As such, the biochemical details concerning ATP resynthesis at the subcellular
level will not be dealt with.
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Fig. 3.13 (A) Muscle fiber in “aerobic” conditions: all the pyruvate (Py) produced from glycogen
(G) is oxidized to carbon dioxide and water within the fiber itself (I.S. = intracellular space; E.S. =
extracellular space). The oxidation of 1 glycosidic unit produces 2 moles of pyruvate, requires the
consumption of 6 moles of oxygen and leads to the production of 6 moles of carbon dioxide and to
the resynthesis of 37 moles of ATP (3 in the glycolytic phase and 34 in Krebs’ cycle and oxidative
phosphorylation). Hence the overall P/O2 ratio is: (34 + 3)/6 = 6.17. (B) Muscle fiber in “hypo-
aerobic” conditions: the amount of pyruvate produced from glycogen in the first (glycolytic) phase
of the process is twice as much as it can be oxidized within the fiber itself. Hence, out of four moles
of pyruvate produced, two are transformed anaerobically into lactate (La) and leave the fiber, and
the other two are oxidized within the mitochondria. As a consequence, the overall P/O2 ratio is:
(34 + 6)/6 = 6.67. (C) Muscle fiber in “hyper-aerobic” conditions: the lactate that diffuses from
E.S. to I.S is transformed to pyruvate and completely oxidized to carbon dioxide and water. Hence,



since the amount of oxygen required is the same as indicated in Fig. 3.13A, the P/O2

ratio is greater, in this specific example amounting to 40/6 = 6.67.
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Let us finally consider a third group of muscle fibers all active in a homogeneous
way in transforming lactate taken up from the extracellular space into pyruvate,
which is then oxidized completely to carbon dioxide and water in the Krebs’ cycle
(Fig. 3.13C). In this case, the number of moles of ATP resynthesized from the
oxidation of this pyruvate, which is not formed in the glycolytic pathway within the
muscle fibers at stake, is less than indicated in Fig. 3.13A or B. Thus, also the P/O2

ratio of these specific fibers turns out reduced, amounting to 34/6 = 5.67. This type
of fiber can be defined “hyper-aerobic” to highlight their lower “efficacy” in terms of
ATP resynthesis at the expense of the oxidative processes. Combining an appropri-
ate number of “hypo-aerobic” and “hyper-aerobic” fibers (Fig. 3.14), it is possible to
obtain an entirely aerobic system, in which the P/O2 ratio is (6 + 34 + 34)/12 = 6.17,
as in a typically aerobic fiber (Figure 3.13A). Such a combination of “hyper-” and
“hypo-” aerobic fibers can be defined a heterogeneously aerobic system.

Let us now attempt to interpret qualitatively experimental data on the anaerobic
threshold, in the frame of the above-outlined theoretical considerations.

The activation of a heterogeneously aerobic system, as described in Fig. 3.14,
requires an appropriate concentration gradient allowing lactate diffusion from the
“hypo-aerobic” fibers, where it is produced, to the “hyper-aerobic” ones, where it is
re-transformed into pyruvate and oxidized. The establishment of such a gradient
takes some time from work onset, during which the extracellular lactate concentra-
tion increases: this appears during the exercise transient as “early lactate” accumu-
lation. The “hypo-” and “hyper-aerobic” fibers can be identified, as a first
approximation, with the type II white glycolytic and the type I red oxidative fibers,
respectively. Lactate diffusion from the intra- to the extracellular space and vice-
versa is facilitated by, but does not need passive transporters, the number of which
increases with training, mainly at the level of the cell membrane of the type I fibers.
Finally, the lactate-producing fibers (“hypo-aerobic”) deplete their glycogen stores
at a faster rate than the “hyper-aerobic” ones that do utilize lactate. The “hypo-
aerobic” fibers may then constitute the factor limiting the exhaustion time and/or the
maximal exercise intensity.

The above line of thinking suggests to define “aerobic threshold” as the workload
below which all, or at least the great majority of the active fibers are in a
homogenously aerobic condition (P/O2 = 6.17). Hence, in the range of exercise
intensities below the aerobic threshold the blood lactate concentration ([La]b) does
not exceed the values prevailing at rest: [La]b ≤ 2 mM. In a large range of exercise
intensities, the [La]b does not change substantially, as compared to the resting
values. When muscle fiber metabolism is homogeneously aerobic, each muscle

Fig. 3.13 (continued) the glycogen stores of the fiber are untouched and the overall P/O2 ratio is:
34/6 = 5.67. Modified after Antonutto and di Prampero 1995



fiber (or group thereof) oxidizes all, and only, the pyruvate that it produces from
glycogen (Fig. 3.13A).
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Fig. 3.14 An appropriate combination of “hypo-” and “hyper-” aerobic fibers can lead to a
completely aerobic system, characterized by a typical “aerobic” P/O2 ratio: (34 + 34 + 6)/
12 = 6.17. In order for the system to be operational, it is necessary for lactate to diffuse from the
intracellular space of the “hypo-aerobic” fibers to the extracellular space (vertical blue band) and
finally to the intracellular space of the “hyper-aerobic” fibers, thus requiring the implementation
(by early lactate production) of an appropriate concentration gradient, as indicated by the horizontal
arrow La. Modified after Antonutto and di Prampero 1995

At exercise intensities greater than the aerobic threshold, as defined here above,
an aerobic status can still be achieved thanks to the appropriately combined activity
of hypo- and hyper-aerobic fibers, to yield a “heterogeneously aerobic” condition, in
which hyper-aerobic fibers oxidize the excess lactate produced by the hypo-aerobic
ones (Fig. 3.14). This condition requires an initial increase in Lab (early lactate) to
prime the system. All work intensities in which, after the initial≈ 5 min, [La]b attains
a constant level, higher than resting, belong to this exercise category, regardless of
the absolute lactate level. It is interesting to note that this analysis bears an analogy
with Brooks' theory of the lactate shuttle (Brooks 1985, 1986, 2000, 2009).

The constant value that [La]b attains after work onset in a heterogeneously
aerobic condition, is greater the higher the exercise intensity. The highest exercise
intensity compatible with a constant [La]b, MLSS (Beneke 2003), represents the
maximal power that can be sustained by the whole body oxidative processes, albeit
heterogeneously distributed. Above the work intensity corresponding to the MLSS,
lactate keeps increasing with time, thus leading to a corresponding continuous
increase of [La]b. The MLSS is attained at a power, which is probably higher than
the critical power. Throughout the whole range of the aerobic work intensities,
regardless of the fact that the aerobic metabolism sustaining them be homogeneously
or heterogeneously distributed, after the initial 5 min of exercise (classical duration
of the exercises transient, during which early lactate may be accumulated, Cerretelli



et al. 1979), whole body oxygen consumption is a correct quantitative measure of the
overall rate of energy expenditure, as long as the terms b _La and a * _PCr of the
general equation of the energetics of muscular exercise (Eq. 3.16) are nil.
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Fig. 3.15 Rates of: glycogen oxidation ( _Glox ); production ( _Lap ) and oxidative removal ( _Lar ) of
lactate (mmoles per unit of time) as a function of the exercise intensity (arbitrary units). In zone “1”
each and every fiber oxidizes all the pyruvate that it produces. Throughout zone “2,” production and
oxidative removal of lactate proceed in parallel. In zone “3” lactate production exceeds lactate
oxidation. Hence, after the initial exercise period, in zones “1” and “2” no net lactate accumulation
occurs, whereas in “3,” the difference between the two functions _Lap and _Lar leads to a constant
accumulation of lactate. Zone “1” can be defined “homogeneously” aerobic; zone “2”
“heterogenously” aerobic; zone 3 “anaerobic.” From Antonutto and di Prampero 1995, as modified
in di Prampero 2015, with the kind permission of Raffaello Grandi, Edi Ermes

From an energetic viewpoint, it seems legitimate to ask whether the maximal
aerobic power, at which _E= _VO2

max, does, or does not, coincide with the power
corresponding to the MLSS. According to Busso and Chatagnon (2006), there exists
a range of workloads close to, but lower than, _VO2

max, in which [La]b keeps
increasing with time. This being so, the maximal aerobic power would be higher
than that corresponding to the MLSS. This is coherent with the data reported in
Fig. 3.10, showing that, at least in cycling and swimming, [La]b starts increasing
continuously at intensities below _VO2

max, specifically at 85 and 78% thereof,
respectively (Eqs. 3.10, 3.11, and 3.12).

It should finally be noted that the power at which [La]b keeps increasing contin-
uously even after the initial phase, is crucially dependent not only on the intensity
and type of exercise but also on the subject’s training level. At even higher exercise
intensity, the activity and/or number of the “hypo-aerobic” fibers exceeds the
capacity of the “hyper-aerobic” ones to oxidize lactate. Thus, [La]b keeps increasing
also beyond the initial minutes of exercise. This exercise intensity level constitutes
the true whole-body anaerobic threshold. It represents the exercise intensity above



which the oxygen consumption is not sufficient to cover the total energy requirement
and is generally attained at workloads closer to _VO2

max: it definitely does not
correspond to the traditional anaerobic threshold set at a conventional [La]b of
4 mM. For a schematic representation of these three levels of exercise intensities,
see Fig. 3.15. Concerning the relation of early lactate to oxygen delivery, see
Chap. 4.
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After this analysis, we are confident to conclude that the conventional anaerobic
threshold is neither a “threshold,” in so far as it does not represent a net transition
between two different conditions, nor “anaerobic” (at least if the whole body is
considered), in so far as, under constant blood lactate concentration, regardless of its
absolute value, the whole organism is always in aerobic conditions. It follows from
this conclusion that the widespread use of the conventional anaerobic threshold
concept has introduced a strong bias in the interpretation of the energetics of
muscular exercise, especially as far as the meaning of anaerobic lactic metabolism
is concerned. Only the School of Milano has been fighting fiercely against the
shadow cast by this bias, unfortunately with less success than it would have
deserved.
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Chapter 4
Further Developments on Exercise
Transients: Los Angeles Versus Milano

Guido Ferretti

Abstract This chapter deals with the alternate view of exercise transients that
stemmed from the School of Los Angeles, set by Karlman Wasserman and Brian
Whipp. The pathway that led to the creation of the double exponential model of the
oxygen uptake kinetics upon exercise start is traced, and discussed along lines
different than those along which some of these concepts were dealt with by the
School of Milano. Specific aspects like the exercise transients in hypoxia, the oxygen
uptake kinetics limitation, the kinetics of cardiac output upon exercise start and the
effects of priming exercise are discussed. The correspondence between the kinetics
of muscle oxygen consumption and that of lung oxygen uptake, a key issue in Los
Angeles vision, is critically examined. A reappraisal of the slow component under
this perspective is carried out. In this context, the pathways are highlighted, along
which the two Schools of Milano and Los Angeles arrived at some shared conclu-
sions, namely that muscle oxygen consumption kinetics is controlled by the meta-
bolic changes initiated by muscle contractions at exercise onset, at least during
exercise with large muscle masses in normoxia.
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Karlman Wasserman (left) and Brian Whipp (right), portrayed at a scientific meeting in Japan. With
the kind permission of Susan Ward

4.1 The Birth of a New Vision of Exercise Transients

In Chap. 3, we analyzed how the School of Milano developed a metabolic vision of
the oxygen deficit. All started in 1933, when Margaria et al. (1933) created the
concept of alactic oxygen debt, thus falsifying Hill and Meyerhof’s theory of the
energetics of muscular contraction (see Chap. 2). That notion of oxygen deficit was
refined through different steps: the role of changes in oxygen stores in the oxygen
deficit was identified, the concept of an obligatory (alactic oxygen deficit) and a
facultative (early lactate, changes in oxygen stores) component of the oxygen deficit
was created, the biochemical meaning of the obligatory component of the oxygen
deficit was clarified. Pietro Enrico di Prampero and Paolo Cerretelli made a very
clear synthesis of the metabolic vision of the oxygen deficit (Cerretelli and di
Prampero 1987; di Prampero 1981), which we report in detail in Chap. 3. The
model behind the metabolic vision of the oxygen deficit is the mono-exponential
increase of oxygen consumption in the working muscles ( _VmO2 ) and of oxygen
uptake at the mouth ( _VLO2). The School of Milano always considered the latter a
direct consequence of the former, with some distortions, because between the mouth



and the mitochondria there is an entire respiratory system, which carries and stores
oxygen, and which consists of numerous resistances in-series.
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In fact the kinetics of _VmO2 cannot be directly measured inside the active muscle
mass in humans. The collaboration between Milano and Göttingen made it possible
to assess the kinetics of _VmO2 upon the start of induced isotonic contractions of an
isolated-perfused muscle preparation (Cerretelli et al. 1969; Piiper et al. 1968). The
energy balance of the oxygen deficit resulting from these studies was compatible
with the conclusion arrived at by previous studies on humans by the School of
Milano. The Göttingen studies were interpreted by di Prampero and Margaria
(1968), who understood that the alactic oxygen deficit is a physiological necessity,
since its biochemical counterparts, i.e., muscle phosphocreatine (PCr) and free
creatine, contribute to the regulation of glycolysis, and thus of the metabolic
pathways controlling energy flows and _VmO2.

However, the gap between _VLO2 and _VmO2 is so huge that some authors were
reluctant to accept a metabolic origin of the oxygen deficit, despite the collected
evidence (Dejours 1964; Wasserman et al. 1967; West and Jones 1965). Indeed, one
of the main reasons for the perplexities about Margaria’s concept of oxygen deficit
was the demonstration of a very rapid ventilatory response at exercise onset, which
was well known since long (Krogh and Lindhard 1913, see also below). Thus, the
cultural climate was pushing toward the exploration of new tracks, which were
investigated especially within the Los Angeles (LA) School, founded by Karlman
Wasserman (1927–2020), then led by Brian Whipp (1937–2011). Whipp, a Welsh-
man who trained in physical education, was a former post-doctoral fellow of
Wasserman, who kept collaborating with him for a long time at the University of
California at Los Angeles.

Gilbert et al. (1967) were the first to point out a rapid _VLO2 response at exercise
start. This finding was soon confirmed and became a pole of attraction for the LA
School (Whipp and Wasserman 1972). A schematic representation of the transient
suggested by this view is reported in Fig. 4.1.

Fig. 4.1 Schematic representation of the kinetics of respiratory variables, which includes the
cardiodynamic increase postulated by Whipp and Wasserman (1972). This scheme applies to
oxygen uptake ( _VLO2). It applies also to carbon dioxide output ( _VLCO2) and expired ventilation
( _VE), albeit with different time constants. From Poole and Jones (2012)
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Wasserman et al. (1974) attributed the occurrence of the rapid component of the
exercise transient, which appears in the first seconds of exercise, to a sudden increase
in cardiac output ( _Q ). These findings suggested that a mono-exponential model
might be insufficient to describe the _VLO2 response during a square-wave exercise
transient. The rapid component of the _VLO2 response became a preferential object of
research in the field ever since, particularly by the LA School. The results led to the
subsequent double-exponential model with time delay of the _VLO2 kinetics upon
exercise start, by Barstow and Molé (1987). These authors also restricted the domain
of application of the metabolic vision of the oxygen deficit to the second exponential
only, which some authors later defined as the primary component of the _VLO2

response during the exercise transient (see, e.g., Poole and Jones 2012). In this
view, the time delay represents the physiological delay between the increase in
_VmO2 and _VLO2 , corresponding approximately to half circulation time (Lindholm
et al. 2006).

It is interesting to note that, when Wasserman et al. (1974) attributed the rapid
phase of the _VLO2 kinetics at exercise onset to a sudden increase in _Q , several
authors, besides Krogh and Lindhard (1913), had already recognized a fast compo-
nent in the dynamics of pulmonary ventilation (Asmussen 1973; Asmussen and
Nielsen 1948; Comroe and Schmidt 1943; D’Angelo and Torelli 1971; Dejours
1964). This observation generated the conjecture that ventilatory control in the
exercise transient is dissociated from the metabolic control of the _VLO2 kinetics,
and that the increase in ventilation was to precede the increase in _VLO2, although the
mechanisms controlling _VLO2 were yet to be elucidated. The latter notion was
accepted even within the School of Milano (Cerretelli and di Prampero 1987) and
everybody agreed that neurogenic mechanisms were behind the rapid ventilatory
response at exercise onset.

Notwithstanding this acknowledgment, a widespread and long-lasting debate
took place on the origin of the rapid ventilatory response. Two opposing fields
faced each other, one supporting a peripheral view (reflex mechanism originating in
the contracting limbs), the other a central view (a feed-forward mechanism origi-
nated in the cerebral cortex, often called central command) (Comroe 1944; Dejours
1964; Eldridge et al. 1981; Favier et al. 1983; McCloskey and Mitchell 1972; Torelli
and Brandi 1961; Turner 1991; Whipp 1994; Whipp and Ward 1982). The debate
was complicated by the difficulty of conceiving coherent neural pathways
supporting either view, especially as far as the central command is concerned. The
central command hypothesis, although tempting under several respects, is unfortu-
nately still confined in a metaphysical rather than physical domain.

4.2 The Coexistence of Two Opposing Visions

David Poole and Andrew Jones, in their impressive review on exercise transients
(Poole and Jones 2012), qualified Brian Whipp as one of the foremost pioneers in the
field of metabolic control and _VLO2 kinetics. This is right enough, another being



Rodolfo Margaria. Yet there is a bias in their historical development. They set the
origin of studies on exercise transients in the work of August Krogh (1874–1949)
and Archibald Vivian Hill (Hill and Lupton 1923; Hill et al. 1924; Krogh and
Lindhard 1913, 1920). It is a matter of fact that these authors and their collaborators
described the dynamics of heart rate and of ventilation at the onset of a square wave
exercise and that Hill understood that the _VLO2 kinetics was related to the changes in
muscle metabolic rate. Hill’s intuition of the exponential nature of the exercise
transient set the basis for many of the further developments by the LA and the
Milano Schools, including Margaria’s refutation of Hill and Meyerhof’s theory.
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However, Poole and Jones (2012) set an ideal continuity between Krogh and Hill,
on one side, and Wasserman and Whipp on the other, whereas they downgrade the
contribution of Margaria and pupils to a mere energetic analysis of the alactic and
lactic components of the oxygen deficit and of its payment, an aspect which they
seem to consider of lesser importance. They forgot, or did not realize, that Hill’s
thinking on the oxygen transient was confined within a theory of the energetics of
muscular exercise, which Margaria et al. (1933) falsified (see Chap. 2 for details on
this issue), meanwhile setting the fundaments for all future work in the field of the
energetics of muscular exercise. Notwithstanding this misunderstanding, it is a
matter of fact that much of the significant work on the exercise transients and the
_VLO2 kinetics was carried out in Milano and in Los Angeles, although we should not
forget the thoughtful contributions of the Canadian School created by Richard
Hughson (Hughson and Morrissey 1983; Hughson 1990, 2009; Hughson et al.
2001).

Within the energetic view of the _VLO2 kinetics of the School of Milano, one of
the most crucial questions was: where does the missing energy during the exercise
transient come from? The answer was: from alactic and lactic anaerobic metabo-
lisms, and from changes in body oxygen stores. As already pointed out in Chap. 3,
the alactic component of the oxygen deficit was considered to be a physiological
necessity (di Prampero and Margaria 1968). The changes in oxygen stores covered a
gap between the kinetics of _VLO2 and of _VmO2; in the moderate and intense exercise
domains, the anaerobic lactic component covered a gap between speed of activation
of glycolysis, on the one side, and of aerobic metabolism on the other (early lactate,
Cerretelli et al. 1979).

The second fundamental question formulated by the School of Milano concerned
the mechanism of the oxygen deficit. To them, the activation of glycolysis depends
on the dynamics of activation of phospho-fructo-kinase (PFK), a key regulatory
enzyme of the glycolytic pathway. PCr, free creatine, and inorganic phosphate
(Pi) modulate PFK activity. Hence, the priming of aerobic metabolism requires an
initial decrease of muscle PCr. This carries along an increase in muscle Pi, thus
reducing the so-called phosphorylation potential (ATP/(ADP + Pi)), which, besides
controlling PFK, is a key regulator of oxidative phosphorylation in the mitochondria
(Korzeniewski 2003; Mader 2003; Meyer 1988; Meyer and Foley 1996).

As soon as an exercise starts, ATP is immediately used in muscle contraction. The
first, rapid source of ATP resynthesis is Lohmann’s reaction: PCr falls, Pi goes up,
the phosphorylation potential is reduced, and the ensemble of these chemical



changes accelerates PFK activity. As long as Pi falls, the energy flux along the
glycolytic pathway increases and prompts the aerobic metabolism overall. This
chain of events provides the biochemical basis to the concept that the exercise
transient has a metabolic origin (di Prampero 1981; di Prampero and Ferretti 1999;
Ferretti 2015; Grassi 2000). The energetic vision of the oxygen deficit implies that, at
the exercise steady state, there is a linear relationship with negative slope between
_VmO2 (or _VLO2 : at steady state _VmO2 = _VLO2 ) and muscle PCr concentration
(Binzoni and Cerretelli 1991; Binzoni et al. 1992; Cerretelli et al. 1969). Moreover,
in absence of early lactate accumulation, the kinetics of muscle PCr concentration at
exercise onset must have the same time constant as that of _VmO2 (Binzoni and
Cerretelli 1991). Several studies, in which this time constant was calculated by
31P-NMR spectroscopy (Fig. 4.2), demonstrated the correctness of both these pre-
dictions even in humans (Binzoni et al. 1992; di Prampero et al. 2003; Francescato
et al. 2013; Rossiter et al. 1999, 2002; Whipp et al. 1999). Finally, experiments on
the isolated-perfused muscle preparation, carried out in San Diego and realized by
Bruno Grassi, demonstrated that, when muscle blood flow is artificially increased at
rest or rapidly accelerated at exercise onset, no reduction in the time constant of the
kinetics of _VmO2 does occur (Grassi et al. 1998a).
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Fig. 4.2 Left: Time course of phosphocreatine concentration (PCr) decreases upon exercise onset,
as determined by 31P nuclear magnetic resonance. The exponential function has a time constant of
23.3 s. Bars indicate standard deviation. Right: Linear relationship between steady-state PCr and
applied power, from the same experiment. Modified after Binzoni et al. 1992

The LA School tried to develop a more holistic interpretation of the _VO2 kinetics.
To their mind, the energetic vision of Margaria and his pupils was limitative. They
strived to set an integrated vision of the _VLO2 kinetics in the context of an integrated
response of the respiratory system. This led them to the alternative concept that the
delayed response of the respiratory system dictates the oxygen deficit and the _VLO2

kinetics as determined at the mouth (Whipp and Ward 1982, 1990), even if the
viewpoint of the LA School later evolved in a different direction (Poole and Jones
2012). Richard Hughson also shared this view (Hughson and Morrissey 1983;
Hughson et al. 2001).
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A key point to them is that the _VLO2 kinetics in humans is at best determined at
the mouth on a breath-by-breath basis. An assumption behind their view is that the
_VLO2 kinetics at the mouth reflects what happens in the working muscles (Poole and
Jones 2012). Yet the wide gap between what happens at the mouth, which we can
assess breath by breath, and what happens in a contracting muscle, is a matter of fact,
and this gap encompasses the entire respiratory system. To the Milano people,
accounting for changes in blood oxygen stores was enough to fully explain the
discrepancies between the kinetics of _VmO2 and that of _VLO2 (di Prampero et al.
1970; Davies et al. 1972), since it was sufficient to explain the energetics of the
oxygen deficit. The LA colleagues instead considered these discrepancies as a
challenge, and thus as an opportunity to investigate the interrelations between
_VLO2 , ventilation and _Q , and so came the identification of what they called the
“cardiodynamic phase” of the _VLO2 kinetics (Wasserman et al. 1974). They further
reinforced the concept when they observed a sudden _VLO2 increase at exercise start
under controlled ventilation at resting level (Weissman et al. 1982). They deeply
investigated the interrelationships between the rapid responses of _VLO2 and of
pulmonary ventilation (Casaburi et al. 1978, 1989a; Ward and Whipp 1980;
Wasserman et al. 1986). The latter turned out synchronous with the instantaneous
increase in pulmonary blood flow (Gilbert et al. 1967; Wasserman et al. 1974;
Weissman et al. 1982; Whipp and Ward 1982).

Admitting a rapid component in the _VLO2 kinetics, clearly unrelated to _VmO2

kinetics, had a profound impact on the theoretical approach to the meaning of the
exercise transient. These consequences were clearly recognized firstly by Whipp
et al. (1982), who preconized a possible subdivision of the _VLO2 kinetics into
two-phases, one fast, the other slow. Their thinking opened the way to a major
step forward, the construction of the double exponential model of the _VLO2 kinetics
(Barstow and Molé 1987). This model relies on the notion that an exponential
increase in _VLO2 (phase II), which Whipp et al. (1982) considered related to
metabolic adaptation in skeletal muscle, is preceded by a faster _VLO2 increase in
the first seconds of exercise (phase I), which the LA school attributed to an
immediate cardiovascular response upon exercise onset (see e.g. Whipp and Ward
1982). Barstow and Molé (1987) treated phase I also as an exponential, and so they
considered the system as consisting of two capacitances of different sizes and
meanings. According to this model, we thus have:

_VLO2t =A1 1- e- k1t
� �þ A2 1- e- k2 t- dð Þ

� �
ð4:1Þ

where _VLO2t is the net _VLO2 at time t, k1 and k2 are the rate constants in phase I and
II, respectively (their reciprocals, τ1 and τ2, are the corresponding time constants),
d is the time delay, and A1 and A2 are the amplitudes of the _VLO2 that increase during
phase I and phase II, respectively. We underline that d, reflecting the time taken by
venous blood to reach the pulmonary capillaries from the active muscle mass, cannot
assume negative values. From time 0 (exercise start) to time d, the mixed venous
oxygen concentration (CvO2) remains unchanged after exercise onset (Barstow and



Molé 1987). In fact, the CvO2 changes upon exercise start that Casaburi et al.
(1989b) called abrupt have a slower kinetics than reported for phase I, so that the
changes actually occurring during d are rather small.
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During light exercise, τ1 is extremely short, functionally instantaneous, indicating
a sudden, immediate upward shift of _VLO2 since the first breath; τ2 is slower than τ1,
and similar to, perhaps slightly faster than, the τ provided by the single exponential
model. This slight difference is a mere mathematical consequence of having intro-
duced a time delay. According to Whipp and Ward (1990), τ2 during light exercise is
around 30 s. This value is somewhat higher than the time constant of the PCr
decrease in the exercise transient reported above.

4.3 The Kinetics of Cardiac Output at Exercise Onset

The creation of the double exponential model of the _VLO2 kinetics is one of the most
elegant and remarkable achievements in exercise physiology in the 1980s. Yet a
brick was still missing in this construction. If phase I has a cardiovascular origin,
cardiovascular changes must explain the amplitude of _VLO2 changes in phase I. This
was yet to be demonstrated on a quantitative basis at exercise onset. Wasserman
et al. (1974) did not demonstrate a correspondence between a phase I kinetics of _Q
and a phase I kinetics of _VLO2, inasmuch as they obtained measurements of aortic
blood flow in catheterized resting anesthetized dogs, on which they merely demon-
strated a temporal correspondence between the sudden increase in _Q after isopro-
terenol injection and the subsequent sudden increase in ventilation and in _VLO2 .
Their allegation of the cardiodynamic origin of the early increase in ventilation and
_VLO2 at exercise start did not derive from experiments on exercising humans.
Paolo Cerretelli in Buffalo investigated the kinetics of _Q for the first time, but not

on a beat-by-beat basis (Cerretelli et al. 1966). For this reason, the kinetics of _Q
appeared relatively slow in that study. Even so, Cerretelli et al. (1966) already
realized that it was faster than that of _VLO2 and admitted the possibility of two
components, since they wrote that initially it increases rapidly, to slow down
successively. They concluded that the discrepancy between the kinetics of _Q and
of _VLO2 demonstrates that the former is under neurogenic control. This was perfectly
coherent with the ideas of the School of Milano on the metabolic origin of the
oxygen deficit: the kinetics of _Qwas not dictating the kinetics of _VLO2. Davies et al.
(1972) obtained similar results a few years later.

Until the early 1980s, only the kinetics of heart rate could be studied on a beat-by-
beat basis in humans. The first heart rate recordings at exercise, obtained on rabbits,
date back to 1895 (Johansson 1895). Pulse pressure recordings through a cannula
placed in the carotid artery were used. Krogh and Lindhard (1913) had been the first
to describe a heart rate kinetics at exercise onset in humans. The subsequent
continuous developments of ECG techniques made heart rate recordings a custom-
ary measure in exercise physiology. Reckoning hundredths of studies is a huge task
of little importance in the present context. The interested reader can refer to any of



the numerous reviews and books on the subject (see, e.g., Cerretelli and di Prampero
1987; Poole and Jones 2012; Rowell 1993).
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Of great importance, however, appears a paper by Fagraeus and Linnarsson
(1976), for its impact on further thinking. These authors investigated the effects of
parasympathetic blockade with atropine on the heart rate kinetics at exercise onset in
humans. They identified a phase I response of heart rate in control condition, which
however disappeared under atropine. So they provided a very strong evidence
supporting their concept of vagal tone withdrawal at exercise start. Similar conclu-
sions were attained, 10 years later, by Maciel et al. (1986), who studied also beta-
blockade with propranolol and proposed that the heart rate increase during dynamic
exercise is mediated by a biphasic mechanism, initially depending on rapid vagal
release, the intensity of which is greater the higher the exerted power, whereas an
increased sympathetic activity appears with some delay, especially at the higher
levels of activity. If Maciel et al. (1986) were correct, then the withdrawal of vagal
tone at exercise start would not be a switch-off mechanism. It would rather reflect a
sudden down-modulation of vagal activity.

The appearance of beat-by-beat techniques for the determination of _Q in the
mid-1980s led to the demonstration that, not only the heart rate kinetics, but also the
kinetics of _Q at exercise onset is very fast, much faster than stated by Cerretelli et al.
(1966) and faster than that of _VLO2 (Cummin et al. 1986; De Cort et al. 1991;
Eriksen et al. 1990; Yoshida and Whipp 1994). These findings were the strongest
piece of evidence supporting, at least on a qualitative basis, the “cardiodynamic”
origin of phase I. Moreover, Cummin et al. (1986) highlighted a close correspon-
dence between the rapid increase of _Q and ventilation at exercise onset, suggesting
the hypothesis of an overall integrated response of the entire respiratory system in
the exercise transient. To then, however, no modeling of phase I for _Qwas proposed.

The School of Milano was the first to extend the application of the dual expo-
nential model of Barstow and Molé (1987) to the analysis of the kinetics of _Q and of
systemic oxygen delivery ( _QaO2) (Lador et al. 2006). During light aerobic exercise,
these authors obtained very low τ1 values for both variables, as a consequence of the
extremely rapid kinetics of the two determinants of _Q, heart rate and stroke volume.
Lador et al. (2006) attributed the rapid changes of the former to vagal withdrawal
(Fagraeus and Linnarsson 1976), and of the latter to an increase in heart contraction
force of mechanical origin. This hypothesis relied essentially on animal studies
(Sheriff et al. 1993), but direct evidence in healthy humans was still missing in
those days. It came only recently when Fagoni et al. (2020) demonstrated the
increased amplitude of the stroke volume response in phase I under progressively
increasing levels of lower body negative pressure.

The extremely low τ1 for _VLO2 and _Q suggested a strong link between the two
variables in the exercise transient and supported the “cardiodynamic” origin of
phase I, but it was not a demonstration yet of the dependence of _VLO2 kinetics on
_Q kinetics. Application of the Fick principle helps understand the issue. Because of a
delay between _VmO2 and _VLO2 , we can reasonably assume that during the first
seconds of exercise the composition of mixed venous blood, and hence the arterial-
venous oxygen difference (CaO2 -CvO2), remain constant and equal to those at rest



(Barstow and Molé 1987; Weissman et al. 1982). If this is so, any increase in _VLO2

during phase I would be due only to an increase in _Q. Lador et al. (2006) found that
the amplitude of phase I (A1) for _Q was on average 4.3 L min-1. For an average
resting CaO2 -CvO2 of 87 ml L-1, this would carry along a corresponding
immediate _VLO2 increase of 374 ml min-1. This figure is very close to the observed
A1 for _VLO2, reported in the same study (355 ± 148 ml min-1). So, they concluded
that the A1 for _VLO2 is indeed entirely accounted for by the _Q increase during
phase I, supporting the hypothesis put forward by Wasserman et al. (1974) and
Whipp et al. (1982). The LA school was right under this respect, but there was more.
Lador et al. (2008) found faster τ2 of _Q and _Qao2 than of _VLO2 in normoxia, with
equal time delay (Table 4.1). Therefore, they hypothesized that the kinetics of _Q is
under different control from that of _VLO2 even in phase II. They attributed the phase
II increase in _Q to the progressive activation of sympathetic flow to the heart.
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This is coherent with the widely accepted notion that the sympathetic system
predominates in controlling circulation in steady-state exercise (Cerretelli and di
Prampero 1987; Nyberg 1981; Robinson et al. 1966; Rowell and O'Leary 1990;
Strange 1999; Toska and Eriksen 1994; Turner 1991). Moreover, the amount of
oxygen made available to the contracting muscles in phase II overrides the oxygen
demand, determining a transient decrease of CaO2 -CvO2. Since Lador et al. (2006)
observed no CaO2 changes in the exercise transient in normoxia, they postulated that
the decrease of CaO2 -CvO2 was to produce a transient increase of venous oxygen
stores.

4.4 The Oxygen Uptake Kinetics in Hypoxia

The time constant of the primary component of the _VLO2 kinetics (τ2 of the double
exponential model) is slower in hypoxia than in normoxia, independently of the
applied model (Bowen et al. 2013; Cleuziou et al. 2005; Engelen et al. 1996;
Hughson and Kowalchuk 1995; Lador et al. 2008, 2013; Springer et al. 1991).
However, only one study, issued from the School of Milano, reported at the same
time the values of early lactate accumulation (Lador et al. 2013), thereby allowing
the computation of the energy balance of the oxygen deficit. So, we refer to this
paper for the analysis reported here below.

The volume of oxygen that is taken up through the lungs (VLO2) during a
constant-load exercise is given by:

VLO2 =
Z t

0
d _VLO2 dt ð4:2Þ

where t is the exercise time. VLO2 is less than t ∙ VLO2ss (suffix ss indicates steady
state) by an amount that is equal to the oxygen deficit (DefO2) determined at the
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mouth. DefO2 includes also the changes in venous blood oxygen stores (ΔVO2
st)

during the transient, which are equal to (Barstow et al. 1990):
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ΔVOst
2 =

��
_Vo2
_Q

�
r

-
�

_VO2

_Q

�
ss

	
Vvb ð4:3Þ

where suffixes r and ss refer to the pre-exercise resting and to the steady state
conditions, respectively, and Vvb is the venous blood volume, that Barstow et al.
(1990) assumed equal to 3 L and invariant within the exercise transient. Application
of Eq. (4.3) to the data of Lador et al. (2013), after admitting the correctness of
Barstow’s assumption, yielded average ΔVO2

st equal to 260 and to 230 ml in
normoxia and hypoxia, respectively. This allows the computation of a muscle
oxygen deficit (DO2M) as:

DO2M =DefO2 -ΔVOst
2 =VOpcr

2 þ VOeLa
2 ð4:4Þ

Equation (4.4) shows that DO2M consists of the alactic oxygen deficit (VO2
PCr),

i.e. the obligatory component of the oxygen deficit, plus the energy derived from
early lactate accumulation (VO2

eLa). VO2
PCr results from an exponential _VmO2

kinetics, the time constant of which, in homogeneously aerobic conditions,
i.e. when VO2

eLa is nil, is equal to the time constant of the mono-exponential kinetics
of muscle PCr decrease at exercise onset (Binzoni and Cerretelli 1991). As already
pointed out, this time constant ranges between 20 and 25 s, as demonstrated by
31P-NMR 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; Rossiter et al. 1999, 2002). As a consequence, when VO2

eLa

is nil, VO2
PCr turns out directly proportional to the steady state _VO2, and DO2M =

VO2
PC.

Lador et al. (2013) found no increase in blood lactate concentration during light
exercise in normoxia. Their subjects exercised in homogeneously aerobic conditions
(see the appendix of Chap. 3). The estimated time constant of _VmO2 kinetics, after
accounting for ΔVO2

st, corresponded well to that of muscle PCr kinetics. This was
not so in hypoxia, in which case DO2M was larger than in normoxia. Since the
mechanical power in hypoxia was the same as in normoxia, and so was _VmO2ss ,
VO2

PCr was necessarily equal in both conditions. Thus, the DO2M increase in
hypoxia was exclusively due to an increase in VO2

eLa.. Hence, the energy provided
by VO2

eLa. in hypoxia must be equal to the difference in DO2M between hypoxia and
normoxia. Ferretti (2015) calculated the ratio between VO2

eLa and the net average
lactate accumulation after the data of Lador et al. (2013). Once expressed per unit of
body mass, this ratio resulted equal to 2.5 mlO2 mM-1 kg-1, a value fairly close to
the range normally admitted for the energy equivalent of blood lactate accumulation
(di Prampero 1981; di Prampero and Ferretti 1999). This definitely demonstrates that
the energy balance of DO2M is compatible with the energetic principles exposed in
Chap. 3.
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Lador et al. (2008) found that, in normoxia, the τ2 of _Q and _QaO2 were smaller
than that of _VLO2 (Table 4.1). The oxygen delivery to the working muscle was
sufficient to sustain the rate of increase of _VmO2. In contrast, the τ2 of _Q and _Qao2
increased (slower kinetics) in hypoxia, to become even higher than that of _VLO2 in
normoxia. This entailed a slowing down of the kinetics of _VLO2 as well. The oxygen
delivery to the working muscle became insufficient to sustain the expected rate of
increase of _VmO2, so that the kinetics of _VmO2 became slower than that in normoxia,
and slower than what would be necessary to sustain the increased rate of energy flux
along the glycolytic pathway. Pyruvate was accumulated in muscles and transformed
into lactate (early lactate). The conditions for heterogeneous aerobic metabolism at
steady state were set.

The above-mentioned studies have the advantage of providing data of both _VLO2

and _Q kinetics. Yet there are several other conditions, in which the _VLO2 kinetics is
slower than during light exercise in normoxia. Considering only physiological
conditions, we may cite supine exercise, arm exercise, induced ischemia, beta-
adrenergic blockade (Faisal et al. 2010; Hughson 1984; Hughson and Kowalchuk
1991; Hughson et al. 1991, 1993, 1996; Koga et al. 1996; McDonald et al. 1998;
Paganelli et al. 1989). Richard Hughson from Canada was particularly active in these
fields, a work that made him the herald of the theory of oxygen delivery regulation of
_VmO2 kinetics, which we partially disagree with, as pointed out below.

4.5 The Limits of Muscle Oxygen Consumption Kinetics

In contracting muscles, the rate of energy flow increases with the same time constant
as that describing the muscle PCr drop. If this occurs in a condition in which the
phase II kinetics of _Q and _QaO2 is faster than that of the PCr drop, sufficient oxygen
is made available to contracting muscles to sustain the higher metabolic energy flux.
In this condition, the rate of increase of energy flow dictates the rate at which _VmO2

increases (Bowtell et al. 2007; Connett et al. 1985; Korzeniewski and Zoladz 2002).
However, any slowing of _Q and _QaO2 kinetics entails a slowing of both the

kinetics of _VLO2, and of _VmO2. Moreover, as soon as the kinetics of _Q and _QaO2

become slower than the rate at which the energy flow at the muscle fiber level
increases, pyruvate accumulates in contracting muscle fibers, thus promoting mus-
cle, then blood lactate accumulation (early lactate, Cerretelli et al. 1979). In this
condition, _QaO2 , rather than the rate of energy flow, limits the kinetics of _VmO2 .
Early lactate provides the extra energy that is required to build up the oxygen deficit.

This assertion can take a more general form, as follows: whenever the rate of
glucose degradation along the glycolytic pathway exceeds the rate of _VmO2, and thus
the rate at which ATP resynthesis takes place along the Krebs’ cycle and the
oxidative phosphorylation pathways, pyruvate is accumulated in the working mus-
cles. The amount of pyruvate that cannot be fed into the Krebs’ cycle is reduced to
lactate, whence the appearance of early lactate (VO2

eLa becomes positive).
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Two are the possible causes of such disequilibrium between glycolysis and the
downward components of the oxidative metabolic chain: (i) the rate of glycolysis
exceeds the maximal rate of aerobic metabolism, or (ii) oxygen delivery is insuffi-
cient to sustain aerobic metabolism. The former case, which is discussed in Chap. 3,
concerns the intense exercise domain, and thus all conditions in which the maximal
_VmO2 of type II fast muscle fibers is exceeded. The latter case, which is discussed in
the previous paragraphs for acute hypoxia, concerns those conditions in which the
kinetics of _Q and _QaO2 become slower than the rate at which muscle energy flow
can increase in the aerobic pathways.

This is a classical reasoning reflecting the way of thinking of the School of
Milano. Yet, similar reasoning arose also within the LA School, although with a
different flavor. As Poole and Jones (2012) put it, there is no question that muscle
oxygen availability has the potential to influence metabolic control (Erecinska and
Wilson 1982; Marcinek et al. 2003). If mitochondrial oxygen supply is truly insuf-
ficient, the rate of oxidative metabolism will be restricted and this will be manifest as
slower _VO2 kinetics across a metabolic transient. This is not far from what we have
just stated. But there is more, as long as they continue as follows. However, the
contention in this review is that muscle oxygen delivery does not limit _VO2 kinetics
during most forms of exercise (those in which the heart is positioned above the bulk
of the working muscle mass such as in running, cycling, and rowing) in most
subjects (i.e., apparently healthy, physically active people below the age of approx-
imately 50 years), and even when the exercise intensity is high (i.e., severe). These
statements close 40 years of discussions, placing the Milano and the LA Schools on
the same wavelength.

Just one point still separates the two Schools: early lactate, as long as Whipp and
his successors do not seem to accept the concept of energy equivalent of blood
lactate accumulation yet, thereby partially denying the energetic meaning of DO2M.
To us, early lactate is a keystone of the entire story, to the point that we dare to end
this paragraph by the following hazardous statement. When there is no early lactate
accumulation in the exercise transient, muscle oxygen delivery does not limit _VmO2

or _VLO2 kinetics; on the contrary, it does indeed, when there is early lactate
accumulation in the exercise transient, with the exception of intense exercise,
when the glycolytic flux becomes very high.

4.6 On the Correspondence Between Muscle Oxygen
Consumption and Lung Oxygen Uptake Kinetics

Historically, the implicit assumption behind the investigation of the _VLO2 kinetics is
that its primary component reflects the time course of _VmO2. The double exponential
model of the _VLO2 kinetics challenges this concept, at least concerning phase I. It
challenges the same concept also for the kinetics of leg oxygen flow, which Grassi
et al. (1996) analyzed with a single exponential model. This challenge was not



dangerous to the vision of the school of Milano. In fact, as already pointed out, this
problem was accounted for by admitting a buffer allowing transient variations in
blood oxygen stores (di Prampero 1981), and by accounting for early lactate
accumulation as an energy source for the enlargement of the oxygen deficit at
high-intensity exercise (di Prampero and Ferretti 1999).
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On the contrary, this challenge was felt dangerous to the LA vision. Wasserman
and Whipp, although they generated the cultural milieu allowing the creation of the
double exponential model, were strongly attached to a strict relation between the
phase II _VLO2 kinetics and the _VmO2 kinetics. To them, this was an essential
element, a pillar of the construction of the double exponential model. Contrary to
the School of Milano, they transformed it from a conjecture into an axiom.

Yet the double exponential model challenged this axiom. Poole and Jones (2012)
were particularly sensitive to this challenge and discussed it widely. Their discussion
started from the theoretical analysis of Barstow et al. (1990), who stated that the size
of venous volume determines the time delay between _VLO2 and _VmO2 , without
altering the respective time constants. Moreover, Barstow et al. (1990) claimed that
altering the _Q response affects primarily the _VLO2 response in phase I. Of course,
these authors were not aware that the τ2 of _Q and _QaO2 are faster than that of _VLO2

(Lador et al. 2006, 2008). Then, Poole and Jones (2012) criticized di Prampero’s
considerations on the role of changes in oxygen stores on the _VLO2 kinetics and
argued that changes in oxygen stores occurring in phase I only would not dissociate
_VLO2 kinetics from _VmO2 kinetics.
To support their point, they summarize numerous studies in a thoughtful para-

graph. We draw attention to a study involving also the School of Milano: Grassi et al.
(1996) determined the time course of leg blood flow and _VmO2 in humans, and
compared them with simultaneous determinations of _VLO2 kinetics at the mouth. In
condition of normal leg blood flow, the kinetics of _VmO2 and that of the primary
component (phase II) of _VLO2 had the same time constants. For Poole and Jones
(2012), this is a major finding supporting the concept that the _VLO2 kinetics is
representative of the _VmO2 kinetics. However, they had to admit that this was not the
case for the phase I increase of _VLO2, which appeared unchanged even when _VmO2

increased very slowly, a finding confirmed also by further studies (Bangsbo et al.
2000; Krustrup et al. 2009). Moreover, this discrepancy was observed also in the
high-intensity domain (Bangsbo et al. 2000; Krustrup et al. 2009; Nyberg et al.
2010). Indeed, phase I is a phenomenon that has nothing to do with _VmO2 , but
responds to other functional imperatives (Ferretti 2015).

Readers interested in the complex reasoning, by which Poole and Jones (2012)
tried to reconcile their vision to experimental observations, are referred to the
original publication. We just point out that part of their astonishment came from
their reticence to think in terms of energetics of muscle contraction, as taught by
Rodolfo Margaria and the School of Milano (see Chap. 3). Nevertheless, they were
ready to conclude that, once allowance is made for phase I, which is the real great
contribution of the LA School to our knowledge of exercise transients, phase II
kinetics is indeed a close analog of _VmO2 kinetics.
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However, this is not the crucial point, to our eyes, as we try to explain in the next
lines. Bruno Grassi’s findings have a deeper value than that of mere support of the
correspondence between a measure at the mouth and a measure in the muscles. The
most important concept behind his experiments is that the _VLO2 kinetics and the
_VmO2 kinetics, although closely matched, are under different control systems and
respond to different homeostatic needs. This concept appears not only from the study
on the single-leg exercise model (Grassi et al. 1996), but even more neatly in the
studies on the isolated-perfused muscle preparation (Grassi et al. 1998a, 1998b)
(Fig. 4.3). In the latter studies, the kinetics of the oxygen delivery through the
femoral artery was found to be only slightly faster than that of the _VmO2 , but
much slower than that reported by others of the local muscle blood flow at exercise
onset, which is known to be extremely rapid (Rådegran and Saltin 1998; Toska and
Eriksen 1994; Walloe and Wesche 1988). Clearly, leg oxygen delivery through the
femoral artery was unable to respond as fast as local muscle blood flow, suggesting
that systemic oxygen delivery, muscle oxygen diffusion and perfusion, and oxygen
consumption may be the consequence of different, independent, though optimized
phenomena.

Grassi et al. (1998a) also demonstrated that the time constant of _VmO2 kinetics
was the same in conditions of normal and forced oxygen delivery, and equal to that
calculated for the kinetics of muscle PCr decrease, further reinforcing the concept of
an independent metabolic control of the kinetics of _VmO2:

It is a matter of fact that the _VLO2 kinetics corresponds closely to the _VmO2

kinetics, once allowance is made for changes in blood oxygen stores. This concept is
partially challenged by the double exponential model, which assumes a cardiovas-
cular origin of phase I. However, stating that the kinetics of _VLO2 and _VmO2 are
characterized by the same time constants is not tantamount to state that the _VLO2

kinetics and the _VmO2 kinetics are under the same control system. They are coupled,
and they are tightly matched (except for phase I), but this does not mean that the
_VLO2 kinetics is under the same metabolic control as the _VmO2 kinetics. Metabolic
changes dictate exclusively the kinetics of PCr decrease and the obligatory compo-
nent of the oxygen deficit.

4.7 The Effect of Priming Exercise

The kinetics of _QaO2 may be accelerated if the blood flow to the contracting muscle
mass is artificially elevated before the start of a square-wave exercise. In humans,
this can be done, for instance, by performing an intense exercise a few minutes
before the start of the “experimental” exercise. During recovery after intense exer-
cise, the decrease of blood flow is slower than the corresponding increase at exercise
onset. Thus, the second exercise starts when muscle blood flow has not yet returned
to its resting value. In this case, a smaller (faster) τ2 describes the _VLO2 kinetics, than
that observed when the same exercise is started from a resting blood flow (see
e.g. Burnley et al. 2011; Gerbino et al. 1996). This was called the priming exercise
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Fig. 4.3 Panel A. Average values of muscle blood flow (left) and muscle oxygen delivery (right).
Panel B. Average values of artero-venous oxygen difference across muscle (left) and muscle
oxygen uptake (right) at rest and during contractions in three experimental conditions, control,



effect. This effect, however, does not appear when the first exercise is carried out at a
power below the lactate threshold, or below the critical power (Gerbino et al. 1996).
In the intense exercise domain, the effect depends on exercise intensity (Bailey et al.
2009) and on the recovery time (Burnley et al. 2001).
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Several hypotheses have been put forward to explain the priming exercise effects.
Among these, increased muscle oxygen delivery may play a crucial role in its
potentially direct effect (DeLorey et al. 2007; Endo et al. 2005). However, a higher
activity of muscle oxidative enzymes and alterations of motor unit recruitment
patterns were also considered (see Poole and Jones 2012 for details). Curiously
enough, already in 1970, di Prampero et al. (1970) showed that the _VLO2 kinetics
was faster when the same step increase in workload was started from a light exercise
steady state rather than from rest. They attributed this acceleration of the _VLO2

kinetics to the smaller amount of oxygen stores in the former than in the latter case,
concluding that in the former case the _VLO2 kinetics became closer to the _VmO2

kinetics. It is tempting to speculate that a similar mechanism may explain the
priming exercise effect.

The effect of priming exercise on the _VLO2 kinetics was not observed when
studying the _VmO2 kinetics during blood flow manipulations in the isolated-perfused
muscle preparation (Grassi et al. 1998a). Therefore, the acceleration of the _VLO2

kinetics associated with the performance of priming exercise is due to events
occurring in the respiratory system. The phenomenon appears when aerobic metab-
olism is heterogeneously distributed, and early lactate accumulation occurs. It is
associated with faster kinetics of _QaO2 in the second than in the first exercise bout.
By accelerating the _VLO2 kinetics, and thus reducing early lactate accumulation, the
priming exercise increases the performance time at any intensity above the critical
power (Burnley et al. 2011; Ferguson et al. 2010). Maximal aerobic power and
critical power, which are tightly matched (Adami et al. 2013), are both unaffected by
the performance of a priming exercise.

Based on what precedes, we hypothesize that the effect of priming exercise
results from an interaction between _QaO2 and _VmO2 . The τ2 of _QaO2 becomes
slower as exercise intensity increases. Thus, an acceleration of the τ2 of _QaO2

induced by the priming exercise effect would succeed in accelerating not only the
τ2 of _VLO2 , but also that of _VmO2 , reducing early lactate accumulation and thus
VO2

eLa. Thus, changes in blood oxygen stores ensure the energy balance under these
circumstances. This interpretation accommodates the priming exercise effect in the
energetic vision of the exercise transients characterizing the School of Milano.

Fig. 4.3 (continued) hyperoxia and hyperoxia plus RSR-13 (a drug that reduces hemoglobin
oxygen affinity). Vertical hatched lines, contraction onset. From Grassi et al. 1998a
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4.8 Further Reflexions on the Slow Component

In the intense exercise domain, beside the appearance of early lactate, a new
component of the _VLO2 kinetics becomes evident, the so-called slow component
of the _VLO2 response to exercise (Camus et al. 1988; Capelli et al. 1993; Paterson
and Whipp 1991; Poole et al. 1988; Whipp and Wasserman 1972). The slow
component prevents the attainment of a steady state during constant-load exercise:
_VLO2 increases until it reaches its maximum and exercise is terminated (Poole et al.
1988). Barstow and Molé (1991) treated the slow component as a third exponential
of the _VLO2 kinetics (phase III), the amplitude of which would be nil at light
exercise, and would be positive above the maximal lactate steady state (MLSS),
eventually higher, the higher the mechanical power. These authors reported time
constants higher than 100 s for phase III _VO2 kinetics.

The view of the slow component by the School of Milano has been discussed in
Chap. 3. In short, based on the chain of biochemical events described by Harris et al.
(1976, 1977) during recovery after exercise, it was hypothesized (Capelli et al. 1993)
that the progressive decrease of muscle pH, occurring in high-intensity exercise, is
responsible for the slow component of the _VLO2 response. In fact, muscle pH affects
the equilibrium constant of Lohmann’s reaction, and hence the muscle PCr and the
free creatine concentrations, thus increasing muscle Pi and reducing the phosphor-
ylation potential (ATP/(ADP + Pi)). This, as is well known, is a key controller of
PFK activity.

However, and thanks essentially to the work by the LA School, other interpreta-
tions were also considered. These include a mixture of fiber type functional charac-
teristics, fatigue, increase in muscle temperature, and differences in efficiency
between type I and type II fibers (Jones et al. 2011; Poole et al. 1994).

The slow component represents a challenge to the classical notion of a linear
_VLO2 versus power relationship from rest to maximal exercise (Ferretti 2015). In
fact, the appearance of the slow component suggests a non-linear relationship
between _VLO2 and mechanical power and the lack of a clearly visible steady state
for _VLO2 during intense exercise. Several scientists took this as a refutation of the
concept that maximal aerobic power is the power requiring a _VLO2 equivalent to the
maximum (Poole and Richardson 1997; Zoladz et al. 1995).

Let us first discuss the effects on the mechanical efficiency of exercise (η). If, on
one side, the extra-oxygen consumption due to the slow component would tend to
decrease η at a given constant mechanical power, on the other side it is also true that
the mechanical work done per mole of ATP split increases (di Prampero et al. 1988;
Ferretti et al. 1987), which increases η. These two phenomena tend to compensate
each other, thus attenuating, if not canceling out, the distortive effects on the linear
_VO2 versus power relationship, and thus maintaining η essentially independent of
power, and also of exercise duration.

Concerning maximal aerobic power, we can speculate as follows. In Chap. 3, we
have highlighted the role of free creatine in determining the slow component of the
_VLO2 kinetics during recovery. A mirror speculation can be proposed for the



�

interpretation of the slow component of the _VLO2 kinetics during intense exercise, in
which _Lab > 0 :
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Lactate formation→ increased Hþ½ �→ increased Cr½ �
→ slow component of _VLO2 increase:

If this is so, (i) the slow component could indeed be described by an exponential
equation; (ii) the _VLO2 increase due to the slow component does not occur in the
contracting muscle fibers; (iii) the _VLO2 increase due to the slow component is an
attempt to remove lactate accumulated in active muscle, and thus to reduce _Lab ;
(iv) a three-exponential model of the _VLO2 kinetics becomes admissible (Borrani
et al. 2001; Burnley et al. 2000), as described by the following equation:

_VLO2t =A1 1- e- k1t
� �þ A2 1- e- k2 t- dð Þ

� �
þ A3 1- e- k3 t- dsð Þ

�
ð4:5Þ

where ds is the time delay of the slow component, which the third exponential refers
to. The amplitude of the third, slowest exponential would be nil at powers lower than
the MLSS or the critical power. Therefore, below the MLSS, the three-exponential
model would reduce to a simpler double exponential. Under these conditions,
Eq. (4.1) becomes a particular case of Eq. (4.5), being and remaining a good
descriptor of the _VLO2 kinetics in the light and moderate power ranges.

If this line of reasoning were correct, the maximal aerobic power would still be
the lowest power at which the maximal oxygen consumption is attained, considering
however that, above the MLSS, the fraction of _VLO2 related to the slow component
(A3) is not used to sustain mechanical power. Therefore, an apparent reduction of
exercise efficiency appears, as reported by some studies (Borrani et al. 2003; Zoladz
et al. 1995), although the mechanical efficiency (η) of the transformation of meta-
bolic power into mechanical power ( _w) in muscular contraction remains unchanged.
In this context, η can be redefined as follows:

η=
_w

_VLO2 - _VLO2r
=

_w
_VmO2 - _VmO2r

=
_w

A1 þ A2
ð4:6Þ

where _VLO2r and _VmO2r are the lung and muscle oxygen flows at rest, respectively,
expressed in watts, as well as A1 and A2. The equality established by Eq. (4.6) applies
at powers up to the MLSS or up to the critical power. At higher powers, in the intense
exercise domain, since _VLO2 - _VLO2r >A1 þ A2, because the former term includes
also A3, we have:

_w
_VmO2 - _VmO2r

=
_w

A1 þ A2
= η>

_w
_VLO2 - _VLO2r

ð4:7Þ
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In this case, the term _w
_VLO2 - _VLO2r

would provide the gross efficiency of exercise,

accounting for the apparent decrease of efficiency in the severe exercise domain,
whereas the actual mechanical efficiency of power generation in the contracting
muscle mass remains equal to _w

A1 A2
.

The appearance of the slow component has an impact also on the characteristics
of the _VLO2 response during sinusoidal exercise. This can be defined as a type of
exercise in which the workload varies continuously between a minimum and a
maximum following a sinusoidal pattern of given wavelength. The LA School
typically investigated this type of exercise. In the light exercise domain, _VLO2

follows a symmetric sinusoidal pattern, with a time lag corresponding to the time
constant of the primary component of the _VLO2 kinetics (Casaburi et al. 1977;
Haouzi et al. 1993; Whipp et al. 1982). This is because in this type of exercise there
is neither the rapid phase I of the _VLO2 kinetics, nor the slow component. Therefore,
the respiratory system behaves as a first-order system, providing essentially linear
responses. This is not so in the intense exercise domain, at powers implying the
appearance of the slow component. Because of a progressive increase of the time
constant of the primary component, implying early lactate accumulation, and of the
superposition of the slow component, the sinusoidal _VLO2 response is distorted. On
one side, the time lag between the power and the _VLO2 sinusoidal patterns expands
as _Lab goes up (Haouzi et al. 1993). On the other, an asymmetry between
the increasing and decreasing parts of the _VLO2 response is expected, due to the
divergent characteristics between the on- and off- phases of the _VLO2 pattern. The
latter prediction requires a closer experimental scrutiny.

4.9 The Problem of Gas Flow Analysis
on a Breath-by-Breath Basis

The measurement and computation techniques used to investigate the _VLO2 kinetics
at exercise onset deeply affected our understanding of the exercise transient. Ini-
tially, no breath-by-breath recording was possible, and ingenious techniques of serial
sampling were adopted (Cerretelli and Brambilla 1958; Henry 1951). The time
resolution of the alveolar oxygen transfer attained the single breath level when
Auchincloss et al. (1966) published their original algorithm for _VLO2 computation.
This was a great achievement, which started the modern history of the _VLO2 kinetics.

However, Auchincloss’ algorithm requires a correct determination of the changes
in lung gas stores within each breath. This quantity cannot be measured. Therefore,
Auchincloss et al. (1966) assumed a fixed pre-defined value of it, which they set
equal to the functional residual capacity. Several authors introduced variants to the
Auchincloss algorithm (Busso and Robbins 1997; Swanson and Sherrill 1983;
Wessel et al. 1979), in an attempt at identifying more correct values of
end-expiratory lung volume. However, di Prampero and Lafortuna (1989) demon-
strated that the end-expiratory lung volume was not equal to the functional residual



capacity, was varying continuously among breaths, and was unpredictable. This
demonstration of the impossibility of attaining a correct estimate of end-expiratory
lung volume at each breath was a fundamental theoretical result. It established that it
was impossible to reduce the experimental error of single-breath alveolar oxygen
transfer determination by refining the Auchincloss algorithm, the theoretical value of
which was slain by an elusive variable.
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Although many studies still rely on the Auchincloss algorithm, which undermines
their value, and although several metabolic carts of common use in clinical envi-
ronment as well as in physiological laboratories have implemented a computation
software based on the Auchincloss algorithm, other tracks had to be taken to reduce
the signal-to-noise ratio. A remarkable computational improvement was achieved
after Capelli et al. (2001) had resumed an alternative algorithm (Grønlund 1984),
which did not require an independent a-priori estimate of end-expiratory lung
volume. Using Grønlund’s algorithm, Capelli et al. (2001) demonstrated a
two-times improvement of the signal-to-noise ratio in breath-by-breath determina-
tion of alveolar gas transfer as compared with Auchincloss-like algorithms. More-
over, 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 volume. This was a crucial achieve-
ment, suggesting that the primary component of the _VLO2 kinetics might indeed be
faster than previously admitted, even faster than the kinetics of _VmO2 (Adami et al.
2011; De Roia et al. 2012; Lador et al. 2006). A further evolution of Grønlund’s
algorithm was recently proposed (Cettolo and Francescato 2018), with similar
results (Francescato and Cettolo 2019).

Such algorithm improvements, however, did not act on the time resolution, the
second fundamental limitation in the study of gas exchange dynamics. Since the
single breath is a physiological barrier, further improvements in the time resolution
could rely only on computational manipulations, such as superposition of several
trials and interpolation procedures. This is a need if we wish to use the double
exponential model of Barstow and Molé (1987). This model in fact yields very low
τ1 values, so low (so fast), that τ1 was systematically undersampled, because it was
resolved within one, at most two breaths, from exercise start.

The first attempts in this direction relied on interpolation methods on the 1 s basis
(Beaver et al. 1981; Hughson et al. 1993; Lamarra et al. 1987). All these methods
introduced filters distorting the physiological signal. So they introduced a further
source of error, which tends to overestimate calculated time constants. Lamarra et al.
(1987) were aware of this problem. They honestly admitted that their step interpo-
lation 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, the
time constant of which was at least one order of magnitude greater than the
interpolation interval. Hughson et al. (1993) circumvented the limits of stepwise
interpolation by introducing a linear interpolation procedure. They assumed a
continuous, linear _VO2 increase within a given breath. Yet a filter effect is still



present, although of smaller impact, especially in the determination of τ1. The
interpolation methods remain intrinsically inaccurate.

4 Further Developments on Exercise Transients: Los Angeles Versus Milano 125

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, 2014b). This
procedure prevented possible signal distortion by superposing raw data obtained
during several identical exercise transients, on the assumption that each repetition on
a given subject is representative of the same physiological situation. The number of
observations encompassed by a fitting procedure is greater. Thus, the fitting is
reinforced by mere addition of data. The stacking procedure provided equivalent
τ2 values, but lower τ1 values than the two interpolation procedures (Bringard et al.
2014), for the same _VLO2 computational algorithm (Grønlund’s). It is not unlikely
that the _VLO2 kinetics upon exercise onset be faster than usually reported, because of
insufficient or inadequate data treatment tools. This would reinforce the concept of
the independence of _VLO2 kinetics from _VmO2 kinetics and metabolic control.

4.10 Conclusions

We owe much of the present knowledge on the exercise transient to the work done
by the Milano and the LA Schools. They competed fairly for some 40 years, starting
from different points and cultural visions. They pursued separate tracks, had diver-
gent theoretical backgrounds, and therefore performed different experiments. But
they finally converged on a shared conclusion, namely that _VmO2 kinetics is
controlled by the metabolic changes initiated by muscle contractions at exercise
onset, at least during exercise with big muscle masses in normoxia. There are,
however, conditions in which the kinetics of muscle oxygen delivery becomes
slower than that of activation of the muscle metabolic machinery. When this is the
case, then the time constant of the _VmO2 kinetics increases and the process becomes
limited by cardiovascular oxygen transport, for the glory of Richard Hughson and
the Canadian School. In all conditions, the primary component of the _VLO2 kinetics
has the same time constant as the _VmO2 kinetics, once allowance is made for a time
delay between working muscles and the lungs and for the changes in blood oxygen
stores. It is therefore justified to infer on muscle energetics from gas exchange
kinetics. However, when the _VmO2 kinetics becomes slower than that of muscle
PCr decrease, and thus early lactate is accumulated in muscle and in blood, such
inference becomes possible only if early lactate is determined and an energy
equivalent for lactate accumulation is admitted. In spite of this, and despite the
collected evidence (see Chap. 3), this concept is not accepted by all scientists in the
field even nowadays.
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Chapter 5
The Energetics and Biomechanics
of Walking and Running

Pietro Enrico di Prampero and Guido Ferretti

Abstract This chapter is on walking and running, the present knowledge of which
is due essentially to the School of Milano. After a short historical synopsis, the
energetics of walking and running is discussed. In this context, after having intro-
duced Margaria’s concept of energy cost, the effects of incline, of the terrain, of
pathological gaits and of body mass and aging are treated. In the second part, the
contribution of the School of Milano to the knowledge of the biomechanics of
walking and running is analyzed, with special attention to the fundamental role
played by Giovanni Cavagna. The pendulum-like mechanism of walking and the
elastic mechanism of running are described. Concepts like internal and external work
and mechanical efficiency are discussed. Further, the transition between walking and
running is discussed along the lines proposed by Alberto Minetti. Finally, the
energetics of sprint running and the effects of acceleration are discussed.
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Three athletes during training for the marathon race of the 1896 Athens Olympic Games, on the
road from Marathon, Greece. The athlete in the middle is Charilaos Vasilakos (1877–1964), a
student from Athens, who ended at the second place, after the shepherd Spyridon Louis
(1873–1940). Property of WikiCommons, in free domain

5.1 Introduction

The aim of the present chapter is to subsume under a coherent picture the vast
collection of data on the bioenergetics and biomechanics of walking and running,
arising from the numerous papers devoted to these topics by the School of Milano,
along the lines of the seminal study by Rodolfo Margaria (1938) on the energy cost
of walking and running. More specifically, after a brief historical note, we discuss
the basic principles along which an analysis of human locomotion can be performed,
and then we describe more in detail the energetics and biomechanics of walking and
running. The effects of the incline are analyzed for both. Competitive walking is also
considered. The School was active in the study also of other types of locomotion,
both on land (speed skating, skiing, but mostly cycling) and in water (swimming,
rowing and other forms of assisted locomotion), along the same general principles.
These are discussed in Chap. 6.
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5.2 The Founders

It is well known since the Hellenistic era that muscles are the site of animal
movement. Herophilus (≈325 – ≈255 B.C.), one of the founders of the medical
school of Alexandria, was already aware that muscles can shorten and lengthen.
Although he is credited to have been one of the first to establish a bridge between
hard science and medical science, we are not aware as to whether he created what we
would call nowadays a physical theory of animal motion. Most of his work has been
lost and present information on him is indirect, from citation in other texts (Von
Staden 1989). To set a theory of locomotion, we need an adequate physical system
and the Hellenistic one was lost. It was only with the development of modern
classical mechanics starting from the seventeenth century, and the creations of
concepts like work and power, that we got an instrument for the analysis and
interpretation of animal locomotion.

As already pointed out in Chap. 2, the second necessary instrument came in the
eighteenth century, with the discovery of oxygen and carbon dioxide. Antoine-
Laurent de Lavoisier (1743–1794) was the first to demonstrate that both gases are
necessary to life, as humans consume oxygen and produce carbon dioxide; but even
more important, he demonstrated, together with Armand Séguin (1767–1835), that
oxygen consumption, carbon dioxide elimination and heat production all increase in
exercise, in rough proportion between them (Perkins Jr 1964). This observation
implies three consequences: (i) chemical energy transformation is an oxidation
process of some “organic” fuel, with carbon dioxide as end product; (ii) there
must be a tight coupling of oxygen consumption to fuel degradation, and (iii) the
chemical energy transformation into mechanical energy occurs during muscular
contraction. The basis for an energetic analysis and interpretation of human loco-
motion was set.

It does not come as a surprise that the earlier attempts at describing the energetics
of human locomotion in quantitative terms were devoted to walking. Indeed, in the
second half of the nineteenth century, several authors determined the energy expen-
diture during level walking, wherefrom the energy cost of walking (Cw) on the level
at speeds between 3.8 and 4.8 km h-1 (1.05–1.33 m s-1) can be calculated
(Katzenstein 1891; Smith 1859; Sondén and Tigerstedt 1895). The obtained values
were astonishingly close to the currently accepted ones (from 0.32 to 0.51 kcal kg-
1 km-1, i.e., from 1.34 to 2.13 J kg-1 m-1). The mechanical efficiency of uphill
walking, as obtained from the ratio of the potential energy (Ep) changes to the
corresponding metabolic energy expenditure, was also determined, obtaining values
ranging from≈ 0.20 to≈ 0.37 (Katzenstein 1891; Löwy et al. 1897; Schumburg and
Zuntz 1896). At the beginning of the twentieth century, Brezina and Kolmer (1912)
reported that the energy cost of level walking, per unit of transported mass and
distance, increases sharply at speeds >1.33 m s-1. Shortly afterward, Barkan et al.
(1914) observed that the energy expenditure of level walking at speeds between 0.8
and 1.3 m s-1, at the altitude of the “Laboratorio Angelo Mosso” (2900 m above sea
level, see Chap. 1), was essentially equal to that observed by others at sea level



(0.37–0.55 kcal kg1 km1). Similar results were reported also by Benedict and
Murschhauser (1915).
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The energy cost of running (Cr) can be assessed from the studies byWaller (1919)
and by Liljestrand and Stenström (1919), whence values ranging between 0.80 and
1.30 kcal kg1 km1 were obtained, again not far from the presently accepted ones;
whereas Hill (1928) was probably the first to investigate the effects of the air
resistance in running. However, as mentioned above, the most comprehensive
study on the energy cost of walking and running was undertaken by Margaria
(1938). Margaria’s study was a turning point of the history of the energetics of
human locomotion, for the formalization of the concept of energy cost (C), which is
still at the core of our interpretation of the energy transformations during walking
and running, and actually during any type of locomotion.

The study of the biomechanics of human locomotion took great advantages from
the technological revolution that occurred in the second half of the nineteenth
century, thanks to the dramatic development of photography. Several attempts at
reproducing movement using photographic tools preceded the Lumière brothers’
invention of what we call cinema. Two men, interested in understanding human
movement, had a major role in these developments: Etienne-Jules Marey
(1830–1904), a French physiologist, and Eadweard Muybridge (1830–1904), a
British photographer who practised in the USA, who, amazingly enough, shared
the years of birth and death. The former invented the chronophotographic gun, a tool
that allowed taking sequences of 12 frames per second reproduced on the same plate
(classical movie cameras filmed at a frequency of 24 images per second); with this
technique, Marey (1878) decomposed animal movement to get detailed analysis of
it. Similarly, Muybridge placed 12, then 24 cameras at given distances, taking
pictures at given predetermined times along the path of a moving animal. He copied
his images onto a spinning disc allowing projection at predetermined speed of the
sequence of images through a source of light: by doing so, he reproduced motion at a
pre-cinematographic speed (Muybridge 1887).

Their techniques opened the way not only to modern cinema, but also to the
cinematographic techniques of locomotion analysis, which allowed Wallace Fenn
(1893–1971) to perform the first computations of mechanical work during walking
and running (Fenn 1930a, 1930b). Pretty much as Margaria’s 1938 study for the
energetics, Fenn’s papers represented a turning point of the history of the biome-
chanics of human locomotion. Incidentally, Margaria and Fenn were friends. Fenn
later created Rochester, which then spread to Buffalo: their friendship is the base of
the Buffalo—Milano connection.

5.3 Definitions and General Concepts

The maximal absolute velocities in human locomotion encompass a wide range of
values (Fig. 5.1), whereas the maximal muscular power of the athletes competing in
the different events, for any given effort duration, is substantially equal. Thus, the



above speed differences cannot be attributed to the athletes’ “engine”; on the
contrary, they depend on the set of intrinsic characteristics of any given form of
locomotion that determine C, is usually expressed in kJ km-1. However, to compare
subjects of different body size, it is often convenient to express C per kg of body
mass (J kg-1 m-1). It should also be pointed out that 1 kcal = 4.186 kJ, and that the
consumption of 1 L of oxygen in the human or animal body yields ≈ 5 kcal (≈
21 kJ), the precise value ranging from 4.68 to 5.05 kcal L-1 depending on the
substrates utilized, and hence on the respiratory quotient (Margaria 1975).
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Fig. 5.1 Average speed (v) of some extremely high performances, or 2014 world records, as a
function of time in the indicated forms of human locomotion. Since we refer to records, walking is
competitive walking. The time is expressed in seconds (upper abscissa, log scale) or as the
corresponding logarithm, lower abscissa. Modified after di Prampero 2015

The rate of energy expenditure per unit of time (metabolic power, _E ) is the
product of C times the velocity (v):

_E=C v ð5:1Þ

Equation 5.1 tells that, in any form of locomotion, and for any given C value, the
maximal attainable speed (vmax) is directly proportional to the subject’s maximal
metabolic power ( _Emax ). Solving Eq. 5.1 for vmax, we obtain:

vmax =
_Emax

C
ð5:2Þ

Equation 5.2 applies regardless of the energy sources yielding _Emax ; however, it
becomes particularly useful in long-duration aerobic performances, wherein _Emax is



well defined and is represented by the subject’s maximal oxygen consumption
( _VO2

max, see Chap. 7). Hence:
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vmax =
φ _VOmax

2

C
ð5:3Þ

In this specific context, vmax is tantamount to the maximal aerobic speed, whereas
φ is the fraction of _VO2

max that can be sustained throughout the entire performance.
We note that, for effort durations between≈ 30 minutes and≈ 2 hours, φ depends on
the characteristics of the power-time relationship yielding the so-called critical
power (Moritani et al. 1981).

The three quantities φ, _VO2
max and C, combined as in Eq. 5.3, explained about

70% of the performance variability in a group of long-distance runners (di Prampero
et al. 1986). So, Eq. 5.3 provides a satisfactory description of the energetics of
endurance running. Moreover, we can reasonably assume that the type of analysis
expressed formally by Eq. 5.3 can be profitably applied to the analysis of any
standardized form of locomotion, wherein the speed: (i) is the only criterion for
evaluating performances, and (ii) depends directly on the subject’s metabolic power.
Thus, Eq. 5.3, the first formulation of which we owe to Margaria (1938), has been
the basis for the analysis of the energetics of human locomotion carried out in the last
80 years within the School of Milano, as discussed in the next paragraphs.

In all forms of terrestrial locomotion, a fraction of C is utilized to overcome
non-aerodynamic forces. This is defined as the non-aerodynamic energy cost (Cn -

a) and includes the fraction of C that is necessary to overcome (i) gravity, to lift and
lower, and inertia, to accelerate and decelerate the body center of mass at each stride;
(ii) the friction of the point of contact with the terrain, whenever there is motion of
one in respect to the other; (iii) the internal work necessary to move the limbs in
respect to the subject’s center of mass; (iv) the static muscular contractions to
maintain the body posture; (v) the work of the respiratory muscles and of the heart
to sustain respiration and circulation.

Over and above Cn - a, in all forms of terrestrial locomotion, an additional
amount of energy is dissipated against the air resistance that increases with the
square of v, where v is the velocity in respect to the air, not in respect to the terrain:
these two velocities become equal in the absence of wind. In fact, the amount of
C used against the air resistance, defined as the aerodynamic energy cost (Ca),

1 is
given by:

1In fact, C is a force. Dimensionally and conceptually, a force (F) is equal to the work (w) or energy
per unit of distance (length, L ): F = w L-1. This depends on the fact that the work is defined as the
product of the force and the distance along the direction of motion. Expressing the quantity in
question as force opposing motion, or as work, or energy, per unit of distance, is therefore
conceptually identical.
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Table 5.1 Constant relating the energy cost (expressed per unit of distance and per m2 of body
surface area) to the square of the speed (ke); non-aerodynamic energy cost per unit of distance and
per kg body mass (Cn - a, J m

-1 kg-1); overall energy cost per unit of distance for a man of 70 kg
and 1.75 m (C, J m-1) and aerodynamic coefficient (Cx) in the indicated forms of human locomotion
on solid compact terrain at constant speed (v, in m s-1) in the absence of wind at sea level
(Pressure = 760 mmHg, Temperature = 20 °C). Cycling on a traditional racing bike in dropped
posture. Data from di Prampero 1986

Walking (competitive) Running Speed skating (ice) Cycling

ke 0.46 0.40 0.44 0.42

Cn - a 1,43 + 0,91 v 3,86 1,00 0,17

C 100 + 64 v + 0,83 v2 270 + 0,72 v2 70 + 0,79 v2 13 + 0,77 v2

Cx 1.10 1.10 0.50 0.75

Ca = ke v
2 ð5:4Þ

where ke is the proportionality constant relating the two variables. It depends on
(i) the area projected on the frontal plane (Af), (ii) the body shape, (iii) the air density
(ρ), and (iv) the efficiency of transformation of the metabolic energy into mechanical
work (η):

ke =
0:5 CxAf ρ

η
=

kw
η

ð5:5Þ

where kw is the proportionality constant relating the force opposing motion to the
square of the speed, and Cx is a dimensionless coefficient, which is smaller the more
“aerodynamic” is the shape of the moving object. Cx is the ratio of the drags of two
objects of equal Af: one is the body at stake, the other is an object of standard shape
with a squared frontal area. Indeed the drag of any given moving body varies as a
function of the Reynolds number, and thus, ceteris paribus, it is greater, the higher is
the speed of the body with respect to the fluid. When the drag of the body at stake is
equal to that of the standard object, the Cx is equal to 1. This is the case for a cube. In
the four forms of locomotion discussed in this Chapter and in Chap. 6, Cx ranges
from≈ 0.5 to≈ 1 (Table 5.1), whereas in old fashion cars is≈ 0.6 and slightly lower
than ≈ 0.3 for contemporary streamlined cars.

To sum up, C is equal to:

C=Ca þ Cn- a ð5:6Þ

Combination of Eqs. 5.4 and 5.6 yields:

C= ke v
2 þ Cn- a ð5:7Þ

A substantial body of data collected over the years has provided rather accurate
values of ke (Table 5.1). This table shows that Cn - a is independent of v in most



forms of human locomotion on land. In this case, plotting C as a function of v2

provides straight lines with slope equal to ke and y-axis intercept equal to Cn - a .
However, this is not so for competitive walking, because in this case Cn - a is a linear
function of v. At variance, when we walk or run on a treadmill, Ca is nil, so that
C corresponds to Cn-a.
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Fig. 5.2 Metabolic power ( _E, kW, left ordinate) and corresponding oxygen uptake ( _VO2, L min-1,
right ordinate) above resting as a function of speed (v, m s-1) during natural (w) or competitive (w*)
walking, running (r), ice speed-skating (s) and cycling (c) in a standard subject of 70 kg body mass,
1.75 m stature, at constant speed on flat compact terrain, at sea level in the absence of wind. The red
curve ( _Ea ) describes the power dissipated against the air resistance, essentially equal in the four
forms of locomotion. The vertical distance between the red curve and the blue ones is the power
dissipated against non-aerodynamic forces ( _En- a). The upper black broken horizontal line is the net
maximal oxygen consumption of an elite athlete (1.8 kW, or 5.17 LO2 min-1). The intersection
between this line and the blue ones is a measure of the maximal theoretical aerobic speed (vertical
arrows and corresponding velocities, in km hr-1) of this hypothetical athlete in the four forms of
locomotion. The dark columns indicate the fraction of the overall power dissipated against the air
resistance at the maximal aerobic speed. Modified after di Prampero 1986

The overall _E, as given by the product between C and v in the absence of wind
(Eq. 5.6), is reported as a function of v in Fig. 5.2 for natural or competitive walking,
running, ice speed-skating and cycling (for details on these last two forms of
locomotion, see Chap. 6) (di Prampero 1986). The two components of the overall
metabolic power (aerodynamic, _Ea and non-aerodynamic, _En- a) can be estimated
for each form of locomotion, since the curve depicting the _Ea versus v relationship,
in red on the graph, is essentially the same for all types of locomotion.
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This figure shows that, in competitive walking as in running, since _Ea is but a
minor fraction of _E, no substantial advantage can be obtained by ameliorating the
subject’s aerodynamic profile. On the contrary, as discussed in some detail in
Chap. 6, an improvement of the aerodynamics of the bicycle provides astonishing
increases of the speed on flat terrain, due to the large predominance of _Ea over _En- a.

Figure 5.2 shows also the maximal aerobic speed that a hypothetical elite athlete
could achieve in these four forms of locomotion, were he/she able to compete with
the same technical ability in all of them. Indeed, the maximal aerobic speed in each
form of locomotion is set by the intersection between the horizontal line representing
the subject’s _VO2

max (above resting) and the appropriate metabolic power versus
speed function.

It should finally be noted that all the functions shown in Fig. 5.2 for the reported
locomotion modes had been obtained within the School of Milano, thanks essen-
tially to the work of Rodolfo Margaria, Paolo Cerretelli, Pietro Enrico di Prampero,
Gabriele Cortili (1939–2009), Piero Mognoni (1936–2008), and Franco Saibene
(1932–2008). Figure 5.2 subsumes one of the most important legacies of the School
of Milano to the physiological community: the theoretical and experimental basis of
our understanding of the energetics of human locomotion, on which current studies
still rely.

Combining Eqs. 5.1 and 5.4, one obtains:

_Ea =Ca v= ke v
3 ð5:8Þ

It should be noted that Eq. 5.8, as such, applies only in the absence of wind. If this
is not the case, the analysis becomes more complicated, as briefly discussed in
Chap. 6.

A direct consequence of Eq. 5.8 is that, at speeds close to the maximal aerobic
ones in elite athletes, _Ea varies greatly among different exercise modes. As an
example, at the _VO2

max represented in Fig. 5.2, _Ea is almost negligible in competitive
walking (≈ 0.066 kW or 0.19 L O2 min-1), rather small in level running (≈ 0.19 kW
or 0.54 L O2 min-1), much higher in speed skating (up to ≈ 1.08 kW or 3.10 L O2

min-1), to reach about 90% of the total metabolic power in cycling (≈ 1.71 kW or
4.92 LO2 min-1).

5.4 The Energy Cost of Walking and Running

The relationship between Cn-a and v in natural level walking on the treadmill has a U
shape with a minimum at a speed between 1.1 and 1.4 m s-1 (Fig. 5.3a ). On the
contrary, in level running, Cn-a is essentially constant and independent of the speed
(Fig. 5.3b), amounting to about 3.8–4.1 J kg-1 m-1, a value about twice that
observed in level walking at the most economical speed (Margaria et al. 1963).
However, above≈ 2.2 m s-1, the Cn-a of walking on flat terrain becomes higher than
that of running. Indeed, it seems that, at speeds around 2.2 m s-1, uninformed
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Fig. 5.3 (a) Energy cost of treadmill running, or natural walking, at the optimal speed (C, J kg-
1 m-1), as a function of the incline of the terrain (i, %). The energy cost of walking is a function of
the speed (v, m s-1), as indicated in the inset, whereas that of running, for any given incline, is
constant. Modified after di Prampero 1986; data from Margaria et al. 1963. (b) Energy cost of
treadmill running on the level as a function of the speed for the two most economical subjects
(empty symbols) and the two less economical ones (filled symbols) of a group of 37 amateur
marathon runners. Data from di Prampero et al. 1986



subjects shift spontaneously from walking to running (or vice-versa, if the speed is
decreasing). The way this transition occurs is discussed more in detail in Sect. 5.6.
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The same applies, in an even more elaborate way, in animals, like dogs and
horses, characterized by three gaits: pace, trot, and gallop. The shift from one to the
other of these forms of locomotion, as a function of the speed, occurs always in such
a way as to select the most economical gait at the speed in question.

However, with a little bit of patience, it is possible to persuade humans or horses
to utilize un-economical gaits: trot races for horses, competitive walking for humans.
In this latter case, C, even if higher than that of running, is nevertheless substantially
lower than could be expected from the extrapolation to high speeds of the C versus
v relationship for natural walking. This feat is obtained thanks to the well-known
technique of locomotion of competitive walking (Cappozzo et al. 1976; Cavagna
and Franzetti 1981; Marchetti et al. 1983), somewhat funny at first glance, but
energetically more economical than natural walking at the competition speed, even
if not as much as level running.2

As far as Ca is concerned, Eq. 5.7 applies to running as well, as demonstrated on
top-level marathon runners from Kenya (Tam et al. 2012), who could be investigated
up to speeds as high as 5.0–5.5 m s-1 (18–20 km h-1) in fully aerobic conditions.
Concerning natural walking, Ca is so small, that it can be practically neglected, so
that the C versus v relationship on a flat terrain (an athletic field, for instance) is
essentially the same as that on the treadmill.

5.4.1 The Effect of the Incline

As mentioned above, in 1938, Margaria investigated in depth the energetics of
walking and running at speeds between 0.14 and 2.64 m s-1 and slopes between
+40 and - 40% in walking and between 1.80 and 4.20 m s-1 from +15 to – 30% in
running, respectively. His data are reported in Fig. 5.3a. This Figure shows that Cn-a,
as expected, increases uphill and decreases downhill; in this latter case, however, if
the slope becomes steeper than – 15%, Cn-a increases again. It shows also that in
walking, the optimal speed, yielding the minimum Cn-a, is smaller, the steeper the
incline (Fig. 5.3a). In running, at all slopes, the Cn-a is independent of the speed
(Fig. 5.3b). Finally, the Cn-a of running turns out always higher than that of walking
at the optimal speed; on flat terrain, as mentioned above, the former is about two
times higher than the latter.

Minetti et al. (2002) studied Cw or Cr uphill or downhill in a much larger range of
slopes than did Margaria, i.e., from – 45% to +45%. The so obtained data, on the one
side, confirmed the data reported by Margaria (1938), as did also Minetti et al.

2At the 2014 European Championships in Zürich, Yohann Diniz from France established the
current world record in the 50 km distance, which he completed in 3 h 32 min and 33 s. His
average speed corresponded to 14.11 km h-1 or 3.92 m s-1



(1994a), and, on the other side, have shown that the Cn-a of treadmill running is
independent of v even at these very steep uphill or downhill slopes. This has allowed
condensing these data into one and the same empirical relationship (independent of
the speed) between the net Cn-a (in J kg-1 m-1) and the incline of the terrain (i):
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Cn- a = 155:5 i5� 30:4 i4� 43:3 i3 þ 46:3 i2 þ 19:5 iþ 3:6 ð5:9Þ

where i is the tangent of the angle β between the terrain and the forward direction
of the treadmill’s movement (positive for uphill and negative for downhill), and 3.6
is the Cn-a value observed on their subjects during level running at constant speed.

Knowledge of i = tan β allows a trigonometric computation of the vertical
distance h, whence the work against gravity (Mgh, whereM is the body mass and g is
the gravity acceleration) can be obtained. In fact h is equal to:

h= Lho tan β= Lt sin β= Lho i ð5:10Þ

where Lho is the distance covered on the horizontal plane (that of the floor on which
the treadmill is placed) and Lt is the distance covered along the treadmill’s axis
(direction of movement),3 so that:

Lt = Lho
tan β
sin β

ð5:10aÞ

Equation 5.10 shows also that i is the h per unit Lho, so that the abscissa of
Fig. 5.3a is a representation of h, and thus, for any given human on Earth, of Mgh.
The ordinate of this same figure reports the corresponding Cn-a, so that, when both
Cn-a and Mgh are expressed per unit of distance, their ratio is the reciprocal of the
apparent net mechanical efficiency of the vertical work (ηv) of walking (at the
optimal speed), or of running. Thus, in Fig. 5.3a, we can draw a family of isopleths
departing from the origin of the axes (three of which are shown in the Figure), along
which ηv is constant. However, h is expressed per unit of Lho, whereas Cn-a is
expressed per unit of Lt. For this reason, since, when β > 0, and thus Lt > Lho, the
nominal ηv turns out larger than the real ηv, by a factor equal to tan β/sin β
(Eq. 5.10a). For inclines ≤0.25, corresponding to β ≤ 14.04 deg., tan β /sin
β ≤ 1.03. Hence, within this range of inclines, the above approach does not lead to

3Consider as an example a 10% slope: under these conditions the subject, for Lho = 1 m, lifts his
body mass by 0.1 m; as a consequence, the mechanical work performed against gravity (Mgh),
expressed per unit body mass and distance, amounts to: (9.81 * 0.1) = 0,98 J/kg-1 m-1. The y axis
of Figure 5.3a shows that the energy cost corresponding to i = 0.10 amounts to 4,70 and 6,18 J kg-
1 m-1 of Lho, for walking and running, respectively. Hence, since Lt = Lho tan α

sin α (Eq. 5.10a), the
corresponding efficiencies (ηv) amount to (0,98*1.005)/4,70 = 0,210 for walking at the optimal
speed and to (0.98*1.005)/6.18 = 0,159 in running. Neglecting tan β

sin β, one would obtain ηv = 0,98/

4,70 = 0,208 for walking at the optimal speed and to 0,98/6,18 = 0,158 in running, a very
negligible difference indeed.



any gross over-estimates of ηv; for steeper slopes, this error turns out important, so
that it becomes necessary to apply this correction procedure.

5 The Energetics and Biomechanics of Walking and Running 145

When walking or running downhill, Mgh is negative, in so far as it is performed
by gravity on the mass of the subject, whose muscles contract eccentrically to apply a
brake to the fall of the body, thus absorbing mechanical work: hence the resulting ηv
is also negative.

During locomotion on flat terrain at constant speed, both in walking and in
running, ηv is nil, because no net vertical work is performed. On the contrary,
when moving uphill, ηv does increase, tending to a value of the order of 0.25 for
i values close to 0.25 in both walking and running (Fig. 5.3a). The ηv at these slopes
corresponds well to the maximal efficiency of isotonic muscle contractions, in which
the muscle performs only positive (concentric) work. Similarly, when moving
downhill, ηv becomes progressively more negative, tending to a value between
-1.0 and -1.2 for i values close to -0.20 (Minetti et al. 2002). This ηv corresponds
well to the maximal efficiency of isotonic eccentric muscle contractions, in which
the muscle performs only negative work. It is therefore reasonable to assume that, at
the inclines of the terrain at which these asymptotic values of ηv are attained, the
muscles perform only positive or negative work.

This state of affairs is likely the consequence of the biomechanics of walking and
running. Indeed, when walking or running on flat terrain, the subject’s center of mass
is lifted and lowered in the vertical plane at each stride, over the same distance
upward and downward (see Sect. 5.5). On the contrary, when moving uphill, the
ascent of the body center of mass is greater than the subsequent descent, the opposite
being true during downhill locomotion. It seems therefore reasonable to assume that,
at the inclines at which the efficiency attains its asymptotic values, the descent
(in uphill walking or running) or the ascent (in downhill walking or running) of
the center of mass cease altogether.

5.4.2 Effects of the Terrain

The data reported so far, and summarized in Figs. 5.2 and 5.3, and in Table 5.1, were
obtained during natural or competitive walking and in running on the treadmill or on
smooth compact terrain. On irregular or soft terrain, such as on sand, grass, or snow,
C increases by an amount that depends on the terrain characteristics. An example
thereof is reported in Fig. 5.4 for natural walking and running on dry sand. Under
these conditions, at variance with what happens on compact terrain, Cw increases
monotonically with the speed and is 2 to 3 times greater than on compact terrain.
Similarly, also Cr is about 1.5 times larger than on compact terrain (Lejeune et al.
1998; Pinnington and Dawson 2001; Soule and Goldman 1972; Zamparo et al.
1992).

This state of affairs is likely due to the fact that, on soft terrain, the pendulum-like
mechanism that leads to the transformation of potential energy into kinetic energy,
and vice-versa, in natural walking, and the recovery of elastic energy in running, are



less effective than on compact terrain (see Sect. 5.6) (Pinnington and Dawson 2001).
These mechanisms act optimally only if there is a firm grip of the foot on the ground.
In the absence of this, the deficit of elastic energy recovery in running on sand
implies increased muscle activation, associated with greater hip and knee range of
motion than on firm terrain (Pinnington et al. 2005). On grass, Cr is about 20% larger
than on compact terrain; this lesser increase, as compared to dry sand, is probably
because grass is less compliant than dry sand, thus permitting a greater recovery of
elastic energy (Pinnington and Dawson 2001).
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Fig. 5.4 Energy cost of natural walking (Cw, J kg
-1 m-1) on compact terrain (empty symbols), or

on dry sand (filled symbols), as a function of the speed. From Zamparo et al. 1992

5.4.3 Pathologies of Locomotion

Cw increases substantially also in numerous pathologies, both neurological (multiple
sclerosis, Parkinson’s disease, hemiplegic paralysis) and orthopedic (hip or knee
prosthesis) (Fusi et al. 2002; Maggioni et al. 2012; Olgiati et al. 1986; Zamparo et al.
1995), by similar amounts at all walking speeds.

When comparing the Cw in pathological conditions to the normal physiological
values, the effects of v cannot be neglected. To take this into account, Fusi et al.



(2002) proposed to utilize the so-called locomotor index, defined as the ratio
between the energy cost in the investigated pathology and that observed in healthy
subjects at the same speed. The evolution of the locomotor index as a function of
time after surgical intervention is reported in Fig. 5.5 for hip or knee prosthesis
carriers. It is noteworthy that, about 6 to 12 months after hip or knee prosthesis, these
patients still have a locomotor index of 1.3–1.4, i.e., significantly higher than the
physiological value of ≈ 1.0, even if the patient has completely recovered from
surgery and is considered clinically “healthy.” This is probably due to an abnormal
gait pattern that the patient has acquired to minimize pain in the long period
preceding the implant of the prosthesis (in the vast majority of instances the implant
of the prosthesis is due to long-duration arthrosis processes of the hip or knee joint).
This interpretation suggests that, in spite of the clinical recovery, the patient is not
able, at least over relatively short periods of time, to resume the normal neuromus-
cular gait pattern.
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Fig. 5.5 “Index Locomotorius” (IL) before and after hip or knee prosthesis. Vertical bars indicate
1 standard deviation. Red horizontal line: IL in healthy subjects. From Fusi et al. 2002

On the contrary, in hemiplegic patients, the locomotor index is only marginally
increased (≈ 1.1). This can presumably be attributed to the fact that the affected
limb, even without contributing energetically to the progression, is nevertheless an
effective “pillar” permitting the pendulum-like mechanism, an essential biomechan-
ical mechanism optimizing C during natural walking. However, the muscular insuf-
ficiency of the affected limb necessarily leads to a slow speed; hence, the
corresponding C moves up the ascending part of the curve relating C and v, thus
leading to a larger energy expenditure per unit of distance (Fig. 5.6). As a conse-
quence, in these patients, the overall C is greater than in normal subjects because of



their impossibility to attain the optimal walking speed (vopt), a fact that inevitably
leads to a greater sense of fatigue and hence to a sedentary life style.
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Fig. 5.6 Energy cost of
natural walking (Cw) in
hemiplegic patients, as a
function of the speed (v).
Average energy cost of
healthy patients is also
indicated (continuous
curve). From Zamparo et al.
1995

5.4.4 The Effect of Body Mass and Age

In several animal species, the Cr per unit of body mass decreases with increasing the
animal’s mass, as indicated in Fig. 5.7 for a mass range from 20 g to 4000 kg. The
relationship has an allometric exponent of -0.316, slightly higher than that calcu-
lated by Taylor et al. (1970) in the mass range from 10 g to 1000 kg (-0.40).
However, within a given species, three of which are represented in the figure:
humans, horses, elephants, C is essentially constant and independent of body
mass. Coherently, Taboga et al. (2012) observed that, in severely obese subjects,
whose body mass ranged from 109 to 172 kg, the Cr on the treadmill at 2.2 m s-1,
expressed per kg of body mass, was similar to that observed in non-obese subjects
(4,10 ± 0,30 J kg-1 m-1, obese, 3,90 ± 0,35 J kg-1 m-1, non-obese). This is a
common phenomenon when studying the effects of body mass, since allometric
cross-species relationships encompass a very wide range of body mass values
(in Fig. 5.7, the biggest body mass is 200,000 times larger than the smallest one),
whereas within-species relationships cover a by far smaller body mass range (the
body mass of the obese subjects was less than 60% higher than that of non-obese
subjects in the study by Taboga et al. 2012).
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Fig. 5.7 Energy cost (C) of running in humans (full dots), horses (filled squares) and elephants
(open dots) as a function of the body mass (M ). Logarithmic coordinates. Straight line, described by
C = 10.7 M-0.316, indicates the energy cost of running, as a function of the body mass, in several
species of mammals. Modified after di Prampero 2015, data from Griffin et al. 2004; Langman et al.
2012; Taboga et al. 2012

Table 5.2 Energy cost of running and walking at the optimal speed on compact flat terrain at
various ages. Mass and optimal walking speed are also indicated. Modified after di Prampero 2008

Age Cost of running Mass Cost of walking at optimal speed Optimal walking speed

(years) (ml kg-1 m-1) (kg) (ml kg-1 m-1 (m -1)

5 0.390 20 0.09 1.0

7–10 0.245 28 0.09 1.3

11–13 0.212 37 0.09 1.3

14–16 0.195 60 0.10 1.4

Adult 0.182 70 0.10 1.4

At variance with these data, and in apparent contrast with the above consider-
ations, other studies, all from the same group (Bourdin et al. 1993; Lacour et al.
1990; Padilla et al. 1992) observed a substantial reduction of Crwith increasing body
mass (from about 30 to about 80 kg) in basketball players and in long-distance
runners, similar to, albeit somewhat larger, than reported in Fig. 5.7. However, the
high Cr observed by Bourdin et al. (1993) in their smallest subjects may be due, at
least in part, to the fact that these subjects were also the youngest of the investigated
group. Indeed, since the Cr in children and adolescents is greater than in adults
(Table 5.2), we cannot exclude that the differences reported by these authors be due,
at least in part, to the physiological variations of Cr itself with age.

Finally, Thorstensson (1986) showed that, both in adults and in children (10 years
of age, 30 kg body mass), Cr decreases by 3–7% when the overall mass is artificially
increased by 10% by adding an external load, provided that the added mass is placed



at the level of the body center of mass. On the contrary, as shown by Soule and
Goldman (1969), an additional mass on the hands or feet leads to a substantial
increase of Cw per unit of overall transported mass (body mass plus added load). The
increase of Cw becomes particularly relevant when the additional mass is positioned
on the head or in backpacks, as it happens in many African or Alpine populations
(Bastien et al. 2005; Lloyd et al. 2011; Maloiy et al. 1986).
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In this connection, the study of Cw and Cr in children is particularly interesting;
indeed, in children, both Cw and Cr are greater than in adults, due to their little size; it
decreases with age along the entire childhood, to reach, at puberty, the adult value,
which is maintained until old age (Table 5.2). However, the increase of Cr in
children is substantially higher than expected from their smaller body mass alone
(by 70 to 90% at the age of 5 years). It is therefore possible that the observed
increase, or at least a large fraction of it, be due to the biomechanical characteristics
typical of the pre-pubertal age, e.g., as concerns the relative size of the limbs, as
compared to the whole body, and/or to the different elastic characteristics of the
muscle tendon complex. A school backpack on children’s shoulders increased Cw by
about 7% (Merati et al. 2001), which appears in line with the observations on adults
who carried additional loads far from the body center of mass (Maloiy et al. 1986;
Soule and Goldman 1969).

To conclude this section, we note that Askew et al. (2011) showed that wearing
medieval armors, the weight of which was on the order of 30–50 kg, led to an
increase of Cw or Cr of about 1.9-to-2.3 times, as compared to “free” locomotion at
the same speed. And this, without considering that a tight armor may also generate
lung and chest wall restriction, with reduction of total lung capacity, inspiratory flow
limitation and acute hypoventilation. It does not seem appropriate to open here a
chapter on the “Physiology of History”; nevertheless it is interesting to consider
whether and to what extent this enormous metabolic extra-load (for warriors and
horses alike!) may have influenced the final outcome of the battles and wars, and
hence of the history, of medieval times.

5.5 The Biomechanics of Walking and Running

5.5.1 Definitions; Efficiency of Locomotion, Internal Work
and External Work

The quantitative assessment of the mechanical work performed, either absolute or
per unit of distance, is often rather complicated. In all forms of locomotion, a fraction
of the overall mechanical work is not utilized against external forces, nor does it lead
to any changes in the position of the body center of mass in the vertical or horizontal
plane (e.g., when an upper or lower limb is projected forward and the other
symmetrically backwards). This fraction of the overall mechanical work, generally
defined internal work (wi), can only be assessed by means of graphical (video)



analyses. Moreover, wi includes the mechanical work of breathing and of the heart
pump. The remaining fraction of mechanical work, called external work (we), can by
determined not only by means of graphical (video) analyses, but also by means of
traditional ergometric approaches and/or by means of force platforms (Cavagna
1975). Obviously enough, the overall mechanical work performed (wtot) by the
subject is the sum of internal and external work:
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wtot =wi þ we ð5:11Þ

This section is devoted to an analysis of wi and we, and hence of wtot, as a function
of the speed during natural walking and running, based essentially on the data
reported in a remarkable series of studies by Cavagna and co-workers that followed
two seminal papers by Cavagna, Saibene, and Margaria (Cavagna et al. 1963, 1964).
These papers initiated a glorious, long-lasting, highly influential scientific line of the
School of Milano, the flag of which is still carried by Alberto Minetti, Paola
Zamparo and their collaborators.

5.5.2 Walking and Running on Earth

In these two forms of locomotion, the center of mass of the body is lifted and
lowered in the vertical plane, and accelerated and decelerated in respect to the
average speed in the horizontal plane, throughout each stride. In this section, we
consider only walking or running on flat terrain and at constant speed, in which case
the lifting and lowering of the center of mass, as well as the acceleration and
deceleration within each stride are equal in absolute terms.

At any given time instant, the total energy of the center of mass in motion is given
by the sum of the changes (Δ) in kinetic energy (Ek) and in potential energy (Ep)
(thus, ΔEk and ΔEp, respectively), in respect to a pre-defined reference value. If, in
any given phase of the stride, the overall energy increases, we state, by definition,
that we has been performed by the muscles on the center of mass. On the contrary, if
the overall energy decreases, the system or parts thereof have absorbed external
work; in this case we state, somewhat loosely, that the muscles have done negative
we. Hence, the overall we performed at each stride can be expressed by (Cavagna
1969):

we =ΔEp þ ΔEk ð5:12Þ

As such, we takes into account the work performed against gravitational and
inertial forces, as well as that performed against the air resistance. Indeed, at each
stride, the deceleration in the forward direction is greater, the greater the air resis-
tance; as a consequence, at constant average speed the greater must also be the



subsequent acceleration, thus leading to an increased value of ΔEk, and hence of we

at each stride.
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Fig. 5.8 Potential (Ep) and kinetic (Ec in the Figure, Ek in the text) energy (in J) of the body center
of mass as a function of time (s) during walking at 0.9, (a) 1.4, (b) and 2.2, (c)m s-1. At any given
time during the stride cycle, the external work (we) is the sum ΔEp + ΔEk (Eq. 5.12). The instant at
which one foot touches the ground is indicated by the first arrow (and vertical dotted line); that at
which the other foot is lifted above the ground is indicated by the second arrow (and vertical dotted
line). Modified after Cavagna et al. 1963, Figure taken from di Prampero 2015 with the kind
permission of Raffaello Grandi, Edi Ermes

As mentioned above, after a given number of strides on flat terrain, the overall net
external work is nil, since positive and negative work are equal in absolute terms.
However, this is strictly true only if the air resistance is neglected; nevertheless, at
the speeds prevailing in natural walking, the air resistance is so small, that its effects
can indeed be neglected.

During natural walking, the center of mass is lifted in the initial phase of the
stride, in which its Ep increases at the expense of the simultaneous decrease of Ek due
to decreased forward velocity: hence, in this phase, ΔEp is positive, whereas ΔEk is
negative. The so accumulated Ep is utilized in the immediately following phase to
increase the forward velocity of the body: hence, in this second phase, ΔEp is
negative, whereas ΔEk is positive.

In 1963 Cavagna, Saibene, and Margaria did show that, at vopt, the Ep reaches its
maximum almost at the very moment at which Ek attains its minimum and vice-versa
(Fig. 5.8). Hence, the biomechanics of walking is characterized by pendulum-like
energy exchanges, as in an inverted oscillating pendulum, or in an egg rolling on its
major axis. In fact, in an oscillating pendulum, Ep attains its maximum when the
sphere is at its highest position and stops (Ek is nil). This occurs at the two extremes
of the trajectory of the pendulum, when the sphere is still, or when the major axis of
the egg is vertical. On the opposite side, at the lowest point of the trajectory, the
translational velocity is maximal (maximal Ek) and the Ep attains its minimum
(lowest position of the sphere) (Fig. 5.9).
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Fig. 5.9 Schematic representation of the potential, kinetic, and total energy (Ep, Ek and Etot,
respectively, arbitrary units) of the body center of mass as a function of the distance (arbitrary
units) during walking. An egg rolling on its major axis represents a simplified model of walking at
the optimal speed. In the rolling egg, as well as in walking, Ep attains a maximum when the center of
mass reaches the highest point of its trajectory; at this same instant, Ek attains a minimum. In the
absence of any frictional forces, as in an ideal pendulum, Etot (as given by the sum of Ep and Ek) is
constant, and the egg, once set in motion, would keep rolling forever thanks to the transformation of
one energy form into the other. Redrawn after di Prampero 2015

In an oscillating pendulum, the curves of Ep and Ek are in perfect opposition of
phase and of identical amplitude. Thus, in vacuo, were it possible to reduce the
friction to zero, the total energy (sum of Ep and Ek) would be constant, so that an
ideal pendulum would oscillate in aeternum. Obviously enough, this is not the case
in natural walking, wherein ΔEp and ΔEk do not completely compensate each other,
in so far as the respective curves are slightly out of phase and not perfectly
symmetrical (Fig. 5.8). Therefore, the overall energy, as given by the sum of Ep

and Ek, would decrease at each stride, were it not for the appropriate muscle work,
performed on the center of mass, which is equal to the algebraic sum of the two
curves. Hence, the we in natural walking depends on the absolute values of ΔEp and
ΔEk, indicating the total we, as well as on the respective phase of the two curves
(Fig. 5.8), indicating how much of the total we comes from the transformation of Ek

into Ep and vice-versa. The difference between these two values is equal to the
amount of energy that muscle contraction must add to keep we, and thus the average
forward speed, constant. We define this extra-energy as wm.



154 P. E. di Prampero and G. Ferretti

To express quantitatively this state of affairs, Cavagna et al. (1976) proposed to
evaluate the efficacy of the transformation of Ek into Ep and vice-versa, which they
defined Recovery, as follows:

Recovery=
│ΔEp│þ │ΔEk│- │wm│

│ΔEp│þ │ΔEk│
ð5:13Þ

where the symbol │ indicates that the quantities are expressed in absolute values,
regardless of the sign, positive, or negative. Eq. 5.13 shows that, were wm = 0, as for
an ideal pendulum in vacuo, the Recovery would attain 100%. At the other extreme,
were wm= │ΔEp │ + │ ΔEk│, the Recovery would be nil. As shown below, in running,
ΔEp and ΔEk are essentially in phase, so that the Recovery is practically nil, whereas
for natural walking the Recovery is about 0.65 at vopt, being smaller above or below
it (Fig. 5.10). As described above, the Cw on flat terrain attains a minimum at a speed
of about 1.1–1.4 m s-1 (vopt, Figure 5.3a). Indeed, the two curves depicting the
evolution of Ek and Ep (Fig. 5.8) are very nearly equal in amplitude and most closely
in opposition of phase at vopt. Hence wm is at its minimum, whereas at greater or
smaller speeds the two curves depicting Ek and Ep shift, one in respect to the other,
and the more so the farther from vopt (Fig. 5.8), thus leading to a progressively higher
wm and hence Cw than at vopt.The relationship between Recovery and speed reported
in Fig. 5.10 was obtained on young adults of average body size. However, in order to
eliminate the effects of inter-individual differences, it can be normalized, expressing
the speed itself as a function of the subjects’ size. To this aim, we can use the theory
of dynamic similarity, allowing a comparison of the behavior of objects of different
size, the motion of which depends on the cyclic transformation of Ep into Ek and
vice-versa, as typically happens in natural walking (Alexander 1989; McMahon and
Tyler Bonner 1983). According to this theory, two geometrically similar objects of
different size behave similarly when they move at the same Froude number (Fr):

Fr=
v2

L g
ð5:14Þ

where L is the length of a relevant body segment (the lower limb in this specific
instance). The Froude number, so defined in honor of the naval engineer William
Froude (1810–1879), who utilized it to infer the characteristics of actual ships as
obtained from small-size models, is a non-dimensional quantity, corresponding to
the ratio of Ek to Ep.

When the Recovery is expressed as a function of Fr, the resulting relationship is
substantially equal for children (aged 1 to 12 years), normal-size adults,
hypophysarian dwarves and pygmies (Cavagna et al. 1983; Minetti et al. 1994c,
2000). In all these subjects, the Recovery attains a maximum on the order of 0.70 for
Fr ≈ 0.25 (Saibene and Minetti 2003). In addition, since vopt corresponds to the
speed at which the Recovery attains its maximum (Fig. 5.10), and, as mentioned
above, this occurs at Fr ≈ 0.25, we can write:
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Fig. 5.10 Energy Recovery (see Eq. 5.13), external work and energy cost as a function of the speed
in walking and running. From Cavagna 1988

vopt2

L g
= 0:25 ð5:15Þ

whence

vopt = 0:5
ffiffiffiffiffiffiffi
L g

p
ð5:16Þ

Assuming L = 0.9 m (average lower limb length of adult males), Eq. 5.16 yields
vopt= 1.49 m s-1 (5,36 km h-1), close to the value reported in Figure 5.3a. However,



for children below the age of 6, the vopt value obtained from Eq. 5.16 is larger than
the actually determined one. Indeed, for 3-years old children and L ≈ 0.45 m (for a
stature of ≈ 0.95 m), theoretical vopt (1.06 m s-1) is about 40% larger than the
experimental one (0.75 m s-1, Cavagna et al. 1983). This suggests that children
below age 6 may not be dynamically similar to adult humans.
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Fig. 5.11 Total mechanical work expressed per unit of distance (wtot), external work (we), internal
work (wi), energy cost (C) and mechanical efficiency (η= wtot C

-1) during walking (a) and running
(b) on flat terrain as a function of the speed for a 70 kg subject. From di Prampero 2015; data of wtot,
we and wi are from Cavagna and Kaneko 1977 and Cavagna et al. 1977; C is from di Prampero
1986. With the kind permission of Raffaello Grandi, Edi Ermes

Cavagna and Kaneko (1977) and Cavagna et al. (1977) analyzed in detail Ep, Ek

(and hence we, see Eq. 5.11), as well as wi, during walking and running on the level.
The so obtained data, summarized in Fig. 5.11, show that, in walking, wtot increases
with v:

wtot =we þ wi = 0:07þ 0:6 v ð5:17Þ

where wtot, we and wi are expressed in J kg-1 m-1 and v in m s-1.
Since Cw as a function of v is known, Eq. 5.17 allows a calculation of η, as the

ratio between wtot and Cw (see Sect. 5.5.1). As shown in Figure 5.11a, η attains a
maximal value of about 0.48 in a range of speeds between 2 and 2.5 m s-1. This
value is greater than that observed during isotonic muscular contractions (≈0.25). As
v is increased, the Recovery diminishes: at the speed of spontaneous transition
between walking and running, it is about 0.50, and therefore, η is slightly lower
than at vopt (0.40 instead of 0.48).
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Fig. 5.12 Potential (Ep) and kinetic (Ec in the Figure, Ek in the text) energy, external work (we, J)
and vertical displacement of the body center of mass (dv, cm) as a function of time during running at
5.56 m s-1. From Cavagna et al. 1964

When running on the level, at the onset of each stride the body center of mass is
projected upwards and forwards by the muscle activity of the “pushing” limb. In the
subsequent phase, after a brief time interval in which both feet are off the ground, the
center of mass is lowered and decelerated, thanks to the muscle action of the
“braking” limb. At the onset of the subsequent stride, the “braking” limb becomes
the “pushing” limb. It follows that ΔEp and ΔEk are always in phase (Fig. 5.12).
Hence, at variance with walking, the Ep accumulated in the initial phase of the stride
cannot be used to accelerate the body forward in the subsequent phase: no transfor-
mation of one type of energy into the other is possible, and the Recovery, as
described by Eq. 5.13, is always nil (see Fig. 5.10).

Also in running, as in walking, we is the sum of ΔEp and ΔEk (Eq. 5.12). However,
since in running ΔEp and ΔEk are always in phase, at the onset of the stride, we has a
large positive value, to reach an equally large negative value at the end of the same
stride. Therefore, the active muscles must consume energy in the initial phase of the
stride (push phase) to perform positive work, as well as in the final phase (braking
phase) to absorb negative work. In the latter phase, a fraction of the negative work is
stored in the series elastic elements of the contracting muscles.4 The so accumulated
elastic energy is utilized in the subsequent rebounding phase, when the absorbing
limb becomes the pushing one. This leads to a substantial economy of metabolic
energy, as shown by the high values of η observed in running (see Figure 5.11b).
Hence, the biomechanics of running is similar to the bouncing of a rubber ball on the
terrain. When the ball hits the ground, it is initially compressed, because of the
simultaneous decrease of Ep and Ek, leading to a large negative value of we; in this
phase, however, the decrease of we is partly counterbalanced by an increase of the
energy stored in the elastic structures of the ball itself. In the following phase, this
elastic energy is released with a simultaneous increase of both Ep and Ek (Fig. 5.13),
allowing the ball to rebound. Cavagna et al. (1968) demonstrated a similar

4About 30% of the overall elastic energy is stored and released by the elastic structures of the arch
of the foot (Ker et al. 1987).
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Fig. 5.13 A ball bouncing on the terrain represents a simplified model of running. When the ball
hits the ground, the potential and kinetic energy attain simultaneously a minimum value and, for a
very short time, the ball is motionless at the lowest point of its trajectory. In this phase, a fraction of
the total energy is stored in the elastic structure of the ball itself; it is recovered in the immediately
subsequent rebound phase, with a simultaneous increase of both potential and kinetic energy. In
running, as well as in a bouncing ball, there cannot occur any transformation of potential into kinetic
energy or vice-versa; however, the recovery of elastic energy in the rebound phase is a substantial
“energy-sparing” mechanism. From di Prampero 2015, with the kind permission of Raffaello
Grandi, Edi Ermes



mechanism in isolated muscles, which perform a greater work when they contract
immediately after stretching: the elastic elements of muscle release the stored elastic
energy at the onset of contraction.
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A recovery of elastic energy analogous to that described above for running does
occur also in other movements, in which the shortening of the muscle is immediately
preceded by its stretching (eccentric contraction). For instance, a series of flexions
and extensions of the knees performed without interruption, other things being
equal, requires a lesser metabolic energy consumption than the same series of
movements performed with a brief pause between flexion and extension. In this
latter case, in fact, the elastic energy accumulated in the extensor muscles that during
knee bending are forcefully stretched, is dissipated during the pause; hence, the
concentric action that follows must be performed entirely at the expense of metabolic
energy. As a consequence, the overall mechanical efficiency of the exercise is lower
(η = 0,19) in this latter case, as compared to the same series of movements
performed without interruption between flexion and extension (η = 0,26) (Thys
et al. 1972). This shows that the recovery of elastic energy is possible only if the
eccentric contraction (stretching of the muscle) is immediately followed by its
concentric counterpart (shortening); if this is not the case, the elastic energy is
dissipated as heat before the subsequent concentric contraction starts.

we and wi are reported as a function of v during level running in Figure 5.11b
(Cavagna and Kaneko 1977). Their sum (wtot) is described by the following empir-
ical equation:

wtot = 0:66 v- 1 þ 1:19þ 0:24 v ð5:18Þ

where wtot is in J kg
-1 m-1 and v in m s-1. The sum of the first two terms of Eq. 5.18

is a measure of we, which is essentially independent of speed in physiological human
running conditions, since in the velocity range (2.8–8.3 m s-1) investigated by
Cavagna and Kaneko (1977), it decreases only from 1.43 to 1.27 J kg-1 m-1. On
the contrary, wi, represented by the sum of the second and third terms of Eq. 5.18,
increases linearly with v.

Knowledge of wtot and of Cr allows calculation of η for level running: as shown in
Figure 5.11b, η increases with v from ≈ 0.5 at v ≈ 2 m s-1 to ≈ 0.7 at v ≈ 6.5 m s-1.
These high values of η, substantially larger than the maximal ones observed during
purely isotonic muscle contractions, demonstrate that the recovery of elastic energy
occurring at each stride in running is larger, the higher the running speed.

The recovery of elastic energy is an extremely useful mechanism for reducing Cr:
it occurs to a various extent in several mammalian species (Cavagna et al. 1977), but
it reaches an extraordinary extent in kangaroos, which can easily reach speeds of
40–50 km h-1 (11–14 m s-1) that, however, they maintain for short time periods
only (Dawson 1977). Indeed, at each bout, the thick tendon of the tail of the
kangaroo becomes an effective spring (Alexander and Vernon 1975). Thanks to
this “tail effect,” the recovery of elastic energy increases with the speed, so much so,
that the Cn - a of “running” (hopping) in this animal species decreases from ≈



7.5 J kg-1 m-1 at 2.8 m s-1 to ≈ 2.8 J kg-1 m-1 at 6.4 m s-1. It follows that, in this
speed range, the _E of “running” in the kangaroo is constant, amounting to about
20 W kg-1 (60 mlO2 kg

-1 min-1).
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The _VO2
max of contemporary top-level long-distance runners is ≈ 70 ml kg-

1 min-1 above resting (Tam et al. 2012). Assuming that no recovery of elastic energy
occurs during running, and thus η = 0.25, Eq. 5.18 shows that a hypothetical athlete
with these characteristics would attain at _VO2

max a speed of 2.9 m s-1, and thus
would cover the 5.000 m distance in 28 min 44.14 s, as compared to the actual world
record of 12 min 35.36 s. This back of the envelope calculation stresses dramatically
the great importance of elastic energy recovery at each stride in running humans.

Recognizing the importance of the role of the recovery of elastic energy in setting
Cr further highlights, in terms of athletic performances, the roles of training regimes
leading to appropriate increases of the maximal muscular power. Indeed, muscle
fiber composition and specificity of training do affect muscle performance as well, in
so far as training may increase the number of active muscle fibers and lead to the
metabolic potentiation of specific fiber types. Hence, since the mechanical charac-
teristics of the various fiber types are diverse, especially in terms of maximal
contraction velocity (Bottinelli 2001), it appears reasonable to suggest that the
effects on the recovery of elastic energy provided by a training regime based on
long-term high-intensity aerobic exercise, may be different from those provided by a
training regime based on explosive exercise and force development.

The effects of the recovery of elastic energy on the running economy, and hence
on performance, have also been discussed in terms of the potential advantage that
artificial metallic prostheses, to be utilized only in competitions, may offer to athletes
having undergone mono- or bi-lateral limb amputations. Indeed these prostheses
may ameliorate artificially the athlete’s running economy thanks to an increased
recovery of elastic energy (as compared to natural running), thus constituting a kind
of “mechanical doping.” This line of reasoning led to the exclusion of athletes
suffering from this type of handicap from competitions, as was the case of Oskar
Pistorius being excluded from the 2008 Olympics in Peking.

5.6 The Spontaneous Transition between Walking
and Running

In Sect. 5.5, we underlined that at speeds around 2.2 m s-1, uninformed subjects
shift spontaneously from walking to running (or vice-versa, if the speed is decreas-
ing). This speed was defined as the speed of spontaneous transition between walking
and running. The traditional interpretation assumes that humans always choose the
most economical gait. On this basis, Margaria et al. (1963) hypothesized that at
speeds higher than the spontaneous transition speed, Cr started to be lower than Cw,
the opposite being the case at speeds below the transition speed.
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The spontaneous transition between walking and running does not occur at a fix
speed, but in a speed range between 1.8 and 2.5 m s-1 (Saibene and Minetti 2003).
This may depend, at least in part, on the geometric characteristics of the subjects,
since the spontaneous transition seems to occur at a speed that is lower, the shorter
the limb (Thorstensson and Roberthson 1987).

Minetti et al. (1994b) carried out a systematic analysis of the transition speed
during treadmill running. According to them, the speed of spontaneous transition is
slightly lower than that at which walking and running have the same Cn-a. On this
basis, they suggested that the transition may not have an energetic origin only. When
passing from walking to running, there is a sudden significant, though small,
increase of speed, and the subject suddenly moves at a higher step frequency. So,
they proposed a hypothesis involving both mechanical and energetic factors. They
plotted C as a function of v after expressing C in Joules per kg per step instead of J
kg-1 m-1, as customary. Because of the differences in step frequency in the
transition zone, it turned out that the speed of transition was the speed at which
both walking and running had the same C per step (see Fig. 5.14). This observation is
still partly compatible, although on a slightly different basis, with Margaria’s
hypothesis.

The question remains as to how a step can be “sensed” such as to determine a gait
transition. More favorable patterns of neuromuscular activation during running at the
transition speed and a possible mechanical reflex arising from lower limb proprio-
ceptors have been hypothetically evoked (Prilutsky and Gregor 2001; Segers et al.
2013).

5.7 Sprint Running and the Role of Acceleration

The massive utilization of anaerobic sources and the short duration of sprint running
events make any direct measurements of _E under these conditions rather problem-
atic. So far, the energetics of sprint running has been mainly estimated indirectly
from biomechanical analyses (Cavagna et al. 1971; Fenn 1930a, 1930b; Mero et al.
1992; Plamondon and Roy 1984). Otherwise, it was assessed by means of rather
indirect procedures (Arsac 2002; Arsac and Locatelli 2002; di Prampero et al. 1993;
van Ingen Schenau et al. 1991, 1994; Ward-Smith and Radford 2000).

An alternative approach is to assume that, during the acceleration phase, sprint
running on flat terrain is biomechanically equivalent to uphill running at constant
speed, the slope being dictated by the forward acceleration, and that, conversely,
during the deceleration phase it is biomechanically equivalent to running downhill.
Since the energy cost of uphill (downhill) running at constant speed over a fairly
large range of inclines is rather well know (Minetti et al. 2002), the energy cost of
accelerated (decelerated) running, can be easily estimated once the acceleration
(deceleration) is known (di Prampero et al. 2005).

Figure 5.15 (left panel) shows that a runner accelerating on flat terrain leans
forward, so that the angle α between the runner’s mean body sagittal axis and the



terrain (average throughout a whole stride) is smaller the greater the forward
acceleration (af). Thus, this state of affairs is analogous to running uphill at constant
speed, provided that α is unchanged (Fig. 5.15, right panel). It necessarily follows
that the complement of α, i.e., the angle between the terrain and the horizontal plane
(90 – α), increases with af when running on flat terrain, or with the incline of the
terrain when running uphill at constant speed.
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Fig. 5.14 An analysis of
the spontaneous transition
speed (thick white arrow)
between walking (unfilled
squares) and running (filled
circles). (a) The regression
curves of energy cost per
unit distance, intersect at a
higher speed (thin arrow)
than the spontaneous one.
(b) Differences in stride
frequency between walking
and running are shown. (c)
The energy cost is expressed
per step, instead of per
meter. In this case, the
intersection between
regression curves occurs at
the same speed as for
spontaneous transition. The
grey area depicts the speed
range at which humans may
either walk or run. From
Saibene and Minetti 2003;
data from Minetti et al.
1994b
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Fig. 5.15 The subject is accelerating forward while running on flat terrain (a), or is running uphill
at constant speed (b). M, subject’s body mass; af, forward acceleration; g, acceleration of gravity;
g0 =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
af 2 þ g2

p
, vectorial sum of af plus g; T, terrain; H, horizontal; α, angle between the runner’s

mean body axis throughout the stride and T; 90 – α, angle between T and H. Note that, in this
representation, the angle 90-α corresponds to the angle β of Eqs. 5.9 and 5.10, and in the footnote
3. See text for details. Modified after di Prampero et al. 2015

The incline of the terrain (i, see also Eq. 5.9) is generally expressed as the tangent
of 90 – α (β in Eq. 5.9). During accelerated running on flat terrain, i is equivalent to
the ratio between af and g (Fig. 5.15, left panel):

i= tan 90- αð Þ= af
g

=ES ð5:19Þ

Hence, the ratio af/g yields the tangent 90 – α, which makes accelerated running
on flat terrain biomechanically equivalent to running at constant speed up to a
corresponding slope (Fig. 5.15, right panel), defined as equivalent slope (ES).

Inspection of Fig. 5.15 also shows that accelerated running is characterized by yet
another difference, as compared to constant speed running. Indeed, the acceleration,
which the runner undergoes along the vertical axis of his/her body (g’), is greater
than g, corresponding to the vectorial sum of af and g, which is equal to:

g0 =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
af 2 þ g2

q
ð5:20Þ

It follows that the force that the runner must develop (average throughout a whole
stride), as given by the product of the body mass and the acceleration, is greater in
accelerated running (= M g’) as compared to constant speed running (= M g),
because g’ > g (Fig. 5.15, left panel). Thus, accelerated running is equivalent to
uphill running wherein, however, the body weight is increased in direct proportion to



�

the ratio g’/g. Because of Eq. 5.20, this ratio, defined “equivalent body mass” (EM),
is described by:
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EM=
M g0

M g
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
af 2 þ g2

p
g

=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
af 2

g2
þ 1

s
ð5:21Þ

Substituting Eq. 5.19 into Eq. 5.21, one obtains:

EM=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
af 2

g2
þ 1

s
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ES2 þ 1

p
ð5:22Þ

It must also be pointed out that during decelerated running, which is equivalent to
downhill running, and in which case ES is negative, EM assumes nevertheless a
positive value, because ES in Eq. 5.22 is raised to the square.

In conclusion, if the time course of v during accelerated/decelerated running is
determined, and the corresponding instantaneous accelerations/decelerations are
calculated, Eqs. 5.19 and 5.22 allow computation of the appropriate ES and EM
values, thus converting accelerated/decelerated running on flat terrain into the
equivalent constant speed uphill/downhill running. Hence, if Cr at constant speed
at any incline is known, the corresponding energy cost of accelerated/decelerated
running can be easily obtained.

On these premises, the empirical equation described by Minetti et al. (2002)
(current Eq. 5.9) can be used to compute the energy cost of running during accel-
eration/deceleration (Cacc), by substituting ES for i, denoting the energy cost of
constant speed level running as Cr, and multiplying then the entire equation by EM:

Cacc

=EM 155:4 ES5 - 30:4 ES4 - 43:3 ES3 þ 46:3 ES2 þ 19:5 ESþ Cr

� ð5:23Þ

In Eq. 5.19, only the forward acceleration is accounted for, whereas the effect of
the air resistance is neglected. Therefore, only the non-aerodynamic component of
ES (ESn-a) is considered, as would be the case in treadmill running, so that
ES = ESn-a. To overcome the air resistance, the runner must lean forward more
than indicated in Fig. 5.15 during running on a track, thus reducing angle α and
increasing the ES by an amount, due to the air drag (aerodynamic ES, ESa), which is
equal to:

ESa =
kw v2

g
ð5:24Þ



where v is the instantaneous velocity and k is the same constant as in Eqs. 5.5,

�
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w

however expressed per unit of body mass. Hence, the overall ES, as set by both af
and the air velocity, i.e., by the sum of ESn-a and ESa, is given by:

ES=ESn- a þ ESa =
af
g
þ kw v2

g
ð5:25Þ

Equation 5.25 tells that during accelerated running, the air resistance leads to an
increase of ES, whereas the opposite is true in decelerated running, in which case af
is negative.

The effects of the air resistance are rather minor, as compared to those due to the
forward acceleration: indeed, assuming kw (per unit of body mass)≈ 0.0037 m-1, in
the range of speeds between 2 and 10 m�s-1, ESa ranges from 0.15 to 3.8%. This is
coherent with the usual practice of simulating the air resistance, when running on the
treadmill at speeds of 5.55 m s-1, by inclining it upwards by about 1%.

In conclusion, if the time course of velocity during accelerated/decelerated
running is determined, and the corresponding instantaneous accelerations/decelera-
tions are calculated, Eqs. 5.25 and 5.22 allow computation of the appropriate ES and
EM values. Accelerated or decelerated running can then be easily converted into
equivalent constant speed uphill or downhill running. Hence, the corresponding
energy cost of accelerated/decelerated running can be obtained.

It should be noted here that the effects of the acceleration on Cr can be astonish-
ingly high. Indeed, at the very onset of a 100 m dash, in medium-level sprinters, Cr

attains about 50 J kg-1 m-1, as compared to about 4 J kg-1 m-1 for constant speed
running on flat terrain (di Prampero et al. 2005). Furthermore, knowledge of Cr

allows calculation of the corresponding metabolic power, as given by the instanta-
neous product of Cr and v. In medium-level sprinters, this attains a peak of about
80 W kg-1, equivalent to an oxygen consumption of 230 ml kg-1 min-1 above
resting, i.e., about four times larger than the _VO2

max of the investigated subjects.
Similar calculations can be made also on Usain Bolt during his 100 meters dash

world record (9.58 s). However, because of his astonishingly high initial af, his ES
falls largely outside the range of application of Eq. 5.9. Depending on how extrap-
olation of Eq. 5.9 is performed, the peak metabolic power, attained about 0.8 s after
the start, may result as high as 160 W kg-1 (di Prampero et al. 2015).

5.8 Conclusions

Walking and running are natural forms of bipedal locomotion, as trotting galloping
and ambling are natural forms of quadrupedal locomotion. There are more locomo-
tion paradigms in quadrupedal than in bipedal locomotion, and their analogies were
investigated by Alberto Minetti (Minetti 1998). Walking is characterized by the
exchanges between Ek and Ep at each step in both cases. Running is an analogue of



trotting, both being characterized by storage and release of elastic energy at each
step, whereas Ek and Ep vary in phase, so that no exchanges between these two forms
of energy are possible indeed. Minetti (1998) proposed that skipping gaits are
analogues of galloping and represent the third paradigm of bipedal locomotion. In
fact, the simultaneous presence of pendulum-like and elastic mechanisms in skip-
ping differentiates this gait from running. Gravity may matter in determining the
predominance of skipping on other gaits, as long as skipping becomes the “natural”
form of locomotion in low-gravity environments such as the Moon (Pavei et al.
2015), as originally suggested by Margaria and Cavagna (1964), well before the first
manned flight to the Moon in 1969 (see Chap. 11).
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The role of the School of Milano in the history of the physiology of locomotion is
central. It sounds logical that scientists interested in exercise be attracted by the
energetics and biomechanics of human locomotion. Yet few combined the two
issues, exercise and locomotion, within the same cultural framework, and none in
a systematic, programmatic manner as Margaria did. This is a further feature
characterizing the exceptional, farseeing vision of Margaria. Along the groove traced
initially by Marey and Muybridge, then by Fenn, Margaria started the study of the
energetics and promoted the study of the biomechanics of human locomotion.
Cavagna and Saibene in the latter, Cerretelli and di Prampero in the former took
the relay. Cavagna generated a vassal kingdom at Leuven, Belgium, with Norman
Heglund, Peter Willems and their successors; Saibene trained Minetti, who carries
the flag of locomotion in Milano. Cerretelli and di Prampero left a patrol of scientific
heirs (Carlo Capelli, Guido Ferretti, Bruno Grassi, Paola Zamparo) who ensures
scientific continuity to the study of the energetics of muscular exercise and of human
locomotion within the cultural framework of the School of Milano. No other School
can compete in terms of impact, continuity and longevity with the School of Milano,
as far as the study of the energetics and biomechanics of human locomotion is
concerned.
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Chapter 6
Cycling, Swimming and Other Forms
of Locomotion on Land and in Water

Pietro Enrico di Prampero and Guido Ferretti

Abstract This chapter is on other forms of human locomotion. In the first part,
assisted locomotion on land in treated. Most attention is paid to cycling, the
energetics and biomechanics of which is described in details. The effects of rolling
resistance and of aerodynamic resistance are analyzed. The effects of shape and size,
of altitude, of cycling uphill and downhill are discussed. Cross-country skiing is also
accounted for. In the second part, after a short account on the effects of water density
and buoyancy, locomotion in water is treated, with special reference to swimming.
The effects of skill, swimming styles and body fat distribution are analyzed. Then,
the biomechanics of swimming is discussed along with the effects of drag and
efficiency. In the third part, assisted locomotion in water is analyzed, with special
attention to rowing and sculling. Whereas the study of cycling was essentially a
matter of Milano, the study of swimming was the result of a deep and long-lasting
collaboration between Milano and Buffalo, a tribute to which is heartly
acknowledged.
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Left: Eddy Merckx during his successful one-hour world record trial at Mexico City on October
25th, 1972. Right: Eddy Merckx one month earlier, during exercise testing at the Istituto di
Fisiologia, University of Milano. With the kind permission of the University of Milano

6.1 Introduction

This is the second chapter of this book that we devote to human locomotion and the
contribution of the School of Milano to the field. In Chap. 5, we discussed natural
locomotion, i.e., walking and running. In this Chapter, we analyze locomotion in
water, whether unassisted (swimming) or assisted (fin swimming, rowing etc.), and
assisted locomotion on land (chiefly cycling). The term assisted locomotion includes
all locomotion modes, in which, although the power sustaining the displacement of
the body center of mass along the direction of movement is generated by muscle
contraction, specific mechanical tools, invented by human creativity and intuition,
lead to a reduction of the energy expenditure per unit of distance, thereby allowing
an increment of the forward speed at any given metabolic power. The most typical
and most successful example of such a tool is the bicycle, wherein muscle power
causes the pedals to rotate, thus moving a chain that transmits rotation to the rear axle
through the pin of the chain. This is inserted on the axle on which the rear wheel fits,
making it moving. The speed amplification effect is because the diameter of the
wheel is by far larger than that of the rear pinion.

In Chap. 5, we initially defined the general principles on which the analysis of
human locomotion relies. We introduced the concept of energy cost (C) and we
described its two components, namely the non-aerodynamic energy cost (Cn-a) and
the aerodynamic energy cost (Ca) (or, in water, hydrodynamic). We set the linear
equation relating Ca to the square of speed, through a proportionality constant ke.



Constant ke depends on the area projected on the frontal plane (Af), a dimensionless
coefficient related to the body shape (Cx), the air density (ρ), and the mechanical
efficiency of the exercise at stake (η). These principles apply also to all types of
locomotion dealt with in the present Chapter, so we invite the reader to refer to
Chap. 5 for further details, especially to Eqs. 5.4–5.7. We underline, however, that,
at variance with walking and running, all other types of locomotion on land are
characterized by a higher, even by far higher, Ca than Cn-a.
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6.2 A Historical Note

Swimming is not a natural form of locomotion for humans, who are terrestrial
mammals, designed to sustain gravity and to take the necessary oxygen to support
muscle contraction from the atmosphere through the lungs. Notwithstanding, the
wish or the need of crossing rivers and ponds or of entering the sea pushed them to
develop, as other terrestrial mammals, an ability to swim. We do not know how far
ago humans started to swim, but we know that they did swim, as we have witness of
prehistoric rock paintings showing swimming men. For instance, the celebrated
paintings of the so-called Cave of Swimmers, in the Egypt desert close to the Libyan
border, portray, among others, men with bent limbs in a swimming posture,
reminding a kind of breaststroke. These pictures, dating back to some
10,000 years ago, provided the first hint to the revolutionary hypothesis that the
Sahara was green and wet in those days (Almasy and Lozach 1936).

The practise of swimming spread in all historical societies. It was soon associated
with the practise of diving. Pools were found in ancient palaces in India and in Crete.
Several pictures of swimming men can be found in vestiges from all over the ancient
world. Literature reports on swimming date back to the Gilgamesh epopee (~2000 B.
C.) and the Bible. Various swimming styles evolved in different world areas. The
breaststroke was predominant in Europe; a kind of crawl among American, Polyne-
sian, and Hawaiian natives. Everard Digby (~1550–1592), a scholar of St. John’s
College in Cambridge, described not only the breaststroke, which he regarded as the
most economic swimming style, but also the backstroke and the crawl (Digby 1587).
He had been the first to put forward the role of buoyancy in swimming.

Swimming became a competitive sport in England in the early nineteenth cen-
tury. The breaststroke was mostly practised. The crawl was introduced afterward, but
was the only style in which athletes competed at the first modern Olympic Games in
1896. The backstroke and the butterfly were introduced later. The latter originated as
an evolution of the breaststroke and was recognized as an independent style in 1952.
For a more comprehensive history of competitive swimming, please refer to
Kehm (2007).

The physiology of swimming was firstly investigated by Liljestrand and
Stenström (1919a) and by Liljestrand and Lindhard (1919a), who determined gas
exchange, heart rate, blood pressure and cardiac output on subjects swimming the
breaststroke at speeds between 0.3 and 0.8 m s-1. They demonstrated that the energy



expenditure during swimming increased more than in proportion to the speed,
indicating that a swimmer consumes more energy per unit distance at high speed
than at low speed. These authors were also the first to investigate the relationship
between passive towing force and speed and to observe a lower energy expenditure
during swimming, expressed per unit body mass, in women than in men. Karpovich
and Millman (1944) investigated the energy cost of front crawl, backstroke, breast-
stroke, butterfly, and the now less common sidestroke, at speeds between 0.7 and
1.7 m s-1. Their values, however, are grossly too large, as compared to the presently
accepted ones, presumably because of their overestimate of the oxygen debt incurred
during the actual swimming period. In a previous study, Karpovich and Pestrecov
(1939) had also measured the relationship between passive towing force and speed.
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Besides the physiology of swimming, Liljestrand and Stenström 1919b) and
Liljestrand and Lindhard (1919b) investigated some aspects of cross-country skiing
and of rowing; this last being discussed in some detail also by Henderson and
Haggard (1925).

The history of cycling is much shorter and strictly related to the evolution of the
bicycle. The first ideas of transforming the cyclic leg movement into a rotational
movement of a wheel date back to the fifteenth century, but did not lead to any
valuable tool. It is only at the beginning of the nineteenth century that the first
two-wheel muscle-propelled machine appeared, in 1817. German Baron Karl von
Drais (1785–1851) designed it, whence the name Draisine, but he called it
Laufmaschine (running machine). It was wood-made, weighed about 22 kg, was
equipped with iron wheels and was propelled by a walking-like movement of the
legs. A similar yet more stylish device was developed in England a couple of years
later. The commercial success of these devices prompted a striking mechanical
development, which in a hundred years led to the modern road and race bicycles.
A detailed account of the history of bicycle development can be found elsewhere
(Herlihy 2004). Chief steps were the invention of the rotational crank and pedal and
of the rubber tires, in the 1860s. Most fundamental, however, was the design of the
so-called safety bicycle, the real predecessor of modern bicycles, by the English
engineer Harry John Lawson (1852–1925) in 1876. This bicycle had equal-sized
wheels and a chain drive. Indeed the chain drive is a much older invention, dating
back to the Hellenistic era, but nobody thought of using it in bicycles before Lawson.
The biomechanical and energetic characteristics of historical bicycling was analyzed
by Minetti et al. (2001). We shall discuss it later.

From the physiological viewpoint, the energy requirement for recreational
cycling was investigated in depth by Zuntz (1899), who also compared the speed
attained with a given oxygen consumption during cycling, or walking (Fig. 6.1).

The mechanical efficiency of cycling was investigated by Benedict and Cathcart
(1913), who were the first to show that the most economical pedal frequency is of the
order of 1 Hz. Yet it was the refinement of the concept of energy cost by Margaria
(1938) that, once more, opened the way to the modern era of physiological studies on
cycling. The School of Milano played a large part in it since the 1970s. Before that
time, only running and walking attracted the curiosity of Margaria and his pupils.
Pietro Enrico di Prampero enlarged the perspective of the School by looking into



other types of locomotion, such as rowing, swimming, skating, and cycling, in
collaboration with several colleagues of him in Milano (di Prampero et al. 1971,
1974, 1976, 1979).
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Fig. 6.1 Measuring oxygen consumption during bicycling at the end of nineteenth century. From
Zuntz 1899

Concerning swimming, crucial was the close interaction between Milano and
Buffalo, where Hermann Rahn (1912–1990) had promoted the construction of the
celebrated circular swimming pool (Fig. 6.2), which was particularly apt to the study
of the energetics of swimming. More or less at the same time, Per-Olof Åstrand
(1922–2015) in Stockholm promoted the construction of a different device, called
the swimming flume (Åstrand and Englesson 1972), on which Ingvar Holmér
performed his studies on the oxygen consumption during swimming (Holmér 1974).

6.3 Cycling

On September 6th 1996, in Manchester (UK), Chris Boardman covered 56.375 km
in one hour, thus establishing what was then the “One Hour Record” for unaccom-
panied cycling. This is one of the most remarkable achievements concerning



locomotion in the history of sport records. That record soon became the “Best One
Hour Human Performance,” after the obscurantist decision by the Union Cycliste
Internationale (UCI) to forbid the use of specially designed aerodynamic bicycles
for record attempts, and the subsequent cancellation of all records established with
that type of bicycles. Since then, the “One Hour Record” for unaccompanied cycling
defined only best performances on traditional road-race bicycles. A partial step back
was however undertaken in 2014, when the UCI approved the use of aerodynamic
bicycles like those for road time trial competitions. With such a bike, in 2019, at
Aguascalientes, Mexico (altitude 1900 m above sea level), Victor Campenaerts
covered 55.089 km, and Dan Bigham at sea level attained 55.548 km. The prepos-
terous dichotomy between the “One Hour Record” and the “Best One Hour Human
Performance” was suddenly made obsolete by the marvellous performance by
Filippo Ganna, who, on October 8th 2022 in Grenchen (Switzerland, 450 m above
sea level), covered 56.792 km, thus not only beating the official record, but also
improving Boardman’s performance.
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Fig. 6.2 A sketch of the large research installations at the Department of Physiology, State
University of New York at Buffalo in the 1970s. The circular swimming pool is on the front
plane. The rail-moving chariot following the swimmer is shown. The human centrifuge is on the
inner circle. The stairs lead to the centrifuge. On the rear plane, the hyperbaric chambers appear.
With the kind permission of Dave Pendergast, Buffalo

Boardman’s and Ganna’s extraordinary feats, besides showing their exceptional
athletic level, highlight also the formidable characteristics of their bicycles as a



means of locomotion on flat terrain. Indeed, thanks to the saddle that supports the
body in the vertical plane, and to the pedals that transform the intermittent thrust of
the lower limbs in an essentially continuous push, the amount of energy dissipated
against gravity and inertial forces at each pedal cycle is reduced to a minimum. This
state of affairs allows the cyclist to utilize, during progression on flat terrain at
constant speed, his/her metabolic energy entirely (or very nearly so, see Fig. 5.2)
against the air drag (di Prampero 2000). Moreover, the C is lower, and therefore, the
speed attained with a given metabolic power is higher, than in any other form of
human-powered locomotion.
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This section is devoted to the main characteristics of cycling: we will deal with
mechanical work, energy expenditure and mechanical efficiency of cycling on the
level, uphill or downhill and with the effects of the cyclist’s body size thereupon.

6.3.1 Mechanical Work and Energy Cost

During progression on flat terrain at constant speed, two forces oppose the cyclist’s
motion: (i) the rolling resistance, due to the sum of the tires’ friction with the terrain
and of the (minimal) friction of the gear systems and of the wheel axles and (ii) the
air drag (di Prampero et al. 1979). Hence:

Fc =Fn- a þ Fa =Fn- a þ kw v2 ð6:1Þ

where Fc
1 is the overall force opposing motion (work done per unit of distance),

v is the velocity relative to the air, Fn-a and Fa (= kw v2) are, respectively, the
non-aerodynamic and the aerodynamic components of the opposing force, and kw is
a proportionality constant (for details on the meaning of kw, see Eq. 5.5, Chap. 5).
The corresponding energy cost of cycling (Cc) depends on the overall efficiency of
locomotion (η):

Cc =
Fc

η
=

Fn- a þ kw v2

η
ð6:2Þ

Setting Cn - a = Fn-a/η and ke = kw /η :

C c = ke v
2 þ Cn- a ð6:3Þ

1Fc and Cc have the dimension of a force, thus should be expressed in Newtons. However, in
physiological studies, Cc is often expressed in J m-1, since it is obtained as the ratio of metabolic
power (usually expressed in L of O2 per unit of time) to speed. By analogy, Fc is also expressed in
the same way.



Equation 6.3 is equivalent to Eq. 5.7 for the specific case of cycling. In other terms,

þ ð Þ
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in cycling, the two constants Fn-a and Cn - a represent, respectively, the mechanical
work dissipated, and the metabolic energy spent, per unit of distance, against the
rolling resistance. As such, they depend on the friction of the transmission system
and of the wheel axles, but above all, on the characteristics of the terrain, of the type
of tires and on the inflation pressure thereof (see Sect. 6.3.3). The terms kw v2 of
Eq. 6.1 and ke v

2 of Eq. 6.3 are the mechanical work dissipated, or the energy spent,
per unit of distance against the air drag. Obviously enough, their ratio is equal to η.

The mechanical ( _w) or metabolic ( _E) power necessary to proceed at constant v on
flat terrain in the absence of wind is given by the product of, respectively, Fc or Cc,
and v. Therefore, under these conditions, one obtains:

_w=Fc v= kw v3 þ Fn- a v ð6:4Þ
_E=Cc v= ke v

3 Cn- a v 6:5

where _w and _E turn out in W, if Fc and Cc are expressed in J m-1, and v in m s-1.

Thus, the power, whether mechanical or metabolic, that is necessary to overcome the
air resistance varies with the cube of the speed.2

The constants Fn - a and kw of Eq. 6.1 are generally obtained determining the
overall traction resistance (Rtr, corresponding to Fc) as a function of the speed
(Capelli et al. 1993; di Prampero 2000; di Prampero et al. 1979). As shown in
Fig. 6.3a, Rtr increases linearly with the square of the speed, with positive y-axis
intercept; coherently with Eq. 6.1, the slope of the line yields kw, whereas the y-axis
intercept is equal to Fn - a. Obviously enough, the relationships reported in Fig. 6.3a
are valid only if Rtr is measured at constant speed, on flat terrain, in the absence of
wind and in standardized conditions in terms of type of bicycle, position of the
cyclist, etc.

A similar approach can be utilized to assess the constants Cn - a and ke (Capelli
et al. 1993, 1998b). In this case, the dependent variable would be Cc (Fig. 6.3b).
However, since Cc is generally obtained from the ratio between the rate of oxygen
consumption ( _VO2 ) at steady state and v, the v range that can be reasonably
investigated in this case is more limited than that applying for the two corresponding
mechanical constants Fn - a and kw, its upper limit being set by the cyclist’s maximal
oxygen consumption ( _VO2

max). It should also be underlined that the equipment
utilized for determining _VO2 should not interfere with the cyclist’s movements, nor
should it increase in any significant way the geometric determinants of kw (see
Chap. 5, Eq. 5.5).

2However, “tradition dies hard”: hence it is often more “practical,” also from a historical viewpoint,
to express Cc in other units such as mlO2 m

-1, since oxygen consumption, which in submaximal
aerobic exercise is equal to _E, is usually given in mlO2 min-1. In this case, v should be expressed in
m min-1. Units conversion is easily made, if we consider that of 1 L of O2 (STPD) yields about
5 kcal or 20.9 kJ of metabolic energy.
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Fig. 6.3 Overall tractional resistance (Rtot) (panel a) and energy cost per unit of distance (C) (panel
b) as a function of the square of the speed (v2) in a cyclist of 70 kg body mass and 1.72 m stature.
Traditional (grey line) or aerodynamic (black line) racing bicycle, in fully dropped posture at
constant speed, in the absence of wind at sea level. Data from Capelli et al. 1993

The four constants of Eqs. 6.4 and 6.5 were also determined, with similar results,
yet with different approaches, by several other authors (Candau et al. 1999; Davies
1980; De Groot et al. 1995; Pugh 1974; Sargeant and Davies 1977).

6.3.2 Mechanical Efficiency

The mechanical efficiency η of cycling exercise has been extensively studied in
exercise physiology. Indeed, since the original observations of Sylvia Dickinson
(1929), a very large series of data has consistently shown that, at least in the 50-to-
300 W power range, the optimal pedalling frequency ( fp) increases from ≈ 0.7 to ≈
1 Hz. At the optimal frequency, η is about 0.25 (for references, see di Prampero
2000). These data also show that even substantial changes in fp above or below the
optimal one lead only to rather minor changes of η (di Prampero 2000 and Fig. 6.4).
Hence, for high values of _w, the relationship between η and fp is rather flat. This may
explain the reason why, during actual competitions, fp is greater than that yielding
the maximal values of η. Indeed, the average fp of Francesco Moser during his One
Hour Record for unaccompanied cycling at Mexico City in 1984 (51.151 km)3 was
1.75 Hz, corresponding to an efficiency value, estimated from the data of Fig. 6.4 for
a _w of ≈ 450 W, smaller than 0.25 but still slightly greater than 0.24. The reduction
of the forces exerted on the pedals, due to the fp increase above the optimal one, may

3Moser world record is one of those that were cancelled by the UCI in 2000, because established on
specially prepared bicyles, that were instead defined “Best One Hour Human Performances.” This
distinction, however, has been made obsolete by the recent world record established by Filippo
Ganna.



lead to a small reduction of the static component of the pedal cycle and hence of the
corresponding lactic contribution to the energy expenditure, thus compensating for
the slight fall of efficiency.
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Fig. 6.4 Pedal frequency ( fp, in Hz, left, or cycles per minute, RPM, right) as a function of the
external mechanical power ( _w) during exercise on a cycle ergometer. Iso-metabolic power lines,
convex toward the right, ( _VO2) are also indicated. This allows the attribution of one, and only one,
value of mechanical efficiency (η) to any given point on the diagram. The points characterized by
η= 0.22, 0.24 and 0.25 are connected by iso-efficiency functions. Modified after di Prampero, 1986

Although this energetic interpretation of the self-selected fp seems plausible,
especially to people issued from the School of Milano, yet it is not the only one.
Indeed, other factors, such as the strategy of motor units recruitment, and/or the
perceived intensity of the effort (Marsh and Martin 1993, 1995, 1998) and/or the
muscle composition in terms of fast and slow fibers (Kohler and Boutellier 2005),
may also play a non-negligible role in setting the actual fp.

6.3.3 The Rolling Resistance

The friction of the wheels’ axles and of the transmission system of a good-quality
bicycle are quite small; therefore, the rolling resistance depends entirely, or very
nearly so, on the dimensions, type, and inflation pressure of the tires, and on the
characteristics of the terrain.

The rolling resistance is independent of the speed and directly proportional to the
overall weight of the moving body (bicycle + cyclist). Hence, it may be convenient
to express it as rolling resistance coefficient, i.e., as the ratio between the rolling
resistance itself and the overall weight; it is reported, for several sets of experimental
conditions, in Table 6.1, wherefrom Fn - a can be easily obtained, provided that the
overall weight is known.



Tire Type
Tire Characteristics

cm J m-1
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Table 6.1 The rolling resistance for an overall mass (cyclist + bicycle) of 85 kg, and the
corresponding rolling coefficient are reported for different tire types on compact terrain. Wheel
diameter, tire contact surface and inflation pressure (1 MPa= 9,87 atm) are also shown. The rolling
coefficient is obtained by dividing the rolling resistance by the overall mass and the gravity
acceleration (9.81 m s-2 on Earth). The energy expenditure per unit of distance against the rolling
resistance can be obtained by dividing the rolling coefficient by the mechanical efficiency and
multiplying by the overall weight. A e B, sculpted tires; C, pneumatic tires; D, tubulars (180 g); E,
tubulars (160 g); F, tubulars (80 g). Data from di Prampero 2000

Wheel
diameter

Rolling
resistance

Rolling
coefficient

Width Pressure

cm MPa Atm

A mountain
bike

5.7 0.32 3.16 50.8 14.2 0.017

B Mountain
bike

5.7 0.32 3.16 68.6 10.8 0.013

C road,
standard

4.5 0.46 4.54 68.6 5.8 0.007

D road,
tubulars

3.2 0.85 8.39 50.8 3.8 0.0045

E road, tubulars 1.8 0.85 8.39 68.6 2.8 0.0034

F track,
tubulars

1.8 0.85 8.39 68.6 1.8 0.0021

With respect to the data shown in Table 6.1, on linoleum or wooden tracks, the
rolling coefficient is reduced to about 60%. The absolute minimal values of the
rolling resistance coefficient are those applying for wheels of standard diameter
(0.686 m), tubular tires with reduced transverse section and high inflation pressure,
on smooth compact terrain. These are about one third of those applying for normal
wheels and tires on asphalt roads and about one tenth of those applying for wheels of
reduced diameter and knobby tires of large transverse section (mountain bike) on
asphalt roads. On irregular, muddy, or grass-covered terrains, the rolling resistance
increases further in a manner that is difficult to predict.

The pursuit of a reduction of the rolling resistance accompanied the entire history
of bicycle technical development since the eighteenth century (Minetti et al. 2001).
The data indicate that this was attained any time that the characteristics of the tires
evolved and improved. Ceteris paribus, remarkable step changes in rolling resis-
tance occurred when passing from metal to rubber solid tires (about 1870) and from
rubber to pneumatic tires (about 1890). Around the same time, the two wheels were
set at equal diameter and the basic design of modern bicycles was achieved.

6.3.4 The Aerodynamic Resistance

As already mentioned in Sect. 6.3.1, the mechanical work against the air resistance
per unit of distance (corresponding to Fa in Eq. 6.1, or the corresponding energy cost
Ca, varies with the square of v. The proportionality constants defining these



relationships (respectively, kw of Eqs. 6.1 and ke of Eq. 6.3) depend on: (i) a
dimensionless aerodynamic coefficient (Cx) related to body shape (see Chap. 5 for
details on this parameter), which is smaller the more “aerodynamically-shaped” is
the moving object, (ii) the area projected on the frontal plane (Af), (iii) the air density
(ρ) and, for ke only, (iv) the overall mechanical efficiency of movement (η):
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kw = 0:5 Cx Af ρ ð6:6Þ

ke =
kw,
η

=
0:5 Cx Af ρ

η
ð6:7Þ

In turn, ρ is a function of the prevailing barometric pressure (PB) and absolute
temperature (T ):

ρ= ρ0
273 PB

760 T
= 0:359 ρ0

PB

T
ð6:8Þ

where ρ0 (= 1293 kg m-3) is the air density in standard condition (STPD,
PB = 760 mmHg and T = 273 °K), which depends also on the air humidity, the
effects of which, however, are so small that, for all practical purposes, they can be
neglected.

Both PB and T decrease with the altitude above sea level, although PB values
recorded on the field are generally higher than predicted from the Standard Atmo-
sphere, as defined by the International Civil Aviation Organization (Pugh 1957;
West et al. 1983). As a first approximation, for T = 273 °K and expressing the
altitude in km, di Prampero (2000) used the following empirical relation, established
by West et al. (1983) during the American Medical Expedition to Mount Everest:

PB=PB0 e
- 0,124 km ð6:9Þ

where PB0 is the barometric pressure at sea level.

6.3.5 Of Shape and Size

An intuitive strategy for reducing Af is to lean the trunk forward. In race bicycles,
particularly in the most recent aerodynamic models, this strategy is pushed to the
extreme, so that the cyclist is forced to assume the position yielding the minimal
possible value of Af (Capelli et al. 1993). This is done even if it may lead to a small
but statistically significant reduction of the _VO2

max and/or of the cycling efficiency
(Ashe et al. 2003; Gnehm et al. 1997; Welbergen and Clijsen 1990). An increased
cost of breathing may at least partially explain the latter (Charlton et al. 2017).

This strategy leads also to a reduction of Cx, because of a more streamlined
position taken by the body, thus leading to an additional reduction of Fa (Capelli



Bicycle and Position Cx

et al. 1993). However, the best strategy for reducing Cx is to include the bicycle itself
with streamlined shapes, allowing for very low Cx values (about 0,09–0,11, Gross
et al. 1983; Dal Monte, 1997, personal communication). These considerations are
summarized in Table 6.2, where Af, Cx, and kw are reported for different experimental
conditions.
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Table 6.2 The aerodynamic coefficient (Cx) and the area projected on the frontal plane (Af) of a
70 kg body mass, 1.75 m tall cyclist are indicated for different conditions. The third column (kw)
reports the proportionality constant between the mechanical work per unit of distance and the square
of air velocity, at sea level and 20 °C temperature. The fourth column reports the velocity (v)
attained on flat compact terrain with an overall mechanical power of 0,735 kW, assuming a rolling
resistance applying for road wheels with 180 grams tubular wheels on compact terrain (see
Table 6.1). The data of the first three columns are from di Prampero 2000

Af

(m2)
kw
(N s2 m-2)

v (m s-1)
for = _w 0.735 kW

Traditional, sitting 1.10 0.51 0.337 12.6

Sporting, leaning forward 1.00 0.45 0.271 14.2

Sporting, fully dropped 0.87 0.44 0.230 14.5

Racing (standard) fully dropped 0.80 0.40 0.193 15.4

Racing (aerodynamic) fully dropped 0.65 0.40 0.155 16.8

Another intuitive strategy for reduction of the air resistance is to move in the wake
of another cyclist or of a vehicle. At high speeds, the power reduction for cyclists
moving in the wake of one another can attain about 30%, and, in the case of more
than two cyclists, it depends also on the position in the line. Indeed, as shown by
Broker et al. (1999), during a team pursuit competition, at a speed of 60 km h-1

(16.67 m s-1), the mean mechanical power was 607 W for the first cyclist in the line,
it fell to 70.8% (430 W) in the second position and to 64% (389 W) for the third and
fourth cyclist. The extreme example of this state of affairs is the incredible speed of
296.009 km h-1 (sic!) attained in 2018 by Denise Mueller-Koronek riding a special
bicycle in the wake of a specially prepared American dragster on the Great Salt Lake,
in Utah.

As a first approximation, men and women are geometrically similar solids.
Hence, their total body surface (Atot) increases with the square of a given linear
dimension of the body, whereas the overall body mass increases with the cube of the
same dimension. Assuming further that, for a given position on the bicycle, Af is a
constant fraction of Atot, (a somewhat debated question, see e.g., Capelli et al. 1998b;
Heil 2001), it necessarily follows that cyclists of great body size are characterized by
a smaller Af per unit body mass, than their smaller colleagues. Hence, at a given
speed, the energy expenditure per unit body mass will be less, and conversely, at a
given metabolic power per unit body mass, the speed will be greater in cyclists of
large body size. For cyclists of extremely different body size (50 kg and
1.50 m vs. 100 kg and 2.00 m), the metabolic power difference, per unit body
mass, is about 18% (Fig. 6.5). This type of analysis accounts exclusively for the
energy expenditure against the air resistance, neglecting entirely the rolling resis-
tance and the energy expenditure against gravity, both linearly related to the body
mass.
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Fig. 6.5 Metabolic power
per unit body mass ( _E), as a
function of the speed (v) in
two cyclists of extremely
different body size, as
indicated. Traditional racing
bicycle, fully dropped
posture, constant speed, in
the absence of wind at sea
level. From di Prampero
2015, with the kind
permission of Raffaello
Grandi, Edi Ermes

6.3.6 Cycling at Altitude

As mentioned above, the Fa at any given velocity depends on the intrinsic charac-
teristics of the moving object, and on ρ, itself a function of PB and T (Eqs. 6.6–6.8).
In turn, PB and the corresponding ρ decrease with the altitude above sea level
(Eq. 6.9), thus leading, ceteris paribus, to a corresponding decline of ρ and hence
of the energy expenditure (be it mechanical or metabolic) necessary to overcome
it. Hence, the speed attained with a given power and at any given temperature will be
greater at altitude than at sea level.

However, the fall of PB with altitude leads to a proportionally equal decrease of
the oxygen partial pressure in inspired air (PIO2), thus leading to a fall of the subject’s
_VO2

max (Fig. 6.6, see also Chap. 7) and of the power that he/she can sustain in long-
distance events (Cerretelli 1980; Ferretti 2014).

Therefore, the final effect of altitude on maximal aerobic performances is the net
balance between the fall of ρ, which reduces air resistance, on the one side, and the
fall of _VO2

max, on the other. For altitudes up to 2500–3000 m, the decrease of the air
resistance is greater than that of _VO2

max: hence, the maximal aerobic velocity is
greater than at sea level. At altitudes above 4000 m, the opposite is true, so that the
maximal aerobic velocity starts decreasing with altitude. It follows that there must
exist an optimal altitude at which the maximal aerobic speed attains a peak. This
optimal altitude: (i) is more elevated, the larger the fraction of energy dissipated
against the air resistance; (ii) is lower the more intense is the phenomenon of
exercise-induced arterial hypoxemia during maximal exercise at sea level (Dempsey
et al. 1984; Dempsey and Wagner 1999); (iii) it can be estimated for any form of
locomotion in which these two quantities are known.
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Fig. 6.6 (a) Maximal oxygen consumption ( _VO2
max, percentage of the sea level value) as a function

of the barometric pressure (PB), or of the corresponding altitude above sea level, in non-athletic well-
trained subjects, acclimated (full dots) or non-acclimated (empty circles) to altitude. (From Cerretelli
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This state of affairs is represented in Figs. 6.7a and b, for ice speed skating and
track cycling, respectively. In both forms of locomotion, the metabolic power
dissipated against non-aerodynamic forces, id est the metabolic power that is
necessary to sustain Cn-a, increases linearly with the speed, independently of the
altitude (red straight lines departing from the origin). The slope of this line is equal to
Cn-a, and is about six times larger in speed skating, as compared to cycling
(2.2 vs. 0.35 LO2 min-1 at 10 m s-1 for a 75 kg subject).

In Fig. 6.7, the blue curves describe _E as a function of v. Five of these curves are
shown, for altitudes ranging from sea level (uppermost curve) to 4000 m (lowermost
curve). Since the straight line representing the metabolic power against
non-aerodynamic forces is independent of altitude, the differences among the five
curves are a sole consequence of the effects of the aerodynamic forces. The meta-
bolic power dissipated against the air resistance at each speed is given by the vertical
distance between the blue curves and the red line in Fig. 6.7. It increases with the
cube of v and, at each v, it decreases with increasing the altitude.

The shaded areas of Fig. 6.7 are delimited by two curves representing the _VO2
max

and maximal aerobic speed for the most (curves on the left) and least (curves on the
right) penalized subjects at altitude. The ratio between the maximal aerobic velocity
attained at a given altitude and at sea level is plotted as a function of altitude in
Fig. 6.8a for track cycling, ice speed skating, running, and swimming for a hypo-
thetical medium-level athlete, on the assumption that his fall of _VO2

max at altitude is
as described in Fig. 6.6a. The maximal absolute values are attained at altitudes of
2500–3000 meters in speed skating and of 3500–4000 meters in track cycling.
Moreover, Fig. 6.8a suggests an optimal altitude of 400 m for long-distance running.
In swimming, in which case air resistance plays no role, the optimal altitude is sea
level. At the optimal altitude, the gain in terms of maximal aerobic speed is about
8.5; 4.0 and 0.80% in cycling, ice speed skating and running, respectively, regardless
of the subject’s absolute _VO2

max, provided that he/she has attained complete altitude
acclimatization. In conclusion, the optimal altitude: (i) depends on the ratio between
the energy dissipated against the air resistance and that dissipated against
non-aerodynamic forces and (ii) is independent of the subject’s _VO2

max at sea level.
As appears from Fig. 6.6a, the fall of _VO2

max at altitude does not follow the fall of
PB and thus of PIO2. In fact, it is modest at lower altitudes, much more intense at
elevated altitudes. Therefore, the negative effect (fall of _VO2

max) is smaller than the
positive one (reduction of ρ, and thus of kw) at lower altitudes, whereas the reverse
occurs at high altitude. This is a key issue explaining why a peak in maximal aerobic
speed is attained at an optimal altitude. This altitude, of course, would be lower, the

Fig. 6.6 (continued) 1980; Ferretti 2014). (b) The ratio between the _VO2
max at altitude and at sea

level ( _VO2
max, a / _VO2

max, sl) in athletic (A, red line) and non-athletic (n-A, black line) subjects is
indicated as a function of the altitude above sea level together with the corresponding air density at
20 °C (ρ, blue line). Data from Capelli and di Prampero 1995 and Ferretti et al. 1997
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Fig. 6.7 (a) Overall metabolic power ( _E) as a function of velocity (v) during ice speed skating at
the indicated altitudes (blue curves), in the absence of wind at 0 °C. The straight red line refers to the
metabolic power dissipated against non-aerodynamic forces. The vertical distance between the red
line and the blue curves is the metabolic power dissipated against the air resistance. The uppermost
and lowermost shaded areas refer to the decline of maximal oxygen consumption ( _VO2

max) at
altitude in two ideal subjects characterized by a _VO2

max at sea level of 60 or 50 ml kg-1 min-1

above resting, respectively. Within each shaded area, the “best” acclimatizers lie on the upper curve
and the “worst” ones on the lower curve. The equation on the figure allows an estimate of _E (in ml
kg-1 s-1) as a function of v at an air temperature (T ) of 0 °C. The barometric pressure (PB) at which
the experiments were performed was 650 mmHg. From di Prampero et al. 1976. (b) Metabolic
power, expressed as oxygen consumption ( _VO2), as a function of v during track cycling at constant
speed at the indicated altitudes (blue curves), in the absence of wind at 20 °C in a 70 kg, 1.75 m



lower is the maximal aerobic speed of the locomotion mode at stake at sea level, and
the greater is the fraction of _E that is necessary to overcome non-aerodynamic forces.
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The reasons for the non-linear decrease of _VO2
max at altitude are discussed in

Chap. 7. In short, they have to do with the non-linear behavior of the respiratory
system at sea level, as a consequence of the characteristics of the oxygen equilibrium
curve (Ferretti and di Prampero 1995). This carries along a remarkable corollary:
endurance athletes, who have a very high _VO2

max at sea level, and thus are subject to
exercise-induced arterial hypoxemia (Dempsey andWagner 1999), are characterized
by a greater _VO2

max fall at altitude than reported by Cerretelli (1980) and shown in
Fig. 6.6a, because at maximal exercise they operate close to the steep part of the
oxygen equilibrium curve already at sea level (Ferretti et al. 1997, see Fig. 6.6b). If
this is so, the predictions made after Fig. 6.8a apply only to non-athletic subjects,
however trained, with low or midway _VO2

max values at sea level, like top-level
Himalayan climbers (Oelz et al. 1986) or high-altitude natives (Marconi et al. 2004).
At variance, elite athletes, characterized by extremely high _VO2

max values, are
penalized by altitude (percentage-wise) to a greater extent than medium-level sports-
men. Therefore, the advantage that elite athletes can obtain at high altitude is
correspondingly reduced, as shown in Fig. 6.8b for track cycling.

Finally, it should be considered that, ceteris paribus, ρ is inversely proportional to
T (Eq. 6.10); hence, for a reference ambient air T of ≈ 20 °C (293 °K), for any given
value of PB, a change of 3 °C leads to a change of about 1% in terms of air resistance.
These effects, albeit low, can be crucial when dealing with world-record
performances.

6.3.7 The “One Hour Record” for Unaccompanied Cycling

The extant “One Hour Record” (56,792 km) was established by Filippo Ganna close
to sea level, as were the preceding ones by Chris Boardman (56,375 km) Tony
Rominger (55,291 and 53,832 km), Miguel Indurain (53,040 km), Graem Obree
(52,713 km) and Boardman himself (52,270 km). However, the metabolic power to
proceed at any given speed is smaller (and conversely the speed attained with a given
metabolic power is greater) at altitude. As mentioned above, the effects of altitude on
cycling performances can be estimated provided the cyclist’s _VO2

max, together with
its decrease with altitude, are known.

Fig. 6.7 (continued) subject. The straight red line and the blue curves have the same meaning as in
the left panel. The vertical distance between the red line and the blue curves is the power dissipated
against the air resistance. The decline of _VO2

max with altitude in an ideal athlete characterized by a
_VO2

max at sea level of 5.17 L min-1 above resting is included in the shaded area, for the “best”
(upper curve) and the “worst” (lower curve) acclimatizer, respectively. The equation allows an
estimate of _E (in ml s-1) as a function of v at a T of 20 °C. The PB at which the experiments were
performed was 760 mmHg. From di Prampero et al. 1979
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a

Fig. 6.8 (a) Ratio between the maximal velocities attained in aerobic conditions at altitude and at
sea level (vmax,a /vmax,sl) as a function of altitude, estimated on the basis of the minimal possible fall
of _VO2

max with altitude, in swimming (sw), running (r), speed skating (s) and cycling (c). Modified
after di Prampero 2015. (b) Ratio between the maximal aerobic speed at altitude and at sea level
(vmax,a /vmax,sl), as a function of altitude, in cycling. The black curve is from di Prampero (2000) and
was obtained from the fall of _VO2

max at altitude reported by Cerretelli (1980). The blue curve, from
Ferretti et al. (2011), is calculated from the _VO2

max fall in hypoxia reported by Ferretti et al. (1997)
for athletes. The two experimental points were obtained from the one-hour unaccompanied record
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The maximal speed that a cyclist can maintain for one hour depends essentially on
his/her _VO2

max and the highest fraction thereof that the cyclist can sustain for the
whole effort duration (φ) (Capelli and di Prampero 1995). Hence, for sea level
conditions, Eq. 6.5 can be rewritten as follows:

_Ec =φ _VOmax
2 =Cn- a vþ ke v

3 ð6:10Þ

The fall of the barometric pressure at altitude affects both _VO2
max and the constant

ke. Hence, at any given altitude (alt):

_Ec;alt =φ _VOmax
2 ;alt =Cn- a valt þ kealt valt

3 ð6:11Þ

Let us define:

A=
φ _VOmax

2 ;alt

φ _VOmax
2

and B=
ke;alt
ke

ð6:12Þ

This implies that, at sea level, both A and B are equal to 1 and Eq. 6.10 holds. At
altitude, A and B are less than 1, so that Eq. 6.11 can be rewritten as:

_Ec;alt =A φ _VOmax
2 =Cn- a valt þ B ke valt

3 ð6:13Þ

Combining Eqs. 6.10 and 6.13, we then obtain:

A Cn- a vþ ke v
3

� �
=Cn- a valt þ B ke valt

3 ð6:14Þ

Since the metabolic power dissipated against non-aerodynamic forces at the maxi-
mal aerobic speed, at sea level or at altitude, is about 3% of the total (di Prampero
et al. 1979), the terms Cn - a v and Cn - a valt can be neglected with minimal error.
Hence, rearranging Eq. 6.14:

valt
v

=

ffiffiffi
A
B

3

r
ð6:15Þ

So, it is possible to predict the speed attained at any given altitude, relative to the
sea level value, provided that A and B are known. A can be obtained by measuring
the athlete’s _VO2

max at sea level and at the altitude at which the performance is to be
made. In fact it is advisable to refrain from using standard relationships describing
the fall of _VO2

max at altitude (Cerretelli 1980), for the reasons discussed above.

Fig. 6.8 (continued) trials by Francesco Moser and Jeannie Longo, carried out at short intervals
with the same bicycle at sea level (Bassano del Grappa, Italy; Bordeaux, France) and at altitude
(Mexico City, 2.23 km; Colorado Springs, 1.86 km), respectively. From Ferretti and Capelli 2008



B can be computed from the relationship between ρ and altitude (see Fig. 6.6b). In
addition, since it was also assumed that the air temperature, the bicycle, the cyclist’s
position (affecting Cx), and the Af are the same in both conditions, B is given by the
ratio between the PB at altitude and at sea level (Eqs. 6.7 and 6.8, and Fig. 6.6b).
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Thanks to Eq. 6.15, the ratio valt/v can therefore be estimated for any given
altitude. Moreover, Fig. 6.8b shows also that, other things being equal, for people
with intermediate _VO2

max values, the ideal altitude is close to 3800 m, not far from
that of the Alto Irpavi velodrome (La Paz, Bolivia), as originally suggested by di
Prampero et al. (1979). In contrast, for athletes with elevated _VO2

max values at sea
level, the optimal altitude would correspond to about 2300 m, which is close to that
of the Olympic velodrome in Mexico City. At this altitude, for athletes with very
high _VO2

max, valt/v = 1.035, so that Ganna, all other variables being equal to those
in Grenchen (450 m), could have covered 58.780 km in 1 hour.

6.3.8 Cycling Uphill or Downhill

During uphill cycling at constant speed, part of the work is done to rise the body
center of mass against gravity (vertical work, wv = Mgh, where M is the body mass,
g is the gravity acceleration and h is the height, see Chap. 5). Expressing wv per unit
of distance along the direction of motion (L ), and since h = L sin β (where β is the
angle between the terrain and the horizontal plane), the wv per unit of L is equal to:

wv

L
=

Mgh
L

=
MgL sin β

L
=Mg sin β=Fv ð6:16Þ

In fact wv
L , id est Fv, has the dimension of a force, as all other terms of Eq. 6.16, as

well as the energy cost C and the drag. It corresponds to the force that is necessary to
overcome the component of the acceleration of gravity.

The sum of Fv and of Fc, as from Eq. 6.1, yields a complete description of the
mechanical work per unit of distance, when cycling at constant speed in the absence
of wind. Therefore, the sum of Eqs. 6.1 and 6.16 provides the complete equation of
motion of a cyclist:

Fc =Fn- a þ Fa þ Fv =Fn- a þ kw v2 þMg sin β ð6:17Þ

On flat terrain, Mg sin β = 0 J m-1, so that the equation of motion reduces to
Eq. 6.1. On positive slopes, sin β is positive, so that Fc becomes higher than on flat
terrain, and the more so the steeper the slope. On negative slopes, sin β is negative,
so that Fc becomes lower than on flat terrain, and the more so the steeper (more
negative) is the slope. In fact, during downhill cycling, Fv (=Mg sin β) is a measure
of the mechanical energy made available by gravity and that can be utilized against



the other forces opposing motion. Eq. 6.17 can therefore be used for estimating the
downhill freewheeling speed for any given incline of the terrain.4
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For completeness, we also remind that the incline i of the terrain, corresponding
to tanβ, affects also Fn-a, and hence the work against the rolling resistance, as
follows:

Fn- a =Fn- a0 cos β=Fn- a0
sin β
tan β

� �
=Fn- a0

sin β
i

� �
ð6:18Þ

where Fn - a0 is the force that is necessary to overcome the rolling resistance on flat
terrain. It follows that, on flat terrain, in which case cos β = 1, Fn - a = Fn - a0,
whereas during vertical lift or fall, in which case β= 90 deg., and cos β= 0, Fn - a is
nil. Combining Eqs. 6.17 and 6.18, we thus obtain:

Fc =Fn- a0 cos β þ Fa þ Fv =Fn - a þ kw v2 þMg sin β ð6:19Þ

Within a realistic range of inclines, the term cos β is rather close to 1.0. For
instance, for i = 0.25, we have β = 14 deg. and cos β = 0.97. Within this range of
slopes, neglecting Eq. 6.18, as often done in physiological studies, carries along
negligible errors.

Since Cc = Fc/η (see Eq. 6.2), dividing Eq. 6.19 by η yields Cc:

Cc =Cn- a cos β þ ke v
2 þMg sin β

η
ð6:20Þ

On flat terrain, this Equation reduces to Eq. 6.3. The corresponding metabolic
power _E becomes then:

_E=Cc v= v Cn- a cos β þMg sin β
η

� �
þ kev

3 ð6:21Þ

On flat terrain, this Equation reduces to Eq. 6.5.
Equation 6.21 can be utilized for estimating the maximal up-slope that a cyclist

can climb. To this aim, it is necessary to assign a minimal value to the speed, below
which the equilibrium cannot be maintained (vmin). In this case, if the maximal _E of
the subject (expressed per kg overall weight, bicycle included) is known, the

4Consider for instance a 70 kg cyclist on a traditional racing bike in completely dropped posture,
free-wheeling down an asphalt road with an 8.75% incline (the incline being equal to tan β, thus in
this specific case, β= 5 deg). Inserting in Eq. 6.19 the appropriate numerical values of Fn - a and kw,
setting Fc = 0, sin β = 0.0872 and cos β = 0.996, one obtains the corresponding freewheeling
speed: 18.44 m s-1 (66.4 km h-1).



corresponding incline of the terrain can be easily obtained, by setting v = vmin in
Eq. 6.21.5
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6.3.9 Metabolic Power and Body Mass

In this paragraph, we analyze the energetics of road cycling in relation to the cyclist’s
body size, as a function of the incline of the terrain, after assuming all other pertinent
variables to be invariant. Let us first analyze the rolling resistance. Eq. 6.21 indicates
that _En- a, besides being a linear increasing function of the speed, depends on body
mass and on the incline of the terrain. On the contrary, the fraction of the metabolic
power per unit body of mass dissipated against the air resistance (vertical distance
between the straight lines labelled na and the colored curves in Fig. 6.9) is greater the
smaller the cyclist’s size and decreases with increasing the incline of the terrain.

Therefore, for any given metabolic power per unit body mass, the speed is greater
the larger the overall body mass. This difference in speed is maximal when cycling
on the level and decreases with increasing the incline of the terrain, to become
negligible when i ≥ 10%, (Fig. 6.9). Thus, the subjects of large body size benefit of
an intrinsic structural advantage, as compared to their smaller counterparts. How-
ever, the average specific _VO2

max (per kg body mass), is smaller, the larger the
subjects’ size (Åstrand et al. 2003). This counteracts in part the structural advantage
of the cyclists of larger body size. Nevertheless, this does not exclude a priori the
existence of potential cyclists characterized, at one and the same time, by a large size
and an elevated specific _VO2

max
, thus allowing them to be highly performant both

on flat and up-sloping terrains.
The above considerations are based on a set of assumptions that do not neces-

sarily apply in practice: e.g., with increasing the slope of the terrain, the cyclist’s
position on the bike and the pedal frequency change, thus leading to inevitable
changes of Af and also, albeit small, of η (see Fig. 6.4). Nevertheless, this type of
analysis may provide the trainer and/or the cyclist himself, with a good starting point
for the evaluation of the actual performances.

The fall of Ca with increasing the subject’s size occurs in all forms of locomotion
on land: it is proportional, however, to the fraction of the overall energy expenditure

5Assuming vmin = 1 m s-1, the maximal incline that a cyclist can overcome in aerobic conditions,
for _VO2

max = 43 ml kg-1 min-1 (15 W kg-1) above resting, is about 42% (β ≈ 23 deg) and it
increases to about 70% (β ≈ 35 deg) for _VO2

max = 63 ml kg-1 min-1 (22 W kg-1), where _VO2
max

is expressed per kg of the overall mass (bicycle included). Obviously enough, these extreme
performances require an appropriate combination of tires and gear system to match the type and
incline of the terrain.



dissipated against the air resistance. As such, it attains its maximal value in cycling;
it is slightly less in speed skating and very nearly negligible in running.6
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Fig. 6.9 Metabolic power per kg of body mass during cycling ( _Ec) as a function of the speed (v) at
sea level, on flat terrain or at the indicated inclines (i) for two cyclists of extremely different body
size (50 kg, 1.50 m, 100 kg, 2.00 m) in the absence of wind, on a traditional racing bicycle, in fully
dropped posture at constant speed. The power dissipated against non-aerodynamic forces (green
straight lines, na) increases with i and is independent of the overall mass. On the contrary, the power
dissipated against the air resistance, as given by the difference between the green lines and the red
(larger subject) and blue (smaller subject) curves, is smaller in the former than in the latter subject.
From di Prampero 2015, with the kind permission of Raffaello Grandi, Edi Ermes

6.4 Cross-Country Skiing

Cross-country skiing is different from other forms of locomotion, in so far as the
conditions in which the performance takes place are more difficult to standardize.
Up-slopes and down-slopes, as well as the snow and air temperature, vary substan-
tially among the different circuits and, as concerns temperature, within the same
circuit. In addition, the upper limbs contribute substantially to the forward progres-
sion, and three techniques are usually employed: Diagonal Pole, Double Pole, and
Skating. In the first of these three techniques, the upper limbs motion mimics what

6As an example, at speeds close to the maximal aerobic ones in these three forms of locomotion
(45, 36 and 21 km/h, respectively), for subjects of extremely different size (50 kg;
1.50 m vs. 100 kg; 2.00 m), the advantage in terms of metabolic power (per kg body mass) for
the larger subject is ≈ 14% in cycling, ≈ 9% in speed skating and ≈ 2% in level running.



happens during walking or running: the propelling action of the upper or lower limbs
occur in an alternate way (right upper and left lower limb acting simultaneously and
vice-versa). In the Double Pole, the push of both upper limbs occurs simultaneously,
and in the Skating technique, the lower limbs motion mimics what happens in speed
skating. The paragraphs that follow are devoted to a brief analysis of the energetics
of cross-country skiing on flat terrain, in the absence of wind, and for standardized
and constant snow conditions.
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Saibene et al. (1989) showed that, under these conditions, the C of the three
techniques is described by the following three empirical equations, which apply to
Diagonal Pole, Double Pole and Skating, respectively:

Csk =
- 8:05

v
þ 3:97þ 0:216 μ0 M g

v
ð6:22aÞ

Csk =
- 10:8

v
þ 4:01þ 0:178 μ0 M g

v
ð6:22bÞ

Csk =
- 11:36

v
þ 3:57þ 0:237 μ0 M g

v
ð6:22cÞ

where Csk is the energy cost of skiing, expressed in J kg-1 m-1, and v is in m s-1.
The third term on the right of these three equations is the energy spent per unit of
mass and distance to overcome the friction between snow and ski. This is the product
of the overall weight in N (M g) and a dimensionless7 friction coefficient (μ′), which
is a function of the snow temperature. In the temperature range between 0 and –12 °
C, μ′ increases from 0,015 to 0,05.

Under the conditions specified above, the Csk, as predicted by the three Eqs. 6.22,
is less than observed for running on the level; at variance with running, however, Csk

increases with the speed. In addition, for any given speed, Skating is the most
economic technique; its energy cost being ~15% less than that of the Double Pole
and of about 30–60% less than that of the Diagonal Pole.8

The lower Csk, as compared to the C of running, is due to long sliding phase of the
ski at each stride that brings about a reduction of the stride frequency, and thus of the
mechanical work against gravity and inertia, per unit of distance. Indeed, the Csk of
the Diagonal Pole, the mechanics of which is rather close to that of running, at low
snow temperatures (T ≈ -12 °C, μ′ ≈ 0.05) approaches the energy cost of running
(Cr ≈ 4 J � kg-1 m-1). Conversely, for snow temperatures around 0 °C, in which
μ′ ≈ 0.015, thus allowing for a lesser friction between ski and snow and hence

7The coefficient μ′ is the ratio beetween the horizontal force necessary to pull the subject forward
(FT) and the weight of the subject himself: μ′ = FT/(M g).
8Equations 6.22 describe translated hyperbolas with negative curvature. This implies that there
must be a minimum speed below which Csk becomes negative: hence, it is not possible to ski below
such minimum speed. It implies also an asymptotic Csk at high speed, which, however, for any
technique, at competition speeds on flat terrain, remains always lower than the C of running
(~4 J kg-1 m-1), also on very cold snow (see Table 6.3).



leading to longer sliding phases, Csk becomes substantially lower than Cr

(Table 6.3).
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Table 6.3 Energy cost (J kg-1 m-1) of cross-country skiing on flat terrain at the indicated speeds
(v) and at two different snow temperatures (0 °C or - 12 °C) for a 75 kg skier. μ′, snow friction
coefficient. Data from Saibene et al. 1989

T = 0 °C
μ′ = 0.015

T = -12 °C
μ′ = 0.050

Diagonal Double Pole Skating Diagonal Double Pole Skating

v (m s-1)

3.0 2.10 1.08 0.82 3.94 2.63 2.75

5.0 2.84 2.24 1.82 3.95 3.16 3.04

7.0 3.17 2.75 2.32 3.98 3.42 3.22

As concerns the two other skiing techniques, at speeds of about 6–7 m s-1, the
Recovery, calculated as described in Chap. 5 for walking on the level (see Eq. 5.13),
attains 40% in the Skating technique, being substantially lower (15–20%) in the
Double Pole technique (Minetti, personal communication). This observation sug-
gests a mechanical analogy between cross-country skiing and walking: in both cases,
there exists a pendulum-like mechanism, similar to that observed in natural walking,
with cyclic transformation of kinetic into potential energy, and vice-versa, at each
stride. Nevertheless, the differences in Recovery values reported above explain the
better economy of the Skating technique as compared to the Double Pole.

Finally, it should be noted that the effect of snow temperature on Csk is substan-
tial. Indeed, Eqs. 6.22 show that, in a speed range between 3 and 7 m s-1, an increase
of the snow temperature from -12 to 0 °C brings about a reduction of Csk of about
50 to 70% at 3 m s-1 and of 20–30% at 7 m s-1, depending on the technique
(Table. 6.3).

For further details on human locomotion on snow, the reader is referred to
Formenti et al. (2005).

6.5 The Energetics of Locomotion in Water: Introductory
Remarks

It is a platitude to state that the velocities attained in swimming or rowing are
substantially lower than their running or cycling counterparts. This is due, in part,
to the density ρ of the medium (≈ 1000 kg m-3 for water at 4 °C, as compared to
1,27 kg m-3 for dry air at 760 mmHg and 20 °C), leading to a ≈ 800-fold greater
resistance opposing motion in water. In addition, at least in the case of swimming,
the anatomical differences between the upper and lower limb structure of humans is
such that the overall η of progression in water is substantially less (attaining at most
8–10%) than observed in terrestrial locomotion (e.g., about 25% for cycling).
Finally, in all forms of locomotion in water, the recovery of mechanical elastic



�
� �

energy, which plays a substantial role in the economy of running, is precluded, as is
the energy exchange between potential and kinetic energy that characterizes walking
(see Chap. 5).

6 Cycling, Swimming and Other Forms of Locomotion on Land and in Water 197

The high density of water with respect to air entails another fundamental differ-
ence between air and water locomotion: the effect of buoyancy, which is almost nil
in the former, substantial in the latter. The buoyant force (Fw) resists the body weight
(FB), which acts in the opposite direction. The net resulting force active on the body
(Ftot) is therefore equal to:

Ftot =FB -Fw =V ρB g-V ρw g ð6:23Þ

where V is volume, ρ is density (of course, V ρ = M) and g is gravity acceleration,
whereas the subscripts B and w indicate body and water, respectively. It follows that:

FB

Fw
=

ρB
ρw

=Φ ð6:24Þ

When Φ = 1, Ftot = 0: the effects of the two forces FB and Fw cancel out. This
occurs when the body and the fluid have the same density: if no external forces
intervene (for instance, muscle contraction force in humans), the body stays still
where it is. Consider now a 1.7 m tall man, who is standing in air: his body density ρB
is, on average, 1068 kg m-3 (Pollock et al. 1976). In this case, FB is 99.88% of Ftot

and Φ = 841: there is practically no buoyancy and this man is exposed to the same
external pressure at the head as at the feet, equal to PB, and can stand only thanks to
the contraction of his lower limb muscles. Consider now the same man, who takes
the vertical position when fully immersed in water at 20 °C (ρw = 998.2 kg m-3). In
this case, Φ = 1.07: the buoyant force of water Fw is just smaller than body weight:
the body slowly sinks, and is exposed to a 129 mmHg higher pressure at the feet than
at the head.

The average ρB value reported above varies with body composition, since the
body consists of biological materials of remarkably different densities. For instance,
muscle density ≈1000 kg m-3, fat density ≈800 kg m-3 and bone density
≈3000 kg m-3. Therefore, overweight people are more buoyant than lean individ-
uals are, as are females with respect to males. The latter difference has an impact on
the energy cost and the mechanical efficiency of swimming, as reported in Table 6.4
(see below).

Table 6.4 Energy cost of swimming the crawl at constant speed between 0.6 and 1.0 m � s-1,
expressed in absolute values (kJ m-1) or per m2 of body surface area (kJ m-1 m-2), in males or
females of medium-high technical level. From Pendergast et al. 1977

Males Females

kJ m-1 1,10 0,78

kJ m-1 m-2 0,57 0,46
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The above analysis neglects the effects of lung air filling. Indeed, in a static
human body immersed into water, the center of application of FB is more caudal than
that of Fw, because of air in the lungs. Therefore, if they are aligned on the vertical
axis, along which g acts, the body keeps the vertical position, because the lever arms
of FB and Fw are nil. If they are not aligned, the body starts rotating toward the
vertical position yielding the static equilibrium. If our immersed human moves the
arms, or one leg, or bends forward, his body center of mass is displaced, which also
causes rotation of the body. If the arms are brought out of the water, Fw is reduced
and its center of application changes. Breathing induces cyclic movements of the
center of application of Fw, due to the cyclic changes in lung volumes. Therefore, in
order to maintain the chosen position (e.g., horizontal in swimming), the body has to
do work, and thus spend metabolic energy (Pendergast et al. 2015). During swim-
ming, this is not work done to move along the swimming direction, so it can be
assimilated to wi, which contributes to the low values of the overall η of progression
in water.

Strategies have been developed to modify Fw or FB. For instance, breath-hold
divers carry added weights to facilitate descent: this increases FB, and thus Ftot and
Φ. Suicides by drowning also do the same. During ascent, extreme breath-hold
divers, who employ the free-diving technique (see Chap. 12), use inflatable diving
suits, with a large sealed pocket, which is filled with gas from a small tank on the
bottom: this reduces FB remarkably, so that FB < Fw, Ftot < 0 and Φ < 1, the
buoyant force prevails and pushes the diver up to the surface. Fw is larger, the higher
the salt concentration in water: this is why we are more buoyant in sea water than in
lake or river water.

When a human walks in the air, the drag of air is so small that it can reasonably be
neglected. When a human walks in water, the drag (fluid resistance) increases
substantially in proportion to the level of immersion. So, ceteris paribus, the energy
cost of walking in water is higher and the maximal walking speed is lower, the higher
the level of immersion. This is a key factor in assisted water locomotion, wherein the
speed attained by a human-powered or a wind-powered boat is higher, the smaller is
the level of immersion, and thus the frontal area of the boat’s keel exposed to water.
This factor has been downplayed to its extreme consequences by the foil systems
used on the sailing yachts competing for the 2021 America’s Cup in Auckland,
New Zealand. This allowed attaining the highest speeds ever reported in a sailing
competition. ~ In these mono-hull yachts, if the wind is above 6 knots (~3 m s-1),
the lateral foils can keep the keel mostly out of the water, so that the drag is
minimized. The sailing speeds reported in Auckland (up to 25 m s-1) have been
the highest ever attained in a sailing competition.

In the paragraphs that follow, we briefly analyze the contributions of the School
of Milano to our understanding of the bioenergetics and biomechanics of swimming
and of some forms of assisted locomotion in water. Concerning swimming, special
attention will be given to the differences among: (i) swimmers of medium and high
technical level, (ii) the four classical swimming styles, and (iii) men and women. For
a more detailed analysis of the biomechanics of swimming, the reader is referred to
Seifert et al. (2011).
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6.6 Energetics and Biomechanics of Swimming

The energy cost of swimming (Csw) is greater than in any other form of human
locomotion. To give an idea of the Csw range, average values of Csw for medium-
level male and female front crawl swimmers are reported in Table 6.4. Obviously
enough, because of the high values of Csw, the maximal speeds attained in swimming
are substantially lower than in all other forms of human locomotion; and this is even
more true, if we consider that Csw increases with the speed. The lower Csw of females
than of males, due to differences in body composition and structure, is also
noteworthy.

The data reported in Table 6.4 are not representative of the entire range of Csw

values that may be observed in swimming. In no other form of natural locomotion,
technical skill has a greater impact on the energetics of performance than in
swimming. Top-level swimmers have a definitely lower Csw than the medium-
level subjects of Table 6.4 (see, e.g., Zamparo et al. 2005a). In addition, the four
classical competition styles have different Csw at any given swimming speed (Capelli
et al. 1998a). These aspects will be analyzed separately in the next paragraphs.

6.6.1 Technical Skill

The Csw of a group of medium-level college swimmers (Pendergast et al. 1977) and
of elite swimmers (Holmér 1974) are reported in Fig. 6.10 as a function of speed. In
both groups, at speeds > ≈ 1.0 m � s-1, Csw increases substantially; in addition,
regardless of the speed, Csw is about 20–40% smaller in elite swimmers. This
highlights the fact that these are characterized by a more economical technique as
compared to their medium to low-level colleagues. Thus, they spend less metabolic
energy to perform a given amount of work, which reduces Csw and increases η.
Therefore, they are able to reach greater speeds with the same metabolic power
output.

6.6.2 Swimming Style

The Csw of the different swimming styles as a function of speed is reported in
Fig. 6.11 for a group of male swimmers of high technical level (Capelli et al.
1998a). These authors have condensed a large set of data in a series of empirical
equations, reported in the Figure’s legend. These equations allow an estimate of Csw,
provided that the speed is known. It should be noted that these equations refer to
swimming in a straight line at constant speed; as such, they do not take into account
the diving start and the push on the wall of the pool, occurring during swimming
competitions, both factors leading to a substantial reduction of the average Csw.
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Fig. 6.10 Energy cost of swimming the crawl (Csw) as a function of speed (v) in medium-level
(College swimmers, CS, n = 5) or elite swimmers (E, n = 9; for the speeds of 1.6 and 1.8 m s-1,
n= 3). The three hyperbolic functions (corresponding to the indicated metabolic power values, kW
or L min-1) show that, for any given power, the speed attained by an élite swimmer is about
0.4 m s-1 greater than that attained by a College Swimmer. Modified after di Prampero 2015; data
from Holmér 1974 and Pendergast et al. 1977

These data show that the most economical style is the overarm crawl, followed by
the backstroke, whereas the breaststroke, at all speeds, is the more energy-
demanding style. In this context, it is interesting to note that, in swimmers of low
technical level at low speeds (0.4–0.6 m s-1), the breaststroke is characterized by
Csw values similar to those observed, in these same swimmers, during the front crawl
(Holmér 1974). This is likely because the breaststroke is a more “spontaneous”
swimming technique; therefore, a low-level swimmer is somehow less so when
swimming the breaststroke than the front crawl at low speeds.

6.6.3 Of Women and Men

The data reported in Figs. 6.10 and 6.11 were obtained in male swimmers (Capelli
et al. 1998a; Holmér 1974; Pendergast et al. 1977); however, in medium-level
swimmers, the Csw of front crawl in women is substantially less than in men
(Table 6.4). This difference between women and men is due to the different
anthropometric characteristics of the female and male bodies. Indeed, the density
of a human body is unbalanced, being higher below (toward the feet) than above the
body center of mass, due to the air inside the lungs. Thus, a body immersed
horizontally in water is subjected to a push in the upper direction at the level of



the lungs, which, being characterized by FB < Fw, tend to float, whereas the lower
limbs, in which FB > Fw, tend to sink. Pendergast et al. (1977) defined center of air
the point of application of the upward pushing force, generally located in the lungs at
the level of the mammillary line. The floating and the sinking forces generate a
torque that, in the absence of other forces, leads to a rotation of the body around its
center of mass until a vertical position is reached, wherein the center of air, where Fw

is applied, is positioned exactly along the same vertical axis as the center of mass,
where FB is applied. Incidentally, this state of affairs is empirically very familiar to
everybody who has ever attempted to stay still in water in a horizontal position.
Nevertheless, in swimming, the most favorable position is the horizontal one,
because it minimizes the frontal surface area in the direction of movement. It follows
that a fraction of the overall energy expenditure must be dissipated for maintaining
the body in a horizontal position.
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Fig. 6.11 Energy cost of different swimming styles (Csw) as a function of the speed (v) in elite
swimmers: crawl (C: y = 0.228 * 100.488x, n = 8); back-stroke (B: y = 0.270 * 100.491x, n = 3);
breaststroke (BS: y = 0.548 * 100.355x, n = 6); dolphin (D: y = 0.234 * 100.547x, n = 3). The three
hyperbolic functions (corresponding to the indicated metabolic power values, kW) show that, for
any given power, the speed attained swimming the crawl is about 0.4 m s-1 greater than in the
breaststroke. From di Prampero 2015, with the kind permission of Raffaele Grandi, Edi Ermes; data
from Capelli et al. 1998a
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Fig. 6.12 (a) The underwater torque (Tu, N m) is the product of the sinking force (Ftot, N) as
measured at the feet of a subject immersed in water ad supported by a horizontal frame free to rotate
around an axis (R in the figure) positioned at the level of the center of air, times the distance between
R and the point of application of the sinking force itself (the feet). (b) Energy cost of swimming the
crawl per unit of distance and per square meter of body surface area (Csw) in male (open dots) and
female (full dots) swimmers of medium technical level at the speed of 1.0 m s-1, as a function of Tu.
Modified after Pendergast et al. (1977)

The morphologies of the female and male bodies are different from each other,
among other things because of a larger fraction of fat in females and of a different
distribution of fat and of muscles at the level of buttocks, hips, and thighs. Indeed, in
general, women are characterized by larger fat depots in these areas and by shorter
lower limbs with less developed muscles. As a consequence, ceteris paribus, women
need a lesser amount of energy to maintain a horizontal position in water, a fact that
per se leads to a reduction of Csw.

The reasons for this are quantitatively represented in Fig. 6.12, where Csw,
expressed per unit of body surface area, is reported as a function of the tendency



of the feet to sink, for men and women. This, appropriately defined “torque” in the
original paper by Pendergast et al. (1977), has been assessed by means of the
so-called “swimming scale” (Fig. 6.12a), allowing a measure of the force with
which the feet of a subject immersed horizontally in water tend to sink. The product
of this force times the distance between the center of air and the application point of
the sinking force itself (the feet) yields the so-called underwater torque. Fig. 6.12b
shows that women, as compared to men of a similar technical level, are characterized
by a lesser torque and, at one and the same time, by a lesser value of Csw.
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Fig. 6.13 Underwater
torque (Tu, Nm) +/-
1 standard deviation as a
function of the age (years) in
67 girls (open dots) and
43 boys (full dots). Modified
after di Prampero 2015; data
from Zamparo et al. 1996

These differences appear after puberty, as long as pre-pubertal boys and girls are
characterized by essentially equal torque and Csw values. At puberty, the increase of
the lower limbs muscle mass and length is smaller in girls than in boys, so that the
underwater torque and Csw become smaller in the former (Zamparo et al. 1996). The
relationship between underwater torque and age in adolescence is shown in
Fig. 6.13.

Thus, for anthropometric reasons, the female’s body, as compared to the male’s
one, is structurally more suited to swimming. Within the same sex, there exists a
large variability in terms of torque; hence, a simple measure of torque informs on the
structural swimming attitude of the subject in question, regardless of any other
technical or physiological characteristics.

The role of the underwater torque on the energy cost of swimming has been
unambiguously determined only for the front crawl, even if it seems likely that it
may be relevant also in other swimming strokes. Moreover, it is noteworthy that
Zamparo et al. (2000) showed that the effect of the torque on Csw is particularly



relevant within the aerobic speed range, whereas at the maximal absolute speeds, it
decreases substantially. This may explain, at least in part, why in swimming η
increases with the speed.
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6.6.4 The Biomechanics of Swimming: Drag and Efficiency

The principal force opposing motion in swimming is the water resistance. Indeed:
(i) the density of water is about 800 times greater than that of air, as pointed out in
Sect. 6.5; (ii) the speed changes at each stroke are rather minor; (iii) the work against
gravity is counteracted by buoyancy; and (iv) the air resistance is negligible.
Therefore, the external mechanical power ( _we ) is equal to the product of the
hydrodynamic resistance, or drag (D), times the velocity in respect to the water (v):

_we =D v ð6:25Þ

In swimming, as in the other forms of locomotion considered so far, a fraction of the
overall work is utilized to move the upper and lower limbs in respect to the center of
mass of the subject. This fraction, generally defined internal work (see Chap. 5),
although necessary for structural reasons, does not contribute directly to progression,
even if it requires an additional energy expenditure; it will not be explicitly consid-
ered in the paragraphs that follow, devoted, as they are, to an analysis of _we in
swimming, as described by Eq. 6.25. The interested reader is referred to Seifert
et al. (2011).

Karpovich and Pestrecov (1939) were the first to determine D. They measured in
fact the force necessary to pull a swimmer motionless in water at constant speed, by
means of a dynamometer. In this type of measurements, however, the subject
maintains a predetermined position, whereas in real swimming conditions, the
movements of the head, trunk, upper and lower limbs lead to an increase of the
hydrodynamic resistance. Therefore, the values of D obtained by this approach are
smaller than those observed under real swimming conditions, and are generally
defined as passive drag (see below).

A more realistic method to assess D under real swimming conditions, apt to be
used in the circular swimming pool at Buffalo (see Fig. 6.2), was proposed by di
Prampero et al. (1974). In this case, an appropriate system of cables and pulleys
allows application of known forces, acting along the axis of motion, to the swim-
mer’s body. These forces may either aid (negative added drag) or hinder (positive
added drag) the swimmer’s motion, depending on the direction in which they are
applied. At any given speed, the relationship between net metabolic power and
added drag is linear (Fig. 6.14).
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Fig. 6.14 Oxygen consumption above resting ( _VO2, L min-1) during crawl swimming at constant
speed (1.7 or 0.4 m s-1) as a function of the force applied to the swimmer’s body in the direction of
motion (added drag, DA, N). The two upper figures illustrate schematically the set-up for applying
negative (left panel) or positive (right panel)DA, and thus assessing the swimmer’s natural drag (D).
Note that the platform moves at the same speed as the swimmer. D is obtained by back-
extrapolation of the relationship _VO2 /DA to the resting _VO2 , as measured motionless in water.
When the exercise intensity is greater than the swimmer’s _VO2

max (lower horizontal red arrow) the
extrapolation of the _VO2 /DA function toDA= 0 yields the metabolic power (in oxygen equivalents)
for swimming at the speed in question without any external forces ( _E,upper horizontal red arrow).
After di Prampero 2015, with the kind permission of Raffaello Grandi, Edi Ermes

Back extrapolation of these relationships to the subject’s resting energy expen-
diture, as determined motionless in water, yields the value of added drag that is
necessary to counteract the natural drag at that speed. Knowledge of the swimmer’s
D and of v allows an estimate of the external mechanical power developed by the
swimmer (Eq. 6.25). Hence, if the corresponding metabolic power _E is also known,
η can easily be obtained as the ratio between _we and _E:

η=
_we

_E
=

D v
_E

ð6:26Þ
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Fig. 6.15 Drag (D, blue
dots) and drag efficiency
(ηD, red dots) as a function
of speed (v) during crawl
swimming in medium-level
swimmers. From di
Prampero 2015, with the
kind permission of Raffaello
Grandi, Edi Ermes

We remind that the numerator of Eq. 6.26 is a measure of the external power only,
whereas the denominator includes also the metabolic power dissipated for internal
work performance; as such the resulting efficiency values are smaller than the “true
muscular” efficiency, also because the effect of the so-called “propelling efficiency”
(see Sect. 6.6.5) is neglected. They nevertheless yield a measure of the swimming
efficiency under real conditions. For a more detailed analysis, the reader is referred to
di Prampero et al. (2011).

The average η of the overarm crawl, calculated according to Eq. 6.26 in a group of
swimmers of medium technical level, increased with the speed from ≈ 4% at
0.6 m s-1 to ≈ 8% at 1.9 m s-1 (Fig. 6.15). These values are remarkably lower
than observed in fishes, in which η during swimming at the optimal speed is about
20–25% (Schmidt-Nielsen 1997).

One of the main reasons of the low η of swimming in humans is the limited
propelling action of the lower limbs. Indeed, at least as concerns the overarm crawl,
when the propulsion is due to the lower limbs only, because of their relatively large
muscle mass and low propelling action, the overall metabolic power requirement is
two to four times larger than it would be, at the same speed, utilizing the upper limbs
only. When the efficacy of the lower limbs action is increased by means of appro-
priate fins, the overall mechanical efficiency of swimming can attain 13% (Zamparo
et al. 2002).

In addition to the efficiency values mentioned above, Fig. 6.15 reports also the
D values determined during front crawl swimming. In the same group of swimmers,
D increases from ≈ 30 N at 0.6 m s-1 to ≈ 120 N at 1.8 m s-1, as empirically
described by:



Þ
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D= 58v1:2 ð6:27Þ

where D is in N and v in m s-1.
The overall D encountered by an object moving on the water surface depends on

three main factors: (i) the physical characteristics of the water and of the object’s
wetted surface; (ii) the shape of object’s wetted surface; (iii) the generation of waves
in the wake of the moving objects, also due to the shape of the wetted surface.
Functions such as that described by Eq. 6.27 do not allow disentangling the role of
the three factors summarized above; therefore, they must be considered as purely
phenomenological descriptions.

The drag due to wave formation becomes vanishingly small when swimming
underwater, at least 1 m below the surface and 1 m above the bottom of the pool.
Hence, other things being equal, swimming underwater is more economical than
swimming on the surface, by about 10–15% on the average. Indeed this is the
rationale for forbidding any form of underwater swimming during competitions
(Pendergast et al. 1996).

It seems also interesting to note that Pendergast et al. (1989) applied this same
approach to estimate the drag during kayaking. The so obtained values turned out to
be substantially lower than observed when swimming the crawl: ranging from ≈
15 N at 1.0 m s-1, to≈ 60 N at 2.2 m s-1 in elite athletes and about 10–20 N larger in
lower level athletes (for crawl swimming see Eq. 6.27).

6.6.5 Propelling Efficiency

In swimming, as in other forms of water locomotion, _we consists of two components:
one does contribute to the actual propulsion of the swimmer along the direction of
motion by overcoming D, the other does not, although it also transmits kinetic
energy to water. Zamparo et al. (2002) defined the former as _wD and the latter as
_wk . Of course, as in any kind of locomotion (see Chap. 5), the total mechanical
power _wtot is the sum of internal power ( _wi and _we. So, we can write:

_wtot = _wi þ _we = _wi þ _wD þ _wk ð6:28Þ

The fraction of _wtot represented by _wD is defined as propelling efficiency (ηp),
which is equal to:

ηp =
_wD

_wtot
ð6:29Þ

To give a plain visual idea of the concept, consider that the propulsive effect of
the limbs in swimming is due to the amount of water that they are able to push
backwards. A trivial example may help illustrate the matter at stake. If in swimming,



the swimmer’s limbs could push against pillars fixed to the bottom of the pond,
rather than on the water, the overall amount of work performed could be utilized for
moving the swimmer’s body forwards. In other words, the swimmer’s limb would
become an ideal lever, the fulcrum of which is the motionless pillar: if this is so, ηp
would be 100%. This is not the case in actual swimming, because the swimmer’s
limbs push against the water, which is not fixed, so that the fulcrum of the lever
moves also backwards and thus the propelling efficiency turns out lower than 100%.
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Equation 6.29 depicts a purely mechanical relationship and does not account for
the metabolic power _E. In fact, the efficiency with which _E is transformed into _wD is
termed drag efficiency (ηD). Thus:

ηD =
_wD

_E
ð6:30Þ

It is noteworthy that Eq. 6.30 is conceptually different from Eq. 6.26, as long as
_wD is only a fraction of _we: therefore, ηD is lower than the “spurious” η provided by
Eq. 6.26.

Dividing Eq. 6.30 by Eq. 6.29, and combining with Eq. 6.28, we obtain:

ηD
ηp

=
_wtot

_E
=

_wi þ _we

_E
= ηO ð6:31Þ

where ηO is the overall (or gross) mechanical efficiency. Of course, ηO is higher, not
only than ηD, but also than the η provided by Eq. 6.26. For more details on efficiency
in swimming, see Zamparo et al. 2020 and Zamparo et al. 2002, 2011.

The earliest attempts to compute efficiency in swimming made use of an analo-
gous of Eq. 6.30, after assuming ηO = ηD, and thus ηp = 1. Very low values of ηD
were obtained (0.01–0.02, Karpovich and Pestrecov 1939). The assumption of the
equivalence of Eqs. 6.26 and 6.30 provided ηD values ranging from 0.03 to 0.09,
depending on speed and on the method used to measure D (active or passive drag)
(di Prampero et al. 1974; Holmér 1974; Pendergast et al. 1977).

Toussaint et al. (1988) first realized that only a fraction of the kinetic energy
transmitted to water was indeed used to propel the body in the direction of move-
ment, so that _we > _wD , and thus that ηO > ηD. In fact, they set out experiments to
determine ηp independently. They obtained values ranging between 0.45 and 0.75,
which confuted the hypothesis that ηp = 1 and _we = _wD and demonstrated that _wk is
large indeed. Differences in ηp depend on sex and technical skill and carry along
differences in ηO, and thus in Csw. However, the method used by Toussaint et al.
(1988) did not account for _wi, so that their ηp corresponded to _wD= _we rather than to
_wD= _wtot. Zamparo et al. (2005b) and Zamparo (2006), who treated the arm stroke as
if it were a rotating paddle wheel (Martin et al. 1981), obtained ηp values of 0.45
instead of 0.75 for competitive swimmers. This difference is fully accounted for by
considering _wi > 0 and thus _wtot > _we, contrary to Toussaint et al. (1988).

According to Zamparo et al. (2008), after accounting for _wi, ηp is similar in males
as in females of equivalent age and skill, being about 0.30 before puberty,



0.38–0.40 at 20 years and around 0.25 at age above 40 years. Obviously enough, the
higher ηp, and thus ηO, the lower Csw. ηp is a critical determinant of Csw indeed.
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6.7 Energetics and Biomechanics of Assisted Locomotion
in Water

In swimming, the propelling force of the upper and lower limbs is directly applied to
the water; on the contrary, in assisted locomotion, the force generated by the limbs is
transmitted to the water via a system of levers (oars, paddles, etc.), leading to the
progression of the boat supporting the oarsmen. The major advantage of the several
forms of assisted locomotion in water, in addition to a more favorable hydrodynam-
ics, is an overall efficiency of progression greater than in swimming. Ceteris paribus,
this leads to a substantial increase of the speed.

The aim of the paragraphs that follow is to discuss the energy cost of some forms
of assisted locomotion (rowing, kayaking, canoeing, sculling a Venetian gondola or
a “bissa”9) and to describe briefly the biomechanical characteristics of some of them.

6.7.1 The Energy Cost

The energy cost of rowing, kayaking, canoeing, sculling a venetian gondola or a
“bissa” is summarized in Fig. 6.16 as a function of the speed in still water (Buglione
et al. 2011; Capelli et al. 1990; Capelli et al. 2009; di Prampero et al. 1971). All data
were obtained on subjects of high technical skill. As concerns rowing, the data refer
to the energy cost of one rower on a “two oars with coxswain”: as a consequence, the
energy cost for moving the boat itself is twice the value reported in Fig. 6.16; on the
contrary, for the other forms of locomotion implying one rower only, the energy cost
reported in the figure is the total necessary for the progression of the boat.

This figure shows that canoeing is the most demanding among the sporting forms
of locomotion considered (rowing, kayaking, canoeing), whereas rowing is the most
economical. The energy cost determined by Zamparo et al. (1999) on medium-level
athletes (not shown in Fig. 6.16) is slightly larger than determined by Buglione et al.
(2011) on 69 elite kayakers and reported in the figure itself. The average energy cost
determined by these authors on male and female athletes were the same, the data
reported in Fig. 6.16 being the grand average over males and females.

The energy cost of the other two forms of assisted locomotion under consider-
ation (gondola and “bissa”: flat skull boats of a more practical “flavor,” traditionally
used in still waters: lagoons, lakes, and canals), at low speeds, is rather low,

9
“Bissa” is the Italian term defining the flat skull boats traditionally used in the lakes of Northern
Italy.



particularly when considering their mass and dimension. As an example, at a speed
of about 1.2 m s-1, the energy cost of sculling a gondola is about 0,20 kJ m-1,
similar to that of an average size man walking at the same speed on flat terrain. In
other words, at this speed, the oarsman transports himself, the gondola (about 400 kg
mass) and an about equal load of goods and/or persons, with the same overall energy
expenditure per unit of distance that, on land, would let him transport only his own
body mass.
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Fig. 6.16 Energy cost (C, kJ m-1) as a function of the speed (v, m s-1) in some forms of assisted
locomotion in water (b, “bissa”; g gondola; c, canoe; r, rowing two oars with coxswain; k kayak).
The two iso-metabolic power hyperbolae (1.1 and 1.8 kW,) correspond to the _VO2

max above resting
of non-athletic (3.16 L min-1) and athletic (5.17 L min-1) subjects, respectively. The points of
intersection between a given function and an iso-power hyperbola yield the maximal aerobic speed
for the metabolic power and the type of locomotion considered. From di Prampero 2015, with the
kind permission of Raffaello Grandi, Edi Ermes; data from Buglione et al. 2011; Capelli et al. 1990,
2009; di Prampero et al. 1971

However, the energy cost of sculling a gondola or a bissa increases markedly with
the speed (Fig. 6.16). This explains why this type of boats are traditionally utilized
for transporting persons and/or goods only in still waters. Indeed, as soon as the boat
moves against even moderate currents, the increase of the speed in respect to water,
the resulting higher energy cost, and the difficulty to control, under these conditions,
a flat-skull boat, would make the progression slow, uneconomical, and unsafe.

Every point of the plane delimited by the coordinates of Fig. 6.16 is characterized
by one value of their product. Since the product of C times v is _E, every point of this
Figure is characterized by one value of _E and all points characterized by a given



values of _E lie on the same hyperbolic function. The two hyperbolae reported in
Fig. 6.16 refer to _E values of 1.1 and 1.8 kW (= 3.16 and 5.17 LO2 min-1 above
resting). These values correspond to the average maximal aerobic power of young
non-athletic subjects or of high-level athletes, respectively. The point of intersection
between the function C versus v of a given form of locomotion and any iso-power
hyperbola define the maximal aerobic speed that a hypothetical subject characterized
by the _E in question could attain in the considered locomotion mode. It is immedi-
ately apparent that the maximal v attained with a given maximal aerobic power is
approximately 1.6–1.9 m s-1 higher in the “sporting” than in the “practical” forms of
water locomotion. Moreover, for any given _E , the maximal absolute v values are
reached in rowing.10
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Finally, on the practical side, once the relationship between C and v is known,
together with the maximal metabolic power of the subjects considered, it becomes
possible to estimate the resulting maximal v, a fact to be discussed in more details in
the next section.

6.7.2 The Hydrodynamic Resistance

The D of three of the boats mentioned above (gondola, bissa and two oars with
coxswain rowing boat) is summarized in Fig. 6.17 as a function of v, together with
the corresponding values for swimming the crawl, and is reported for some specific
speeds in Table 6.5, together with the appropriate C. At each speed, the ratio between
D and C is a measure of the drag efficiency ηD that, as indicated in the same Table,
varies from a minimum of ≈ 0.04 (bissa at 1.0 m s-1), to a maximum of ≈ 0.19
(rowing at 2.0 m s-1).

6.7.3 Efficiency

The analysis of efficiency carried out in Table 6.5 deals with ηD only. However, as
already discussed for swimming (see Sect. 6.6.5), (i) the total work done is the sum
of wi and we, (ii) only the latter is useful to progression, and (iii) only a fraction of we

leads to progression along the direction of movement, the remainder being useless
under this respect, although it transmits kinetic energy to the surrounding water too.

10The energy cost of rowing reported in Figs. 6.16 and 6.17 refers to only one rower on a “two oars
with coxswain”; as a consequence the overall energy cost for moving the boat is twice the reported
value. However, also the iso-power functions, when considering both oarsmen are greater than the
value reported in the figure by a factor of two. It follows that the point of intersection between the
two functions (energy cost and metabolic power) occurs at the same speed, regardless of the number
of oarsmen considered (one or two). Hence, for any given value of power (per oarsman) the speed
attained will be larger in rowing than in kayaking or canoeing.
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Fig. 6.17 Drag (D, N) as a function of the speed (v, m s-1) for the indicated forms of locomotion: s,
swimming the crawl; b “bissa”; g, gondola, r, rowing “two oars with coxswain.” The data for the
“bissa” and gondola have been interpolated by the same function. From di Prampero 2015, with the
kind permission of Raffaello Grandi, Edi Ermes; data from Capelli et al. 1990, 2009; di Prampero
et al. 1971, 1974

Table 6.5 Drag (D, N), energy cost (C, J m-1) and drag efficiency (ηD) of rowing “two oars with
coxswain,” gondola and “bissa” at the indicated speeds. D and C data refer to one rower only: thus,
the overall D or C for moving the boat is the sum of the values of all intervening rowers. Data from
Capelli et al. 1990, 2009; di Prampero et al. 1971

ROWING GONDOLA BISSA

ηD ηD ηD
M s-1 -1 -1 -1

1.0 12.3 155 0.079 12.8 306 0.042

1.5 30.1 306 0.098 28.8 490 0.059

2.0 27.4 146 0.188 56.9 494 0.115 51.2 675 0.076

2.5 39.2 238 0.165 93.2 717 0.130 80.0 860 0.093

3.0 56.0 356 0.157 139.4 972 0.143 115.2 1044 0.110

3.5 75.8 500 0.151

4.0 98.2 670 0.147

4.5 123.6 870 0.142



s

The resulting efficiencies are discussed herewith for the case of assisted locomotion
in water.
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In assisted water locomotion, as well as in swimming, an important component of
the overall efficiency is due to the propelling efficiency (ηp), defined by Eq. 6.29 as
the ratio between wD and wtot. In other words, using the jargon of aeronautical and
naval sciences, ηp quantifies the “net efficiency” of the propeller. Indeed, in both
cases, the propulsive action is due to the amount of fluid (air or water) that the
propeller pushes in the direction opposite to that of motion.

To better focus the concept of efficiency as applied to assisted locomotion in
water, it is useful to start from an analysis of the forces acting on the oar or on the
pulling pole. Let us take rowing as a paradigmatic example. A schematic represen-
tation of the forces acting on the oar is reported in Fig. 6.18. According to Celentano
et al. (1974), four forces act upon each oar: (i) the reaction p of the water against the
blade. Of this force, one component ( pa) has the same direction of the shell
movement and is therefore useful for progression; a second component ( pt) i
perpendicular to this direction: its effect is a strain on the shell, which is of no use
for progression; (ii) the traction force exerted by the rower (Tr), which may be
considered as having the same direction as the boat movement; (iii) the resistance to
progression (D) for each oar, considered as being applied to the oarlock pin, which is
rigidly bound to the shell; (iv) the oarlock reaction (Ot) to the force pt.

Celentano et al. (1974) measured the overall propelling force acting on the
oarlock pin (F), which is equal to the sum of Tr and pa. Thus the work performed
by the oarsman per unit of distance (Fr), when the boat covers a given distance L, is
given by:

Fr =
1
L

Z L

o
F dL=

v
L

Z t

0
F dt ð6:32Þ

where t is the time necessary to cover the distance L and v is the average speed. It is
noteworthy that, as defined, wr turns out equivalent to we. Since during the stroke the
blade of the oar moves back, only ≈ 70% of Fr (up to a speed of ≈ 5 m s-1) is
utilized for the boat progression, the remaining fraction being wasted. In other
words, this means that, under real rowing conditions, ηp ≈ 0.7. This fraction of Fr

represents FD:

FD = ηpFr = ηp
v
L

Z t

0
F dt ð6:33Þ

Celentano et al. (1974) showed that Fr increases approximately with the square of
the speed:

Fr = 4:7v1:95 ð6:34Þ
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Fig. 6.18 Schematic representation of the forces acting on the oar. T, oarsman pull; D, resistance to
progression or drag; p, water reaction upon the blade, which has been decomposed into the
components, pa and pt. l and h represent the two arms of the oar. See text for details. From di
Prampero, 2015, with the kind permission of Raffaele Grandi, Edi Ermes

where Fr is expressed in J m-1 and v in m s-1. This implies that, since FD varies
with the square of speed, ηp is invariant and independent of the speed. The
corresponding mechanical power ( _wr , in W) developed by the oarsman to keep the
boat in motion is therefore given by:

_wr =Fr v= 4:7 v2:95 ð6:35Þ

Equations 6.35 and 6.36 substantially agree with the prediction that the work against
hydrodynamic forces varies with the square of speed, whereas the corresponding
power varies with the cube of speed. A simultaneous determination of the metabolic



power _E and of the above-mentioned mechanical parameters allowed the same
authors to assess the mechanical efficiency of rowing. Since _wr = _we, the efficiency,
which they obtained, corresponds to the so-called hydraulic efficiency (ηH), defined
as (Zamparo et al. 2002):
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Fig. 6.19 Average values of the mechanical work performed on the oar (wr) and of the energy cost
per unit of distance (C) (both referring to one oarsman on a two oars with coxswain boat), as a
function of the speed (v). The propelling efficiency of the oar is about 0.70, hence the average drag
(pink line, D) amounts to about 70% of wr. Since C includes to overall energy expenditure, the
hydraulic efficiency (ηH) can also be obtained (blue line). From di Prampero 2015, with the kind
permission of Raffaello Grandi, Edi Ermes; data from Celentano et al. 1974; di Prampero et al. 1971

ηH =
_we

_E
=

_wr

_E
ð6:36Þ

which turned out to be about 0.15 at a speed of 3 m s-1, and 0.20–0.22 at 4–4.5
m s-1 (Fig. 6.19). The ηH attained at the highest speeds corresponds well to the
overall efficiency observed in cycling. Moreover, it corresponds to that reported for
walking or running uphill, suggesting that almost all the work performed by the
rower is positive. Hence, the mechanics of rowing, as described in Fig. 6.18, leads to
an optimization of the upper limbs action.
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The analysis reported in Fig. 6.18 shows also that, in the second half of the stroke,
the force pt tends to pull the oar externally. To counteract this tendency, a mechanical
collar is positioned on the oar internally in respect to the oarlock. On the contrary, in
the first half of the stroke, the same force, which tends to push the oar internally, is
counteracted by the oarsman muscle activity, thus leading to an, albeit limited,
additional energy expenditure that could be spared by placing an additional collar
on the external side of the oarlock.

6.8 Conclusions

The analysis of cycling, swimming, and rowing carried out in this Chapter, high-
lights the fundamental role of the School of Milano in building our current under-
standing of human-powered locomotion and analogies and differences among the
various forms of human locomotion, including walking and running, which are
discussed in Chap. 5.

Concerning the former issue, there is no other field in exercise physiology,
wherein the impact of the School of Milano has been so profound and so exclusive.
The basics of the physiology of cycling and rowing, as is known and practiced
nowadays, has been created within that School, as the basics of the physiology of
swimming has been created to a large extent along the Buffalo—Milano axis. An
important tool has revealed to be Buffalo’s circular pool, shown in Fig. 6.2, where
most of the data on swimming presented and discussed in this Chapter had been
obtained. In Milano, under the original impulse of Margaria, Pietro Enrico di
Prampero was the motor of these studies, which he pursued along his entire scientific
life. After him, his pupils took the relay, especially Carlo Capelli and Paola
Zamparo. In Buffalo, a central role, especially in studying swimming, has been
played by Dave Pendergast and Don Rennie, who collaborated with di Prampero,
when he was in Buffalo for the earliest studies. Pendergast collaborated also with
Capelli and Zamparo in several of the most recent studies. It is not by hazard that
Pendergast and Zamparo are co-authors, with others, of a major review on human
physiology in aquatic environments (Pendergast et al. 2015). Alberto Minetti is
reputed for his work on walking and running, along the tradition of Giovanni
Cavagna and Franco Saibene, but his spotty excursus on the study of swimming
and cycling, especially in collaboration with Zamparo, deserve high consideration.

Notwithstanding the roles and the merit of each of the aforementioned scientists,
it is fair to point out that the School of Milano has a debt toward Huub Toussaint
from Amsterdam. Toussaint is issued from a School that is perhaps less celebrated
than others in exercise physiology, but that had remarkable impact in human muscle
physiology and locomotion (especially as far as speed skating is concerned).
Toussaint and his colleagues were in fact the first to realize that in swimming,
_wD < _we and thus ηP < 1. Although the method that they employed is imperfect,
the concept stands luminous, and has been absorbed and integrated in the way of



thinking of the School of Milano: Paola Zamparo in particular generated original
contributions about it.
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Concerning analogies and differences, we highlight that, contrary to walking and
running, cycling on flat terrain is almost exclusively a matter of air resistance, and
thus of drag, whereas gravity plays no role. All the analysis of cycling at altitude in
this Chapter started from this simple concept. It is noteworthy that among the first
who established the “One Hour Record” for unaccompanied cycling at altitude, well
before the appearance of aerodynamic bicycles, was the multiple winner of the Tour
de France and Giro d’Italia Eddy Merckx from Belgium: during training for that
record trial, all his physiological evaluation took place at the Institute of Physiology
in Milano by Margaria’s pupils, Margaria being still active. And this was before the
analysis of cycling at altitude started. That analysis, initiated by the classical paper
by di Prampero et al. (1979), was progressively refined, especially accounting for the
effect of exercise-induced arterial hypoxemia, a phenomenon that in 1979 was not
yet considered.

For swimming, as for all types of water locomotion, another actor enters
the game: buoyancy. In water locomotion, the mechanics and the energetics depend
thus on two crucial factors: drag and buoyancy. This is at variance with air locomo-
tion, where buoyancy is negligible, because of the extremely low air density as
compared to water.

So, for cycling, neglecting _wi , we can state that _we = _wD þ _wn-D , where sub-
scripts D and n-D indicate that the power is used to overcome drag or non-drag
forces, respectively. This implies ηP = 1 and ηO = ηH, although, since cycling takes
place in air, ηH is more an “aeraulic” rather than a hydraulic efficiency. On the other
extreme, for swimming, _wtot > _we > _wD , which implies ηP < 1 and ηO < ηH. All
other forms of human locomotion lay between these two extremes, differences
depending on (i) the quantity of _wi and _we , and (ii) the existence of mechanisms
allowing recovery of mechanical energy from other sources—e.g., the recovery of
elastic energy in running –, thereby affecting ηO.

All these, however, can be considered particular cases of a more general equation
that, using the symbolism adopted in this Chapter, can be expressed as follows:

ηO _E= _wtot = _wi þ _we = _wi þ _wD

ηP
þ _wn-D = _wi þ kw v2

ηP
þ _wn-D ð6:37Þ

One may call Eq. 6.37 the general equation of human motion on Earth. Incorpo-
rating Eq. 6.37 in the general equation of the energetics of muscular exercise
(Chap. 3, Eq. 3.14), we obtain:

ηO ðc _Vo2 þ b _Laþ a _PCrÞ= ηO ΔG�
ATP

_ATP
��!

= _wtot = _wi þ _we =
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= _wi þ _we = _wi þ _wD

ηP
þ _wn-D = _wi þ kw v2

ηP
þ _wn-D ð6:38Þ

where _Vo2, _La, and _PCr represent, respectively, the oxygen consumption, the rate of
blood lactate accumulation and the rate of phosphocreatine (PCr) splitting, the
constants a, b, and c indicate the moles of ATP provided by one mole of consumed
oxygen, accumulated lactate and split PCr; ΔG�

ATP is the free energy liberated by the

splitting of one mole of ATP and _ATP
��!

is the rate of ATP hydrolysis.
Equation 6.38 describes the overall energy exchanges (metabolic and mechani-

cal) at the whole body level, that a moving human undergoes, whatever the type of
locomotion he/she adopts, the fluid in which he/she moves and the energetic
metabolism he/she relies on, in a holistic vision of exercise physiology.
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Chapter 7
Maximal Oxygen Consumption

Guido Ferretti and Pietro Enrico di Prampero

Abstract This chapter is on maximal oxygen consumption and particularly on its
limitation. The history of maximal oxygen consumption and the unifactorial vision
of its limitation are firstly analyzed. The oxygen cascade theory of oxygen flow set
the basis for the subsequent creation of multifactorial models. Two variations around
the oxygen cascade theory led to two competing models, the one by Pietro Enrico di
Prampero and Guido Ferretti within the School of Milano, the other by Peter Wagner
within the School of San Diego. Both models are analyzed in detail and critically
discussed. A synthesis of both models leading to a common conclusion is then
proposed. Two specific cases, with remarkable theoretical implications, are finally
discussed in detail, namely the effects of hypoxia and the effects of resuming a
standing posture at the end of prolonged bed rest.
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Measuring maximal oxygen consumption at Kipchoge Keyno stadium, Eldoret, Kenya, on elite
Kalenjin marathon runners. Enrico Tam is on the bike, dictating the running pace. The athlete,
running on Tam’s right, slightly behind him, carries a portable system for measuring oxygen
consumption. Eldoret, Kenya, January 30th, 2007. With the kind permission of Guido Ferretti

7.1 The Early History of Maximal Oxygen Consumption

When oxygen was identified as a specific single gas sustaining combustion, in the
eighteenth century, it soon became clear that living animals breathe and consume
oxygen and that its consumption increases when animals exercise. As already
pointed out in Chap. 2, Antoine Laurent Lavoisier (1743–1794) clearly stated that
respiration is a combustion process using oxygen as oxidizer. No life would be
possible in the absence of oxygen. The question soon became: how much can
oxygen consumption increase during exercise? Is there a limit to its increase or
can it increase indefinitely? Verzar (1912) was the first to realize that perhaps oxygen
consumption could not increase above a certain level in exercising animals, thus
being limited. Soon afterward, it was demonstrated that, in humans exercising on a
cycle ergometer, the linear relationship between oxygen uptake ( _VO2) and mechan-
ical power ( _w) attains a plateau which cannot be overcome, despite further increases



of _w (Herbst 1928; Hill and Lupton 1923). This led to the creation of the concept of
maximal oxygen consumption ( _VO max

2 ) (Fig. 7.1).
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Fig. 7.1 Linear relationship between oxygen consumption ( _VO2 ) and power during a classical
discontinuous protocol for _VO2

max measurements. Data refer to a trained top-level cyclist tested in
Geneva. The regression line was calculated from the submaximal _VO2 values. The horizontal line
indicates the _VO2

max plateau. The vertical dashed arrow indicates the maximal aerobic power. From
Ferretti 2014, 2015

The descriptive physiology of _VO max
2 was widely investigated in the following

50 years, especially by Scandinavian and American scientists. The effects of gender,
age, altitude exposure, training, hyperoxia, exercise mode, size of active muscle
mass, anemia and polycythemia, disuse, prolonged bed rest were investigated.
Endurance athletes were studied, as were differences among ethnic groups. The
relationship between _VO max

2 and maximal cardiac output ( _Q
max

) was established.
Indirect methods for _VO max

2 estimation, based on heart rate ( fH) measurements, were
conceived. Several animals, of extremely variable body size, from mice to elephants,
were studied, and allometric relationships for _VO max

2 were set based on those studies.
The results were summarized in numerous books and review articles (Asmussen
1965; Åstrand 1956; Åstrand et al. 2003; Blomqvist and Saltin 1983; Cerretelli and
di Prampero 1987; Cerretelli and Hoppeler 1996; Clausen 1977; Ferretti 2014,
2015; Lacour and Flandrois 1977; Saltin 1977; Skattebo et al. 2020). In the last
50 years, also the reduction of _VO max

2 in a variety of cardiopulmonary diseases and
the associated reduction of exercise capacity were widely studied (see, e.g., Esposito
et al. 2010a, b; Hanson 1994 for heart failure; for chronic obstructive pulmonary
disease, see Sect. 7.8).

The history of exercise physiology is strongly indebted to the Scandinavian
School, for having generated a large fraction of the huge amount of data defining
the descriptive physiology of _VO max

2 . Erik-Höhwu Christensen (1904–1996), Erling
Asmussen (1907–1991), Per-Olof Åstrand (1922–2015), Björn Ekblom and Bengt



Saltin (1935–2014) played key roles in the great physiological epopee of _VO max
2 . In

the early years, the Harvard Fatigue Laboratory, led by David Bruce Dill
(1891–1986), with whom Margaria refuted the Hill and Meyerhof’s theory of the
energetics of muscular contraction, made significant contributions too, especially as
far as the effect of age was concerned.
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In contrast, less important appears the role of the School of Milano. The synthetic
mind of Margaria was not attracted by such analytical problems. It was only the
participation of Paolo Cerretelli in the expedition organized by Guido Monzino to
conquer Mount Kanjut-Sar, in Pamir (see Chap. 10), that led to one of the first
studies describing the decrease of _VO max

2 in hypoxia (Cerretelli and Margaria 1961).
The curvilinear shape of the resulting curve was intriguing, yet largely unexplained
in those times. Margaria was more attracted by the effects of breathing mixtures that
contained more oxygen than air at sea level (Margaria et al. 1961, 1972), but the
results of those two studies were bizarre, as far as they showed an increase in _VO max

2
in hyperoxia, despite full hemoglobin saturation and the weak oxygen solubility in
blood.

More impact had the methodological studies, promoted by Margaria’s strive
toward practical applications of physiological knowledge in sport medicine. His
indirect method for _VO max

2 estimation (Margaria et al. 1965a) is still used, as well as
that of Åstrand (Åstrand and Ryhming 1954), when large cohorts are to be investi-
gated. Margaria and colleagues assumed that, if we use an exercise type, which we
know the mechanical efficiency of, a simple determination of steady state fH and of
the mechanical power developed during given submaximal exercises is enough to
estimate _VO max

2 . Mechanical power can be transformed into metabolic power, this is
plotted as a function of fH, and the resulting linear relationship is extrapolated up to
the maximal heart rate ( fH

max). To this aim, they used the empirical relationship of
Åstrand, describing the variations of fH

max with age (Åstrand 1956). Margaria et al.
(1965a) constructed specific nomograms for _VOmax

2 determination with such a
method (Fig. 7.2). Yet Margaria’s approach suffered of two weaknesses: (i) the
Åstrand’s relationship describing the fH changes with age is subject to large vari-
ability, and thus is a cause of error, and (ii) Margaria et al. (1965a) used only two
points to construct the fH versus metabolic power line. In spite of this, the method,
which we do not endorse for laboratory studies, had a remarkable success in terrain
studies on large population screenings, for its simplicity.

7.2 The Unifactorial Vision of Maximal Oxygen
Consumption Limitation

The _VO2 plateau of Fig. 7.1 implies _VO max
2 limitation, whence the inevitable

question: what limits _VO max
2 ? Initially, and for long, physiologists have been in

quest of the single factor limiting _VO max
2 . Two opposed fields emerged, that of

central (cardiovascular) limitation and that of peripheral (muscular) limitation. The



stirred debate among these fields that went on for more than 50 years was such that
no consensual conclusion was possible for such a long time.
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Fig. 7.2 Nomogram for indirect _VO max
2 determination with Margaria’s method. The two vertical

lines indicate the heart rate attained at steady state when climbing up and down a 40 cm tall step at
the rate of 15 (left side) and 25 (right side) cycles per minute. The three scales in the middle report
the expected _VO max

2 values for a predicted maximal heart rate of 160, 180, and 200 beats per
minute. The upper left inset reports Åstrand’s diagram relating heart rate to age. From Margaria
et al. 1965a

Several observations suggested a cardiovascular limitation of _VO max
2 . The largely

different values of _VOmax
2 that can be found in the literature are associated with

consensual, linear and quantitatively similar changes in _Qmax (Blomqvist and Saltin
1983; Cerretelli and di Prampero 1987; Ekblom et al. 1968). Moreover, _VO max

2 is
(i) lower in acute anemia than in normaemia (Celsing et al. 1987; Woodson et al.



1978); (ii) 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);
(iii) lower when a small fraction of carbon monoxide is added to inspired air
(Ekblom and Huot 1972; Pirnay et al. 1971; Vogel and Gleser 1972). Finally, if
we increase oxygen delivery to the contracting muscle mass by artificially increasing
muscle blood flow at maximal exercise, local muscle _VO max

2 can increase above the
levels attained in normal blood flow condition (Andersen and Saltin 1985; Rowell
et al. 1986). On this experimental basis, several exercise physiologists concluded
that, at least during exercise with large muscle groups, the single factor limiting
_VO max

2 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).
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Some evidence however seemed to contradict this conclusion. In fact, the smaller
is the active muscle mass, the lower was _VO max

2 (Åstrand and Saltin 1961; Bergh
et al. 1976; Davies and Sargeant 1974; Secher et al. 1974); and endurance training of
one leg increased _VO max

2 during exercise with that leg only (Saltin et al. 1976).
Moreover, looking into muscle structure, a greater fraction of oxidative type I muscle
fibers, a higher muscle capillary density, and a higher activity of muscle oxidative
enzymes characterized the muscles of endurance athletes with respect to those of
sedentary individuals (Brodal et al. 1977; Costill et al. 1976; Gollnick et al. 1972;
Howald 1982; Tesch and Karlsson 1985; Zumstein et al. 1983). Finally, aerobic
physical training increased capillary density, mitochondrial volume and oxidative
enzyme activities of the trained muscles (Andersen and Henriksson 1977; Gollnick
et al. 1972; Henriksson 1977; Holloszy and Coyle 1984; Hoppeler et al. 1985;
Howald et al. 1985; Ingjer 1979). On these bases, some authors concluded that
muscle oxidative capacity, rather than cardiovascular oxygen transport, limits
_VO max

2 (Lindstedt et al. 1988; Taylor 1987; Weibel 1987), especially during exercise
with small muscle groups (Davies and Sargeant 1974; Kaijser 1970; Saltin 1977).

In a minority of cases, such as extreme hypoxia (West 1983) and in athletes with
very high _VO max

2 values (Dempsey et al. 1984; Dempsey and Wagner 1999), the
lungs as well were considered as limiting _VO max

2
The School of Milano remained quite aside this debate. Yet, Margaria once

expressed his viewpoint in a quite bizarre and collateral way. In 1965, he and
some of his collaborators published a paper on the kinetics of _VO2 at the onset of
square-wave exercises of various intensities (Margaria et al. 1965b). They described
this kinetics as being mono-exponential, with a half response time of some 30 s,
independent of the exercise intensity. The technique by which they obtained this
result was quite primitive, typical of the time that preceded gas exchange analysis on
single-breath basis. They concluded that, we quote, intracellular oxidation pro-
cesses are coupled with the splitting and resynthesis of the high-energy phosphate
processes in muscle. This sentence reiterates Margaria’s concept of alactic oxygen
deficit. Then they added: The speed of oxidative processes in muscle does not seem
to be a limiting factor to the oxygen uptake in muscular exercise. By this, they mean
that oxidative processes may be accelerated up to a speed higher than the one that
can be sustained by oxygen delivery. Finally, with a typical logical gap of a



visionary mind, the fireworks exploded: The maximum oxygen consumption level is
presumably set by the capacity of the oxygen transport from the lungs to the active
tissues. This statement is reckless, risky, even if mitigated by the use of the term
presumably. The experiment was made in a different context, had a different aim and
the results did not inform directly on _VO max

2 limitation. So, Margaria took a hazard,
of a type that very few scientists would dare to take, especially nowadays. Yet this
statement tells very clearly on which side Margaria was, if he had to express his view
in a debate, which did not excite him. That paper was often cited as a classical
publication on exercise transients, yet largely forgotten for its spectacular
conclusion.
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More impact, from the School of Milano, had a paper by Paolo Cerretelli
reporting data collected during the 1973 Italian expedition to Mount Everest. That
paper reports that the _VO max

2 of altitude-acclimatized subjects, who are living in
chronic hypoxia, does not return to the pre-acclimatization levels after sudden
exposure to normoxic gas mixtures (Cerretelli 1976, see Chap. 10 for a more detailed
description of the study). Cerretelli’s conclusion was that _VO max

2 could not increase
as predicted because, we quote, the limit to _VO max

2 at altitude is at least in part
peripheral. Whether the reduced oxygen flow to the muscles is attributable to a
limitation of tissue perfusion or to changes in the oxygen diffusion rate within the
capillary or at the capillary-tissue barrier is still a matter of investigation. Thus, he
directed his focus to the periphery. Even if he tended to exclude muscle structural
changes as possible determinants of his results, Cerretelli’s conclusion was against
wrong yet deeply established concepts in those days, namely that an increase in
muscle oxidative capacity was a necessity in order to face the lack of oxygen at
altitude (Reynafarjee 1962).

The impact of that paper was huge. On one side, it reinforced the field of muscle
limitation of _VO max

2 . On the other side, and despite the stated conclusion, the mere
fact of pointing to the periphery originated a series of fundamental studies on muscle
structure at altitude. These studies were issued from the collaborations promoted by
Paolo Cerretelli, who meanwhile had moved from Milano to Geneva, and Hans
Hoppeler from the Institute of Anatomy of Bern, that contributed largely to the
success of Weibel’s concept of symmorphosis (Cerretelli and Hoppeler 1996). One
of us criticized Cerretelli’s 1976 paper in the perspective of a more recent, deeper
knowledge of oxygen flow in the respiratory system (Ferretti 2003), as outlined
below. We tell this story more in detail in Chap. 10.

7.3 The Oxygen Cascade and the Origin of Multifactorial
Models

A revolution in the approach to the subject of _VO max
2 limitation started in the years

1980s. Dick Taylor (1939–1995) from Harvard and Ewald Weibel from Bern
(1929–2019) inadvertently promoted it, when, in 1981, they resumed the oxygen



cascade theory as a tool for describing oxygen transfer from ambient air to the
mitochondria in mammals. The oxygen cascade theory states that, in analogy with
water flow in pipes or current in high-resistance electric lines, oxygen pressure
gradients drive oxygen flow along the respiratory system against several in-series
resistances. In such a conceptual design, the total resistance to oxygen flow is equal
to the sum of the numerous resistances displayed along the system itself. In principle,
each of these resistances may provide a given measurable fraction of the overall
limitation to oxygen flow. The concept was not new. For instance, it was present in
nuce in the years 1930s (see, e.g., Haldane and Priestley 1935) and it was refined
elegantly by Roy Shephard (1969), who expressed it in the form of an oxygen
conductance equation, which he provided a non-linear solution of. Notwithstanding
Shephard’s work, the concept remained in the background of physiological thinking
for long and was essentially forgotten by the mainstream of physiological research.
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Taylor and Weibel’s aim was to analyze the structural constraints of respiratory
systems under maximal stress in animals encompassing a wide range of body size
(Taylor and Weibel 1981). They were not, or rather not yet, interested to the
physiological limitation of _VO2

max in humans. In spite of this, their idea turned a
light on. A few exercise physiologists, stimulated by that remarkable series of
papers, started to think in terms of multiple factors that together contribute to
_VO max

2 limitation under a holistic perspective. All of a sudden, the way to the
creation of the multifactorial models of _VO max

2 limitation was open.
That was when the School of Milano really entered the game. Pietro Enrico di

Prampero was the first to propose a multifactorial model of _VOmax
2 limitation

(di Prampero 1985). He identified a set of five resistances in-series, which he
could calculate or estimate, and devised a simple solution of the oxygen conductance
equation for the case in which only one resistance was induced to change by an acute
maneuver (he took blood withdrawal and reinjection as a paradigmatic example). He
understood that the system has a non-linear response and attributed that to the
characteristics of the oxygen equilibrium curve. He calculated that most of the
limitation at sea level was due to cardiovascular oxygen transport. He perceived
that the lungs were not limiting _VOmax

2 at sea level. He tried to separate peripheral
oxygen diffusion and muscle oxygen consumption as _VO max

2 determinants, by
introducing an unnecessary proportionality constant defining the ratio of the associ-
ated resistances.

The model was later refined and simplified by di Prampero and Ferretti (1990),
who lumped the two muscular resistances and set a system in which, at least at sea
level, the fraction of _VO max

2 limitation that is not due to cardiovascular oxygen
transport is attributed to that lumped muscular resistance. Then Ferretti and di
Prampero (1995) expanded the model to include hypoxia and estimated the progres-
sive role taken up by the lungs as limiting factor. di Prampero (2003) published a
further summary of the model.

Meanwhile, Peter Wagner from San Diego (Wagner 1992, 1993, 1996a, b)
designed an apparently different system, in which, instead of having a purely
hydraulic system with four resistances in-series, he devised two convective steps
separated by two conductive steps.
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These models have characterized the last 30 years of debate on _VO max
2 limitation.

The quest for the single limiting step was over, and the revolution generated by the
introduction of multifactorial models of _VO max

2 limitation transformed the incon-
clusive debate on the cardiovascular vs. muscular limitation of _VO max

2 into a
historical item. In spite of this, it is flattening to realize how deeply the unifactorial
view of limitation was rooted, as a dogma, in physiological thinking: for example,
consider that still more than 20 years after the appearance of the first multifactorial
model, a supposedly important review on _VO2

max reiterated a preposterous
unifactorial view of the subject (Levine 2008).

7.4 Introducing the Multifactorial Models

The oxygen cascade theory is the axiom behind multifactorial models of _VO max
2

limitation. The overall driving pressure is the pressure gradient between inspired air
and the mitochondria. The oxygen partial pressure that can be measured at various
sites decreases as long as we proceed from ambient air to the mitochondria. The
resulting pressure gradients allow definition of clear and physiologically relevant
resistances to flow. A representation of the oxygen flow from ambient air to the
mitochondria is depicted in Fig. 7.3. A set of simple equations describing the flow of
oxygen across each resistance is also reported.

At steady state, all these equations have equal solutions for oxygen flow. The
highest value that this flow can attain corresponds to _VO max

2 . Thus, in this context,
_VO max

2 can be defined as the maximal flow of oxygen that the incurring overall
pressure gradient can sustain against the total resistance (RT). RT decreases as long as
exercise intensity is increased, because of the concomitant elevation of ventilation,
lung diffusion capacity, cardiovascular oxygen flow, muscle blood flow, peripheral
diffusion capacity and rate of oxidative metabolism. RT at maximal exercise, i.e., at
_VO max

2 , is the minimal resistance that the respiratory system can oppose to
oxygen flow.

When using the oxygen cascade theory at maximal exercise as the axiom upon
which to construct a multifactorial model of _VO max

2 limitation, two options lie before
us. The choice depends on whether one considers cardiovascular oxygen transport a
merely convective step or not. In the former case, the driving force of oxygen flow
across this step is the pressure difference between the mean capillary oxygen partial
pressures (PcO2 ) in the lungs and in muscles. PcO2 can be calculated by Bohr’s
integration (Bohr 1909). Since this pressure difference is negligible, this option
considers the cardiovascular system as a convective element connecting two distant
resistances, not as a resistive step in se. In the latter case, the driving force across the
cardiovascular oxygen transport would be the difference between arterial and mixed
venous oxygen partial pressures (PaO2 and PvO2 respectively). Since the difference
between PaO2 and PvO2 is remarkable (some 80 mmHg at maximal exercise at sea
level) this option looks at cardiovascular oxygen transport as a resistive element,
providing one of the many in-series resistances along a hydraulic system.
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Fig. 7.3 Schematic representation of the oxygen cascade from ambient air to the mitochondria.
Five steps are identified, each being characterized by a corresponding conductance: (i) from
ambient to alveolar air (GV), (ii) from alveolar air to arterial blood (GL), (iii) from arterial to
mixed venous blood (GQ); (iv) from mixed venous blood to the cells (Gt), (v) from cells to
mitochondria (Gm). As long as oxygen flows in the respiratory system, its partial pressure drops,
for energy is lost to overcome the in-series resistances opposing oxygen flow. PIO2, PAO2, PaO2,
PvO2, PtO2, and PmO2 are the partial pressures of oxygen, respectively, in inspired air, alveolar air,
arterial blood, mixed venous blood, peripheral tissues and mitochondria. _VA , alveolar ventilation;
βg, oxygen transfer coefficient in a gas phase; DL, lung diffusing capacity; _Q, cardiac output; βb,
oxygen transfer coefficient in blood; Dt, tissue diffusing capacity; Vm, mitochondrial volume.
k designates proportionality constants. From Ferretti (2014), modified after Taylor and Weibel
(1981)

Peter Wagner took the convective option, Pietro Enrico di Prampero the conduc-
tive option. This generated some apparent discrepancies in the respective formula-
tions. Therefore, the two models were often seen as conflicting. In fact, this is not the
case, at least as long as the analysis is restricted to the trait of the respiratory system
downstream of the lungs (Ferretti 2014). This restriction is acceptable in normoxia,
when we operate on the flat part of the oxygen equilibrium curve and the respiratory
system has a non-linear behavior, whereby the lungs do not limit _VO max

2 (Ferretti
and di Prampero 1995).

At present, there is no solid reason to consider one option better than the other.
Both can be considered acceptable. In fact, there is a still unresolved step in the
oxygen cascade theory: the effects of the heterogeneity of distribution of the
ventilation/perfusion ratio ( _VA= _Q ) in the lungs (Rahn and Fenn 1955), which



generates the difference between mean alveolar oxygen partial pressure (PAO2) and
PaO2. The best tool for the analysis of oxygen transfer between alveoli and arterial
blood is still the diffusion-perfusion interaction equation for the lung (Piiper and
Scheid 1981). Although it does not include an analysis of the effect of _VA= _Q
heterogeneity on PaO2, it introduces two concepts, that of perfusion limitation and
that of diffusion limitation, which set the basis for understanding what happens in
alveoli with low or high _VA= _Q. Incidentally, let us underline that _VA= _Q heteroge-
neity is a brilliant creation of the Rochester—Buffalo School, whereas the diffusion-
perfusion interaction equations are creations of the Göttingen School. Both schools
had strong relationships to Milano, originated by the acquaintance that Margaria had
with Wallace Fenn, whom he met when he was in England. Hermann Rahn was a
pupil of Fenn, and Johannes Piiper started his acquaintance with Milano when he
was a visiting professor in Buffalo at the end of the 1950s. An analysis of _VA= _Q
heterogeneity and of the diffusion-perfusion interaction equation for the lung, as
viewed from the School of Milano, has been recently published (Ferretti et al. 2022).
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7.5 An Analysis of di Prampero’s Model

di Prampero’s model is a hydraulic model of in-series resistances and assumes steady
state condition at maximal exercise. If this is so, and we have n resistances in series,
we can write:

_V =
ΔP1

R1
=

ΔP2

R2
= . . . =

ΔPn

Rn
=

ΔPT

RT
ð7:1Þ

where _V is the gas flow, ΔP is the pressure gradient sustaining _V across the ith

resistance R, and ΔPT is the overall pressure gradient, namely the difference between
the inspired and the mitochondrial partial pressure of oxygen, PIO2 - PmO2. Since
PmO2 tends to 0 mmHg (Gayeski and Honig 1986; Wagner 2012), ΔPT can be set
equal to PIO2. At maximal exercise, _V is _VO max

2 . ΔPT is equal to the sum of the
pressure gradients across each resistance:

ΔPT =ΔP1 þ ΔP2 þ . . .þ ΔPn ð7:2Þ

and, if the systems behaves linearly, the fraction of the overall limitation imposed by
the ith resistance to oxygen flow is given by:

Fi =
Ri

RT
ð7:3Þ

so that



�
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R1

RT
þ R2

RT
þ . . .þ Rn

RT
=F1 þ F2 þ . . .þ Fn = 1 ð7:4Þ

Figure 7.3 describes five resistances of clear physiological meaning. Following
the oxygen pathway from ambient air to the mitochondria, these resistances are
(i) the ventilatory resistance (RV), (ii) the lung resistance (RL), including the oxygen
transfer from the alveoli to the arterial blood, (iii) the cardiovascular resistance (RQ),
(iv) the tissue resistance (Rt), including the oxygen transfer from muscle capillaries
to muscle fibers, and v) the mitochondrial resistance (Rm), related to mitochondrial
oxygen flow and utilization. Although di Prampero (1985) tried to separate Rt and
Rm, by introducing what he called “constant α,” which describes their relationship,
discrimination between Rt and Rm is practically impossible, because they are not
really in-series, but they have a strong structural interrelation. This is why di
Prampero and Ferretti (1990) merged them to form a lumped peripheral resistance
(Rp). Thus for _VO max

2 , and on the basis of four in series resistances, Eq. (7.1) takes
becomes:

_VO max
2 =

PIO2 -PAO2ð Þ
RV

=
PAO2 -PaO2ð Þ

RL
=

PaO2 -PvO2ð Þ
RQ

=
PvO2

Rp

=
PIO2

RT
ð7:5Þ

Of these resistances, only RV and RQ are defined as the product of clear physio-
logical variables (see Fig. 7.3), so that they are equal to, respectively:

RV =
1
GV

=
1

_VA � βg
ð7:6aÞ

RQ =
1
GQ

=
1

_Q βb
ð7:6bÞ

where _VA is alveolar ventilation, _Q is cardiac output, constant βg is the oxygen
transfer coefficient for air (in STPD condition, it is equal to 1.16 ml mmHg-1) and
constant βb is the oxygen transfer coefficient for blood. This last is equal to:

βb =
CaO2 -CvO2ð Þ
PaO2 -PvO2ð Þ ð7:7Þ

that corresponds to the average slope of the oxygen equilibrium curve. Therefore, βb
does not take an invariant value, but depends on the actual oxygen pressure range,
and thus on the portion of the oxygen equilibrium curve on which blood operates.

Concerning RL, di Prampero and Ferretti (1990) set it proportional to a factor that
includes lung diffusing capacity and the effect of _VA= _Q heterogeneity. In turn, Rp

was set proportional to muscle capillary density and to muscle mitochondrial
volume.
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When a manipulation affects _VO max
2 without varying PIO2, and thus ΔPT, the

observed changes in _VO max
2 result from changes in one or more of the resistances in

series. The effect of each resistance depends on the fraction of the overall _VO max
2

limitation, which it is responsible for. Aerobic training, for instance (Ekblom et al.
1968; Hoppeler et al. 1985), leads to a given _VO max

2 increase, Δ _VO max
2 , because at

least three resistances, namely RQ, Rt and Rm (or the lumped resistance Rp) have
decreased, and so has RT, as a consequence of the increase in _Q, muscle capillary
density and muscle mitochondrial volume density. Thus, after training, Eq. 7.5 can
be rewritten as follows:

_VO max
2 þ Δ _VO max

2 =
PIO2 -PAO2ð Þ
RV þ ΔRVð Þ =

PAO2 -PaO2ð Þ
RL þ ΔRLð Þ

=
PaO2 -PvO2ð Þ
RQ þ ΔRQð Þ =

PvO2

Rp þ ΔRp

� � =
PIO2

RT þ ΔRTð Þ ð7:8Þ

After dividing Eq. 7.5 by Eq. 7.8, and taking into account Eq. 7.4 (see Ferretti
2014 for details), through a number of algebraic transformations we obtain:

_VO max
2

_VO max
2 þ Δ _VO max

2

� � = 1þ FV
ΔRV

RV
þ FL

ΔRL

RL
þ FQ

ΔRQ

RQ
þ Fp

ΔRp

Rp
ð7:9Þ

Training generates a complex effect, leading to an Equation with four unknowns,
which we cannot solve. However, if we take a condition wherein an experimental
manipulation affects only one resistance, as is the case, according to di Prampero and
Ferretti (1990), for RQ after acute blood reinfusion or withdrawal, three terms of
Eq. 7.9 annihilate, thus allowing simplification of Eq. 7.9, as follows:

_VO max
2

_VO max
2 þ Δ _VO max

2

� � = 1þ FQ
ΔRQ

RQ
ð7:10Þ

Equation 7.10 can be solved for FQ. Suffice it to know the _VO max
2 before and

after, the RQ before and the absolute change in RQ induced by the maneuvre of
withdrawing or injecting blood. Fig. 7.4 reports an analytical solution of Eq. 7.10,
using data from different sources in the literature (di Prampero and Ferretti 1990). In
Fig. 7.4, the ratio between the _VO max

2 values before and after the maneuver (left-
hand branch of Eq. 4.13) is plotted as a function of the ratio between ΔRQ and RQ.
Eq. 7.10 predicts that this relationship must be linear, with y-intercept equal to 1 and
slope equal to FQ.

From linear regression analysis of the data reported in Fig. 7.4, di Prampero and
Ferretti (1990) obtained FQ = 0.70. This means that RQ provides 70% of the
fractional limitation of _VO max

2 , at least at sea level.
A FQ value equal to 0.70 implies that the respiratory system does not behave

linearly. In fact, in a linear system, the ratio of any Ri to RT would correspond to the



ratio of the pressure gradient across that Ri to the overall pressure gradient over-
coming RT, so that:

236 G. Ferretti and P. E. di Prampero

Fig. 7.4 Graphical representation of Eq. 7.10. The changes in _VO max
2 after an induced acute

change of the cardiovascular resistance to oxygen flow (RQ) are expressed as the ratio of the _VO max
2

before to the _VO max
2 after ( _VO2

max þ Δ _VO2
max ). This ratio is plotted as a function of the ratio

between the induced change in RQ (ΔRQ) and the RQ before the maneuver. 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 _VO2

max is imposed by cardiovascular oxygen transport. From Ferretti,
2014, modified after di Prampero and Ferretti (1990)

FQ =
PaO2 -PvO2ð Þ

PIO2
ð7:11Þ

In this case, for PIO2= 150 mmHg, PaO2= 95 mmHg and PvO2 = 20 mmHg at
sea level (di Prampero and Ferretti 1990), Eq. 7.11 would provide FQ= 0.50 instead
of 0.70.

The effects of the oxygen equilibrium curve on βb represent the source of
non-linearity of the system, as shown in Fig. 7.5, and thus explains this discrepancy.
Consider, for example, that an acute maneuver (for instance, replacing nitrogen with
helium in the inspired gas mixture) reduces RV. This would increase _VA and PAO2,
and thus also PaO2. However, since in normoxia blood operates on the flat part of the
oxygen equilibrium curve, this would not imply changes in CaO2. Therefore, since in
this condition PvO2 undergoes only negligible changes, βb would be reduced (see
Fig. 7.5), and thus RQwould be increased. As a consequence, because of the shape of



the oxygen equilibrium curve, as long as we are in normoxia, any maneuver acting
on RV only has no effects on _VO max

2 , because any change in RV would be
counteracted by an opposite change in RQ. This line of reasoning would apply also
to acute interventions, altering RL. In conclusion, RV and RL do not limit _VO max

2 in
normoxia.
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Fig. 7.5 Graphical representation of an oxygen equilibrium curve. Two arterial and mixed venous
points are reported, applying to normoxia (a0, v0 ) and hypoxia (a1, v1 ). The two straight lines
connecting the two couples of points have a slope equal to the respective oxygen transport
coefficients for blood (βb), which is higher in hypoxia than in normoxia. Thus, the ventilatory
resistance RV increases and entails a decrease in arterial oxygen partial pressure, βb becomes higher
and the cardiovascular resistance RQ lower. An opposite change in RQ compensates for an induced
change in RV, so that no changes in _VO max

2 can be induced by an acute change in RV. The lungs do
not limit _VO max

2 in normoxia. From Ferretti (2014), modified after di Prampero (1985)

If this is so, a two-site model is sufficient to describe the effects of the respiratory
system on _VO max

2 in normoxia. In fact all the limitation is located distally to PaO2.
This is why FQ = 0.7 instead of 0.5, so that Fp = 0.3. Direct experimental
assessment of the parameters of Eq. 7.10 provided FQ values in normoxia comprised
between 0.65 and 0.76 (Bringard et al. 2010; Ferretti et al. 1997a, b; Turner et al.
1993), thus further supporting the concept that cardiovascular oxygen transport is the
main determinant of _VO max

2 in normoxia, but not the unique.
It is important to stress that the RQ increases consequent to a fall in RV (or in RL),

preventing _VO max
2 limitation by RV and RL, occurs only when we operate on the flat

part of the oxygen equilibrium curve. Thus, it does not occur in hypoxia, as long as
we operate on the steep part of the oxygen equilibrium curve. Nor it occurs in
subjects with elevated _VO max

2 in normoxia, who undergo exercise-induced arterial
hypoxaemia.
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7.6 Experimental Testing of di Prampero’s Model

The non-linear behavior of the respiratory system, implying that RV and RL do limit
_VO max

2 in hypoxia, but not in normoxia, so that FQ in hypoxia is less than 0.7, carries
along several corollaries. Firstly, if RV limits _VO max

2 in hypoxia, then reducing RV at
a given hypoxic PIO2 should increase _VO max

2 , contrary to what one would predict in
normoxia. Esposito and Ferretti (1997) reduced RV by reducing air density. To do so,
they replaced nitrogen with helium in the inspired gas. With respect to air breathing,
_VO max

2 did not change when breathing the helium-oxygen mixture in normoxia,
whereas it increased in hypoxia, although _VA increased in both cases. Ogawa et al.
(2010) also obtained similar results. Coherently, respiratory muscle training had no
effects on _VO max

2 in normoxia, but a positive effect in hypoxia (Downey et al. 2007;
Esposito et al. 2010a, b).

Another corollary of di Prampero’s model is that the decrease of _VO max
2 in

hypoxia should be larger in athletic subjects, with high _VO max
2 values in normoxia,

than in non-athletic subjects, because the former subjects undergo exercise-induced
arterial hypoxemia (Dempsey et al. 1984), and thus operate near the steep part of
their oxygen equilibrium curve at maximal exercise. On two groups of subjects, one
with high, the other with low _VO max

2 in normoxia, Ferretti et al. (1997b) found that
in the former with respect to the latter group, (i) the decrease in _VO max

2 in hypoxia
was larger, and (ii) a significant increase in _VO max

2 in hyperoxia occurred. A _VO max
2

increase in hyperoxia only in subjects with high _VO max
2 in normoxia was found also

by Grataloup et al. (2005). In fact, the higher is the _VO max
2 in normoxia, the lower is

the arterial oxygen saturation (SaO2) at maximal exercise (Grataloup et al. 2005;
Harms et al. 2000; Powers et al. 1989; Rasmussen et al. 1991; Williams et al. 1986).
Moreover, in hypoxia, Ferretti et al. (1997b) found a linear relationship between
_VO max

2 , expressed relative to the value in hyperoxia set equal to 100%, and SaO2.
This relationship was identical in both groups of subjects, in agreement with the
above predictions. According to Wehrlin and Hallén (2006), the _VO max

2 of endur-
ance athletes is so high, that the decrease of _VO max

2 in hypoxia becomes linear.

7.7 An Analysis of Wagner’s Model

Peter Wagner (1993) constructed a three-equation system with three unknowns
(PAO2, PaO2 and PvO2). His vision of the oxygen cascade implied two mass balance
equations, describing convective oxygen transfer in the airways and in the blood
circulation, connected by two conductive components, described by the diffusion-
perfusion interaction equations (Piiper and Scheid 1981; Piiper et al. 1984). Thus, he
constructed his system by combining the mass conservation equation for blood (Fick
principle) and the diffusion-perfusion interaction equations. At steady state, all these
equations must have equal solutions for _VO max

2 . Further algebraic development of
the three-equation system generated three separate equations allowing for a solution
for PAO2, PaO2 and PvO2. The obtained values are compatible with one, and only



ð

ð

one _VO max
2 value, for any combination of known values of PIO2, _VA, lung oxygen

diffusing capacity (DLO2), _Q , βb and tissue oxygen diffusing capacity (DtO2) at
maximal exercise.
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At the lung level, the interaction of a convective component (ventilation) with a
diffusive component (described by the diffusion-perfusion interaction equation
setting oxygen flow from alveoli to lung capillaries) sets the maximal oxygen flow
in arterial blood ( _QaO

max
2 ), and this is the first step in the system. At muscular level,

the interaction of a convective component (Fick principle) with a diffusive compo-
nent (the diffusion-perfusion interaction equation setting oxygen flow from periph-
eral capillaries to the muscle fibers), sets _VO max

2 , and this is the second step in the
system.

The Fick equation at maximal exercise can be formulated as follows:

_VO max
2 = _Q

max � CaO2 -CvO2ð Þ= _Q
max � βb � PaO2 -PvO2ð Þ 7:12Þ

The term βb in Eq. 7.12 carries along a non-linear negative relationship between
_VO max

2 and PvO2 (convective curve). Its algebraic formulation depends on the
mathematical solution that we give to the oxygen equilibrium curve. The diffusive
component is described by the following equation:

_VO max
2 =DtO2 � PcO2 -PmO2ð Þ 7:13Þ

where PmO2 cancels out, because it is considered equal to 0 mmHg. The problem is
that the right branches of Eqs. 7.12 and 7.13 do not share any term. Therefore,
Wagner assumed that PvO2 is directly proportional to PcO2, arguing that the segment
of the oxygen equilibrium curve between these two pressure values is essentially
linear. On this basis, he rewrote Eq. 7.13 as follows:

_VO max
2 =DtO2 � Kp � PvO2 ð7:14Þ

where Kp is the dimensionless constant relating P�vO2 to P�cO2 . Eq. 7.14 tells that
there must be a positive linear relationship between _VO max

2 and PvO2 (diffusion
line). The slope of the line is equal to the product DtO2 � Kp, which Ferretti (2014)
called Wagner’s constant, KWa. Eq. 7.14 shares the term PvO2 with Eq. 7.12. So, if
we plot _VO max

2 as a function of PvO2, Eqs. 7.12 and 7.14 can be directly compared
on the same graph (Fig. 7.6). In this Figure, the necessary _VO max

2 values, resulting
from any given combination of _QaO

max
2 and KWa, is provided by the intersection of

the two functions, which occurs at a precise value of PvO2.

7.8 Experimental Testing of Wagner’s Model

When Wagner published his model (Wagner 1993), Roca et al. (1989) had already
demonstrated the linear relationship between _VO max

2 and PvO2, indicating that KWa

is a constant that is independent of PvO2. Since the line intercepted the y-axis at the



0

origin of the axes, we can say that _VO max
2 is directly proportional to PvO2. Since KWa

is the product between Kp and DtO2 and Kp is an invariant constant, KWa turns out
directly proportional to DtO2. Thus, any decrease in KWa implies a fall of _VO max

2 and
an increase in PvO2. The opposite occurs when DtO2 increases.
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Fig. 7.6 Graphical representation of Wagner’s model. Oxygen uptake ( _VO2 ) is plotted as a
function of mixed venous oxygen pressure (PvO2). The curve with negative slope is the convective
curve. The straight line with positive slope is the diffusion line: its slope is equal to Wagner’s
constant, KWa. The convective curve intercepts the y-axis at _VO2 equal to the arterial oxygen flow
( _QaO2), and intercepts the x-axis at PvO2 is equal to the arterial oxygen pressure. The _VO max

2 value
is found on the crossing of the convective curve with the diffusion line (full dot). From Ferretti
(2014), modified after Wagner (1996a)

Patients affected by chronic obstructive pulmonary disease (COPD) are charac-
terized by low _VO max

2 values (Bauerle and Younes 1995; Henriquez et al. 1986;
Mathur et al. 1995; Punzal et al. 1991; Servera and Gimenez 1984). Their skeletal
muscles are atrophic and undergo morphological and functional changes that are
typical of disuse (Gea et al. 2013; Gosker et al. 2007; Seay et al. 2005). Wagner
(1996a) predicted quite accurately the effects of a reduced DtO2 on _VO max

2 and PvO2

in COPD patients. A refinement of his analysis was recently published (Broxterman
et al. 2020). Muscle capillary density is a main determinant of DtO2 (Bicudo et al.
1996; Chilibeck et al. 1997). Assuming that KWa is directly proportional to muscle
capillary density, an analysis of literature data of muscle morphometry and _VO max

2
of altitude-acclimatized climbers (Hoppeler et al. 1990; Kayser et al. 1991; Oelz
et al. 1986) or endurance-trained subjects (Hoppeler et al. 1985) yielded PvO2 values
coherent with Wagner’s predictions (Ferretti 2014). The same was the case for the
data of Operation Everest II (Wagner 2017).

Concerning the convective curve, an increase in GQ, i.e., of the product between
_Q and βb, carries along an increase in both _VO max

2 and PvO2. The convective curve is
displaced upward and its slope becomes steeper (lower). The intercept on the x-axis
of the convective curve corresponds to the PaO2 point, id est to the point at which



ð

P�vO2 =PaO2. This is how Wagner’s model explains the effects of acute polycythe-
mia and anemia on _VO max

2 . Hyperoxia displaces the PaO2 point rightward, thus
increasing (making less negative) the slope of the convective curve. Therefore,
_VO max

2 should slightly increase in hyperoxia, because the convective curve inter-
cepts the diffusion line at a higher _VO max

2 value. In spite of this prediction, such an
increase was rarely observed in humans (Bannister and Cunningham 1954; Esposito
and Ferretti 1997; Fagraeus et al. 1973; Margaria et al. 1961, 1972; Welch and
Pedersen 1981). As already pointed out, an increase in _VO max

2 in hyperoxia was
clearly observed only in subjects with elevated _VO max

2 (Ferretti et al. 1997b;
Grataloup et al. 2005; Harms et al. 2000). Wagner’s predictions are in contrast
with those of di Prampero’s model and the apparent discrepancy between theoretical
predictions and experimental data is hard to explain. The thoroughbred horse, an
athletic mammal subject to exercise-induced arterial hypoxemia, and with big
muscle masses, is the best example supporting Wagner’s prediction of a _VO max

2
increase in hyperoxia (Wagner et al. 1989, 1996).
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7.9 A Critical Comparison of the Multifactorial Models

Both di Prampero and Wagner models exclude that pulmonary ventilation and
oxygen diffusion capacity limit _VO max

2 in healthy non-athletic humans in normoxia.
The way di Prampero and Ferretti (1990) arrived at that conclusion is analyzed
above, when discussing of the non-linear response of the system and of the role of βb.
Wagner merely excluded the lungs from his analysis and concentrated on the
comparison between the convective curve and the diffusive line. Thus, at least in
normoxia, both looked at the distal part of the respiratory system, thus making a
comparison of the two models possible. The present analysis is a summary of that
proposed by Ferretti (2014), which is the most recent contribution to the issue by the
School of Milano.

Both models share Eqs. 7.12 and 7.14. Eq. 7.12 defines RQ, since, according to
Eq. 7.6b:

_VO max
2 = _Q βb ðPaO2 -P�vO2Þ= 1

RQ
ðPaO2 - P�vO2Þ 7:15Þ

Equation 7.14, for PmO2 = 0 mmHg, defines Rp, 7.since:

_VO max
2 =DtO2 Kp P�vO2 =KWa P�vO2 ð7:16Þ

and since:
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_VO max
2

PvO2
=GP =KWa ð7:17Þ

Wagner’s constant KWa is equal to di Prampero’s Gp, the reciprocal of Rp.
Eqs. 7.15 and 7.17 place the two models under a different light, whereby the slope
of the diffusive line is Gp, or 1/Rp and the slope of the convective curve, is equal to
- _Q � βb , i.e. -GQ, or -1/RQ. In this case, the y-axis intercept of the convective
curve is at _VO max

2 = _QaO
max
2 . The diffusive line intercepts the convective curve at

that point when KWa =1, so that Gp =1, Rp = 0 and, according to di Prampero’s
model, FQ = 1 and thus Fp = 0: all oxygen delivered to peripheral capillaries is
consumed by mitochondria. On the opposite side, the x-axis intercept of the con-
vective curve is at PvO2 =PaO2 . The diffusive line intercepts the convective curve
at that point where KWa = 0. In this case, Gp = 0, Rp = 1 and, according to di
Prampero’s model, FQ = 0 and thus Fp = 1, so that _VO2 max = 0 L min-1, no
oxygen flows from capillaries to mitochondria, all the oxygen delivered by arterial
blood comes back to the heart through the veins and the composition of venous
blood would be equal to that of arterial blood. Thus, Wagner’s model includes FQ

and di Prampero’s model includes KWa.
Moreover, neglecting RV and RL at sea level, a simplified, linear version of di

Prampero’s model, describing only the oxygen flow downstream of the lungs, can be
written:

FQ =
PaO2 -PvO2ð Þ

PaO2
=

RQ

RQ þ Rp

� � ð7:17Þ

whence

1
FQ

=
RQ þ Rp

� �

RQ
= 1þ Rp

RQ
= 1þ GQ

Gp
ð7:18Þ

Since:

_QaO
max
2 = _Q βb PaO2 ð7:19Þ

dividing Eq. 7.15 by Eq. 7.19, one obtains an algebraic definition of the oxygen
extraction coefficient, as follows:

_VO max
2

_QaO
max
2

=
_Q ðCaO2 -C�vO2Þ

_Q CaO2
=

_Q βb ðPaO2 -P�vO2Þ
_Q βb PaO2

=
ðPaO2 -P�vO2Þ

PaO2
=FQ ð7:20Þ
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This implies that FQ in normoxia is equal to the oxygen extraction coefficient!
Since, according to di Prampero and Ferretti (1990), FQ = 0.7 in normoxia, we also
have that _VO max

2 = 0:7 _QaO
max
2 and PvO2 = 0:3 PaO2. Therefore, we have:

KWa =
_VO max

2

0:3 PaO2
ð7:21Þ

Equation 7.21 implies that a simple measure of _VO max
2 and PaO2 is enough to

know KWa. For a young non-athletic subject, whose _VO max
2 is 3 L min-1, and who

has a normal PaO2 of 100 mHg, the PvO2 at maximal exercise would be 30 mmHg
and KWa would turn out equal to 100 ml min-1 mmHg-1. The _VO max

2 and the PvO2

values set the coordinates of the intersection between the convective curve and the
diffusive line on Wagner’s plot. The closer is the intersection to the PaO2 point, the
lower is KWa, and thus the higher are Rp and Fp and the lower is FQ. In di Prampero’s
model, with the same values we would have: RQ= 23.33 mmHg min L-1 and Rp=
10 mmHg min L-1.

This analysis justifies the statement that di Prampero’s model and Wagner’s
model converge on the same conclusion, that both cardiovascular oxygen transport
and muscle oxygen diffusion and utilization are necessary determinants of _VO max

2 .
According to the preceding analysis, the former is responsible for the larger fraction
of the overall _VO max

2 limitation, 70%, according to di Prampero and Ferretti (1990).
In addition, among the greats of the past, who participated in the useless and
annoying (according to Margaria) debate on the single factor that limits _VO max

2 ,
those in favor of the cardiovascular limitation were less wrong than their opponents,
who favored muscular limitation. Eventually, the reckless conclusion of Margaria
(Margaria et al. 1965b) was eventually not that bad.

7.10 Of Maximal Oxygen Consumption in Hypoxia

The School of Milano played an important role in the history of our knowledge on
_VO max

2 in hypoxia indeed. That _VO max
2 decreases in hypoxia, both acute and chronic,

is a well-known notion since long (see for review Cerretelli 1980; Cerretelli and
Hoppeler 1996; Ferretti 1990; Ferretti 2014, just to stay within the School of
Milano). This decrease is smaller, the smaller is the active muscle mass (Cardus
et al. 1998). The cause of the _VO max

2 decrease in hypoxia is the drop of PIO2.
However, the _VO max

2 decrease is small at altitudes below 3000 m, much smaller than
one would expect after the curves of barometric pressure decrease at altitude (West
1983). In discussing di Prampero’s model, we highlighted the non-linear behavior of
the respiratory system because of the shape of the oxygen equilibrium curve, and the
linear relationship between _VO max

2 and SaO2. As long as we operate on the flat
portion of the oxygen equilibrium curve, a decrease in PaO2 at altitude, which is not
accompanied by a decrease in CaO2, entails an increase in βb, and thus in GQ. This



reduces RQ and thus RT, keeping up _VO max
2 . This explains the curve describing the

_VO max
2 decrease in hypoxia, reported in Fig. 7.7.
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Fig. 7.7 Left: Fall of maximal oxygen consumption ( _VO max
2 ) at altitude. _VO max

2 is expressed
relative to the value observed at sea level, set equal to 100%. Two x-axis are shown, one for
barometric pressure (PB), the other for altitude. Open and full dots refer to acute and chronic
hypoxia, respectively. Data from Cerretelli (1980). Right: Same curve as on left, calculated for a sea
level _VO max

2 of 2.9 L min-1 (Cerretelli and di Prampero 1987), where PB is replaced by the inspired
oxygen pressure (PIO2). The straight lines converging on the origin of the axes have a slope
(Δ _V=ΔP ) equal to the overall oxygen conductance of the respiratory system (GT). The modest
_VO max

2 decrease at low altitude is a consequence of the simultaneous increase in GT, due to the
effects of the shape of the oxygen equilibrium curve. From Ferretti (2014)

In this Figure, the left panel reports the classical representation of the _VO max
2

decrease at altitude (Cerretelli 1980). The right panel has PIO2 on the x-axis, whereas
_VO max

2 is expressed in absolute terms, rather than relative to its value at sea level
(Ferretti 2014). This has the advantage of allowing the construction of overall
conductance (GT) isopleths, showing that, as we move to altitude and PIO2 declines,
the _VO max

2 curve crosses isopleths of progressively higher GT values (lower RT

values). At low PIO2, when we attain the steep part of the oxygen equilibrium curve,
and PaO2 and thus CaO2 start decreasing, the _VO max

2 curve enters its linear part,
coinciding with a specific GT isopleth. The function describing the _VO max

2 decrease
at altitude 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, RV and
RL in hypoxia. They demonstrated that, as hypoxia gets deeper and we approximate
the steep part of the oxygen equilibrium curve, the fraction of _VO max

2 limitation due
to RV and RL becomes more important. They calculated that in extreme hypoxia FQ

may decrease down to 0.20 with FV and FL going up to about 0.40 and 0.35,
respectively. This expansion of di Prampero’s model led to some predictions that
received experimental support. The effects of hypoxia on _VO max

2 are larger the
higher is the subject’s _VO max

2 in normoxia (Ferretti et al. 1997b; Gavin et al. 1998;
Koistinen et al. 1995; Wehrlin and Hallén 2006), because of exercise-induced
arterial hypoxemia. They are also smaller, the more intense is the ventilatory



response to hypoxia (Benoit et al. 1995; Gavin et al. 1998; Giesbrecht et al. 1991;
Marconi et al. 2004; Ogawa et al. 2007). However, the ventilatory response to
hypoxia is unrelated to the absolute _VO max

2 in normoxia (Sheel et al. 2006),
suggesting that the two phenomena are dissociated.
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The analysis of the factors limiting _VO max
2 in hypoxia, carried out by Ferretti and

di Prampero (1995), set the basis for the reinterpretation of the fundamental work on
the determinants of _VO max

2 at altitude carried out by Cerretelli (1976), which we
analyze in detail in Chap. 10. We just remark here that Cerretelli took his findings as
a demonstration that the limitation of _VO max

2 at altitude is peripheral, rather than
central. In the context of di Prampero’s model of _VO max

2 limitation, Ferretti (2003)
argued that administering oxygen at 150 mmHg to Cerretelli’s subjects at Everest
base camp changed three terms of the oxygen conductance equation. The overall
oxygen gradient was elevated, because PIO2 was increased; maximal _Q was
increased; βb was lowered. In fact, the increase in PIO2 induced a subsequent
increase in PAO2 and in PaO2, so that the arterial blood point on the oxygen
equilibrium curve moved toward and along the flat part of it. Since PvO2 was only
slightly affected, βb turned out remarkably reduced. This means a reduction of GQ

(increase in RQ) in subjects whose Rp was higher than in Milano before departure,
because muscle oxidative capacity is reduced in chronic hypoxia. Within Wagner’s
model, the experiment altered the convective curve by elevating both the _QaO

max
2

point and the PaO2 point, while reducing KWa. Indeed Cerretelli’s experiment
provided a brilliant confirmation of the predominant role of RQ in limiting _VO2

max.

Whereas the School of Milano integrated the effects of RV and RL in the
multifactorial model of _VO max

2 limitation, Wagner looked at the respiratory system
distally to the lungs also in hypoxia. Within Wagner’s model, hypoxia shrinks the
convective curve, because both _QaO

max
2 and PaO2 are decreased and the curve lacks

its flat part at high PvO2, because we operate only on the steep part of the oxygen
equilibrium curve. The slope of the diffusive line is reduced because of the decreased
muscle oxidative capacity, despite the increased capillary density (Fig. 7.8) (Wagner
2017). Using data from Operation Everest II, Wagner (1996b) demonstrated the
linearity of the oxygen equilibrium curve in hypoxia in the PaO2 -PvO2 pressure
range. If this is so, and thus βb is invariant, the oxygen conductance equation
becomes linear. Thus, the effective oxygen pressure gradient is equal to PIO2 instead
of PaO2, so that Eq. 7.20 can be rewritten as follows:

FQ =
_VO max

2
_QaO

max
2

PaO2

PIO2
ð7:22Þ

If we use the data of Operation Everest II to solve Eq. 7.22 (Wagner 1996b), FQ

turns out equal to 0.19, a value that is very close to the theoretical value of 0.20
obtained by Ferretti and di Prampero (1995). On the other hand:

Fp = ð1-
_VO max

2
_QaO

max
2

Þ PaO2

PIO2
ð7:23Þ

whence, using the same data, Fp = 0.22 and KWa = 73 ml min-1 mmHg-1.
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Fig. 7.8 Graphical representation of Wagner’s model in hypoxia. Oxygen uptake ( _VO2) is plotted
as a function of mixed venous oxygen pressure (PvO2). Continuous lines represent the convective
curve and the diffusion line, as from Fig. 7.6. Dashed lines refer to the convective curve and the
diffusion line in hypoxia. Concerning former, it lacks the flattening part at high PvO2 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 in
hypoxia. In normoxia, arterial oxygen partial pressure was assumed equal to 100 mmHg, and PvO2

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. _VO max

2 , maximal
oxygen consumption. After Ferretti (2014)

In conclusion, in extreme hypoxia, RV and RL provide most of _VO max
2 limitation.

Despite its increase, witnessed also by the lower KWa, Rp plays a smaller role than in
normoxia in limiting _VO max

2 . The role of RQ is minimized, because of both its
absolute decrease and the greater role of RV and RL as limiting factors.

7.11 Of Maximal Oxygen Consumption at the End
of Bed Rest

_VO2
max 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; Shibata et al. 2010; Smorawinski et al. 2001; Stremel et al. 1976; Trappe
et al. 2006, just to cite some of the most significant: more than 80 studies were
reckoned by Ried-Larsen et al. 2017). The size of the _VO max

2 decrease is larger, the
longer the bed rest duration. The absolute size of the bed rest decrease is also larger
the higher the _VO max

2 before bed rest (Ried-Larsen et al. 2017). The rate of _VO max
2



decrease is fast in the first days, becoming slower as bed rest duration is prolonged.
This means that the _VO max

2 change at the end of bed rest, as a function of bed rest
duration, tends to an asymptote (Capelli et al. 2006).
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These statements apply only to the _VO max
2 determined in upright posture,

measured shortly after the end of the bed rest period. This is not so during bed rest
(or space flight), or in supine posture after bed rest. Very small changes, if any, in
_VO max

2 were observed in these conditions (Bringard et al. 2010; Greenleaf et al.
1989; Levine et al. 1996; Trappe et al. 2006).

Ferretti et al. (1997a) investigated the overall behavior of the respiratory system
before and after a 42-day bed rest without countermeasure. They used the data to
analyze the factor limiting _VO max

2 in the context of di Prampero’s model. They
estimated the changes in RQ, Rt and Rm (or the lumped peripheral resistance Rp) from
the measured changes in _QaO

max
2 , muscle capillary length and muscle oxidative

capacity. On this basis, they obtained FQ = 0.73 and Fp = 0.27. So, they provided
the first evidence that the prediction (di Prampero and Ferretti 1990) that FQ = 0.70
was essentially correct also in case of an adaptive response of the entire respiratory
system.

The time course of the _VO max
2 changes in upright posture at the end of head-down

tilt bed rest without countermeasures is shown in Fig. 7.9. Assuming an exponential
_VO max

2 decay, Ferretti and Capelli (2009) linearized the relationship by expressing it
in logarithmic form. The resulting representation is shown in the bottom panel of
Fig. 7.9. Two components of the _VO max

2 decline appeared. This means that the
decline of _VO max

2 due to bed rest has at least two causes that simultaneously act on
the respiratory system, and that at least two capacitances are involved. We can
express this concept in the following double exponential Equation:

_VO max
2 t - _VO max

2 a = _VO max
2 0 - _VO max

2 a

� �
e- k1 t þ e- k2t
� � ð7:24Þ

where suffixes 0, a and t indicate the _VO max
2 values before bed rest (time 0 days),

at the asymptote of the _VO max
2 decrease and at bed rest time t, respectively. k1 and k2

are the rate constants of the two components of the _VO max
2 decrease during bed rest

(slope of the straight lines of the bottom panel of Fig. 7.9). Ferretti and Capelli
(2009) obtained k1 = 0.083 day-1, and k2 = 0.0098 day-1. The corresponding time
constants were equal to 12.1 and 102.0 days, respectively.

The _VO max
2 changes appear as the epiphenomenon reflecting long-term adaptive

changes that affect the overall respiratory system. In view of the reported differences
in time constants, the two postulated capacitances must have remarkably different
size. The effects on the smaller capacitance initially prevail, because of its minor
time constant, and dictate a rapid change in _VO max

2 already in the first days.
According to the analysis of Ferretti and Capelli (2009), this fast component attains
its asymptote within approximately one month. Afterward, the second, larger capac-
itance takes over, dictating a further, though slower, _VO max

2 decline. Ferretti (2014)
attributed the fast component of the _VO max

2 decrease after bed rest to changes in RQ,
and thus to the reduction of _QaO

max
2 , and the slow component to changes in Rp, and

thus to the development of lower limb muscle hypotrophy.
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Fig. 7.9 Top panel. The change in maximal oxygen consumption ( _VO max
2 ) in upright posture, at

the end of bed rest or space flight, is expressed as the absolute change in _VO max
2 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 _VO max

2 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 fast (0.083 day-1) and the slow
(0.0098 day-1) components of the _VO max

2 decrease. The corresponding time constants are 12.1
and 102.0 days (half-times of 8.4 and 70.7 days), respectively. From Ferretti and Capelli 2009

Bringard et al. (2010) had been the first and only ones, who compared the effects
of bed rest on _VO max

2 and _QaO
max
2 in upright and supine posture. Before that study,

it is noteworthy that Levine et al. (1996) reported a _VO max
2 decrease in upright

posture upon return from a 17-day space flight that corresponds well to those that we
may predict from Fig. 7.9. Conversely, they found no changes in _VO max

2 on the same
subjects in space. They attributed the _VO max

2 decline upon return to the effects of
blood volume redistribution upon resumption of gravity exposure. According to
Fig. 7.9, a 17-day space flight duration was just too short to evidence the effects of
muscle hypotrophy. This component was just visible, after the same time, in the
study by Trappe et al. (2006) in space and in supine posture after bed rest. Significant
_VO max

2 reductions were in fact observed during long-duration space flight in the
International Space Station (Ade et al. 2017). Concerning bed rest, Greenleaf et al.
(1989) had reported a greater _VO max

2 decrease in upright than in supine posture.
At the end of a 35-day bed rest without countermeasures, on the day of

reambulation, not 2–3 days after, as in most studies, Bringard et al. (2010) found a



44% reduction of stroke volume at maximal exercise in upright posture, with no
changes in fH

max: the consequence was a 45% decrease in _Qmax . Considering a 13%
increase in CaO2 due to higher hemoglobin concentration, this resulted in a 38%
decrease in _QaO

max
2 . Conversely, in the same study and on the same subjects, no

changes in _Qmax were observed in supine posture after bed rest, thus implying a
slight increase in _QaO

max
2 . Therefore, after bed rest, _QaO

max
2 was 56% lower, and RQ

78% higher, upright than supine: an acute postural change from supine to upright
entailed a _VO max

2 decrease only due to changes in RQ. These results are similar to
those obtained by Levine et al. (1996), when they compared the _VO max

2 data in flight
with those obtained upright shortly after landing.
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Fig. 7.10 The ratio between maximal oxygen consumption ( _VO max
2 ) before and after a given

maneuver [ _VO max
2 = _VO max

2 þ Δ
� �

, y-axis] is plotted as a function of the relative change in the
cardiovascular resistance to oxygen flow (ΔRQ/RQ, x-axis). The continuous line, with a slope of 0.7,
is the theoretical line obtained by di Prampero and Ferretti (1990). The open symbols refer to the
effects of postural changes from supine to upright before (open dot) and after (open square) bed rest.
The dashed line is the regression equation calculated on the data of Bringard et al. (2010) after bed
rest (y= 0.76x + 0.96). Statistical analysis showed that the slope of this line did not differ from that
of the theoretical one, and that its y-intercept of the experimental line did not differ from 1. The
symbols located above the lines 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 _VO max

2 due to
cardiovascular (FQ) and peripheral (Fp) _VO max

2 limitation. From Ferretti (2014)

Figure 7.10 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
reports the theoretical FQ value of 0.7 (di Prampero and Ferretti 1990). The open



symbols lying on this line refer to the acute maneuvre of moving from supine to
upright, before and after bed rest. The full dots lying above this line refer to the
overall effect of bed rest, in supine—lower left point—and upright—upper right
point—posture. The size of the upward shift of filled symbols with respect to
reference line is the same for both postures. This means that the factor that caused
the _VO max

2 decrease supine (muscle hypotrophy, according to Ferretti and Capelli
(2009) after bed rest acted by the same extent also in the upright posture. This factor
is independent of the acute postural change. According to Bringard et al. (2010), the
vertical distance between the filled symbols and the reference line represents the
effects of the change in Rp on _VO2

max.
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Fig. 7.11 Graphical representation of the effects of bed rest and of aerobic training on maximal
oxygen consumption within Wagner’s model. Oxygen uptake ( _VO2 ) is plotted as a function of
femoral venous oxygen pressure. Three convective curves (from top to bottom) and three diffusion
lines (from steepest to flattest) are reported, respectively for training, control, and bed rest.
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. From Wagner (2015), data
from Saltin et al. (1968)

The increase in Rp due to muscle hypotrophy implies a decrease in KWa in
Wagner’s model, whereas the increase in RQ generates a downward shift of the
_QaO2 point, with consequent decrease in the slope of the convective curve. This
appears clearly in the plot that Wagner (2015) constructed using the bed rest data of
Saltin et al. (1968). These last authors investigated also the effects of aerobic
training. Wagner (2015) plotted also these data on the same Figure. His Figure,
reproduced here as Fig. 7.11, has therefore become a most impressive, plastic



representation of the overall adaptive response of the respiratory system after
training and bed rest. The reported changes in the convective curve and in the
diffusive line generated by training and bed rest are the consequence, respectively,
of a consensual decrease or increase of Rp and RQ. Their ratio to RT remains
unchanged, so that FQ = 0.7 in all cases.
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7.12 Conclusions

Although in the times of Margaria the School of Milano contributed less to our
understanding of _VO max

2 than other major schools, especially the Scandinavian,
nevertheless it generated the fertile cultural environment into which the multifacto-
rial models of _VO max

2 limitation were created. This is a fundamental achievement of
the School of Milano in the last forty years of research on the subject of _VO max

2
limitation. The authors of this chapter played a key role in this story, especially in
theoretical analysis, but the significant contributions of Guglielmo Antonutto, Carlo
Capelli and Fabio Esposito in the experimental part of the story is also to be
acknowledged. Paolo Cerretelli and his pupil Claudio Marconi had very important
roles in altitude studies on _VO max

2 . Of the younger fellows, also Alessandra Adami,
who trained with Capelli in Verona and Ferretti in Geneva, and now is in the USA,
Aurélien Bringard and Frédéric Lador from Geneva, Silvia Pogliaghi from Verona,
Enrico Tam, who trained in Udine with di Prampero and then followed Capelli to
Verona, deserve a mention for their roles in this story. These achievements, how-
ever, would have been impossible without the strong relationships with the physi-
ological Schools of Göttingen, and with the anatomical school of Bern.

Peter Wagner followed different pathways, yet he acknowledges his debt to
Johannes Piiper and the School of Göttingen for the diffusion–perfusion interaction
equations. To our mind, he was influenced, at least in part, also by Milano, under
several respects. But he does not acknowledge this in written texts and is reticent to
cite the relative works. Three major theoretical papers were published in the last
eight years on _VO max

2 limitation (Ferretti 2014; Wagner 2015; Wagner 2017).
Ferretti dedicated an entire section of his review to analyze Wagner’s model
critically. Wagner, although he is certainly aware of the contributions of the School
of Milano to the subjects of _VO max

2 limitation and of the effects of altitude and bed
rest on _VO max

2 , simply neglected that work. A portrait of Wagner, di Prampero and
Ferretti at a meeting of the Italian Physiological Society in Sorrento, Italy, in 2011
appears in Fig. 7.12.
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Fig. 7.12 From left to right, Peter Wagner, Fabio Benfenati (then President of the Italian Physi-
ological Society, current President of the European Federation of Physiological Societies), 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 _VO max

2
limitation. Picture taken at the 62° annual meeting of the Italian Physiological Society, which took
place in Sorrento, Italy, on September 25–27, 2011. With the kind permission of Guido Ferretti
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Chapter 8
Respiratory Mechanics

Giuseppe Miserocchi

Abstract A rising interest focusing on respiratory mechanics developed around
1950, in particular the link with muscular energetics was quite attractive; this led to
the estimate of the mechanical work of breathing and the corresponding energy cost
in order to match the metabolic requirement. A full analysis of the statics of the
respiratory system was performed thanks to the refined technique of esophageal
recording. The concept of mechanical stability and interdependence was developed
considering the differences in alveolar size. Moreover, the relationship between
pattern of breathing and ventilation was analyzed. Further, pleural space mechanics,
lubrication, and fluid dynamics were described. A model was developed concerning
the role of pleural lymphatics to maintain a sub-atmospheric pressure in the pleural
cavity. The effect of changing shape of the chest by changing the effect of gravity or
increasing the pressure during water immersion was another theme of research.
Other topics in applied respiratory physiology included the development of a method
to estimate the mechanical properties of the lung during mechanical ventilation, the
development of tests of pulmonary function to estimate the efficiency of the respi-
ratory muscles and air flow limitation in the small airways leading to the concept of
“closing volume.”
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The human thorax by Michelangelo Buonarroti. Airways branching has been added to highlight
chest wall-mechanical interaction. Interpretation by Giuseppe Miserocchi

8.1 Introduction

Chapters 8 and 9 present the work devoted to various aspects of the respiratory
function performed by three generations of researchers who, in their early years,
attended the Istituto di Fisiologia Umana of the University of Milano. Below the
name of Rodolfo Margaria, we report here, ordered by birth date, the names of the
researchers, who brought their contribution, as well as that of their own research
groups, to developing knowledge in respiratory physiology and pathophysiology in
Italy and abroad. Results are presented under several headings to include the wide
span of interconnected research interests concerning the respiratory function.



Rodolfo Margaria, Head of the Istituto di Fisiologia Umana from 1938 up to 1977
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Eloisa Milla, University of Milano, Italy
Giacomo Meschia, University of Colorado, Denver, USA
Ivo Setnikar, University of Milano, Italy
Emilio Agostoni, University of Milano, Italy
Joseph Milic-Emili, McGill University, Montreal, Canada
Giovanni A. Cavagna, University of Milano, Italy
Giuseppe Sant’Ambrogio, University of Texas, Medical Branch, Galveston, USA
Edgardo D’Angelo, University of Milano, Italy
Giuseppe Miserocchi, McGill University, University of Milano Bicocca
Enrico Mario Camporesi, University of South Florida, Tampa, USA
Jacopo Mortola, McGill University, Montreal, Canada
Luciano Zocchi, University of Milano, Italy
Daniela Negrini, University of Insubria, Varese, Italy.

8.2 The Link of Respiratory Physiology to Muscle
Energetics

The interest to respiratory physiology rose high in the USA since 1940 and a
considerable amount of staminal papers were published on this topic (Rahn et al.
1946; Otis and Proctor 1948; Otis et al. 1947, 1950; Farhi et al. 1957).

This interest crossed the ocean and was caught by Rodolfo Margaria and his
pupils. Eloisa Milla (Fig. 8.1), the only lady of the group, who was in her forties at
the time, drew the interest of young researchers to developing knowledge in respi-
ratory physiology, in particular mechanics (Milla et al. 1952). Results from this
preliminary study led to interpret the shape of the volume–pressure curve of the lung
as being due to an elastic structure contained in a semi-rigid net (Setnikar and
Meschia 1954; Setnikar 1955).

The link of respiratory physiology to muscular energetics was obviously quite
attractive for people “breathing” at the Istituto di Fisiologia Umana of University of
Milano: in fact, a key issue was the estimate of the work of breathing required to
match the metabolic requirement, in particular when the oxygen demand was
increased. Margaria went to estimate the mechanical work of breathing (Margaria
et al. 1960). The brilliant conclusion of the study was that the maximum pulmonary
ventilation useful to match the external work is attained when the energy cost of
breathing, due to any additional unit of air ventilated (dWre/dV), equals the addi-
tional energy provided by the same change in ventilation (dWtot/dV ), i.e. when dWre/
dV = dWtot/dV. At the maximal values of ventilation attained during exercise, the
mechanical work of breathing amounts to about 100–120 cal min-1 (7.0–8.4 W).

Emilio Agostoni (1929–2021) visited Rochester-Buffalo in the late 1950s and
early 1960s, and went in contact with Wallace Fenn (1893–1971), who had strong
relations with Margaria, and Hermann Rahn (1912–1990), with whom he published



papers on respiratory mechanics and the role of respiratory muscles. Visiting Buffalo
continued over the years to include Cerretelli, di Prampero, Veicsteinas, Ferretti,
Capelli, Zamparo, amongst others. Joseph Milic-Emili (1931–2022), a brilliant
student who graduated in Milano, following the suggestion of Jere Mead
(1920–2009) from Harvard, Boston, based on previous work (Mead and
Whittenberger 1953; Mead et al. 1955), brought a mighty contribution to respiratory
mechanics by developing the technique allowing to derive pleural pressure from
esophageal recording (Petit and Milic-Emili 1958; Milic-Emili and Petit 1959;
Milic-Emili et al. 1964a), an idea actually proposed 70 years before by Luciani
(1879). This tool gave rise to a myriad of papers dealing with lung functional
evaluation in health and disease. Milic-Emili, together with Peter Macklem
(1931–2011), also pupil of Jere Mead, brought their knowledge to McGill University
(Montreal) and created an internationally renowned center for respiratory mechanics.
Giuseppe Miserocchi joined the group at McGill in the 1970s for about 4 years to
develop a new field of research, namely the functional link between lung mechanics
and fluid balance. Miserocchi was appointed as an Associate Professor at McGill
University, a position, which he left on returning to University Milano Bicocca, and
was subsequently taken by Jacopo Mortola, another Milano’s pupil.
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Fig. 8.1 Rodolfo Margaria
and Eloisa Milla around
1954. With the kind
permission of Giuseppe
Miserocchi



8 Respiratory Mechanics 263

8.3 Pressure, Volumes, and Mechanical Stability
of the Alveoli

The Swiss physiologist Fritz Rohrer (1888–1926) developed a thorough and quan-
titative analysis of respiratory mechanics (Rohrer 1916). He considered the elastic
forces required to move the respiratory system and those resulting from gas flow
resistance and frictional resistance within the lung parenchyma and the surrounding
tissues. He also considered of negligible magnitude, in physiological conditions, the
forces relating to acceleration of mass. Under conditions of steady volume, only
elastic forces would be present; he could then partition the elastic properties of lungs
and chest wall and the resulting elastic properties of the whole respiratory system.

About 40 years later, a full analysis of the statics of respiratory system was
performed by Agostoni and Mead (1964). Figure 8.2 presents the volume–pressure
curves for the lung, the chest wall and for the overall respiratory system referring to
upright and supine posture. All pressures are reported as difference relative to
atmospheric.

The mechanical coupling between the chest wall and the lung was defined
considering that the overall elastic recoil pressure of the respiratory system (Prs) is
given by the sum of the elastic recoil of the lung (PL) plus that of the chest wall
(Pcw), thus:

PL þ Pcw =Prs ð8:1Þ

The graphs allow estimating which alveolar pressures (Palv) are required to move
the respiratory system based on the relationship:

Fig. 8.2 Pressure–volume curves of the lung (PL), of the chest wall (Pcw), and of the respiratory
system (Prs) in upright (left) and supine (right) posture. The resting point of the respiratory system is
indicated by a black dot in both graphs. On the right, the partitioning between PL and Pcw is shown
at a lung volume of 4 L for an alveolar pressure, Palv, of ~25 cmH2O. From Agostoni and Mead
(1964)
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Palv =Prs =PL þ Pcw ð8:2Þ

Partitioning between PL and Pcw was made possible by inserting a further
variable, namely intrapleural pressure (commonly referred to as Ppl), reflecting the
reciprocal elastic interaction between the lung and the chest wall. Ppl was derived
from the esophageal pressure (Milic-Emili et al. 1964a, b). Knowing Ppl, we can
define PL as:

PL =Palv -Ppl ð8:3Þ

and substituting in Eq. (8.2), one can derive Pcw as:

Pcw =Ppl ð8:4Þ

As an example, wishing to inflate the lungs of an anesthetized paralyzed subject
up to 4 L (consider the graph on the right), the required alveolar pressure is
~25 cmH2O (blue dashed line and dot). At this value of Palv, the relative values of
PL and Pcw are indicated by the red and orange dots, respectively.

An important point in both graphs is the one indicated by a black dot, since, at this
volume, one has:

Palv =PL þ Pcw =Prs = 0 ð8:5Þ

This point corresponds, on mechanical basis, to the resting point of the respiratory
system (also named as functional respiratory capacity, FRC) as the inward pull of the
lung is exactly balanced by the outward pull of the chest wall. The concept that at
FRC the lung and the chest wall pull in opposite directions had already been made
clear by Franciscus Donders (1818–1889) (Donders 1853). Note that the resting
point in supine posture is lowered remarkably relative to upright posture (from ~35
down to ~20% of vital capacity), reflecting a change in the thoraco-abdominal
interaction in this posture.

An important corollary of the mechanical coupling is based on the definition of
compliance (C) given by:

C=
ΔV
ΔP

ð8:6Þ

Defining compliances of the lung, the chest wall, and the total respiratory system
(CL, Ccw, and Crs, respectively), one has:

1
Crs

=
1
CL

þ 1
Ccw

ð8:7Þ

Hundreds of papers have been published since the fundamental article by
Agostoni and Mead (1964) relying on the measurement of esophageal pressure.



The technique of esophageal recording has been widely used and scientific interests
continued until recently, pivoting on the debate about advantages and possible
drawbacks (Akoumianaki et al. 2014).
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A lot of interest focused on the quantification of the so-called heterogeneity index
of lung expansion, considered as a helpful index to assess different stages of lung
disease. Intense research efforts aimed at developing precise imaging of lung
volumes via either invasive or minimally invasive methods in diseased lungs
(Coxson et al. 1995; Salito et al. 2011).

The problem of mechanical stability of alveoli was an important issue concerning
the efficiency of ventilation. On mechanical basis, the total alveolar distending
pressure (Pd) can be defined as

Pd =Pel þ Pγ ð8:8Þ

where Pel is the elastic recoil pressure and Pγ is the pressure reflecting the surface
tension. For mechanical stability, Pd should be the same for adjacent alveoli.
However, it was difficult to understand how could the alveolar equilibrium being
considered stable, given the fact that alveoli in parallel differ in size and both elastic
and surface forces change on changing lung volume. The heterogeneity of the
mechanical properties of the alveoli still represents a real problem, aiming to
frame the difference in elastic and surface forces within a stable model of inter-
dependent units (Bates and Suki 2008).

Miserocchi’s group, in collaboration with the Department of Biomedical Engi-
neering of the Politecnico di Milano, afforded this problem by developing an
experimental approach to estimate the distribution of alveolar mechanical properties
based on a morpho-functional analysis of transpleural alveolar imaging on changing
lung volume. It was found that absolute alveolar compliance was significantly lower
in smaller compared to larger alveoli. However, specific compliance, obtained by
normalizing absolute compliance to alveolar volume, varied much less. It was
concluded that the relative constancy of specific compliance might contribute to
reduce inter-regional differences in parenchymal and surface forces in the lung by
contributing to assure a uniform stretching in a model of mechanically inter-
dependent alveoli (Salito et al. 2014).

Further, considering three different scale levels of lung imaging, from single
alveoli, to small cluster of alveoli (10–20 alveoli) and to larger cluster of alveoli
(30–40 alveoli), it was found that the heterogeneity of alveolar size, and of
corresponding mechanical behavior, was homogenously distributed on increasing
scale level, suggesting a substantially homogenous mechanical behavior by extrap-
olating to the whole lung (Mazzuca et al. 2014). A further study went to investigate
the nature of alveolar mechanical interdependence after having purposefully dis-
turbed the equilibrium condition by administering exogenous surfactant in physio-
logical non-surfactant deprived conditions (Salito et al. 2015). Surfactant instillation
increased up to�50% the surface area of alveoli smaller than 20,000 μm2, reflecting
a lowering of surface tension due to local surfactant enrichment. Conversely, the



surface area of adjacent alveoli greater than 20,000 μm2, decreased by �5%.
Opposite changes in alveolar surface suggest a decrease in the tethering effect
exerted by the smaller alveoli on the larger ones. Accordingly, surfactant delivery
helps reduce the heterogeneity in alveolar mechanical interdependence. This point
has been recently reconsidered, as in severe lung inflammation with surfactant
deficiency, microatelectasis results in distortion and overdistension of adjacent
alveoli. Exogenous surfactant delivery proved indeed to reduce alveolar stress
heterogeneity (Knudsen et al. 2018), thus preventing the spreading of lung lesion
on cyclic recruitment/de-recruitment of the alveoli (Bates et al. 2020).
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A further interesting point was raised by Cavagna et al. (1967), who showed that
alveoli can resist to atelectasis on decreasing lung volume; the finding led to
hypothesize the existence of an intrinsic alveolar structural support preventing
alveolar collapse.

8.4 The Function of the Respiratory Muscles

Agostoni extensively studied the role of the diaphragm, the main respiratory muscle.
The contraction of the diaphragm lowers pleural pressure and thus gives rise to
inspiration. Agostoni analyzed the thoraco-abdominal interaction by relating abdom-
inal to thoracic pressures when the diaphragm contracts (Agostoni and Rahn 1960);
he further provided a graphical analysis of the mechanical contribution of the
abdominal and thoracic components during different kinds of breathing cycles
(Agostoni 1961). Further, the relationship of the electrical activity of the diaphragm
with the increase in transdiaphragmatic pressure was also described (Agostoni et al.
1960). Based on thoraco-abdominal functional interaction, Agostoni also analyzed
the distribution of forces generating a deformation of the rib cage (Agostoni et al.
1966b). Agostoni also went to study the onset of diaphragmatic activity that spon-
taneously arises during breath holding on approaching the breaking point of the
apnea (Agostoni 1963). The interesting hypothesis from this study was that the onset
of the diaphragm activity corresponds indeed to the onset of the so-called desire to
breath.

A further study aimed at evaluating the role of the shortening of the expiratory
muscle as a limiting factor to expiratory flow; the conclusion was that air flow is
limited by the rate with which the muscles are able to mobilize chemical potential
energy for the performance of work (Agostoni and Fenn 1960). Another interesting
study was to compare the mechanical features of the respiratory system among
mammals (Agostoni et al. 1959). It was found that the lung-thorax compliance,
normalized to unit body weight and to unit of vital capacity, varied among species,
yet, the pressure required for a normal inspiration was similar. It was also found that
animals having a lower respiratory frequency have a larger FRC. This led to
hypothesize that this feature would allow smaller changes in the composition of
the alveolar air when the breathing cycle is longer. The interesting point also was



that, from the relationship between work of breathing and breathing frequency, the
frequency typical of each animal corresponded to the minimum work.
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Fig. 8.3 Correlation between ventilation ( _VE) and tidal volume in one patient during incremental
test before (closed symbols) and after (open symbols) training program. The figure reports
iso-respiratory rate (dashed lines) and iso-inspiratory elastic power (continuous lines, _wel ). From
Passoni et al. (2015)

One year later, Mead took this point again and published a paper (Mead 1960)
showing that there is indeed a particular frequency corresponding to a least costly
work of breathing, stressing the point that inspiratory muscles work increases with
tidal volume to the second power. Moreover, he demonstrated that the pattern of
breathing is spontaneously chosen at rest and during exercise and hypothesized that
the pattern of breathing would be controlled by neuronal afferents from lung
receptors (a point dealt with in Sect. 9.3). A further analysis was carried in patients
affected by metabolic syndrome (Passoni et al. 2015) undergoing a tailored exercise
program.

Figure 8.3 shows that training (open symbols) induced a change in breathing
pattern implying a larger contribution of respiratory rate (dashed lines), at the
expense of tidal volume during exercise hyperventilation, resulting in a decrease
of inspiratory power output (continuous lines) and in a decrease in the perceived
fatigue index.

Further, an elegant study was published (Pengelly et al. 1971) on a specific
functional feature of the respiratory machine by imposing sudden resistive loads to
the system during the inspiratory activity. The mechanical interpretation of the



results was based on the notion that, on mechanical ground, a constant flow source
with high internal impedance is relatively insensitive to external loading. The results
suggested indeed that, when the diaphragm contracts on inspiration, the internal
impedance of the respiratory system is large enough to maintain ventilation, being
relatively insensitive to external applied resistive loads that hinder the inspiratory
action. This feature was attributed, at least in part, to the force–length and force–
velocity relationships of the respiratory muscles.
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An interesting point was also reported by Aliverti et al. (2011) by comparing the
rate of perceived exertion (RPE) for respiratory and leg muscles to their specific
power outputs at sea level and high altitude (4559 m). At altitude, ventilation was
increased at any leg power output by �50%, however, for any given ventilation,
breathing pattern was unchanged in terms of tidal volume, respiratory rate, and
operational volumes and further RPE of respiratory muscles scaled uniquely with
total respiratory power output, irrespectively of being at sea level or at altitude.
Conversely, RPE of legs was exacerbated at altitude for any leg power output. The
interesting conclusion was that RPE for respiratory muscles uniquely relates to
respiratory power output, while RPE for legs varies depending on muscle metabolic
conditions.

8.5 The Pressure Surrounding the Lung: Pleural Space
Mechanics, Fluid Dynamics, and Lubrication

In 1900, Johannes Pieter Van der Brugh (1865–1944) developed a method to
measure local intrapleural pressure from a small pneumothorax (Van der Brugh
1900) and in the same year, Aron (1900) measured pleural pressure in his compliant
house servant with a liquid filled system: the latter measurements were more
sub-atmospheric than the former. Conceptually, the measurement of Van der
Brugh reflected the pressure generated by the opposing elastic recoil of the chest
and the lung; conversely, the measurement of Aron referred to the pressure of the
pleural fluid. Such difference represented the basis of a staminal work aimed at
considering the mechanism responsible for keeping the lung expanded in the chest;
in fact, Setnikar and colleagues went to explore the origin the sub-atmospheric
pleural liquid pressure (Setnikar et al. 1955). Figure 8.4 shows the original graph
that gave birth to a brilliant hypothesis (Setnikar et al. 1957): the two recordings
from their paper refer to pleural liquid pressure measured at a high (cannula
superiore—upper cannula) and at a low point (cannula inferiore—lower cannula)
in the chest: pressure was definitely more negative at the upper cannula. Note that the
liquid pressure became largely less sub-atmospheric at both levels following
repeated injections of quite small amounts of saline. The conclusions of the study
were that (1) a gravity dependent hydraulic gradient is acting on pleural fluid; (2) the
pleural liquid pressure is more sub-atmospheric than what could be expected from
the lung recoil pressures, as the injected volumes were too small to be explained by a



change in the elastic recoil of the lung and the chest wall. The next step was to
understand which mechanism could generate a rather sub-atmospheric pleural liquid
pressure.
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Fig. 8.4 Original recordings of intrapleural pressure. The remarkable change in pressure (becom-
ing less sub-atmospheric) at two heights in the cavity after injection of tiny amounts of saline
solution led to hypothesize that pleural liquid pressure cannot be explained by a corresponding
change in lung elastic recoil. (cannula superiore—upper cannula), (cannula inferiore—lower
cannula). From Setnikar et al. (1957)

The hypothesis was put forward that the negative pressure would result from fluid
absorption through the visceral pleura via a Starling dependent pressure gradient
considering that plasma colloido-osmotic pressure exceeds pulmonary capillary
pressure. Accordingly, an osmometer was devised to estimate such absorption
pressure (Agostoni et al. 1957): the straightforward conclusion was that the negative
pressure of the pleural fluid could indeed be attributed to a Starling dependent
mechanism. This paper stated the important point that the resultant force of the
reabsorption mechanism is higher than the elastic retraction force of the lung,
accordingly, pleural liquid pressure is more sub-atmospheric that that generated by
the opposite recoil of the lung and the chest wall. Thus, lung expansion in the chest is
not the cause of a negative pleural liquid pressure but rather the consequence of the
mechanism setting liquid pressure.

Some 40 years later, Miserocchi’s group went to explore the role of lymphatics in
the pleural fluid turnover that had not been considered at the time. The evidences
suggesting this line of research were based on the following data:

– The ability of lymphatics to generate a sub-atmospheric pressure compatible with
that found in the pleural space (Miserocchi et al. 1989)
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– An incredible richness of lymphatics on the diaphragmatic surface and on the
mediastinal region (Negrini et al. 1991, 1992)

– The existence of intrapleural flows toward regions rich in lymphatics (Miserocchi
et al. 1984, 1986, 1988, 1992; Negrini et al. 1985)

– The fact that the rate of reabsorption of the pleural fluid is relatively independent
of its protein concentration (Miserocchi and Negrini 1986).

Interestingly, pleural surfaces are quite irregular and further are coated by a dense
mesh of microvilli protruding from the mesothelial cells; accordingly, intrapleural
flows were considered as occurring in a porous medium down the existing hydraulic
pressure gradients. The database for the analysis was represented by the intrapleural
translocation of technetium-labeled albumin. The model was based on the Kozeny–
Carman equation that describes the mean flow velocity as a function of the pressure
gradient, the viscosity of fluid, and the mean hydraulic radius of the channels.
Solution of the Kozeny–Carman equation yielded a mean hydraulic radius of the
flow pathways in the pleural space in the range 2–4 μm. The corresponding hydraulic
resistivity was estimated to be at least five orders of magnitude lower than that of
interstitial tissue (Miserocchi et al. 1992). A model of pleural fluid turnover was also
developed to describe the intrapleural fluid dynamics as detailed in Fig. 8.5. On the
left, the polarization of filtration (white arrows), intrapleural flows (gray arrows), and
drainage (black arrows) are shown (Miserocchi 2009). On the right, the features of
the control of pleural liquid volume operated by lymphatics (Miserocchi et al. 1993).

The differential equations defining flows allowed to estimate that the “set point”
of pleural liquid pressure under steady-state condition corresponds to a minimum
volume of pleural fluid. Lymphatics act as an efficient negative feedback system to
regulate pleural fluid dynamics through two mechanisms: (1) they can set a rather
sub-atmospheric pressure thanks to their powerful draining action and (2) they can
markedly increase draining flow to offset an increase in pleural liquid filtration thus
avoiding an increase in liquid volume. Defining lymph flow as Jl, the lymphatic
conductance Kl and pleural liquid pressure Pliq, the following equation holds:

ΔJl =Kl ΔPliq ð8:9Þ

where from the “gain” of the lymphatic control system can be defined as:

ΔJl
ΔPliq

=Kl ð8:10Þ

As long as lymphatics can increase draining flow up to the maximum to face an
increase in Pliq, the ratio ΔJl/ΔPliq remains equal to the lymphatic conductance Kl

that is largely exceeding the filtration coefficient of the pleurae. Accordingly, the
“gain” of the lymphatic draining system appears quite high for the task to keep
pleural liquid volume close to the minimum (Miserocchi et al. 1993; Miserocchi
2009).
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Fig. 8.5 Left. Polarization of pleural fluid filtration (white arrows), lymphatic drainage (black
arrows), and intrapleural fluxes (gray arrows). From Miserocchi (2009). Right. Features of the
control of pleural fluid volume (on the ordinate) operated by lymphatic drainage on increasing
pleural fluid filtration. For a 10-fold increase in filtration rate, the volume of pleural fluid would not
even double (point B, relative to point A) thanks to the increase in lymphatic flow. The chequered
area delimited by A, B, C defines the extension of the efficiency of lymphatics to control pleural
liquid volume. The increase in filtration rate coupled with a restriction of maximum lymphatic flow
nullifies the control on pleural liquid volume (point D). From Miserocchi et al. (1993)

Figure 8.5 right shows a sensitivity analysis to describe the features of the
lymphatic control. Point A corresponds to the physiological condition. The ordinate
shows that pleural liquid volume would not even be doubled for a 10 times increase
in filtration (point B). Lymphatic can still provide an efficient drainage even if their
maximum draining capacity is limited to 1/10 of normal (point C). Outside the
chequered area (point D) no lymphatic control is operating. A limitation in maxi-
mum lymph flow coupled with an increase in filtration rate lead to pleural effusion
(Miserocchi 1997).

Evidence has been reported that reabsorption of pleural fluid may also occur via
sodium–glucose cotransporters of mesothelial cells (Sironi et al. 2007, 2008;
Agostoni and Zocchi 2007). Furthermore, some evidence for albumin transcytosis
at pleural level has been provided (Bodega et al. 2002). In summary, three mecha-
nisms co-operate to drain pleural fluid: a Starling dependent absorption into the
pulmonary capillaries, lymphatic flow and an active absorption via sodium–glucose
cotransporters. One shall note that the three outflow pathways are placed in parallel;
accordingly, their relative contribution ought to be proportional to the corresponding
conductance; in this respect, the conductance of lymphatics is by and large the
highest of the three.
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It is important to recall here that, concerning the transcapillary fluid exchanges
based on the Starling equilibrium, a strong revision was underway, based on
differences between water and solute permeability (Kedem and Katchalsky 1958)
across semi-permeable barriers. The solute flow is in fact a complex function
accounting for the difference in flow velocity for solvent (water) and solute (pro-
teins) across the endothelial wall (Patlak et al. 1963). Based only on Starling fluid
exchanges, it became quite difficult to define steady-state conditions with different
morpho-functional features of the membranes. Further studies also revealed the
difficulty for water exchanges to occur across the capillary wall, despite the existence
of a hydraulic-colloido-osmotic gradient, due to the presence of an intact glycocalyx,
a layer of glycosaminoglycans, ~0.5 μm thick, coating the luminal endothelial
surface keeping microvascular permeability very low (Vink and Duling 1996).
Both experimental data and theoretical models found that reabsorption of fluid
back into capillaries can only be a transient phenomenon limited by the colloido-
osmotic gradient forming along the glycocalyx of the endothelial clefts (Michel and
Curry 1999). Interestingly, different groups of researchers, independently from each
other, reached the same functional conclusion concerning a model for control of
extravascular water, that is: capillary filtration depends on Starling forces, but this
mechanism can hardly contribute to fluid reabsorption, the latter mainly occurring
via lymphatics (Michel 1980; Levick 1991; Miserocchi et al. 1993).

Based on the fact that the opposing visceral and parietal pleura must touch each
other and actually press one against the other, due to the negative pleural liquid
pressure, a consideration was given to the friction and lubrication concerning the
reciprocal movement of these surfaces. The hypothesis was then put forward that
reducing friction in a cavity with negative pressure would be provided if the
lubricant were directly adsorbed onto the pleural surfaces. Hills et al. (1982)
postulated that such a system would conform to the concept of “boundary” lubrica-
tion, which, according to standard lubrication theory, is much more appropriate for
slowly moving surfaces than hydrodynamic lubrication which is always associated
with surfaces moving at high relative speeds.

Figure 8.6 is the original schema from the paper by Hills et al. (1982) for
“boundary” lubrication, showing the adsorption of surfactant molecules to the
mesothelium by means of a polar group at one end, leaving the hydrophobic tails
at the other end orientated outward and free to engage those on the opposite surface.
It is clear that charges of opposing sign are facing each other, thus avoiding real
mechanical contact thus favoring sliding. At the time, the lubricating capability of
the pleural extracts was tested with a standard industrial method of assessing
boundary lubricants and the coefficient of kinetic friction (μ) was not directly
measured but derived mathematically and estimated at about 0.35.

In a second paper (Hills and Brian 1992), electron microscopy revealed about
10 layers of surface active phospholipids stratified over the mesothelial membrane,
so that the a graphite-like oligo-lamellar lubrication system was proposed
representing an excellent anti-wear system.
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Fig. 8.6 Original model of “boundary” lubrication at pleural level proposed by Hills et al. (1982).
Surfactant molecules adsorbed on the visceral and parietal mesothelial surfaces are facing through
hydrophobic tails repulsing each other. From Miserocchi (2009)

Values of coefficient of friction μ were directly measured with an experimental
set-up and this time ranged 0.05–0.06 fully consistent with boundary lubrication and
about one order of magnitude lower than the previously estimated one. The problem
of pleural lubrication was reconsidered by D’Angelo et al. (2004), who performed
careful measurements of μ in vitro for rabbit’s visceral pleura sliding against the
parietal pleura. Oscillating at physiological velocities and amplitudes under physi-
ological normal forces, μ averaged 0.02 with pleural liquid as lubricant.

A further interesting finding from this work was that gentle application of filter
paper on pleural surface increased the coefficient of friction �10-fold irreversibly,
suggesting alteration of the mesothelia: the simple message being the integrity of the
mesothelium is a quite delicate affair! It is worth recalling that mesothelia display a
thick layer of microvilli coated by the surfactant active molecules. In a further study,
Pecchiari et al. (2016) found no correlation between μ and the features of the
microvillar network (density, length, height). The author’s interpretation was that
the maximal lubricant effect is already reached with the amount of lubricants
corresponding to the lowest microvilli density, the excess representing a “functional
reserve” in case of increased consumption as, for example, during hyperventilation.
In summary, pleural lubricant system appears well designed for its job. In fact,
interference with the physiological sliding may represent a causative factor for
potency to develop mesothelioma, in particular considering ultrafine amphibole
fibers from asbestos (Miserocchi et al. 2008; Wylie et al. 2020).
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8.6 Mechanism of Action of Pleural Lymphatics

Negrini’s group provided an important contribution to the physiology of the lym-
phatics deploying an extensive use of innovative experimental techniques, imaging,
and modeling. Mostly pleural lymphatics of the diaphragm were studied thanks to a
relatively easier access and the possibility to relate their functional features with
respiratory mechanics. These studies convincingly described the mechanisms by
which the lymphatic system can control fluid volume and solute homeostasis. The
hierarchal organization of the lymphatic network was described as a complex 3D
mesh starting with the stomata directly opening on the pleural cavity, the
submesothelial lacunae, the lymphatic vessels running through the muscular/tendi-
nous fibers, the so-called loops preferentially located in the peripheral ventrolateral
regions of the diaphragm, and finally the lymphatic collectors as well as the extended
system of unidirectional valves along the network (Negrini et al. 1991, 1992;
Grimaldi et al. 2006; Moriondo et al. 2008). Pressure gradients sustaining flows in
the initial lymphatics were directly measured with the micropuncture technique and
specifically related to the effect of tissue motion and muscle contraction (Negrini
et al. 2004; Moriondo et al. 2005). The 3D arrangement of the diaphragmatic
lymphatic network was considered as being finalized to efficiently exploit the
stresses exerted by the contracting muscles on the surface of the lymphatic channels
in order to promote lymph formation and its propulsion toward the deeper vessels
(Moriondo et al. 2015). Knowledge of pressure gradients and estimated compliance
values allowed full description of the mechanical features of the lymphatic walls
(strain, stress, and elastic modulus) in relation of location of the channels in the
network. A finite-element analysis (Moriondo et al. 2010) allowed characterization
of three types of lymphatic conduits, as shown in Fig. 8.7: superficial channels with
high compliance (Fig. 8.7a, left) which serve as distensible reservoirs for drained
fluid; intermediate channels (Fig. 8.7b, left) subject to higher stress; deeper, stiffer
lymphatics (Fig. 8.7c, left) with lower stress at the wall that guarantee a fast and

Fig. 8.7 (a, b, c, d): finite-element analysis for structural–mechanical characterization of diaphrag-
matic lymphatic channels (from Moriondo et al. 2010). (e) confocal image showing progression of
FITC-dextran in a lymphatic loop. From Moriondo et al. (2013)



efficient transmission of tissue forces to the vessel lumen promoting lymph propul-
sion. Figure 8.7d shows the location of the lymphatic channels within the diaphragm.
A novel and peculiar form of lymphatic network was also described and defined as
“lymphatic loop” (Fig. 8.7e), whose function would be that of favoring lymph flow
in regions where tissue movements are minimal as, for example, at the periphery of
the diaphragm.
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Lymph propulsion is also aided by spontaneous contractility. Negrini’s work
helped clarify the molecular machinery of muscle cells in the most peripheral
diaphragmatic lymphatics which exhibit spontaneous contraction (Negrini et al.
2016). The ability to self-depolarize is related to sodium currents mediated by
hyperpolarization-activated cyclic nucleotide-gated channels, similarly to what
occurs in myocardial tissues. Other segments of the lymphatics are stretch-activated
by the arrival of the fluid. Cross-correlation analysis also showed that the change in
vessel diameter occurring in a spontaneously contracting site can also propagate to
the stretch-activated segments. Hyposmolarity induces an early increase in pace-
maker activity while, hyperosmotic conditions always decrease the frequency of
lymphatic contraction (Solari et al. 2018). Further, a modulation was described in
response to increasing temperature, due to the presence of specific temperature
sensitive channels (Solari et al. 2017, 2020). It is noteworthy that in all of cases
studied of lymphatic flow modulation, this occurred through a change in pacemaker
activity, without any inotropic effect.

8.7 The Effect of Gravity on the Respiratory Function

The gravity dependence of several aspects of the respiratory function was the object
of important and experimentally quite sophisticated approaches, particularly with
reference to regional distribution in the lung of ventilation–perfusion. Further, no
direct information were available concerning the air distribution in the alveolar
compartment. Milic-Emili, relying on the use of Xenon 133, either delivered through
inspiration or injected in the blood, detected the regional activity of Xenon 133 with
scintillation counters placed on the chest. He was then able to provide a lucid and
unsurpassed contribution to describe the regional subdivisions of lung volume as a
function of gravity (Milic-Emili et al. 1966). A well-known figure from this paper,
showing the gravity dependent regional distribution of lung volumes in the lung in
head up posture, is shown in Fig. 8.8. The same experimental approach carried on
obese patients revealed significant abnormality bearing a close relationship with the
reduction in expiratory reserve volume due to the abnormal weight acting on the
chest (Holley et al. 1967). A further contribution showed that pulmonary ventilation
and perfusion were greater in the more dependent zones compared to the less
dependent zones in all postures (Kaneko et al. 1966).

The gravity dependence of the ventilation and perfusion was confirmed by
exposing subjects to increased positive acceleration on a human centrifuge. The



interesting hypothesis was also put forward that in weightlessness the regional lung
volumes and ventilation distribution should be uniform (Bryan et al. 1966).
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Fig. 8.8 Regional lung volume as a function of lung height. From Milic-Emili et al. (1966)

The effect of changing gravity on mechanical respiratory statics was also evalu-
ated in a project funded to Bicocca University by the European Space Agency and
Agenzia Spaziale Italiana (1995–2000). Results were obtained from parabolic flights
providing a change in Gz from 1 to 1.8 on pull up and pull out, and 0 Gz at the top of
parabola (Fig. 8.9). Results showed that, despite individual differences in respiratory
elastic properties in microgravity condition, adding the load of the gravity factor
brings the system close to its minimum compliance already at 1 Gz (Bettinelli et al.
2002a). Further, microgravity decreases the lung and the chest wall recoil pressures
by removing the distortion of lung parenchyma and thorax induced by changing
Gz. Interestingly, exposure to hyper-gravity does not greatly affect respiratory
mechanics, confirming that mechanical distortion of the respiratory system is already
close to maximum at 1 Gz (Bettinelli et al. 2002b).

Finally, the results revealed a remarkable feature in the mechanical arrangement
of the respiratory system as the neuromuscular respiratory output is readjusted when
deformations are abruptly induced or removed; accordingly, the ventilatory output is
maintained with minor changes in inspiratory muscle work in face of considerable
changes in configuration and mechanical properties.

Another peculiar point is that within the normal range of tidal volume,
the changes in the lung and the chest wall elastic work are similar on changing the
gravity vector, and since the two structures operate in opposite directions, the
resultant change in respiratory work is relatively buffered (Dellacá et al. 2004).

8.8 Underwater Respiratory Physiology

This topic was afforded by Agostoni in 1966 (Agostoni et al. 1966a) who described
the mechanical consequences of having a hydrostatic gradient acting on the respira-
tory system. Research on underwater physiology was continued by Camporesi who



actually kept publishing on this topic. In 1984, Camporesi published an interesting
paper dealing with work capacity at depth (Salzano et al. 1984). He found that
moderate work was associated with alveolar hypoventilation, arterial hypercapnia,
and higher levels of arterial lactate and signs of simultaneous respiratory and
metabolic acidosis. Further, at variance with what occurs at surface, the onset of
acidemia was not accompanied by an increase of ventilation. The point was made
that an estimate of maximum work tolerance done at sea level may be an insufficient
assessment of the physiological condition of a diver exposed to these high pressures.
The pulmonary gas exchange in diving was the object of another study (Moon et al.
2009) that considered the effect of increased mechanical load due to immersion, the
increased gas density, airways resistance, and work of breathing.
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Fig. 8.9 The profile of the parabolic flight, the experimental set-up, and the floating at 0 Gz. With
the kind permission of the European Space Agency

A further study estimated the effect of pre-breathing oxygen as being more
effective to decrease air bubbles and platelet activation, to be considered therefore
beneficial in reducing the development of decompression sickness (Bosco et al.
2010). Moreover, the first measurements were also obtained of blood gases at a
depth of 40 m during a breath-hold descent in free-divers (Bosco et al. 2018a).
Further, reconsidering a critical point in scuba diving, it was confirmed that the
arterial partial pressure of oxygen reaches hazardously low values at the end of



breath-hold upon resurfacing, especially when the dive requires considerable vol-
untary effort (Bosco et al. 2020). Finally, comprehensive reviews were published
dealing with barotrauma, diving disorders (drowning, transient syncope), decom-
pression, pulmonary edema, nitrogen narcosis, oxygen toxicity, and high pressure
nervous syndrome (Bosco et al. 2018b; Paganini et al. 2022).
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8.9 Mechanical Ventilation

Mechanical ventilation is primarily grounded on respiratory mechanics. It appeared
then logic to transfer the knowledge for the assessment of lung mechanical properties
from the awake to mechanically ventilated subjects. Milic-Emili pioneered this field
and the point was made that two techniques would warrant investigation in venti-
lated adults and infants, the interrupter technique and the forced-oscillation tech-
nique (Gottfried et al. 1985; Sly et al. 1988; Milic-Emili et al. 1990).

D’Angelo’s group, in close collaboration with Milic-Emili, provided a remark-
able contribution to respiratory mechanics in anesthetized humans adopting the
methods based on rapid occlusion during constant flow inflation. Figure 8.10
shows the original records by D’Angelo et al. (1989): the case of changing flow
keeping lung volume constant (left), the case of changing volume keeping flow
constant (center), the spring-dashpot model for interpretation of respiratory mechan-
ics (right).

The respiratory system was modeled as a standard resistance (Rmin,rs) in parallel
with a standard elastance (Est,rs) and includes spring-and-dashpot bodies that repre-
sent stress adaptation units. Distance between horizontal bars is analog of lung
volume; tension between these bars is analog of pressure at airway opening. Based
on the model, it was possible to partition the total resistance of the respiratory system
into a standard resistance and a further resistive component that is an expression of
time-dependent viscoelastic behavior of the thoracic tissues. In a further paper
(D’Angelo et al. 1991), based on the same model, coefficients have been provided,
representing a useful background for predicting the contribution of viscoelastic

Fig. 8.10 Respiratory mechanics in anesthetized humans. Left: the case of changing flow keeping
lung volume constant. Middle: the case of changing volume, keeping flow constant. Right: the
spring-dashpot model for interpretation of respiratory mechanics. From D’Angelo et al. (1989)



mechanisms to frequency dependence of elastance and resistance of the lung and the
chest wall and work of breathing.
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The validity of the model was confirmed by studying the viscoelastic properties
of the respiratory system with large tidal volumes reaching an end-inspiratory
pressure up to 23 cmH2O (D’Angelo et al. 2000). Respiratory mechanics was also
studied maintaining an end-expiratory pressure (PEEP) in the range of 7–-
8 cmH2O. The results showed that the applied PEEP caused a significant decrease
in overall resistance, and in the lung and the chest wall compliance (D’Angelo et al.
1992). The problem of viscoelasticity, being responsible, in some cases, for most of
the pressure dissipated during breathing, was reconsidered by Antonaglia et al.
(2000), relying on the technique of rapid end-inspiratory airway occlusion. Direct
measurement of the viscoelastic constants of the respiratory system was performed
by an easier approach based on the analysis of only two breaths differing in a short or
prolonged inspiratory time. This method was used in normal anesthetized paralyzed
subjects and in patients with acute lung injury and proved to be of clinical utility,
allowing performance of only a few bedside measurements. Another important
contribution with major clinical implications was provided by Polese et al. (1999),
showing that the size of the endotracheal tube and the inspiratory flow waveform
must be taken into account to interpret the resistive work and thus the total work of
breathing.

In a recent review article, mostly addressed to mechanical ventilation, a detailed
analysis has been presented concerning factors that either favor or prevent lung
lesion and the development of severe edema (Beretta et al. 2021). An important point
was made concerning the repetitive lung recruitment and de-recruitment occurring
during mechanical ventilation by increasing volume above 75–80% TLC as this
generates excessive stretching of the septa determining an increase in permeability of
the endothelial and epithelial barriers. The Starling pressure gradients across the
endothelial and epithelial barriers have also been estimated in relation with lung
distending pressures currently adopted. It has been suggested that severe edema
develops down a relatively small driving pressure gradient acting over a large
surface of damaged air–blood barrier.

8.10 Test of Pulmonary Function

8.10.1 The Efficiency of the Respiratory Action

This topic proved to be very attractive to respiratory physiologists reflecting indeed
two basic problems: on one side, the fact that the available functional tests often
lacked specificity, on the other, they were unable, and still are, to catch the early
phase of progression of a disease.

Milic-Emili has always been very much interested in developing tests aiming to
evaluate the efficiency of the respiratory action. He observed that the available
methods at time were not capable of differentiating people, who will not breathe



because of central or neuromuscular inadequacy, from those who cannot breathe
because of mechanical abnormalities, such as airways obstruction and decreased
compliance of the respiratory system. In 1972, his group devised a method to
measure the so-called closing volume that is the lung volume at which the dependent
lung zones cease to ventilate presumably as a result of airway closure (McCarthy
et al. 1972). The measurement was done by a single-breath Argon bolus method for
measuring the lung volume. It was concluded that measurement of the “closing
volume” provides a test to detect small airway abnormalities much earlier than the
conventional lung function tests.
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Milic-Emili was also interested in the measurement of the pressure generated by
the muscles during inspiration, by occluding the inspiratory line with a shutter; he
considered the pressure measured at 0.1 s (known as P0.1) after the onset of
inspiration as an index of respiratory-center output. Using an animal experimental
approach, he was able to correlate P0.1 with the phrenic nerve discharge in response
to increase in respiratory drive in hypoxia and hypercapnia (Grunstein et al. 1973).
Based on these findings, he extended the technique to healthy and pneumopathic
humans (Whitelaw et al. 1975; Milic-Emili et al. 1975; Aubier et al. 1980).

The idea underlying a measurement of central respiratory output was
reconsidered 25 years later to propose a non-invasive estimate of the tension–time
index of inspiratory muscles to include P0.1; this time the technique was more
complicated requiring the measurement of esophageal and gastric pressure (Hayot
et al. 2000).

8.10.2 Flow Limitation

Milic-Emili and his group developed a method to estimate the entity of expiratory
flow limitation, the main symptom of chronic obstructive pulmonary disease
(COPD). The problem of an early diagnosis of developing COPD remains a difficult
one, as flow limitation occurs in the smallest airways that in a healthy lung provide
only about 5% of total respiratory flow resistance. Accordingly, relying on current
diagnostic methods (forced expiratory maneuver, forced expiratory volume after 1 s,
FEV1), flow limitation can be diagnosed only when a considerable share (~30%) of
small airways close down and therefore lack any preventive approach.

A relatively simple method was proposed, consisting in applying negative pres-
sure at the mouth during expiration. Patients in whom the pressure elicits an increase
in flow throughout the expiration are not flow-limited; in contrast, patients that fail to
respond with an increase in flow are flow-limited (Koulouris et al. 1997;
Boczkowski et al. 1997). The same technique was applied to compare patients
with restrictive and obstructive disorders (Baydur and Milic-Emili 1997; Murariu
et al. 1998; Kosmas et al. 2004).

D’Angelo’s group contributed to an interesting new analysis of the alveolar
pressure–flow loops obtained during inspiration and expiration by using the body
plethysmograph. On comparing healthy young and elderly people with COPD



patients, the results proved to contain potentially relevant information about the
pathophysiology of COPD, reflecting changes in mechanical heterogeneity,
recruitment/de-recruitment of lung units, and air trapping (Radovanovic et al.
2018). Expiratory flow limitation during tidal breathing is common to all COPD
patients; however, Pecchiari et al. (2020) were able to grade the severity of the flow
limitation by considering the shape of the relation between flow and volume
recorded by a plethysmograph during spontaneous breathing. Their results are
highlighted in Fig. 8.11. On the left, the records of airflow and alveolar pressure
(A and B, respectively) are used to build the flow–pressure diagram (C) that on
expiration (range of positive alveolar pressures) shows a characteristic loop reveal-
ing the presence of expiratory flow limitation. On the right, one can compare the
flow–pressure loops before and after administration of a bronchodilator
(salbutamol): in normal subjects (A) salbutamol had no effect; some COPD
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Fig. 8.11 Left: records of airflow and alveolar pressure (a and b, respectively) and flow–pressure
diagram (c), showing the expiratory loop revealing the presence of expiratory flow limitation. Right:
effect of salbutamol administration on the flow–pressure loops: no effect in normal subjects (a),
COPD flow-limited patients becoming non-flow limited (b); COPD flow-limited patients remaining
flow-limited. From Pecchiari et al. (2020)



flow-limited patients became non-flow limited after salbutamol (B); other COPD
flow-limited patients remained flow-limited after salbutamol. This approach is
obviously much more sensible to COPD diagnosis treatment compared to the
FEV1 maneuver.
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D’Angelo also went to consider the use of Helium–oxygen ventilation in case of
expiratory flow limitation. His conclusion, based on clinical data and a model study,
was that the technique is costly and cumbersome and does not appear to be beneficial
in stable COPD patients (Pecchiari et al. 2020; Brighenti et al. 2007).

Miserocchi’s group provided a contribution aiming to assess subthreshold
indexes of preclinical manifestation of developing respiratory disease, just what
current diagnostic methods fail to do.

Considering asthma, the general diagnosis of hyper-reactivity remains in general
non-specific as far as the location of the reaction is concerned. Relying on the
measurement of impedenzometric indexes, Beretta et al. (2014) were able to assess
inter-individual differences concerning the longitudinal distribution of the airways
flow resistive properties as well as the viscoelasticity of the lung tissue in response to
methacholine stimulation. This point was considered of importance as, in fact,
asthma is a complex inflammatory process affecting to a various extent both the
large airways as well as the terminal airways and the surrounding interstitial
microenvironment.
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Chapter 9
The Air–Blood Barrier

Giuseppe Miserocchi

Abstract This chapter presents an integrated view of the various functions of the
air–blood barrier considered as an interface for gas exchange. “Safety factors” are
being described allowing to exert a strict control on the amount of the extravascular
water that is kept at minimum in physiological conditions to favor oxygen uptake.
The key role of the macromolecular structure network of the lung interstitial tissue is
described to guarantee a minimal microvascular permeability; further, the role of
precapillary vasoconstriction is emphasized to avoid an increase in alveolar-capillary
pressure. The physiopathology of lung edema is described as a progressive failure of
the “safety factors” in edemagenic conditions such as exercise and exposure to
hypoxia. The kinetics of the oxygen diffusion/transport mechanism is discussed as
a function of age (fetal, neonatal, adult), oxygen demand (rest, exercise), and
development of lung edema. The inter-individual differences in the kinetics of
oxygen uptake are being correlated with morpho-functional features of the air–
blood barrier based on diffusion capacitance and extension of the capillary network.
The chapter also reports data on the reflex response to pollutants, and results from an
applied developmental project for drug uptake across the air–blood barrier via
engineered nanoparticles.
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Septa and alveoli composing the air–blood barrier. Reinterpretation by Giuseppe Miserocchi of an
original scanning by Ewald Weibel. With the kind permission of Giuseppe Miserocchi

9.1 Introduction

This chapter concerns the two other major branches of respiration physiology in
which the School of Milano played a significant role in the advancement of knowl-
edge, namely that of lung fluid balance and that of gas exchange across the air–blood
barrier. It relies largely on the work carried out by Giuseppe Miserocchi, who started
this line of investigation when he was with Jacopo Milic-Emili at McGill University,
and by his pupil Daniela Negrini. Significant contributions by Emilio Agostoni are
however to be acknowledged as well.

The understanding of microvascular fluid exchanges has an impact on the subject
of the genesis of lung edema, a physiological problem of great clinical importance.
The School of Milano generated significant knowledge on this subject as well.
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9.2 Microvascular Fluid Exchanges in the Healthy Lung

The lung is a very efficient diffuser due to its enormous surface area and extremely
thin air–blood barrier, averaging 0.2–0.3 mm; such thinness reflects the fact that the
lung is a dry organ, meaning that its water content is kept at a minimum. By
integrating experimental data of lung mechanics with microfluidics, Miserocchi’s
group developed a firm and, so far, unique theoretical framework to interpret the
control of the extravascular water in lung placed in the biological context of its
macromolecular interstitial structure. Figure 9.1 shows the complex macromolecular
mesh at the level of the gas exchange units. This includes a network of essentially
three types of molecules: (a) chemically stable and fairly resistant collagen fibers
providing mechanical support, (b) elastic fibers providing elasticity, (c) a dense mesh
of highly hydrophilic molecules, belonging to the proteoglycans family, located
within the space left free by collagen and elastic fibers.

On the whole, the interstitial compartment is a crowd assembly of heterogeneous
molecules behaving as a porous medium, through which water can circulate in
tortuous voids; water flow depends on the permeability of the medium and of the
endothelial barrier delimiting the interstitial compartment, namely the endothelium
and the epithelium. In physiological conditions, proteoglycans coating the endothe-
lial and epithelial barriers keep permeability to water very low and the amount of
extravascular water is kept at minimum (Miserocchi and Rivolta 2012). A key
mechanical variable to model lung fluid balance was the hydraulic pressure in the
lung interstitial compartment (Pip) that was measured by developing the trans-pleural
micropuncture technique, whose details are shown in Fig. 9.2. In lungs physiolog-
ically expanded in the chest wall, Pipwas found rather sub-atmospheric, averaging-
10 cmH2O (Miserocchi et al. 1990).

Fig. 9.1 The dense network of the macromolecular organization of the pulmonary interstitium.
Redrawn from Miserocchi et al. 1990
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Fig. 9.2 Technique of trans-pleural micropuncture of the lung physiologically expanded in the
chest. On the right imaging of superficial lung micro vessels and peri-microvascular interstitial
compartment where hydraulic pressure was measured. Redrawn from Miserocchi et al. 1990

Since this value implies capillary filtration down an estimated Starling pressure
gradient, it was reasoned that a sub-atmospheric pressure would result from the
balance between fluid filtration through a high resistance system (capillary wall) and
a powerful drainage through lymphatics (Miserocchi et al. 1990).

9.3 Pathophysiology of Lung Edema

Mild edemagenic conditions were experimentally created to test the resistance of the
lung to edema (Miserocchi et al. 1993; Conforti et al. 2002). Two main features were
found to control the volume of the extravascular water and allowing minimal
variations relative to the steady state value. The first concerns proteoglycans
(a key role being played by hyaluronan), which can bind excess water in the
interstitial space to form gel-like structures that cause a restrictive sieve to water
and protein movements. The other is represented by the greater steric hindrance of
gel-like structures in a rigid (high elastance) macromolecular scaffold, which leads to
a remarkable increase in Pip up to about 5 cmH2O. This pressure buffers further
filtration, so that it is called tissue safety factor against development of edema. At
this stage, the increase in lung extravascular water is kept within 10%, thanks to the
extremely low compliance of the interstitial compartment (Miserocchi et al. 1993).
As microvascular filtration is blocked, no increase in lymphatic flow is required to
face this situation (Miserocchi 2009).

A further mechanism to counteract edema formation is to reduce blood flow
through vasoconstriction of the precapillary arterioles, by diverting blood away from
regions at risk of developing edema (Negrini et al. 2001; Rivolta et al. 2011a;



Mazzuca et al. 2019). Mazzuca et al. (2016) modeled the decrease in microvascular
filtration related to the decrease in blood flow in edemagenic conditions. Figure 9.3
shows the decrease in blood flow (shift towards blue) in the alveolar-capillary
districts from baseline up to 120 min of exposure to hypoxia, a well-known
edemagenic condition (Mazzuca et al. 2019). The importance of this finding actually
provides the simplest explanation of the well-known fact that pulmonary hyperten-
sion on hypoxia exposure is the consequence of a marked precapillary vasoconstric-
tion whose significance is that of limiting microvascular filtration preventing lung
edema.
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Fig. 9.3 Modelling the decrease in blood flow (shift towards blue) in the alveolar-capillary districts
from baseline to 120 min of exposure to hypoxia, a well-known edemagenic condition From
Mazzuca et al. 2019

It is worth recalling here that a similar theoretical micro-fluidic framework model
applies to the lung interstitial compartment and to the pleural space (see Chap. 8,
Sect. 8.5). In fact, in both compartments, a sub-atmospheric pressure assures a steady
state equilibrium with a minimum amount of water. The considerable undertaking
aiming to integrate interstitial fluid mechanics with tissue mechanics as well as the
scaling of parameters and variables for the biophysical modeling have been recently
validated and mentioned in the book Biofluid mechanics by Grotberg (2021).

The integrated mechanical and fluid dynamic analysis of lung water balance
allowed to decipher the critical event leading to the development of edema, namely:
the loss of integrity of the macromolecular proteoglycan assembly that weakens and
ends up nullifying the safety factor. The recovery of fragments of proteoglycans
from the interstitial compartments varies depending on the specific condition studied
that differently involves either the proteoglycans of the capillary wall (controlling
permeability) or of the interstitial compartment (proving mechanical resistance).
Further, data suggest that there is a critical threshold of damage beyond which two
events contribute to trigger the uncontrolled, tumultuous, and dramatic phase leading
to severe edema (so-called accelerated phase of lung edema): an increase in tissue
compliance leading to a sharp drop of interstitial pressure to zero (due to fragmen-
tation of matrix proteoglycans) and an increase in microvascular permeability (due to



ð

fragmentation of endothelial proteoglycans). The consequence is an uncontrolled
increase in capillary filtration and protein leak (Miserocchi et al. 2001a,b; Negrini
et al. 2006, 2008). Several conditions lead to this event; proteases, commonly
activated in severe inflammation processes (Miserocchi et al. 1999; Passi et al.
1998), oxygen radicals being produced in hypoxia and hyperoxia (Miserocchi
et al. 1999, 2001a,b); remarkable alveolar over distension as during mechanical
ventilation (Miserocchi et al. 1991; Moriondo et al. 2007; Passi et al. 1998). Lung
edema is also a severe complication of post-thoracic surgery, whose pathogenesis is
rooted on the over distension of the resected lung in the chest wall imposed by the
post-operative draining system (Miserocchi et al. 2010; Salito et al. 2016, 2014). The
problem of pathophysiology of pulmonary edema has been extensively reviewed
concerning the role of different ventilatory strategies in the severely injured lung
focusing on factors that either favor or hinder the progression of the disease, a
problem raising remarkable controversies during the SARS-CoV-2 pandemic
(Beretta et al. 2021).
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Routine respiratory mechanics is not a reliable clinical tool for the early detection
of lung injury. In fact, it has been suggested to rely on determination of viscoelastic
properties of the lung. Marked regional structural inhomogeneity in viscoelastic
properties have been reported as a consequence of mechanical ventilation (D’Angelo
et al. 2002). Further, the estimate of impedenzometric indexes has been proposed in
order to derive impedance (Zrs), resistance (Rrs) and reactance (Xrs) by oscillating the
respiratory system at different frequencies ( f ), as long as:

Zrsðf Þ=Rrs ðf Þ þ Xrsðf Þ 9:1Þ

It was found that Xrs shifted significantly to more negative value for a 10%
increase in extravascular water; accordingly, this method proved to be sensitive
enough to detect the early phase of developing edema (Dellacà et al. 2008). The use
of impedenzometric indexes has been recently re-considered to estimate the mechan-
ical properties of the respiratory system in COPD patients and decompensated heart
failure (Terraneo et al. 2021). One cannot ignore that the lung is well equipped to
signal the risk of developing edema; in fact, an afferent vagal input from the
so-called lung J receptors, placed in the interstitial space (Paintal 1969) signals the
increase in interstitial pressure that in awake subjects evokes rapid and shallow
breathing (Fig. 9.4).

A recent report by D’Angelo et al. (2020) offered the chance to estimate the
extension of validity of the safety factor when facing an increase in mechanical stress
related to the increase in lung distension by increasing tidal volume during mechan-
ical ventilation. Exceeding 60% of lung distension fairly compromised the safety
factor leading to an exponential increase in lung water.

The recovery from edema critically depends upon the re-deposition of the inter-
stitial matrix. The initial steps of this phase were extensively described (Palestini
et al. 2002, 2003; Daffara et al. 2004; Botto et al. 2006, 2008) and the signaling-
transduction through the activation of signal platforms on the surface of endothelial



cells evoked by changes in interstitial pressure is shown schematically in Fig. 9.5
(Palestini et al. 2011).
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Fig. 9.4 In awake subjects, developing interstitial lung edema causes increased vagal afferents
from J receptors placed in the lung interstitial space. Discharge from these receptors evokes rapid
shallow breathing. Modified after Paintal 1969

Fig. 9.5 Possible model for lung cellular response to an increase in extravascular water caused by
proteoglycan fragmentation in order to trigger matrix re-deposition. Signaling platforms are the
so-called “lipid rafts” and caveolae of the plasma membrane. From Palestini et al. 2011

Specific gene expression related with the pro-inflammatory cytokines as well as
to matrix re-deposition (Sabbadini et al. 2003) were also reported. Further, Passi



et al. (1999) hypothesized that versican, a large proteoglycan, plays a central role in
the re-deposition of the interstitial matrix.
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9.4 Diffusion-Transport of Oxygen in the Lung

Chapter 7 extensively treated models aiming to identify factors potentially limiting
the attainment of the maximum oxygen uptake, considering the various steps of the
oxygen transport from the lungs down to the mitochondrial level. This paragraph
will mainly refer to the efficiency of the oxygen uptake in the air–blood barrier,
namely the first step to face the metabolic requirement. This phase actually implies
two functionally related events: (1) oxygen diffusion across the alveolar membrane
and (2) oxygen binding to hemoglobin in the blood flowing in the pulmonary
capillaries. Accordingly, one is dealing with a coupled diffusion/perfusion
mechanism.

9.4.1 Inter-Individual Differences in Air–Blood Barrier
Phenotype

Diffusion parameters at the level of the air–blood barrier are defined as follows
(Roughton and Forster 1957):

1
DLCO

=
1
Dm

þ 1
θVc

ð9:2Þ

being DLCO the total lung diffusive capacity for carbon monoxide, Dm the alveolar-
capillary membrane diffusing capacity, Vc the blood volume in the alveolar-capillary
network, and θ the chemical reaction rate of carbon monoxide with hemoglobin.
Lung diffusion is routinely measured at total lung capacity (TLC) and large inter-
individual differences have been reported, even after normalization to individual
lung volumes (Hughes and Pride 2001), suggesting specific phenotype dependent
difference of the morpho-functional features of the air–blood barrier. An attempt to
decipher such differences came from measurements of the diffusion parameters at
different lung volumes from functional residual capacity (FRC) up to TLC
(Miserocchi et al. 2008a). The interpretation of the data based on a numerical
simulation allowed identification of two phenotypes concerning the morpho-
functional features of the air–blood barrier that are characterized by the Vc

Dm
ratio,

the distribution of which was found to be normal. It was proposed that a phenotype
with low Vc

Dm
on the left tail of the distribution curve is characterized by a less

developed capillary network and a relatively high number of small alveoli, while a



phenotype with high Vc
Dm
, towards the right tail, has a more extended capillary network

and a lower number of larger alveoli.
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9.4.2 Modeling the Alveolar-Capillary Equilibration

The next step was to envisage an estimate of the inter-individual differences in terms
of efficiency of the diffusion/perfusion alveolar coupling, based on the model
developed by Johannes Piiper (1924–2012) and Peter Scheid in Göttingen (Piiper
and Scheid 1981). This model was grounded on the principle of mass conservation
whereby, under steady state conditions, the mass transfer of diffused oxygen equals
the uptake by the mixed venous blood affluent to the lung. The increase of the
oxygen partial pressure along the capillary to reach a final equilibration value (Leq) is
exponential, with an exponent given by the ratio of diffusive capacitance for oxygen
(DLO2) to perfusive capacitance, given by the product of cardiac output ( _Q) times the
oxygen binding capacity of hemoglobin (βO):

Leq =
PAO2 -PaO2

PAO2 -PvO2
= e-

DLO2
_Q βo ð9:3Þ

where PAO2, PaO2 and PvO2 are the partial oxygen pressure in the alveoli and at the
arterial (in fact, at the capillary end) and mixed venous sides of the lung capillary,
respectively. In case PAO2= PaO2 one has Leq = 0, the case of maximum efficiency;
on the other hand, if no oxygenation occurs, the numerator is equal to the denom-
inator so that Leq= 1 (the case of a shunt). Despite the fact that it is critically difficult
to have reliable values of PAO2, PaO2 and PvO2, it appears useful to rely on the ratio
between diffusive and perfusive conductances for oxygen that can be measured. This
approach was used to quantitate the inter-individual differences in alveolar-capillary
oxygen equilibration by partitioning between a limitation due either to diffusive
capacitance or to perfusive capacitance (Beretta et al. 2019). Equation 9.3 was also
rewritten as:

Leq = e-
tt
τ ð9:4Þ

where the transit time of the blood in pulmonary capillaries (tt) is defined as

tt =
Vc

_Q
ð9:5Þ

In Eq. (9.4), τ is the time constant of the equilibration process, which is given by
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Fig. 9.6 Kinetics of alveolar-capillary oxygen equilibration in one subject in four different
conditions of oxygen demand/supply. Slowing of the kinetics (increase in time constant) coupled
with the shortening of blood transit time in the pulmonary capillaries, concur to prevent the
complete alveolar-capillary equilibration. From Beretta et al. 2019

τ=
βo Vc

DLO2
ð9:6Þ

The analysis proved to be sensible enough to highlight inter-individual differ-
ences in alveolo-capillary equilibration among healthy subjects on increasing the
oxygen demand.

The results showed that during work in hypoxia, the most demanding oxygen
condition, DLO2 actually increased, and accordingly no diffusion limitation did
occur. Conversely, the loss of efficiency of the equilibration process (increase in
Leq) strongly correlated with perfusion limitation reflecting both the shortening of tt
and the increase in τ: the former reflects the increase in _Q and therefore the velocity
of blood flow, the latter the fact that the increase in βo in hypoxia exceeds that of
DLO2.

Figure 9.6 clearly shows that a slowing of the equilibration kinetics coupled with
the shortening of transit time, prevents the complete alveolar-capillary equilibration
(for simplicity, the ordinate is expressed as 1-Leq).

Venous admixture, which includes the mismatch of ventilation to blood perfusion
( _VA= _Q) (Domino et al. 1993) and shunt (Lovering et al. 2006, 2008; Stickland et al.
2004) are well-known causes leading to inefficient alveolar-capillary oxygen equil-
ibration. We present here a new reading of a shunt-like effect.
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9.4.3 Alveolar Phenotype and Proneness to Develop
Lung Edema

Thus, differences in air–blood barrier phenotype impact on the efficiency of gas
exchange as well as on the control of extravascular lung water in edemagenic
conditions. A phenotype with lower Vc

DLO2
, implying a greater number of alveoli of

smaller size (Miserocchi et al. 2008a), appears to be more efficient to guarantee gas
exchange, as actually predicted by a theoretical morpho-functional model (Sapoval
et al. 2002), and also appears more resistant to the development of lung edema.

Obviously, the same Leq value is obtained regardless of the exponent being used,
either DLO2

_Q βo
or tt

τ . These exponents provide different but complementary information

concerning the functional response to the increase in oxygen demand in hypoxia.
DLO2
_Q βo

is essentially the ratio between diffusion to perfusion capacitance. An decrease

in 1-Leq is expected on increasing oxygen demand, as the ratio DLO2
_Q βo

has to decrease,

because perfusion capacitance increases about sixfold more than diffusion capaci-
tance. In subjects where the increase in DLO2 is less pronounced, a greater increase
in _Q occurs, aiming to maintain oxygen delivery (lowering of DLO2

_Q βo
). In these same

subjects, there is a decrease of tt
τ due to vasoconstriction and increase in cardiac

output.
Further studies confirmed the inter-individual variability of the alveolar-capillary

phenotype concerning in particular the lung vasoactive response to hypoxia (Beretta
et al. 2017a,b; Bartesaghi et al. 2014). The modeling of alveolar-capillary equilibra-
tion in the specific case of hypoxia exposure is extensively treated in Chap. 10, Sect.
10.8.

A general interest concerning the efficiency of the oxygen pathway was also
considered by the research group at Milano Bicocca, by extending the study from
healthy people (Ferri et al. 2012, 2018) to a wide range of pathological states. These
include the metabolic syndrome (Passoni et al. 2015), obesity (Salvadori et al. 1999),
children recovering from lymphoblastic leukemia (Lanfranconi et al. 2014), and
patients with amyotrophic lateral sclerosis (Lanfranconi et al. 2017a,b; Ferri et al.
2019).

The proneness to develop lung edema is known to vary greatly among subjects.
This is well known, considering the exposure to hypobaric hypoxia (high altitude)
that allowed to partition subjects in two groups: sensitive to HAPE (high-altitude
pulmonary edema) and on the opposite Non-sensitive to HAPE (Busch et al. 2001;
Dehnert et al. 2006; Eichstaedt et al. 2020a,b; Pham et al. 2012; Richalet et al. 2012;
Richalet et al. 2021). One can therefore hypothesize inter-individual differences in
the control of lung fluid balance. Finding reasons for these differences remained
elusive for a long time. A line of research fromMilano Bicocca afforded the problem
by relating differences in control of lung fluid balance to individual air–blood barrier
morpho-functional features (Miserocchi et al. 2008a). The latter could be related to
individual values of the Vc

Dm
factor, the ratio between the membrane diffusion



capacitance Dm (an index of extension of the alveolar surface and its diffusive
properties) and capillary blood volume Vc (an index of extension of the alveolar-
capillary network). The lung vasoactive response was estimated for subjects having
either low or high Vc

Dm
, ratio in edemagenic conditions, namely work and hypoxia

exposure. Work is edemagenic due to increased lung blood flow (Hodges et al. 2007;
McKenzie et al. 2005), and hypoxia is a well-known potent factor causing an
increase in microvascular permeability to water and solutes (Hansen et al. 1994;
Dehler et al. 2006).
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The critical point was to verify the response of subjects with elevated Vc
Dm

ratio,

who have a higher inborn extension of the alveolar-capillary network and a
corresponding higher surface area for capillary filtration. It was found that, on
exposure to edemagenic conditions, remarkable de-recruitment of pulmonary capil-
laries was found in subjects with high Vc

Dm
, whereas minor de-recruitment, or actually

some recruitment was documented in subjects with low Vc
Dm

(Bartesaghi et al. 2014;

Beretta et al. 2017a,b). It was hypothesized that precapillary vasoconstriction in the
high Vc

Dm
subjects represents a functional response aimed at limiting microvascular

filtration, to prevent/attenuate edema formation reflecting a greater proneness to
develop lung edema (Miserocchi et al. 2022). Notably, subjects being more prone
to develop lung edema in hypoxia have a greater increase in pulmonary arterial
pressure, in line with precapillary vasoconstriction. The clinical overlap of high-
altitude pulmonary edema and pulmonary arterial hypertension was recently
discussed in terms of genetic background (Eichstaedt et al. 2020a,b; Sharma et al.
2014). The hypothesis of a less efficient control of lung fluid balance in subjects with
high Vc

Dm
was strengthened by the estimate of the mechanical properties of the

respiratory system determined with the forced frequency oscillation technique.
Relative to sea level at rest, the respiratory reactance of subjects with high Vc

Dm

decreased to a greater extent in hypoxia. Moreover, a fourfold increase in frequency

dependence of respiratory resistance was found (Bartesaghi et al. 2014). Both results
are considered indexes of greater perturbation of lung fluid balance (Dellacà et al.
2008).

In summary, defining the Vc
Dm

ratio through ambulatory pneumological evaluation

may turn useful in order to define the patient’s proneness to develop edema before an
acute severe disease occurs (Miserocchi et al. 2022). There is a potential interest to
consider people reaching high altitudes on trekking expeditions being exposed to the
risk of HAPE. A clinical relevance may also be considered as cardio-pulmonary
disorders as well as conditions of decrease in vascular bed (lung resection, throm-
bosis) are at risk of developing lung edema.
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9.5 Fetal and Neonatal Respiration Physiology

Giacomo Meschia provided an impressive amount of work on the placenta consid-
ered as the “baby’s lung”; Fig. 9.7 shows a schema of fetal circulation. Meschia’s
early studies considered the oxygen dissociation curves of maternal, fetal, and
newborn blood (Meschia et al. 1961).

Further studies estimated the transplacental diffusion of inert molecules (thus not
metabolized by the placenta nor bound in maternal and fetal blood) as a useful step
towards the analysis of the exchange of respiratory gases between mother and fetus.
The results suggested that the diffusion processes were either limited by blood flow
or by placental permeability (Meschia et al. 1967a,b).

Concerning trans-placentar oxygen fluxes Meschia made estimates at different
gestation age of: (1) oxygen partial pressure (PO2) in blood samples drawn from
chronic catheters in anesthetized ewes and their fetuses, (2) the rate of oxygen uptake
by the umbilical circulation and (3) the diffusing capacity of the placenta for oxygen
(Meschia et al. 1965). The results of the study showed that the quantity of oxygen

Fig. 9.7 Schema of fetal
circulation. Arterial blood is
carried via umbilical veins
from the placenta, reaching
the liver and the fetal venous
circulation. Venous fetal
blood returns to the placenta
via umbilical arteries.
Modified after Meschia
2011



taken up by the umbilical blood and the diffusing capacity of the placenta for oxygen
both increase with the fetal weight, the effect being attributed to the increase of the
surface area of the trophoblast. Moreover, the associated maternal and fetal capil-
laries grow as gestation advances in the last trimester. The critical result from the
above paper, as shown in Fig. 9.8, is the large PO2 gradient from uterine artery to
umbilical vein and the relatively small PO2 gradient between umbilical vein and
umbilical artery, a feature common to several mammals.
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Fig. 9.8 PO2 gradient from
uterine artery to umbilical
vein and between umbilical
vein and umbilical artery.
From Meschia et al. 1965

The interpretation of this finding was based on the following considerations: first,
the perfusion pattern of the placenta is such that the PO2 of umbilical venous blood
tends to equilibrate with the PO2 of uterine venous blood; secondly, PO2 equilibra-
tion between uterine and umbilical venous blood is not attained because placental
oxygen diffusing capacity is low, being however also relative low the oxygen
requirements of fetus; thirdly, there is a moderate degree of shunting and uneven
perfusion that contributes to the PO2 difference between uterine and umbilical
venous blood.

It was noted that the inability of the placenta to equilibrate maternal and fetal
blood PO2, puts placenta and pulmonary oxygen transport in sharp contrast as, in
resting conditions, the normal lung does equilibrate alveolar and pulmonary end
capillary PO2, as outlined in Sect. 9.4.2. This contrast is likely to reflect a basic
difference in functional requirements. The amount of oxygen that diffuses across the
alveolar membrane varies many fold in a normal individual, as the individual shifts
from rest to muscular activity and back to rest. By contrast, at any given fetal age, the
oxygen demand undergoes fluctuations which are extremely small. Therefore,
Meschia reasoned that placental evolution was not under the selective pressure of
accommodating large and rapid variations in fetal oxygen flux. It was further
remarked that high rates of placental perfusion, high oxygen affinity of fetal red
cells and high relative perfusion of the tissues compensate for a relative inefficient



placental exchange system (compared to the lung), due to the fact that fetal arterial
blood is formed from a mixture between umbilical blood and venous maternal blood.
Yet, under normal physiological conditions, fetal oxygenation provides an oxygen
supply approximately twice the minimum level to sustain fetal life (Meschia 1985).
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The point was also made concerning the model of gas exchange, either based on
counter-current or on concurrent placental perfusion: the latter model appears more
adequate to explain the experimental results (Meschia 1979).

A comparison was also done concerning the fetus oxygen carrying capacity,
considering the difference in oxygen affinity (Wilkening et al. 1988). The conclusion
was that difference in oxygen affinity was fully compensated for by differences in
arterial oxygen saturation, by the perfusion rate of the uterus, and by the degree of
PO2 placental equilibration (Wilkening et al. 1988). The normal range of human
umbilical venous PO2 at term ranges from about 30 to 40 mmHg. Thus, the human
placenta imposes normally on the term fetus an umbilical venous PO2, which is in
the 25–35 mmHg range, and fetal adaptation to this low PO2, is a combination of
increased oxygen affinity and increased hemoglobin concentration (Everest in utero,
as Barcroft maintained!). Meschia (2011) also reported that alveolar ventilation
increases in pregnancy, leading to a decrease in arterial carbon dioxide partial
pressure (PaCO2) to about 30 mmHg; the interpretation being that this prevents an
increase in fetal PCO2 that is always higher than the maternal one. Another impor-
tant finding was that placenta has high metabolism and high rate of glucose utiliza-
tion, but the bulk of the amino acids is transferred to the fetus (Meschia 2011).

Mechanical aspects of the first breath were studied by Agostoni et al. (1958).
Experimental studies in guinea pig, cat, and goat showed that, on the first inspiration,
a marked resistance ought to be overcome, due to (1) the high viscosity of the liquid
present in the airways, (2) the surface tension of the air-liquid interphase, and (3) the
fact that the expansion of the thorax is accomplished only by the inspiratory muscles
and is not appreciably facilitated, as in the adult, by the tendency of the thorax to
expand due to elastic forces.

Respiratory mechanics was also studied by Agostoni (1959) in dogs of different
age from 1–3 up to 30 days of life and in the adult. In the newborn, the lung-thorax
compliance, normalized to vital capacity, is larger than in the adult. It is however
smaller during the first few days of life over the tidal volume range, due to still
unexpanded alveoli. The compliance of the thorax is high at birth and decreases then
progressively. The compliance of the lung increases after some days of life becom-
ing similar to that of the adult. The FRC increases significantly during growth due to
progressive recruitment of alveoli and airways closure on expiration (self-PEEP).

Most of Mortola’s work was oriented towards respiratory physiology in newborn
mammals, including inter-species comparative aspects and zoology. It was shown
that the stiffening of the respiratory system gives more stability of the infant’s
breathing apparatus, providing a more ready volume response for any given change
in driving pressure, at the cost however of a higher work of breathing (Fisher et al.
1982). Concerning the pattern of breathing, it is markedly variable immediately after
birth, while from 10 to 90 min to a few days of life the tidal volume increases and
respiratory rate decreases with no changes in minute ventilation; further, infants born



vaginally behave similarly to those delivered by cesarean (Fisher et al. 1982). It was
also remarked that a high chest wall/lung compliance ratio is an obligatory structural
requirement in the newborn. In fact, a flexible chest wall is an essential prerequisite
for the delivery through the birth canal. The goal to establish an FRC is mainly
achieved through closure of the glottis and/or inspiratory muscle activity during
expiration (Mortola 1983a).
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An interesting study in newborn mammals of different size, from mice to piglets
(Mortola 1983b) showed that the pattern of ventilation allowed coping for the
metabolic requirement, as well as with the constraints of the mechanical properties
of the newborn respiratory system. Considering respiratory energetics, the authors
concluded that the breathing pattern adopted by newborn is the one that produces the
adequate alveolar ventilation with minimal cost (as in the adult!). In a further study
on infants (Mortola 1984), the data suggested that during tidal breathing the post-
inspiratory muscle activity can substantially contribute to the increase in FRC
although in most cases the final portion of expiration occurred by total muscle
relaxation as in adults. In some infants, however, a braking mechanism, probably
of laryngeal origin, further decreases the expiratory flow and may contribute to
maintain a lung volume above FRC (Mortola et al. 1984).

In kittens, the frequency response of lung compliance, together with the relatively
greater rate of stress relaxation, suggests that viscoelasticity contributes in newborn
more than in adults to the dynamic stiffening of the lung (Sullivan and Mortola
1985). Mortola and Saetta (1987) proposed a method for measuring the respiratory
system compliance in spontaneously-breathing infants, which circumvents the
potential problems introduced by the breath-by-breath oscillations in the
end-expiratory level (Mortola et al. 1993).

Mortola et al. (1999) also reported an interesting note referring to the newborn of
a marsupial mouse, Sminthopsis douglasi (Fig. 9.9), a case where gas exchange in
the first 5 days of life occurs primarily through the skin, which is hairless and highly
vascularized.

The problem of the response to hypoxia was also considered (Mortola 1999). The
most immediate response to acute hypoxia in newborn mammals is hyperventilation,
like in the adult, accompanied however by a reduction in metabolic rate. This
response relates to inhibition of thermogenesis in all its forms, shivering,
non-shivering, and behavioral. Another study hypothesized that the circadian
rhythms modifications of the metabolism and of body temperature found in newborn
on exposure to hypoxia could also be at the origin of sleep disturbances in cardio-
respiratory patients and at high altitude (Mortola and Seifert 2000). This hypothesis
was confirmed by extending studies to humans (Bosco et al. 2003).

Studies performed on infants born at high altitude (Mortola et al. 1992) showed
that the breathing pattern was deeper and slower at high altitude, the ventilatory
oxygen extraction was higher (+50%) in the highlanders. Further, the ability to use a
greater fraction of the inspired oxygen at high altitude was attributed to functional
and structural alterations stimulated by fetal hypoxia.
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Fig. 9.9 Newborn from Australian marsupial mouse Sminthopsis douglasi, about 4-mm long,
weighing 17 mg, where oxygen uptake occurs through the skin. Lungs are visible through the skin
as air sacs. From Mortola et al. 1999

Identification of the mechanism of clearing lung interstitial water after birth
contributed significantly to neonatal physiology. This mechanism implies two
steps: the first one was elucidated by demonstrating an active sodium-dependent
water transport by alveolar cells; the second, implying a water flow from the lung
interstitium to the pulmonary capillaries, was still obscure. Relying on the trans-
pleural micropuncture technique of the lung (Miserocchi et al. 1990), Pip was
measured in cesarean-delivered term rabbits at birth and at different postnatal
times up to 16 days of life (Miserocchi et al. 1994). It was shown that Pip was
0 cmH2O, at birth and then increased remarkably peaking at about 2 h at
7 cmH2O. The hypothesis was put forward that the increase in Pip at 2 h reflects
alveolar fluid reabsoprtion into a low compliant interstitial compartment; this
increase in pressure would in turn provide a Starling-dependent fluid absorption
into the pulmonary capillaries. A low compliance of the interstitial compartment in
term newborn reflects the existence of a relatively mature extracellular matrix



(Miserocchi et al. 1993; Negrini et al. 1996). Wet/dry lung weight ratios decreased
progressively indicating that most of water clearance occurred in the first postnatal
hours in phase with the increase in Pip. Interestingly, over time Pip became
sub-atmospheric, reaching a value of about -6 cmH2O at 16 days of life,
approaching the physiological value of -10 cmH2O found in the adult (Miserocchi
et al. 1993).
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A similar study, carried out on premature newborn rabbits, showed that in the
non-ventilated lung regions, Pip remained at 0 cmH2O, reflecting both a lack of
active alveolar fluid absorption and/or a high compliance of the interstitial compart-
ment; the second case can be explained with an immature mesh of the macromolec-
ular matrix. In the ventilated regions of premature newborn Pip increased but not as
much as in the term newborn, and correspondingly, lung water clearance (as from the
wet/dry ratio) was slowed down (Miserocchi et al. 1995). Surfactant administration,
despite favoring alveolar expansion, failed to accelerate water clearance from the
lung in premature human babies (Cattarossi et al. 2010); this finding indirectly
stressed the important point that a physiological fluid balance in the preterm new-
born can only be reached once a mature extracellular matrix is formed.

Interest was also addressed to a poorly documented phenomenon, namely the
spontaneous contractions of the airways occurring from the early to late pseudo-
glandular stage of fetal life. It was found that, in fetal pig’s lungs, the contractions
propagated proximal to distal generated an intraluminal pressure (measured by
micropuncture) in the range of 2–3 cmH2O, higher than the pressure of the mesen-
chyme, which was close to zero (Schittny and Miserocchi 2000). It was proposed
that the positive intraluminal pressure generated by the smooth muscles might
contribute to act as a stimulus to promote alveolar growth into the surrounding
mesenchyme.

9.6 The Air–Blood Barrier as Interface

9.6.1 Pollutants and Respiratory Reflexes

Sensory afferents from the lungs and their impact on the pattern of breathing was the
major contribution from Sant’Ambrogio’s work. The respiratory reflexes acting on
the diaphragm and inspiratory intercostal muscle were described (Sant’Ambrogio
and Widdicombe 1965) as well as the contribution of the diaphragm and of the other
inspiratory muscles to the increase in lung volume during inspiration and to the force
generated on inspiration (Mognoni et al. 1969).

Based on recording from vagal single fibers, Sant’Ambrogio was able to localize
vagal receptors in the airways (Miserocchi et al. 1973; Bartlett Jr et al. 1976a).
Figure 9.10 shows the frequency of discharge of a single vagal fiber from a stretch
receptor in the lung on increasing lung volume (as indicated by lowering intra-
esophageal pressure). The intrapulmonary localization of the receptor was defined
following selective occlusion of bronchi, in this case localization was in the upper



left bronchus: in fact, when the expansion of the bronchus was prevented, the
receptor did not discharge.
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Fig. 9.10 Frequency of discharge of single vagal fiber from a stretch receptor. From Miserocchi
et al. 1973

Transduction properties of stretch receptor as well as their relationship with the
mechanics of the trachea were also studied; it was found that receptors responded
more to transverse than to longitudinal stretching of the wall of the trachea.

Furthermore, during pressure oscillations, receptors had a higher discharge fre-
quency during the ascending phase of the pressure (simulating an inspiration)
compared to a steady pressure (Bartlett Jr et al. 1976b). The contraction of airway
smooth muscle brought about a remarkable increase in receptor discharge frequency
(Bartlett Jr et al. 1976b; Mortola and Sant’Ambrogio 1979). Irritant receptors were
also localized mostly in the upper segment of the trachea (Mortola et al. 1975). The
general message from these studies is that stretch and irritant receptors convey, along
vagal afferent fibers, information relative to the transmural pressure, the state of the
bronchial smooth muscles and the presence of irritants on the mucosa.

Interestingly, Sant’Ambrogio and his group provided evidence for a potential
vagus-mediated inspiratory-initiating effect from lung irritant receptors (Davies et al.
1981). Sant’Ambrogio gave also an exhaustive account on the role of vagal receptors
to elicit cough and bronchoconstriction, which he considered as reflexes aiming at
protecting the lung from inspired noxious agents. Both reflexes can be evoked from
the larynx and the tracheobronchial tree. Within the airways, certain sites appear to
be particularly sensitive to stimulation of cough (larynx and points of proximal
airway branching), whereas bronchoconstriction can be triggered from the whole of
the tracheobronchial tree. In the tracheobronchial tree and in the lung, slowly-
adapting stretch receptors and irritant rapidly-adapting receptors have opposing
effects on airway smooth muscle tone, the former mediating bronchodilation and
the latter bronchoconstriction (Karlsson et al. 1988).

Sant’Ambrogio also went to debug the complex reflex response referred to as
pulmonary chemoreflex, which includes the triad of bradycardia, hypotension, and
apnea, and he concluded that vagal afferents from the lung would play an important
role in this reflex (Sant’Ambrogio1996). This was the last scientific contribution
from Giuseppe Sant’Ambrogio, who died prematurely.

The lung is by nature exposed to air pollutants with potential toxicity.
Miserocchi’s group at Università Milano Bicocca was involved in projects aiming



to assess either the toxicity of nanoparticles as air pollutants or the potential of
engineered nanoparticles as drug carriers through the lung. Among pollutants, the
effect of tire debris representing about 10% of PM10 mass at urban locations with
heavy traffic was studied. In human alveolar epithelial cells (A549) exposed to
increasing extract concentrations (10, 60, and 75 mg ml-1) for 24, 48, and 72 h,
data showed up to threefold dose and time-dependent increase in lipid microdomains
that represent sensible protein signaling platforms acting on the plasma membrane.
In parallel, time- and dose-dependent toxic effects were documented at 48 h of
exposure. Further, the increased leak of the cytosolic enzyme lactate dehydrogenase
suggested a damage to plasma membrane representing a prenecrotic sign (Beretta
et al. 2007). The effect of direct tire particle (in the range of 10 μm) instillation
caused extensive inflammatory tissue infiltration, while 2.5 μm particles caused lysis
of the alveolar barrier. Inflammatory cellular profiles in the broncho-alveolar lavage
fluid showed dose-dependent responses compatible with strong cytotoxic effects
(Mantecca et al. 2009, 2010). Further, for the first time, the translocation of inhaled
asbestos fibers was modeled based on pulmonary and pleuro-pulmonary interstitial
fluid dynamics (Miserocchi et al. 2008b).
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The results of this study are briefly summarized here as they represent the only
model so far available to explain the asbestos distribution in the body. Fibers can
pass the alveolar barrier and reach the lung interstitium via the paracellular route
down a water flow combined with active sodium absorption and to a hydraulic
pressure gradient (lung interstitial pressure is sub-atmospheric). Fibers are dragged
by pulmonary lymph flow (primary translocation), wherefrom they can reach the
bloodstream and subsequently distribute to the whole body (secondary transloca-
tion). Secondary translocation to the pleural space may occur via the physiological
route of pleural fluid formation across the parietal pleura; fibers accumulation in
parietal pleura stomata (black spots) reflects indeed the role of parietal lymphatics in
draining pleural fluid. Fibers translocation is a slow process developing over decades
of life; it is aided by high biopersistence, by inflammation-induced increase in
permeability, by low steric hindrance and by fibers motion pattern at incredibly
lowReynolds number (~0.005). Ultrafine fibers (length< 5 μm, diameter< 0.25 μm)
can travel larger distances due to low steric hindrance (in mesothelioma about 90%
of fibers are ultrafine).

9.6.2 Drug Delivery Via Nanoparticles

Nanoparticles engineering and delivery have been the object of considerable scien-
tific interest at Milano Bicocca and were supported by several European funding.
Lungs and brain were considered as potential route for nanoparticles-mediated drug
delivery, due to similar biophysical an morphological features of the air–blood
barrier and of the blood-brain barrier. The alveolar surface may represent an impor-
tant pathway for inhalation drug delivery, and is actually already routinely used to
treat allergic, genetic, infective, or chronic diseases of the respiratory system. Only



recently, though, the delivery to the lung has been considered for administering
drugs not only for local pathology, but also for systemic diseases. The pulmonary
route is attractive, as it is non-invasive and might allow drug absorption from a large
highly vascularized surface area. This allows drugs reaching circulation avoiding the
first-pass metabolism, which actually represents the main disadvantage of oral
administration route. Concerning the blood-brain barrier, the point was made to try
to overcome its limited penetration by functionalizing the surface of nanoparticles to
achieve a site-specific targeting, and to allow prolonged release of the payload (Dal
Magro et al. 2017). An attempt was made to use the intranasal route for nanoparticle-
mediated brain delivery of oxcarbazepine, an anti-epileptic drug (Musumeci et al.
2018). Further, the problem of delivering drugs to prevent/treat Alzheimer disease
was also afforded in transgenic Alzheimer mice model (Mancini et al. 2016). An
attempt was also made to functionalize liposomes, aiming to overcome the perme-
ability of the blood-brain barrier (Re et al. 2011; Salvati et al. 2013). Considerable
interest focused on solid lipid nanoparticles (SLNs) that range in size between 50 and
1000 nm, and allow loading of hydrophobic drugs for potential time-controlled
release.
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The biophysical aspects of nanoparticle cellular uptake was a related interesting
issue; this was made possible by developing a particle-tracking algorithm to opti-
mize for low signal/noise images with a minimum set of requirements on the target
size and with no a priori knowledge of the type of motion (Villa et al. 2010). This
allowed exploring the feature of the intracellular traffic of nanoparticles (Rivolta
et al. 2011c; Orlando et al. 2013). The uptake model allowed understanding a so far
unexplained feature of the intracellular traffic, namely the accumulation of particu-
late in the perinuclear region. In fact, unlike the membrane crossing, this phenom-
enon occurs against a diffusion gradient. This process raises a potential interest for
the biomedical use of delivery of drugs or genetic material close to the nuclear
region. Figure 9.11 freezes an image of the time-dependent dye intracellular distri-
bution with accumulation in the perinuclear region (Rivolta et al. 2011b).

The biophysical model coupled the initial diffusion-dependent phenomenon
across the plasma membrane with the existence of an intracellular force field to
drive the dye in the perinuclear region; this led to hypothesize that the force field
relates to a hydraulic pressure gradient developing between the regions close to the
plasma membrane and the perinuclear ones. The treatment with cytoD was found to
affect the perinuclear accumulation indicating a major role of the cytoskeleton in
sustaining the force field and the migration process.

The concept of “latent toxicity”was also developed (Panariti et al. 2012) based on
the evidence that nanostructures not only passively interact with cells but also
actively engage and mediate the molecular processes that are essential for regulating
cell functions. Thus, the critical point was made that perturbed activities may or may
not, late in time, reveal as stressful for the cells.
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Fig. 9.11 The time-dependent intracellular distribution of solid lipid nanoparticles from the plasma
membrane to the perinuclear region. From Rivolta et al. 2011b
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Chapter 10
A School Goes to Altitude

Guido Ferretti and Giuseppe Miserocchi

Abstract This chapter concerns the contribution of the School of Milano to the
study of human responses to altitude exposure. Paolo Cerretelli’s contributions are
firstly described. The studies performed during the expedition to Mount Kanjut-Sar,
Karakorum, in 1957, and during the Italian Expedition to Mount Everest in 1973 are
reported. This expedition generated a highly celebrated article, on the factors
limiting oxygen transport on Mount Everest. The subsequent remarkable work on
structural and functional muscle adaptation to altitude, performed along the
Cerretelli–Hoppeler (Bern) axis is described. Then, Reinhold Messner attained the
summit of Mount Everest without supplementary oxygen. Several projects devoted
to understand Messner’s achievement (AMREE, by JohnWest; the Messner’s study,
set up by Oswald Oelz with Hoppeler and Cerretelli; Operation Everest II) are
analyzed. Finally, Cerretelli’s work at the new Italian laboratory close to the Everest
basecamp (the Pyramid) is reported. Secondly, the studies coordinated by Giuseppe
Miserocchi concerning the complex interaction between lung diffusion, alveolar-
capillary blood volume, and lung water balance to affect the kinetics of alveolar-
capillary equilibration on increasing oxygen demand is developed. Further, inter-
individual differences in the proneness to develop pulmonary edema at altitude are
related to specific morpho-functional features of the alveolar-capillary network.
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Mount Everest, on the way in the Khumbu Valley. Pastel by Giuseppe Miserocchi after a picture,
which he took in 2011. With the kind permission of Giuseppe Miserocchi

10.1 Introduction

Chapters 10–12 illustrate the contributions of the School of Milano to our under-
standing of human adaptation to special environments: specifically and respectively,
altitude, microgravity, and diving. Although this is not the core of the scientific
activity of the School, special environments inevitably attracted many of us. Paolo
Cerretelli and Giuseppe Miserocchi were particularly active at altitude; Pietro
Enrico di Prampero, Guido Ferretti, and Carlo Capelli in microgravity and space
physiology; Guido Ferretti in breath-hold diving. Significant contributions came also
from Giovanni Cavagna, Bruno Grassi, Claudio Marconi, Arsenio Veicsteinas
(1944–2017), Guglielmo Antonutto, and Paola Zamparo.

This chapter is devoted to altitude. This is a long-lasting story, which started well
before Margaria. Paul Bert (1833–1886) carried out the first systematic studies of the
effects of hypoxia on the human body in his pneumatic chamber in Paris (Bert 1878).
As discussed in detail in Chap. 1, Angelo Mosso (1846–1910) promoted several
studies on human responses and adaptation to altitude exposure, along the track



traced by Bert. These were carried out in two of the most historical altitude
laboratories worldwide: the Capanna Regina Margherita (m. 4560 above sea level)
and the Istituto Scientifico Internazionale, at the Col d’Olen (m. 2900 above sea
level), both on the Mounte Rosa massif, in the Pennine Alps (Cogo et al. 2000).
Mosso’s book entitled La Fisiologia dell’Uomo sulle Alpi (The Physiology of Man
on the Alps), in which he summarized his main results, has become one of the most
classic textbooks on altitude physiology (Mosso 1897). Nathan Zuntz (1847–1920),
a close friend to Mosso, and his coworkers made also wide use of the same facilities
for their altitude studies (Zuntz et al. 1906).
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Mosso’s pupil and successor Amedeo Herlitzka (1872–1949) followed in part the
tracks of Mosso and made wide use of the permanent laboratory at Col d’Olen.
However, his interest in altitude was subsidiary to his interest in aviation medicine,
in so far as his aim was to understand the responses of humans to hypoxia, since
aircrafts were not pressurized in those days (see Chap. 1).

After World War II, Rodolfo Margaria considered altitude an interesting subsid-
iary field of research, which could be useful to understand some phenomena related
to the energetics of muscular exercise, especially concerning oxygen delivery to
working muscles. He was generally not directly involved himself, but he favored his
pupils, especially Paolo Cerretelli. In 1954, Ardito Desio (1897–2001), a Professor
of Geology at the University of Milano, organized the famous Italian expedition to
K2, in Karakorum. The expedition was successful, since it ended with the first men,
Achille Compagnoni (1914–2009) and Lino Lacedelli (1925–2009), posing their
feet on the summit of the second highest mountain on Earth, 1 year after the conquest
of Everest by Sir Edmund Hillary (1919–2008) and the Sherpa Tenzing Norgay
(1914–1986). Yet it generated also stirred long-lasting polemics, due to the night that
Walter Bonatti (1930–2011), perhaps the best, strongest Italian climber of those
times, and the Sherpa porter accompanying him, had to spend unsheltered above
8000 meters, just before the conquest of the summit. In fact, they were unable to
reach camp IX before night, because the camp was set in a different position from
that agreed upon. All the participants in the expedition underwent functional eval-
uation and exercise testing in the Institute of Physiology in Milano, then already
chaired by Margaria.

Compagnoni was an alpine guide in Valtournenche, Aosta Valley, on the Italian
side of the Matterhorn. Margaria knew him well, because he attended Valtournenche
regularly, being the home village of his mother. Shortly before the K2 expedition,
Compagnoni had the venture of guiding young Guido Monzino (1928–1988) to the
summit of the Matterhorn. Monzino would then have become a peculiar figure of
climber and explorer. He came from one of the most influential families of the
industrial bourgeoisie of Milano. His father Franco founded and owned one of the
biggest and most successful department store chain in Italy, so Guido was destined to
business. In fact, he became a chief executive officer of the family company for a few
years, but he resigned in 1966, when the company was sold.

Monzino was a romantic aesthete. He was fascinated by the enchanting spectacle
of mountains and wide landscapes. His doom was exploration, not business.
Climbing the Matterhorn was a kind of revelation to him. His dream became to
reach farther and farther destinations, prompted not only by a romantic spirit of



adventure, but also by the wish of reviving Italian tradition of great explorative
expeditions, along the groove traced by Prince Luigi Amedeo di Savoia, Duke of the
Abruzzi (1873–1933), who became famous for his polar, African, and Himalayan
expeditions. Monzino organized his first expedition in 1955: the savannah crossing
from Dakar, Senegal to Abidjan, Ivory Coast. The following year he started his
enduring collaboration with Valtournenche guides. Then, his acquaintance with
Compagnoni brought him in touch with Margaria, and this is where the present
story, in fact an adventure, started. Pictures of Monzino and of the Duke of Abruzzi
appear in Fig. 10.1.
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Fig. 10.1 Left. Prince Luigi Amedeo, Duke of the Abruzzi (middle), with two of his guides, César
Ollier and Joseph Petigax, in Karakorum in 1906. Right. Portrait of Guido Monzino taken during
the 1959 expedition to Kanjut-Sar, Karakorum. With the kind permission of Club Alpino Italiano

Obviously enough, the School of Milano contributed only a tiny, yet scientifically
significant part of the overall history of altitude studies. Those interested in it can be
referred to specific, analytic books and reviews (Luks et al. 2021; Ward et al. 2000;
West 1998). Generally speaking, two main attitudes to the study of human adapta-
tion to altitude can be identified in the scientific community. On the one side, we find
the synthetic approach of those who consider altitude exposure a tool to understand
basic physiological issues. On the other side, there is the analytic approach of those
who consider understanding altitude adaptation an aim in se, and thus investigate
and describe how specific physiological functions are modified during prolonged
altitude sojourns or during permanent life at altitude. It goes without saying that
all the excursions of the School of Milano in altitude research followed the former
approach. Finally, we remind that the history of altitude physiology and medicine
includes also related chapters like nutrition (Stellingwerff et al. 2019), sleep (Bloch



et al. 2015), genomics (Storz 2021; Semenza 2020), training (Lundby and Robach
2016; Saunders et al. 2009), and high-altitude pulmonary or cerebral edema (Luks
et al. 2017; Swenson and Bärtsch 2012). Thanks to the activity of Giuseppe
Miserocchi, the School of Milano provided also significant contributions to the
understanding of the pathophysiology of high-altitude pulmonary edema.
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10.2 The Kanjut-Sar Expedition

Monzino contacted Margaria in 1958, when he was preparing his first expedition to
Karakorum, aimed at attaining the summit of Mount Kanjut-Sar (7760 m above sea
level), which is near the K2, and was still unconquered at that time. A picture of the
participants in the expedition is reproduced as Fig. 10.2.

Monzino was looking for a medical researcher apt to join such an expedition.
Margaria charged Paolo Cerretelli of that task, who was then a young medical
assistant at the Institute of Physiology in Milano. When he was told that he would

Fig. 10.2 The participants in the 1959 expedition to Kanjut-Sar at base camp. From left, back row:
Marcello Carrel, Camillo Pellissier, Cap. Khalid, Guido Monzino (chief of the expedition), Jean
Bich, Piero Nava; middle row: Paolo Cerretelli, Lino Tamone, Pierino Pession, Leonardo Carrel,
Pacifico Pession, Lorenzo Marimonti; first row: high-altitude porters. With the kind permission of
Club Alpino Italiano



have been sent as a medical researcher after a mountaineering expedition to Kash-
mir, Cerretelli felt unprepared: he was neither a climber nor a trekker.
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Fig. 10.3 Paolo Cerretelli behind a Tissot spirometer inside his tent at the base camp of Mt. Kanjut-
Sar, 1959. With the kind permission of Club Alpino Italiano

Often unique occasions come unexpectedly, take it or leave it, and, notwithstand-
ing his worries, Cerretelli took his. So he found himself in Cervinia (Aosta Valley,
Italy, near Valtournenche) for 3 days, where the equipment for the expedition was to
be tested, and where he was entrusted to a group of Valtournenche guides. Monzino
instructed them to shake him off and show him the brilliant emotions of life at
altitude. They trekked to the summit of Mt. Breithorn (4178 m above sea level,
between the Matterhorn and the Mount Rose). On summit, they gave him hickory
skis and told him that he was to descend with those skis under his feet. Good to him,
Cerretelli was at least an average leisure skier, so he could accomplish his task
somehow (Cerretelli, personal communication). After animate discussions, he was
finally admitted as an expedition medical researcher and practitioner: Monzino
needed one, after all. As a consequence, in 1959, he found himself at the Kanjut-
Sar base camp, living in a tent with a Tissot spirometer, a Haldane apparatus, a
40-cm high step, and a couple of high pressure oxygen cylinders (Fig. 10.3).

The expedition was a success. Most important to Monzino, Camillo Pelissier
(1924–1966), an alpine guide from Valtournenche (Fig. 10.4), attained the summit
(7760 m above sea level) on July 10th, 1959. Although overlooked by the press
(after all, Kanjut-Sar was less 8000 m tall. . .), this was an extraordinary climbing
enterprise. First of all, Pelissier did it without supplementary oxygen supply: an
approach that only the great Hermann Bühl (1924–1957) had dared to take until



then. Secondly, he did it alone, because his companion Jean Bich (1916–2010) had
to remain at camp VI for an initial frostbite at his toes (Monzino et al. 1960). Finally,
climbing Kanjut-Sar is a technically difficult enterprise; suffice to say that the ascent
was repeated only once, by a Japanese expedition in 1981.
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Fig. 10.4 Camillo Pellissier upon return to camp III, after his conquest of the Kanjut-Sar summit.
With the kind permission of Club Alpino Italiano

Most important to us, Cerretelli succeeded in performing his first experiments at
altitude and in carrying back the results. Three remarkable papers originated from the
Kanjut-Sar expedition. The first (Cerretelli 1959) reports an analysis of the ventila-
tory response of climbers to chronic hypoxia. He used the technique of chemical
denervation of peripheral chemoreceptors that Dejours et al. (1959) had just
published. In fact, Dejours himself made the protocol available to Margaria to that
purpose. In practice, the subjects, who were breathing ambient air, were suddenly
administered four breaths of pure oxygen. The subsequent evolution of expired
ventilation ( _VE) was followed on the spirometer. The results demonstrated that the
_VE reduction induced by oxygen breathing was greater in chronic hypoxia than in
normoxia. The same technique was resumed 25 years later to study the ventilatory
response to hypoxia of climbers who had reached the summit of the highest peaks on
Earth without supplementary oxygen (Oelz et al. 1986).

In the second paper, alveolar gas composition before and after altitude acclima-
tion was measured (Cerretelli 1961). The data confirmed the predictions made by
Fenn et al. (1946). In the third article (Cerretelli and Margaria 1961), the decrease of



maximal oxygen consumption ( _VO max
2 ) was shown to be the same in chronic as in

acute hypoxia. We discuss this issue more in detail in Chap. 7. Cerretelli (2013) told
that he measured also vital capacity in 11 subjects after 60 days of exposure between
5000 and 7500 m, finding a reduction by 12.5%. However, we reckoned no
publications on this issue by him.
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After the Kanjut-Sar expedition, Cerretelli did not practice altitude physiology
until the 1973 Italian Expedition to Mount Everest. He kept being acquainted with
Monzino, but their relationship encompassed other geographic interests, such as
Greenland and Kenya. Nevertheless, Cerretelli performed some experiments in acute
hypoxia. He demonstrated (Cerretelli 1967) that the decrease of _VO max

2 is accom-
panied by an equivalent decrease of the workload at which blood lactate accumula-
tion appears. He also showed that the maximal blood lactate concentration is the
same in acute hypoxia as in normoxia, at variance with what occurs in chronic
hypoxia (Dill et al. 1931; Edwards 1936). He also argued that the fall of _VO max

2 in
acute hypoxia supports the hypothesis of central (cardiopulmonary) limitation of
_VO max

2 in humans (Cerretelli et al. 1967).

10.3 The Italian Expedition to Mount Everest

10.3.1 The Expedition

In 1972, Guido Monzino set up, and in 1973 realized, in collaboration with the
Italian Army, a huge (65 members, 54 soldiers, and 11 civilians) expedition, the aim
of which was to have the first Italian climbers posing their feet on the summit of
Mount Everest. The Army provided transportation, logistics, telecommunications,
the base camp settlement, and electric power supply. Nine transport aircrafts were
used to carry more than 100 tons of equipment and goods, included two helicopters.
The caravan ascending the Khumbu Valley toward the Everest base camp consisted
of 150 individuals, the 65 Italians plus 85 Sherpas, some 2000 porters, and hundreds
of yaks. The base camp was inaugurated on March 20th, 1973, at an altitude of
5350 m above sea level. It was a kind of village, with 60 tents, several heated
lodgings, a canteen, a bar, a post office, an infirmary. The higher camps were then
installed (Monzino 1976).

The two helicopters were used for transporting equipment along the Khumbu
Valley and eventually to the base camp. That was the first time helicopters took off at
altitudes higher than 4500 m above sea level. Cerretelli (2013) revealed that, while
approaching and setting the base camp, pilots tried to raise the take-off altitude,
mainly for technical purposes. One of the helicopters, which had been modified for
extreme take-off and landing on ice, was lost without casualties in an attempt at
landing at the advanced base camp (6300 m), to evacuate a Sherpa suffering of acute
pulmonary edema. The second helicopter succeeded in landing, rescued the Sherpa
and evacuated the three crewmembers who survived the accident of the first
helicopter.
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Despite bad weather and strong snowfalls, the expedition was a remarkable
climbing success. Two tents could be installed at camp VI, at 8513 m above sea
level, wherefrom five climbers (firstly Rinaldo Carrel and Mirko Minuzzo from
Valtournenche, then, 2 days later, Virginio Epis, Claudio Benedetti, and Fabrizio
Innamorati, who were enrolled in the alpine troops) and three Sherpas (Lakpa
Tensing and Sambu Tamang on the first occasion, Sonan Gyaltzen on the second)
reached the summit between May 5th and May 7th, 1973.

This was the last traditional Himalayan expedition, organized with large means
and a large number of participants. Alpinism in the Himalayas and Karakorum was
changing. Reinhold Messner had already reached the summit of Nanga Parbat
without supplementary oxygen, in pure alpine style, following Hermann Bühl’s
example, after a dramatic ascent, which was marked by the death of his brother,
hit and killed by an avalanche on the way back. Five years only separate the
successful climb by Carrel and Minuzzo from the pivotal enterprise by Messner
and Peter Habeler, who, on May 8th 1978, were the first to reach the summit of
Mount Everest without supplementary oxygen. This was a real turning point,
opening a new era in the history of alpinism and prompting new approaches to the
study of extreme altitude adaptation.

10.3.2 Paolo Cerretelli at the Expedition

Paolo Cerretelli, who had just been appointed Professor of Physiology at the
University of Milano, participated in the Italian expedition to Mount Everest as a
medical scientist. He told the story of his participation and of the experiments that he
carried out (Cerretelli 2013). We can thus make use of his words to give an account
of what he did. The acronyms have been adapted to the present nomenclature.

My main task in the expedition was to develop my research project in the facility provided by
the organization. I was assisted by a technician from my laboratory and, occasionally, by
one of the three doctors participating in the expedition with professional assignments. A
large number of porters and altitude Sherpas (70) were also recruited. I had obtained
informed consent from all Italian members and a number of selected altitude Sherpas to
collaborate as subjects for some of the experiments that were planned. The equipment was
provided by the organization and later donated to my laboratory at the University of Milano.
It included a special custom-built metabograph conceived for measurements of maximum
oxygen consumption in a closed circuit, opposing low resistance up to very high ventilation
rates, breathing ambient air or pure oxygen (Margaria et al. 1959), carbon dioxide and
oxygen breath-by-breath meters, an earpiece oximeter coupled to amplifiers, and a
recorder, battery-powered electrocardiographs, PO2, PCO2, and pH microelectrodes, a
spectrophotometer, and the basic equipment for a standard laboratory of clinical biochem-
istry (see pictures). The laboratory was moderately heated (Fig. 10.5).

Several variables were recorded in selected groups of Caucasians, before and after
8 weeks of continuous (5000–7000 m) or intermittent (2–6 h daily, between 2800 and
7000 m) altitude exposure, and in Sherpas operating at or above the base camp. Among
these were red blood cell count, blood hemoglobin concentration, hematocrit; _VO max

2 ,
maximal expired ventilation ( _VE

max), maximal heart rate ( fH
max) and arterial oxygen
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Fig. 10.5 Physiology laboratory at the base camp of the 1973 Mount Everest expedition. A bicycle
ergometer, spirometers, gas analyzers, and electronic recorders are visible. With the kind permis-
sion of Paolo Cerretelli

saturation (SaO2); resting and exercise cardiac output ( _Q); _VO max
2 changes when admin-

istering hypobaric oxygen or normoxic air–oxygen mixtures to breathe to acclimatized
Caucasians with increased hematocrit at the Mt. Everest base camp (Cerretelli 1976a);
and peak blood lactate concentration at exhaustion (Lâb) and the kinetics of payment of the
lactic oxygen debt (Cerretelli et al. 1982).

The results of hematologic measurements confirmed essentially previous data obtained
in similar conditions. An original finding concerning blood composition appears in Tables 1
and 2 (this data are reported in present Table 10.1): it confirms the different responses to
chronic hypoxia of native Sherpas vs. acclimatized Caucasians, also showing an unex-
pected, peculiar reaction of the members of the helicopter crew. The latter, based at 2850 m,
were regularly making use of supplemental oxygen when operating at above 4000 m, and
used to spend several hours a day on the ground in the altitude range of 4500–6300 m. They
were apparently very well acclimatized from the respiratory standpoint, as proven by the
perfect altitude tolerance when stranded at above 6300 m, but were characterized by
hematologic parameters similar to those of Sherpas. To the author’s knowledge, these
measurements have never been repeated.

Measurements of _Qby the nitrogen–carbon dioxide rebreathing method (Cerretelli et al.
1966) and of oxygen consumption have been carried out at the base camp (5350 m) in five
subjects at rest and, in two of them, at increasing exercise loads on the bicycle ergometer
and, compared with the sea level control values (Cerretelli 1976b).

Resting _Q values were found to be unchanged, as were the measurements obtained at
moderate workloads. At about 90% of their _VO max

2 , the two investigated subjects attained _Q
levels of 19.0 and 20.7 L min-1, respectively, versus sea level control data of 20.9 and
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Table 10.1 The top and middle rows report the data contained in Cerretelli’s Table 1, concerning
data obtained on Italian subjects at sea level and at the two indicated altitudes. The bottom rows
reports the data contained in Cerretelli’s Table 2, concerning a comparison between Italians, either
climbers, who underwent 8 weeks of continuous altitude exposure, or helicopter pilots, who
underwent 5 weeks of intermittent altitude exposure, and Sherpas, who underwent 8 weeks of
continuous altitude exposure. RBC, red blood cell count; [Hb], blood hemoglobin concentration;
Hct, hematocrit; fH

max, maximal heart rate; _VO max
2 , maximal oxygen consumption. This

Table combines Tables 1 and 2 of Cerretelli (2013)

Age (years) Weight (kg) RBC (μm-3) [Hb] (g L-1)

Sea level 29.1 ± 5.9 71.5 ± 9.7 4.70 ± 0.22 149.6 ± 8.6

Base camp (5350 m) 66.9 ± 8.7 6.65 ± 0.70 216.0 ± 24.2

Lukla (2850 m) 66.9 ± 8.7 6.65 ± 0.70 216.0 ± 24.2

fH
max (min-1) _VO max

2 (L min-1) _VO max
2 (ml kg-1 min-1)

Sea level 187 ± 13 3.13 ± 0.29 44.3 ± 5.6

Base camp (5350 m) 160 ± 9 2.36 ± 0.29 35.7 ± 6.2

Lukla (2850 m) 168 ± 15 3.03 ± 0.25 45.8 ± 5.3

ss Hct RBC (μm-3) [Hb] (g L-1)

Italians (climbers) Continuous 0.663 ± 0.043 7.03 ± 0.66 235.2 ± 16.4

Sherpas Continuous 0.627 ± 0.047 5.02 ± 0.80 201.0 ± 12.6

Italians (pilots) Intermittent 0.555 ± 0.024 5.02 ± 0.45 196.0 ± 13.2

23.7 L min-1. _VO max
2 -extrapolated maximal _Q ( _Qmax ) values were 10% lower than the

control values at sea level, while fH
max were 148 and 162 min-1, respectively (vs. 160 and

178 at sea level). Thus, the stroke volume of the heart in the prevailing experimental
conditions was essentially unchanged.

A major interest for me was the analysis of the factors limiting maximal exercise at
altitude in acclimatized lowlanders. By the use of the metabograph, it was possible to show,
right at the base camp (PB = 410 mmHg), that these subjects (n = 10), when given 100%
oxygen to breathe, could raise their _VO max

2 from an average of 70% of the control sea level
value only to 92% (Cerretelli 1976b). Considering the limited reduction of _Qmax and the
40% increase in blood hemoglobin concentration ([Hb]), to explain these results (also
confirmed by indirect measurements of _VO max

2 in a group of 13 subjects taken down by the
helicopter to Lukla, 2850 m), two hypotheses were put forward, i.e., (a) that the release of
oxygen in the muscles by peripheral capillaries could have been impaired by packing of
erythrocytes due to extremely high Hct and/or (b) that the blood was shunted away from the
muscles to reduce the load on the heart due to increased viscosity. Neither condition has
been tested experimentally. However, more recent findings (Cerretelli et al. 2009) indicate
that the reduced maximum rate of oxidations could have been mainly the result of muscle
deterioration (reduction of tissue mass, decreased mitochondrial volume density, increase in
the accumulation of lipofuscin, a marker of damage by reactive oxygen species, and
enzymatic impairments of the muscle metabolic machinery).

In the course of the expedition, I had the opportunity to evaluate in a large group of
subjects, both acclimatized Caucasians and Sherpas, and in various experimental condi-
tions, the apparent peak contribution to energy metabolism by anaerobic glycolysis. The
Sherpas, for most of the time, were living at altitudes varying between 2500 and 3400 m,
whereas during the expedition, they spent, like Caucasians, at least 8 weeks between 5000
and 7500 m. Both breathing ambient air or oxygen, resting lactate concentrations at altitude
are approximately the same as those at sea level. By contrast, peak lactate concentration at
exhaustion (work duration 3–5 min) appears to be considerably lower than at sea level in all
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investigated groups. These data were among the first after those of Dill et al. (1931) and
Edwards (1936) confirming the existence of an apparent blunting of the maximum energy
yield from anaerobic glycolysis at altitude. The latter phenomenon was later defined the
“lactate paradox” by Hochachka (1988).

Cerretelli’s account, although quite precise and complete, is nonetheless decep-
tive, because it remains confined to a relatively descriptive and superficial level, and
thus recognizes less credits than his work deserves. His experiment on the effect on
_VO max

2 of having acclimatized subject, with elevated [Hb], breathing hypobaric
hyperoxic mixtures at the base camp, thus reproducing the inspired oxygen pressure
incurring at sea level, is among the most influential experiments ever carried out at
altitude, for its tremendous and enduring onsequences.

10.3.3 Limiting Factors to Oxygen Transport on Mount
Everest

Indeed, Cerretelli’s participation in the Italian expedition to Mount Everest is
memorable to the scientific community for essentially one paper (Cerretelli 1976a)
on the factors limiting oxygen transport on Mount Everest, which we briefly
summarize herewith, since it is poorly described in the above account of the
scientific outcomes of the expedition.

Cerretelli was puzzled by the fact that the _VO max
2 fall in chronic hypoxia was the

same as in acute hypoxia (Cerretelli and Margaria 1961; Cerretelli et al. 1967; Dill
and Adams 1971; Dill et al. 1966; Fagraeus et al. 1973; Pugh et al. 1964; Vogel et al.
1967, just to encompass the Kanjut-Sar 1959–Everest 1973 time window), because
he thought it was in contradiction with the observation that altitude acclimatization
implies an increase in [Hb]. Thus, he formulated the hypothesis that cardiovascular
oxygen transport may not account for the entire _VO max

2 change in chronic hypoxia,
despite his own previous conclusions (Cerretelli et al. 1967). To test this hypothesis,
he conceived and realized an experiment, wherein _VO max

2 was measured on a man
acclimatized to altitude, and thus polycythemic, who was breathing at the Everest
base camp a gas mixture containing an inspired oxygen partial pressure (PIO2)
equivalent to that existing at sea level (acute normoxia, PIO2= 150 mmHg). Of
course, _VO max

2 was measured also at sea level, before departure, and at altitude. He
admitted two possible outcomes. If cardiovascular oxygen transport were indeed the
factor limiting _VO max

2 in chronic hypoxia, he would have found a _VO max
2 higher

than that measured at sea level before the expedition, and by a relative amount
equivalent to the percent increase of arterial oxygen concentration (CaO2) due to the
higher [Hb]. If conversely he would not have observed such a _VO max

2 increment,
then the limit to _VO max

2 would be elsewhere than in cardiovascular oxygen
transport.

The results are reported in Fig. 10.6. The combination of a higher [Hb] due to
acclimatization with a lower SaO2 due to altitude, generated a slightly higher CaO2 in



chronic hypoxia than in normoxia. Obviously enough, acute normoxia determined a
huge increase in CaO2. The measured _VO max

2 fall at altitude corresponded well to
the expectations at the Everest base camp (Pugh et al. 1964). The drama exploded
when the subjects were tested in acute normoxia: their _VO max

2 went up, but not
in proportion to the CaO2 increase; it rather remained definitely lower than observed
in Milano, before the expedition. Although expressed only relative to the value in
normoxia, it was clear that _Qmax decreased in chronic hypoxia with respect to
normoxia, before departure. Yet most important, when the subjects breathed the
hyperoxic gas mixture, _Qmax did not come back to the value observed in Milano,
despite its slight increase. Interestingly enough, Pugh et al. (1964) reported an
indirect finding along the same line: two of their subjects, while breathing oxygen
at 150 mmHg at 5800 m after acclimatization (acute normoxia), could sustain a
given supramaximal power for 4 min only, instead of 6 min in normoxia. This
finding did not escape Cerretelli, who mentioned it in his paper (Cerretelli 1976a).
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Fig. 10.6 Left panel: Maximal oxygen consumption ( _VO max
2 ), expressed relative to the value at

sea level, set equal to 100%, as a function of barometric pressure (PB). The filled dots refer to the
values obtained in Milano before departure (normoxia) and at the Everest base camp after accli-
matization (chronic hypoxia). The dotted area indicates the expected range for _VO max

2 values in
chronic hypoxia. Middle panel: Same as on left. A curve connects the two values in normoxia and in
chronic hypoxia. Breathing the hyperoxic mixture at Everest base camp moves _VO max

2 up to the
circled dot, as indicated by the continuous bent arrow. The open dot shows the _VO max

2 that
Cerretelli expected to find after administration of the hyperoxic mixture, based on the observed
increase in blood hemoglobin concentration. The dashed arrow indicates the apparent “lack” of
_VO max

2 : Right panel: Maximal heart rate or cardiac output ( _Qmax ), expressed relative to the
respective value at sea level, set equal to 100%, as a function of PB. The values in normoxia and
in chronic hypoxia (filled dots) are connected by a curve. Administration of the hyperoxic mixture at
Everest base camp moves _Qmax up to the circled dot only. From Ferretti (2003), redrawn after
Cerretelli (1976a)
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In line with the formulated hypothesis, Cerretelli discussed these results as
demonstrating that cardiovascular oxygen transport does not limit _VO max

2 in chronic
hypoxia. He excluded the lungs as limiting factor, because the investigated respira-
tory variables were unaffected by chronic hypoxia. So, he proposed that in chronic
hypoxia “the limiting factors for aerobic work performance are peripheral,” and
focused on capillary perfusion or diffusion, since he argued that chronic hypoxia did
not affect cell respiration, as demonstrated on rats by Gold et al. (1973).

Curiously enough, Cerretelli considered the lack of _VO max
2 increase in acute

normoxia with respect to the value observed in normoxia before departure as an
analogous of the lack of _VO max

2 increase in proportion to PIO2 in hyperoxia
(Bannister and Cunningham 1954; Fagraeus et al. 1973; Margaria et al. 1961,
1972). A few years later, Cerretelli discussed the same results in a book chapter
and wrote: “The failure of sudden hyperoxia to raise _VO2

max in acclimatized
lowlanders to sea level or even higher values in the absence of a drastic reduction
of maximal cardiac output ( _Qmax ) could be explained by a reduction of effective
blood flow to the working muscles” (Cerretelli 1982).

10.3.4 Critique of a Paper

In 1976, exercise physiologists were still searching the single limiting factor to
_VO max

2 (Ferretti 2014). As discussed in Chap. 7, two fields faced each other. On
one side, we find those believing that the limits were imposed by central circulation
(cardiovascular oxygen transport); on the other side, there were the supporters of
peripheral muscular limitation. Indeed, the majority was on the former side (Åstrand
1952; Ekblom 1969; Holmgren and Åstrand 1966; Margaria et al. 1965; Mitchell
and Blomqvist 1971; Ouellet et al. 1969; Rowell 1974; Saltin 1973, just to cite
publications appearing before 1976). The contention of cardiovascular limitation of
_VO max

2 relied essentially on the findings that _VO max
2 (i) is higher in endurance

athletes than in non-athletes, (ii) is proportional to _Qmax , and (iii) increases with
endurance exercise training (see Blomqvist and Saltin 1983; Ferretti 2014, Lacour
and Flandrois 1977, for a summary of results). In the 1970s, the demonstration that
_VO max

2 increases after autologous blood reinfusion (Ekblom et al. 1972) in parallel
with and in proportion to the induced increase in _Qmax (Ekblom et al. 1976) gave
further momentum to the cardiovascular limitation field. When he submitted his
1976 paper, Cerretelli was probably unaware of the latter article, published just
2 months earlier in the same journal, when his was already in press. No on-line first
articles existed then. This may explain why he underscored the value of autologous
blood reinfusion in his discussion.

It is fair to admit that Cerretelli’s reasoning was logical, considering the knowl-
edge and the theoretical vision of those times. To him, the fact that _VO max

2 did not
increase in acute normoxia above the level attained in Milano before departure
(normoxia) necessarily implied that circulation was not the limiting factor, at least



at altitude. Inevitably, he had to look elsewhere, and think of a possibly distal site of
the single limiting factor: in fact, he excluded the lungs and concentrated on muscles.
As possible limiting step, he focused on a limitation of muscle tissue perfusion and
on changes in oxygen diffusion rates between capillaries and muscle fibers, but did
not consider muscle oxidative capacity. He did so based on observations made on
small animals (Gold et al. 1973), but, rather surprisingly, neglected what was then
perhaps the most important work supporting a role for peripheral limitation. In fact,
Reynafarjee (1962) had reported an increment of muscle myoglobin concentration
and of oxidative enzyme activity in Andean altitude natives. Reynafarjee’s paper
was extremely influential in the 1960s and the 1970s. The belief that oxidative
capacity had necessarily to increase in chronic hypoxia was so deeply rooted in the
scientific community, that Peter Hochachka, a bright and imaginative zoologist and
physiologist from Canada, constructed a keen interpretative hypothesis around this
notion (Hochachka et al. 1983). Indeed, they stated that animals living permanently
in chronic hypoxia had to cope with a major problem, namely “how to maintain an
acceptably high scope for aerobic metabolism in the face of the reduced oxygen
availability of the atmosphere.” They postulated that this could be achieved only by
enhancing the capacity for oxygen transport and the capacity for oxidative
metabolism.
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Cerretelli’s paper just came out too early. A revolution in the way of looking at
_VO max

2 limitation took place in subsequent years. After Taylor and Weibel (1981)
had resumed the oxygen conductance equation and had applied it to the condition of
maximal exercise, multifactorial models of _VO max

2 limitation were developed. The
first and most comprehensive of these models was conceptually proposed by di
Prampero (1985), algebraically formulated by di Prampero and Ferretti (1990), and
later expanded to cover hypoxia (Ferretti and di Prampero 1995). At the same time, a
concurrent model, with a different vision of the oxygen cascade, was constructed
following the same basic concept (Wagner 1993). These models are analyzed in
detail in Chap. 7. Suffice to remind here that the concept, according to which _VO max

2
is not limited by a single factor (unifactorial theory), as believed some 50 years ago,
but by the simultaneous action of multiple factors (multifactorial theory) has become
a widely accepted notion.

In this new context, Ferretti (2003) reinterpreted Cerretelli’s (1976a) results,
attaining opposite conclusions to his. Let us use his words, with the sole precaution
of adapting the symbols and equation numbers to those used in the present book.

According to di Prampero and Ferretti (1990), the cardiovascular resistance to
oxygen flow (RQ) is equal to:

RQ =GQ
- 1 = _Q βb

� �- 1 ð10:1Þ

where GQ is the equivalent conductance and βb is the oxygen transport coefficient of
blood. This in turn corresponds to the average slope of the oxygen equilibrium
curve, as (Note that Eq. 10.2 is tantamount to Eq. 7.7.):
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βb =
CaO2 -CvO2ð Þ
PaO2 -PvO2ð Þ ð10:2Þ

where C and P indicate the concentrations and pressures of oxygen, respectively, in
arterial (a) and mixed venous (v) blood. What Cerretelli did when he administered
oxygen at 150 mmHg to his subjects at Everest base camp was actually to change
three parameters pertaining to the oxygen conductance equation: (i) he increased
the overall oxygen gradient, because he changed PIO2; (ii) he slightly increased
_Qmax (he measured this indeed); and (iii) he decreased the factor βb. In fact, the
increase in PIO2 brought about a subsequent increase in alveolar oxygen pressure
(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 point was only slightly
displaced, this implied a dramatic change in the average slope of the oxygen
equilibrium curve, and thus in βb. According to Eq. (10.1), this means a reduction
of GQ with consequent increase in RQ. To sum up, the administration of oxygen at
150 mmHg did not induce a _VO2

max increase proportional to that in the overall
oxygen gradient, because, due to the shape of the oxygen equilibrium curve, the
latter increase was inevitably accompanied by a concomitant reinforcement of the
cardiovascular resistance to oxygen flow. These are exactly the same reasons why
_VO2

max does not increase in hyperoxia and why subjects with a high _VO2
max in

normoxia, who are subjected to arterial oxygen desaturation (Dempsey et al. 1984),
undergo a greater decrease in _VO2

max in hypoxia (Ferretti et al. 1997). Indeed
Cerretelli’s experiment provides nothing but a brilliant confirmation of the predom-
inant role of cardiovascular oxygen transport in limiting _VO2

max! Since _VO2
max did

not come back to the level measured at Milano before the expedition, it is alike that
the peripheral (muscular) resistances to oxygen flow factors, though smaller than
RQ, be larger than in normoxia. However, this by no means implies that the
fractional limitation to _VO2

max in chronic hypoxia imposed by peripheral factors
be increased.

In conclusion, a reanalysis (Ferretti 2003) of a great paper (Cerretelli 1976a)
based on unique data collected at the 1973 Italian expedition to Mount Everest, in
which the author postulated that muscle blood flow is the factor that limits _VO max

2 at
altitude, demonstrated the main role of cardiovascular oxygen transport as a factor
limiting _VO max

2 . These conclusions, by Cerretelli and by Ferretti, are opposite each
in respect to the other. Nevertheless, and in spite of this, the outcomes of Cerretelli’s
paper were along a third, different track. Indeed it prompted a coherent series of
experiments that unambiguously confuted Reynafarjee’s hypothesis, demonstrating
that the loss of muscle oxidative capacity is the main effect of chronic hypoxia on
muscle structure and function, as we will describe more in detail in the next section.
In sum, the story of Cerretelli’s Mount Everest paper reveals a mixture of erroneous
conclusions, yet coherent with the vision of that time, a belated reversal of that
conclusion 25 years later, in the light of further knowledge and of a different cultural
climate, and ensuing studies along a third track, independent of both conclusions, the
original and the revisited. According to Ferretti (2003), this story prevents from



thinking of a coherent linear evolution of scientific knowledge because of a logical
series of hypotheses and refutations. It rather puts forward a great deal of serendipity,
casualty, chance, and logical misdemeanor, which fits well with Feyerabend’s
anarchic theory of the evolution of scientific knowledge (Feyerabend 1975). Epis-
temology is wonderful, but life is a non-linear phenomenon.
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10.3.5 The Consequences of a Paper

And so, it eventually happened that a paper showing the role of cardiovascular
oxygen transport in limiting _VO max

2 at altitude originated a lot of studies, which can
now be considered classical indeed, on muscle structural and functional adaptation
to chronic altitude exposure!

This was certainly not the original intention of Cerretelli. He was candidly
convinced that muscle oxidative capacity had nothing to do with it. He pointed to
muscle blood flow and capillary-fiber oxygen transfer indeed. However, nobody felt
induced to study muscle blood flow in chronic hypoxia. Only Cerretelli and
coworkers (Cerretelli et al. 1984) investigated muscle blood flow in a group of
climbers upon return from a Himalayan expedition. Indeed, the only notable finding
of that study was a slowing of the blood flow response at light exercise onset.

We neither know nor understand how it happened that all of a sudden people
drew their attention toward muscle structural studies. Certainly, it was not a will of
falsifying Reynafarjee’s conclusions. The only apparent link between limiting fac-
tors to oxygen transport on Mount Everest and muscle structural studies might have
been capillarity, which can be determined by histochemical or morphometric
methods on muscle biopsy samples. Therefore, we cannot state whether the change
of direction taken by Cerretelli in his altitude research in subsequent years was
serendipitous or not. Yet it is a matter of fact that, in apparent contrast with his own
conclusions, Cerretelli turned his focus to muscle morphometry.

In 1978, Cerretelli moved from Milano to Geneva. Then, he entered in touch with
Ewald Weibel (1929–2019) and his pupil Hans Hoppeler from the Institute of
Anatomy of the University of Bern, as well as with Hans Howald from the Swiss
Federal School of Sport in Magglingen. Weibel was famous worldwide for the
introduction of morphometric methods for electron microscope studies, together
with a mathematician from Cuba, Domingo Gomez (1903–1978), and for the
application of these methods to the quantitative analysis of alveolar morphology
(Weibel 1963, 1973; Weibel and Gomez 1962). Weibel encouraged Hoppeler to
initiate the morphometric study of human muscle (Hoppeler et al. 1973). Howald
was a sport medicine specialist, whose research interests were in muscle biochemical
adaptation to training (see, e.g., Howald 1982). When Cerretelli arrived at Geneva,
Weibel was engaged, in collaboration with Dick Taylor (1939–1995) from Harvard,
in a big study on the morphological characteristics of the mammalian respiratory
system and on the structural limits to oxygen flow, which resulted in a major series of
publications in Respiration Physiology (Taylor and Weibel 1981). Hoppeler was



responsible for muscle morphometric studies, and Howald of muscle enzymatic
activity studies.
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The ensuing collaboration between Cerretelli and them led to several major
studies on muscle structural and biochemical characteristics in chronic hypoxia.
Elite climbers (Oelz et al. 1986), climbers before and after altitude acclimatization
(Hoppeler et al. 1990; Howald et al. 1990), Sherpas (Kayser et al. 1991), Tibetans
(Kayser et al. 1996), and Andean natives (Desplanches et al. 1996) were studied.
Others also joined that research line, investigating the participants in Operation
Everest II (Green et al. 1989; McDougall et al. 1991) or other acclimatized subjects
(Poole and Mathieu-Costello 1989). All these studies coherently demonstrated the
remarkable loss of muscle oxidative capacity either with altitude acclimatization, or
in populations living permanently at altitude, whether by measuring muscle mito-
chondrial volume density or mass, or by determining muscle oxidative enzyme
activities. These findings were opposite to what everybody expected. Furthermore,
they were so univocal and coherent that they led to a clear-cut refutation of
Reynafarjee’s hypothesis and rejection of Hochachka’s interpretative hypothesis
(Hochachka et al. 1983).

Furthermore, all these studies demonstrated an increase in muscle capillary
density. This did not come from capillary neoformation, as long as capillary volume
is essentially unchanged. It rather came from a reduction of muscle fiber size.
Notwithstanding its cause, this finding implies a shortening of muscle diffusion
distances, thus reducing the peripheral resistance to oxygen flow and easing oxygen
diffusion from capillaries to mitochondria. This tends to compensate for the loss of
mitochondrial oxidative capacity, so that eventually the lumped peripheral resistance
to oxygen flow (see Chap. 7) remains essentially unchanged in altitude-adapted
humans with respect to non-acclimatized normoxic lowlanders.

Cerretelli and Hoppeler (1996) summarized these results in a splendid chapter of
the Handbook of Physiology.

10.4 Messner on Top of Mount Everest Without Oxygen
Bottles

On May 8th, 1978, Reinhold Messner and Peter Habeler reached the summit of
Mount Everest in pure alpine style and without supplementary oxygen, as Pellissier
did on Kanjut-Sar almost 20 years before. Whereas Pellissier’s exploit made little
surprise, after all Kanjut-Sar summit is definitely below 8000 m, Messner and
Habeler shocked the entire physiological community: nobody indeed thought that
it would have been possible to reach the top of Mount Everest without supplemen-
tary oxygen. At the time of the K2 expedition, Margaria did not take into account any
hypothesis of refraining from using oxygen. All classical attempts to reach the
8000 m peaks were organized as big exploration expeditions. No trial succeeded
before World War II. In the 1950s, all summiteers made use of supplementary



oxygen, with only one yet very notable exception: Hermann Bühl on Nanga Parbat,
who reached the summit alone, in alpine style and without oxygen supplementation,
on July 3rd, 1953. Bühl opened a new way indeed, but Nanga Parbat is 700 m less
than Everest above sea level.
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Fig. 10.7 Left: Portrait of Alexander Mitchell Kellas. Right: Kellas’ grave in Kampa Dzong, Tibet.
In public domain

Nevertheless, John West discovered that somebody predicted the possibility of
reaching the summit of Mount Everest without supplementary oxygen indeed some
60 years before Messner achievement: Alexander Kellas (1868–1921), a Scottish
chemist with interests in physiology, who also contributed deeply to our understand-
ing of the geography of the Karakorum and the Himalayas area (West 1987, see
Fig. 10.7). He traveled in Nepal and Sikkim, approaching Everest from East.
Concerning the problem of climbing Mount Everest, he communicated a report to
the Royal Geographical Society entitled “A consideration of the possibility of
ascending the loftier Himalaya,” which was published in the Geographical Journal
(Kellas 1917).

Yet this was only a preliminary report. His considerations were further and more
precisely detailed in an unpublished report, a copy of which West resumed from the
Alpine Club archives in London. A detailed summary of this text, entitled “A
consideration of the possibility of ascending Mount Everest,” can be found in
West (1987). The complete text has been reprinted in 2001 (Kellas 2001).

Here, we just highlight a few key points of physiological interest. In fact, Kellas
(i) argued that hyperventilation induced by hypoxia would decrease alveolar carbon
dioxide partial pressure (PACO2) and increase PAO2; (ii) admitted the possibility of a
left shift of the oxygen equilibrium curve at extreme altitude due to low PACO2, yet
corrected by a decrease of the alkaline reserve of blood; (iii) estimated, by means of
an analogous of the alveolar air equation (FitzGerald 1913), PAO2= 23.6 mmHg,
after assuming PB = 267 mmHg and PACO2= 18.6 mmHg on top; (iv) calculated



SaO2= 0.431; (v5) discussed the potential effects of high-altitude polycythemia;
(6) estimated _VO max

2 at various altitudes, predicting a value of about 1 L min-1

on top, incredibly close to that measured on summiteer Chris Pizzo at the American
Medical Research Expedition to Mount Everest (AMREE) (West et al. 1983a). He
eventually concluded:Mt. Everest could be ascended by a man of excellent physical
and mental constitution in first rate training, without adventitious aids if the physical
difficulties of the mountain are not too great, and with the use of oxygen even if the
mountain can be classed as difficult from the climbing point of view. Messner was
probably unaware of Kellas’ conclusion, nevertheless he inadvertently demon-
strated, 60 years after, that Kellas was right.
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Kellas fell into oblivion and, despite his acquaintance with Sir John Scott Haldane
(1860–1936), one of the most eminent respiratory physiologists of those times, the
physiological community remained unaware of him for long. Physiologists do not
read the Geographical Journal, his main report remained in a drawer for many years.
However, George Mallory (1886–1924), who more than any other human pursued
the dream of climbing Mount Everest, and who was with Kellas in the preparatory
1920 expedition, trusted him. Kellas died in that expedition. Mallory took the flag,
he tried to reach the summit in 1924 following Kellas’ principles, he died on the
mountain, we don’t know whether before or after having reached the top. Nobody
tried that way again before Messner’s successful attempt. Hillary’s conquest was
with supplementary oxygen, and the chief of the expedition, Sir John Hunt
(1910–1998), placed the final camp higher than suggested by Kellas, at the South
Col. All repetitions after Hillary made use of oxygen, the 1973 Italian expedition as
well. Then Messner came and revolutionized the game.

In the microcosm of high-altitude physiology, Messner achievement had essen-
tially three more or less direct consequences. The first and more direct has to do with
the School of Milano and represents the first collaboration between Cerretelli and
Bern. It is the study on the functional characteristics of extreme climbers, which
Messner himself was a subject of (Oelz et al. 1986). Cerretelli and Hoppeler were so
struck by Messner achievement, that they expected these climbers having extraor-
dinary physiological characteristics, like elite athletes. In fact, the results
contradicted these expectations. Take, for instance, _VO max

2 , which is reported in
Fig. 10.8: although higher than in sedentary individuals of equivalent age, it was by
far lower than reported on top-level endurance athletes and corresponded to what we
may expect in non-athletic well-trained individuals. The maximal anaerobic power
was equal to that of sedentary controls. All subjects hyperventilated in hypoxia, but
climbers had not an enhanced ventilatory response with respect to sedentary
controls.

The most striking feature of the Discussion is the astonishment of the authors.
The conclusion was, we quote: The main features of a successful elite altitude

1In fact, Kellas estimated lower PAO2, and thus higher PACO2 and lower SaO2 than actually
measured on top during the American Medical Research Expedition to Mount Everest almost
70 years later (West et al. 1983b).



climber are, besides an optimal functional balance and an unusual skill, strong
motivation and exceptional drive. Reinhold Messner, the first mountaineer to over-
come the barrier of 8500 m without supplemental oxygen, really typifies these
climbers. He is characterized by rather normal physiological features but by the
obsessive need to be the first and the best, by “fair means” as he states it, i.e.,
without the aid of oxygen in any phase of the ascent. A quite peculiar, bizarre
conclusion for a scientific paper, but a sincere testimony of the astonishment of
the authors and of their inability to understand.
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Fig. 10.8 Maximal oxygen consumption ( _VO max
2 ) as a function of age. Triangles: data on elite

climbers (Oelz et al. 1986); dotted area: leisure marathon runners (di Prampero et al. 1986);
thick line: sedentary controls (Åstrand and Christensen 1964); thin line, professional alpine guides
(Cerretelli, unpublished data); hatched area, elite marathon runners (Costill et al. 1976). The red
arrow indicates Messner’s _VO max

2 . Modified after Oelz et al. (1986)

Notwithstanding the pioneering yet almost neglected study by Harrop (1919), the
first modern account of arterial oxygen desaturation in individuals with high _VO max

2
during maximal exercise at sea level (Dempsey et al. 1984) appeared 2 years before
Oelz et al. (1986) published their paper. The multifactorial models of _VO max

2
limitation were at their beginning (di Prampero 1985). More than 10 years after,
Ferretti and di Prampero (1995) expanded the Prampero’s multifactorial model to
encompass hypoxia. Shortly afterward, Ferretti et al. (1997) demonstrated that
athletes with high _VO max

2 at sea level undergo a larger _VO max
2 fall in hypoxia

than sedentary individuals, who have a low _VO max
2 at sea level. This is a conse-

quence of exercise-induced arterial hypoxemia, which causes them operating close
to the steep part of the oxygen equilibrium curve at maximal exercise already at sea
level. Therefore, at extreme altitude, differences in _VO max

2 , which may be quite large
at sea level, tend to disappear: indeed, there is no need of elevated _VO max

2 values at
sea level to attain the highest peaks on Earth!
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Fig. 10.9 Chris Pizzo taking alveolar gas sampling from himself on top of Mount Everest. From
West and Lahiri (1984), with the kind permission of the American Physiological Society

The second consequence was the AMREE. This expedition was organized by
John West, a renowned Australian respiratory physiologist active for a long time in
San Diego, California, whose worldwide fame largely relies on his small booklet of
respiratory physiology for students. West has not the bright speculative mind of
Hermann Rahn, Rodolfo Margaria, or Johannes Piiper. He refrains from theoretical
analysis, had troubles with the cute analysis of ventilation–perfusion heterogeneity
carried out in Rochester and in Buffalo, but has a strong practical attitude, which
made him the ideal person for setting up the AMREE. Several physiologists and
high-altitude clinical specialists joined to perform a wide set of measurements of a
variety of physiological variables pertinent to altitude adaptation, aimed at demon-
strating how was it possible to reach the summit of Everest without supplementary
oxygen. The approach was descriptive, but the data collected were extremely
important, highly influential, and quite unique.

A climbing practitioner, Chris Pizzo, attained the summit and performed alveolar
air sampling on it (Fig. 10.9). The obtained value for PACO2 of 7.5 mmHg demon-
strated the extremely high degree of hyperventilation on the summit. PAO2 was
34 mmHg. Arterial blood composition was estimated, assuming PaCO2 = PACO2:
the resulting PaO2 turned out equal to 28 mmHg (West et al. 1983b). These estimates
are coherent with the measured arterial blood gas data reported 25 years later
(Grocott et al. 2009). Barometric pressure on that day (October 24th, 1981) was
253 mmHg, much higher than predicted from standard tables, whence a PIO2 of
43 mmHg was calculated (West et al. 1983c). Upon return to the highest camp,
_VO max

2 at an equivalent altitude to the summit was determined on summiteers. The
famous 1.07 L min-1 value was then obtained (West et al. 1983a). Despite the
increase of 2,3-diphosphoglycerate, the strong alkalosis shifted the oxygen equilib-
rium curve to the left (Winslow et al. 1984). This prevented an excessive fall of



PaO2. Yet the estimated PaO2 remained so low, that it lied anyway on the steeper
part of the oxygen equilibrium curve. This implies diffusion limitation of alveolar-
capillary oxygen transfer.
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Of the third, Operation Everest II, it would be somehow out of scope to have it
described here in detail. It was such an ambitious, huge, costly, demanding, com-
prehensive experiment, that it marked the history of altitude physiology in the late
1980s. Its aim was to simulate a Mount Everest ascension in hypobaric chamber and
to perform as many measurements as possible concerning the response of the
respiratory system in its broadest sense to chronic hypoxia exposure. Clinical,
functional, chemical, and structural determinations were carried out. The results
were reported in a long series of papers, characterized by the same initial title. An
overview of the experiment can be found in Houston et al. (1987).

Several findings and predictions from AMREE were confirmed (Cymerman et al.
1989), but the reported alkalosis was less intense than on the field (Malconian et al.
1992). Many invasive measurements, unfeasible on the field, could be carried out
(Reeves et al. 1987, 1990; Sutton et al. 1988; Wagner et al. 1987). Muscle structural
studies provided results in line with those obtained by the Cerretelli–Hoppeler
connection (Green et al. 1989; McDougall et al. 1991). Only researchers from the
USA and from Canada were admitted. West was not, and he criticized the study
deeply, demonstrating that the subjects were not fully acclimatized when they
attained a degree of hypoxia equivalent to the summit of Mount Everest (West
1988). Yet the study remains an unequaled example of powerful cooperation among
researchers of different cultural extraction, although far away from the scientific
attitude of the School of Milano.

10.5 The Everest Pyramid

The permanent high-altitude laboratory named the Pyramid was established in 1990
just below the Everest base camp, at an altitude of 5050 m above sea level. Ardito
Desio, the geologist who led the 1954 Italian expedition to K2, promoted its
construction (Cogo et al. 2000). Although older than 90, Desio was still active and
in fairly good shape. He eventually died in 2001, at age 104.

The original project, called EV-K2-CNR (Everest, K2, and the acronym of the
Italian National Research Council), debuted in the mid-1980s. It was designed as a
basic technological project. The first aim was to measure the altitude of Mount
Everest and of K2 again with more modern tools, after the shattering claim, widely
amplified by the press, that K2 might indeed be taller than Everest. Two teams of
Italian extreme altitude climbers carried the necessary equipment to the summit of
the two peaks, where eventually precise triangulation measures were completed.
They confirmed the previous height measurements of both peaks, that is, 8846 m for
Everest and 8611 m for K2.

In 1989, two Italian industrial sponsors furnished the glass and aluminum pyra-
midal structure, which was called the Pyramid, to host permanent scientific



laboratories. This donation gave a new allure and a wider perspective to the project.
It is when Paolo Cerretelli, who was the Italian scientist active in altitude physiology,
with the highest international reputation, was called upon to coordinate physiolog-
ical studies in the new laboratory.
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Fig. 10.10 An evening picture of the Everest Pyramid. Mount Pumori is on background. With the
kind permission of the National Research Council, Italy

Initially, the Pyramid was to be installed in Tibet. In April 1989, the National
Research Council signed a cooperation agreement with the Chinese Academy of
Science. However, this project was abandoned after the political consequences of the
repression of student’s demonstrations in Tiananmen square in Beijing. So, it was
finally decided to move the laboratory to Nepal. In 1990, the Pyramid was built in
front of the south face of Mount Everest. A new cooperation agreement was
established with the Royal Nepal Academy of Science and Technology before the
official inauguration of the structure. Since then, the Pyramid hosts rooms for visitors
and investigators, physiological and technological laboratories, a permanent meteo-
rological and seismic station, and a telecommunication station. Power is supplied by
solar panels and by a small hydroelectric central nearby. Further technical details on
the Pyramid can be found in Cogo et al. (2000). Figure 10.10 shows a picture of it.

The availability of the Pyramid allowed scientists from many different areas to be
involved in many physiological, clinical, physical, and technological projects.
Focusing on what concerns us, and in particular the School of Milano, three lines
of scientific activity, all marked by the prominent role played by Cerretelli, are
briefly discussed herewith.
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10.5.1 The Lactate Paradox

Dill et al. (1931) and Edwards (1936) were the first to report that the maximal blood
lactate concentration (Lâb) attained upon exhaustion at the end of an incremental
exercise test was reduced in chronic hypoxia. Almost all those who performed
exercise studies at altitude, including Cerretelli, who reported the phenomenon on
Caucasians and on Sherpas (Cerretelli et al. 1982), have invariably confirmed this
finding. However, Lâb is known to be unchanged in acute hypoxia (Asmussen et al.
1948; Cerretelli 1967; Cerretelli et al. 1982), suggesting that the phenomenon may
be specific to altitude acclimatization. In agreement with this hypothesis, Lundby
et al. (2000) demonstrated that subjects fully acclimatized to altitude, acutely
brought back to normoxia by letting them breathe an oxygen-enriched mixture,
have an Lâb as low as in hypoxia. The same study showed that the reduction of
Lâb appears progressively during the acclimatization process. These low Lâb values
were considered “paradoxical” (West 1986), and the term “lactate paradox” was
eventually created to define it (Hochachka 1988). Obviously enough, the term
“paradox” in this context does not imply a logical paradox, but only an apparent
contradiction with respect to the general expectations of those years.

The first project that Cerretelli set up at the Pyramid was on the lactate paradox.
Several hypotheses were tested. He postulated that the lactate paradox could be due
to reduced buffer capacity in chronic hypoxia (Cerretelli et al. 1982). To test this
hypothesis on acclimatized subjects, Lâb was measured before and after bicarbonate
administration. No differences were found: Lâb was reduced in both cases, a clear
experimental evidence against the tested hypothesis (Kayser et al. 1993). Another
hypothesis was that the maximal lactic power (Margaria et al. 1964) might be
reduced in subjects acclimatized to altitude, and this was supported by the results
(Grassi et al. 1995). The progressive reversibility of the lactate paradox upon return
to sea level as a consequence of de-acclimatization was also demonstrated (Grassi
et al. 1996). A lower Lâb in chronic hypoxia was shown also after supramaximal
exercise of 30 s, but not of 10 s duration (Grassi et al. 2001). On this basis, the
hypothesis that exercise time to exhaustion may play some role in the lactate paradox
was formulated.

All these results are coherent with the observation that there is a reduced net
lactate release from contracting muscles in chronic hypoxia (Bender et al. 1989;
Brooks et al. 1992, 1998). In fact, the ensemble of this data seem to support the
hypothesis that the lactate paradox may reflect a reduction of proton transport
outside the muscle fiber, perhaps due to a reduced activity of the lactate-proton
co-transporters. This hypothesis was demonstrated to be essentially incorrect, since
van Hall et al. (2001) showed that the lactate paradox disappears if the sojourn is
prolonged beyond 6 weeks, suggesting that the lactate paradox may be a transient
phenomenon. These authors had to admit the possibility of a progressive
up-regulation of the lactate-proton co-transporter with time of acclimatization. In
fact, Juel et al. (2003) found no changes in lactate-proton co-transporter proteins
MCT1 and MCT4 in muscles with altitude acclimatization, and attributed



altitude-induced changes in lactate flux across the sarcolemma to sarcolemmal
carbonic anhydrase modulation of lactate-proton transporters.
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Fig. 10.11 Changes in
blood [H+] (Δ[H+]) as a
function of the increase in
blood lactate concentration
[ΔLab] in altitude natives
and acclimatized lowlanders
at 5350 m and sea-level
residents. From Cerretelli
and Samaja (2003)

The lactate-proton co-transporter hypothesis had the appreciation of Cerretelli.
He admitted that during intense exercise muscles undergo important changes of the
acid–base state, as a consequence of phosphocreatine hydrolysis and of the acceler-
ation of glycolysis above and beyond the limits of aerobic metabolism (Cerretelli
and Samaja 2003). Hydrogen ions flow across cell membranes, either by diffusion
along concentration gradients or by facilitated diffusion thanks to various forms of
facilitated transport, toward interstitial fluids and blood. Acid–base balance varies at
altitude also by progressive excretion of bicarbonate, which reduces the buffering
power of blood, and in particular of the cerebrospinal fluid. A demonstration of this
state of affairs appears in Fig. 10.11.

Hochachka moved on a different track. He formulated a metabolic hypothesis,
such that at maximal and supramaximal exercise, when lactate production exceeds
lactate removal, there is a negative relationship between muscle phosphocreatine
concentration and muscle proton or lactate concentration (Hochachka et al. 2002).
According to this hypothesis, the lower the phosphorylation potential (see Chap. 2)
at maximal exercise, the higher the lactate and proton concentrations. This hypoth-
esis however proposes a correlation, not a mechanism, and forgets that the lactate
paradox concerns blood, rather than muscle, lactate concentration. Cerretelli and
Samaja (2003) interpreted it as the recognition of a tighter coupling of ATP demand
and supply, which maximizes the energy yield per mole of oxidized fuel, and
reduces the anaerobic capacity. This interpretation contains the implicit assumption
that the stoichiometric relationship in glycolysis may change at altitude.
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More recently, the occurrence of the lactate paradox was denied (van Hall et al.
2009). These authors found that both lowlanders and altitude natives had an elevated
net leg lactate release, and arterial and muscle lactate concentrations during exercise
in hypoxia. In the former group, these variables remained elevated during the entire
acclimatization process. At exhaustion, however, high-altitude natives had higher
muscle lactate and phosphate concentrations, and creatine-phosphocreatine than
lowlanders. They concluded that lowlanders’ muscles did not show a reduced
capacity of producing lactate during acclimatization, which undermined the lactate
paradox concept. The way they justified these results does not deserve a comment:
suffice it to say that they claimed to have taken care of avoiding any muscle
deteriorating condition in their study, at variance with previous studies. The lactate
paradox fell into oblivion, yet it remains a curious, unresolved puzzle. Perhaps its
understanding requires a more holistic approach than merely looking into muscle
fibers.

10.5.2 Effects of the Altitude History of Himalayan Ethnic
Groups

The main project that Cerretelli promoted at the Pyramid at the beginning of the
twenty-first century was centered on the study of altitude adaptation in subjects
characterized by different ethnic backgrounds, altitude exposure histories, and
training conditions, during a standardized (approximately 4 weeks) sojourn at the
Pyramid. According to him (Cerretelli 2013), this was the only comparative study
carried out at such an altitude on homogeneous groups of selected subjects in
identical environmental conditions, using the same protocols and experimental
set-up.

An important finding from that project (Marconi et al. 2004) is that second-
generation Tibetan lowlanders had a much smaller _VO max

2 loss than untrained and
trained Caucasians after the sojourn at the Pyramid. This was a consequence of the
stronger ventilatory response to hypoxia in Tibetans than in the two latter groups. It
was finally demonstrated that also in chronic hypoxia, as in acute hypoxia (Ferretti
et al. 1997), the higher is the _VO max

2 at sea level, the larger is the _VO max
2 decrease at

altitude. That paper has been discussed in Chap. 7 in terms of effects of arterial
oxygen desaturation at maximal exercise and of position on which blood gases
operate on the oxygen equilibrium curve.

Another interesting finding is that the remarkable work capacity of high-altitude
natives highly relies on a lesser energy cost of pedaling on the cycle ergometer and of
walking, and running on the treadmill (Marconi et al. 2005, 2006). The authors
attributed the latter result to increased muscle myoglobin content, better antioxidant
defense, and increased efficiency of oxidative phosphorylation.
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10.5.3 The Links Between Energy Metabolism and Muscle
Molecular Physiology

In more recent years, Cerretelli, who was always attracted and fascinated by tech-
nological developments, addressed his focus to new technologies allowing a deeper
analysis of muscle molecular functional characteristics. These developments led to
the identification of the hypoxia inducible factors, which are key regulator of cell
hypoxic signaling (Semenza 2000, 2002; Wang et al. 1995). The Nobel Prize for
physiology or medicine awarded to William Kaelin, Peter Radcliffe, and Gregg
Semenza in 2019 for their contribution to our understanding of molecular oxygen
sensing is the best recognition of the fundamental functional importance of hypoxia
inducible factor 1 (HIF-1). This evolution opened a new scenario for a possible
re-interpretation of adaptation to hypoxia. Cerretelli perceived this and acknowl-
edged the importance of identifying also in humans the patterns of those proteins that
are known to respond to hypoxia in isolated cells (Cerretelli and Gelfi 2011;
Cerretelli et al. 2009). He and his coworkers, however, obtained contradictory
results.

The molecular study of muscle energetics has made substantial steps forward,
thanks to the development of advanced proteomic techniques. This allowed identi-
fication of a very large number of qualitative and quantitative protein changes
induced by chronic external stimuli, such as altitude exposure. With this approach,
it was possible to investigate, on approximately 500 protein spots, the patterns of
muscle contractile and metabolic enzymatic proteins in the vastus lateralis and
analyze the differences among altitude Tibetan natives, second-generation Tibetans
born in Kathmandu, and Nepali lowlanders of Indian origin (Gelfi et al. 2004).
Moreover, Viganò et al. (2008) investigated the adaptation patterns of muscle
protein modulation during the first ten days of exposure to hypobaric hypoxia at
the Capanna Margherita (4559 m). It appeared that a large number of proteins
involved in iron transport, tricarboxylic acid cycle, oxidative phosphorylation, and
response to oxidative stress were significantly decreased. By contrast, at the end of
the sojourn, HIF-1α and pyruvate dehydrogenase kinase were at the pre-hypoxia
levels, indicating that the long-term muscle adaptive response to hypoxia does not
involve the stabilization of the key regulator of hypoxia signaling. In contrast,
erythropoietin increases rapidly upon hypoxia exposure (Eckardt et al. 1989;
Rodríguez et al. 2000). Since the connection of hypoxia inducible factors and
erythropoietin production at altitude is solidly established since long (Jelkmann
2003; Lee and Percy 2011; Villafuerte 2015), this would suggest that stimulation
of HIF-1 production prompts the erythropoietin increase only in the early phase of
exposure to hypoxia.
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10.6 The Lung as a Gas Exchanger

Another subject related to altitude adaptation, which attracted the interest of the
School of Milano, concerns lung fluid balance and the gas exchange across the
alveolar-capillary barrier, thanks in particular to the activity of Giuseppe Miserocchi,
one of the last pupils of Margaria. In fact, Miserocchi took part as a young
physiologist to the 1973 Italian Everest Expedition organized by Monzino (see
above). At the time, it happened to him to take care of two cases of pulmonary
edema above 6000 m, one was an Italian, the other a Nepalese. In both cases, he was
stricken by the fact that, while severe symptoms of acute mountain sickness were
present, lungs remained clean on auscultation for a reasonably long time until
pulmonary edema acutely developed within minutes. This led to hypothesize that a
mechanism preventing the development of edema is efficiently acting at the level of
the air–blood barrier, and waning of this mechanism would explain the acute phase
of lung flooding. Both individuals were rescued by helicopter.

After Miserocchi moved to the University of Milano Bicocca, his group devoted a
considerable part of the research activity to frame the problem of lung fluid balance
from normal to the acutely injured lung, in particular the proneness to develop lung
edema (see recent review by Beretta et al. 2021).

The following research lines were developed:

1. Largely relying on experimental models, the mechanisms devoted to control of
lung fluid balance were described.

2. Studies were then addressed to humans attempting to characterize the inter-
individual differences in morpho-functional features of the air–blood barrier.
These studies were stimulated by the large inter-individual variability reported
for lung diffusion parameters as well as by the apparent different proneness to
develop lung edema on exposure to high altitude.

3. In the same subjects studied under point 2, the adaptive response of the air–blood
barrier was estimated in response to an increase in oxygen demand during
exercise in hypoxia, which facilitates the development of lung edema.

4. Always in the same subjects, the inter-individual differences concerning the
efficiency of the oxygen diffusion-transport in the air–blood barrier were
explored.

10.7 Lung Fluid Balance from Normal to the Development
of Edema

This section is only briefly recalled here, being central to the problem of lung edema;
a detailed presentation of the experimental approach and results is provided in
Chap. 9, Sect. 12. The very high surface area (A) of the air–blood barrier
(~2500 cm2 g-1) and its extreme thinness (~0.1 μm in its thinnest portion) serve
the gas diffusion function. A minimum volume of extravascular water volume in the
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air–blood barrier is assured by the extremely low water permeability of the endo-
thelial barrier (Miserocchi 2008). As a result, the air–blood barrier is very permeable
to gases, but minimally permeable to water. The water content of the lung is well
defined by the wet weight to dry weight ratio (W/D) that, in physiological conditions,
is ~5. Trans-capillary and trans-epithelial water flows (Jv) are governed by the
Starling law:
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Jv =Kf P1 -P2ð Þ- σ π1 - π2ð Þ½ � 10:3Þ

where P and π are the hydraulic and the colloido-osmotic pressures across any two
compartments, and Kf is the filtration coefficient. Kf = Lp A, where Lp is the water
conductance. The term [(P1 - P2) - σ(π1 - π2)] is the Starling pressure gradient
generating flows, σ being the protein reflection coefficient that defines the selectivity
of the barriers to plasma proteins.

The lung is normally well equipped to respond to edemagenic conditions, such as
exercise and hypoxia, causing an increase in microvascular filtration. Exercise is
edemagenic, as it causes increased lung blood flow and recruitment of the alveolar-
capillary network (Hodges et al. 2007). Hypoxia is a potent factor leading to an
increase in microvascular permeability to water and solutes (Hansen et al. 1994;
Dehler et al. 2006).

Some features of the air–blood barrier are summarized here. The first one is the
very low compliance of the interstitial compartment, ~0.5 ml mmHg-1 100 g-1 of
wet weight (Miserocchi et al. 1993), reflecting the macromolecular organization of
the proteoglycans component, which provides considerable rigidity (low compli-
ance) of the lung interstitial compartment (Miserocchi et al. 1999; Negrini et al.
1996). Further, the proteoglycans coating the endothelial and epithelial barrier assure
a very low permeability to water and solutes. A further interesting feature is that, in
case of increase in microvascular filtration, a peculiar phenomenon occurs: water is
captured by hyaluronan, a highly hydrophilic proteoglycan, to form gel; the increase
in steric hindrance of the gel causes a remarkable increase in interstitial pressure,
from ~-10 cmH2O (physiological condition) up to ~+5 cmH2O (Miserocchi et al.
1993). The increase in pressure provides the safety factor against edema formation
(see Chap. 9), as it buffers further filtration and may actually favor some fluid
reabsorption. As long as the safety factor is operating, water accumulation in the
interstitial compartment is maintained within 10% of control value, so that W/D
remains at ~5.5 (Miserocchi et al. 2001; Negrini et al. 2001). What deactivates the
mechanism of protection against the development of edema? Inflammatory states, of
either “sterile” (hypoxia, surgery, mechanical stretching) or infectious (viral, bacte-
rial) type, may cause severe damage and disassembly to the native architecture of the
proteoglycan family (Negrini et al. 1996; Passi et al. 1999; Miserocchi et al. 1999).
The ensuing results are: (1) loss of low tissue compliance, increase of water and
protein permeability, drop of interstitial pressure to zero, restoring of a filtration
gradient. Modeling of Starling gradients and fluid exchanges indicates that the
critical phase of developing severe edema pivots on reaching a threshold value of
W/D (~6.5, Beretta et al. 2021). Above this threshold, fluid seeps out from capillaries



and reaches the alveoli down a relatively small pressure gradient, acting however
over a progressive increase in surface of damaged air–blood barrier. The time
constant of this acute phase is surprisingly short, ranging ~4–6 min (Mazzuca
et al. 2016; Parker and Townsley 2004). This suggests involvement of an extended
surface of the air–blood barrier. Lymphatics can provide a passive negative-feedback
control loop (Miserocchi 2008) and can actually increase flow in proportion to the
increase in lung weight, but are only effective for W/D < ~6.5 (Mitzner and
Sylvester 1986; Roselli et al. 1984).
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10.8 The Air–Blood Barrier

10.8.1 Inter-individual Differences in Air–Blood Barrier
Phenotype

As discussed in Chap. 9, diffusion parameters at the level of the air–blood barrier are
defined as (Roughton and Forster 1957) (This equation is tantamount to Eq. (9.2),
Chap. 9. It is repeated and discussed again here for reader’s easiness.):

1
DLCO

=
1
Dm

þ 1
θVc

ð10:4Þ

being DLCO the total lung diffusive capacity for carbon monoxide, Dm the alveolar-
capillary membrane diffusing capacity, Vc the blood volume in the alveolar-capillary
network, and θ the chemical reaction rate of carbon monoxide with hemoglobin.
Lung diffusion is routinely measured at total lung capacity (TLC) and large inter-
individual differences have been reported even after normalization to individual lung
volumes (Hughes and Pride 2001); these findings may suggest a specific phenotype-
dependent difference of the morpho-functional features of the air–blood barrier. An
attempt to decipher such differences came from measurements of the diffusion
parameters at different lung volumes from functional residual capacity (FRC) up
to TLC (Miserocchi et al. 2008).

Figure 10.12a shows that the increase in Dm remarkably differs among subjects
on increasing lung volume. The highest Dm values at TLC were found in subjects
displaying the highest increase in Dm on increasing lung volume. These differences
have been interpreted considering that:

Dm / SA
dA

ð10:5Þ

being SA the overall surface of the air–blood barrier and dA its thickness. The
decrease in dA on increasing lung volume was calculated as 1

SA
, considering the



air–blood barrier as a lamina of constant volume (for details of the computational
model refer to Miserocchi et al. 2008).
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Fig. 10.12 (a) Individual plots of air–blood barrier diffusive capacity (Dm) vs. alveolar volume
(VA, % of TLC). (b) Numerical simulation to show the lung volume dependence of the ratio SA

dA
(surface to thickness ratio of the air–blood barrier) by modulating the number of alveoli (Nalv). From
Miserocchi et al. (2008)

A numerical simulation (Fig. 10.12b) allowed an estimate of the volume depen-
dence of SA

dA
by varying the number of alveoli (Nalv) and/or of dA, expressed relative

to that at FRC, in which Nalv, the alveolar volume (VA), SA, and dA are set equal to
unity. One can appreciate that a ~threefold difference in SA

dA
at FRC (say from 0.25 to

0.75) may justify a similar difference in Dm on increasing lung volume up to TLC.
Accordingly, an inter-individual difference in Nalv, and in dA can justify a
corresponding difference in Dm. Note also that a lower number of alveoli implies a
higher radius, compared to the case of a higher number of smaller alveoli.

Figure 10.13 shows that Vc (normalized to lung volume) decreases on increasing
lung volume, as expected, due to the parenchymal squeezing of the pulmonary
capillaries (Glazier et al. 1969; Koyama and Hildebrandt 1991; Mazzone et al.
1978). Again, large inter-individual differences were found: higher Vc values at
FRC suggest a greater extension of the alveolar-capillary network; further, the higher
the Vc value at FRC, the greater its decease on increasing lung volume.

It was concluded that the lung volume dependence of Vc and Dm may provide a
hint to delineate the individual morpho-functional features of the air–blood barrier.
In particular, the Vc

Dm
ratio was considered as being indicative of the geometry of the

alveoli and the extension of the capillary network.
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Fig. 10.13 Individual plots
of Vc/VA (ratio of pulmonary
capillary blood volume
normalized to lung
volume) vs. lung volume
(VA, % of TLC). From
Miserocchi et al. (2008)

Fig. 10.14 Distribution of the Vc
Dm

ratio in the population studied. Data from Beretta et al. (2017b)

According to Fig. 10.14, the distribution of Vc
Dm

at 100% of TLC (the volume

routinely chosen for pneumological evaluation) appears to be normal. Note that the
coefficient of variation for repeated intra-subject measurements did not exceed 12%,



facing a wide range of individual Vc
Dm

ratio (from 1 to 6), while on pooled data the

coefficient of variation approached 50%, confirming the inter-individual differences.
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It was proposed that a phenotype with low Vc
Dm

on the left tail in Fig. 10.14 (Group

1) is characterized by a less developed capillary network and a relatively high
number of small alveoli, providing a high SA, while a phenotype with high

Vc
Dm

toward

the right tail (Group 2) has a more extended capillary network and a lower number of
larger alveoli.

10.8.2 Comparing Lung Diffusion in Hypoxia and at
Sea Level

Measuring lung diffusion in hypoxia implies that binding of carbon monoxide with
hemoglobin is easier, due to a lower competition with oxygen. The problem is then
how to compare diffusion data measured in hypoxia with sea-level values. Guide-
lines by American and European societies (American Thoracic Society 1995;
Kanner and Crapo 1986; MacIntyre et al. 2005) suggest correcting the measured
value of DLCO in hypoxia by accounting for the difference in PAO2. However, the
regression coefficient of the equation proposed is quite low (0.36) and, further, data
came from a very limited number of subjects (only 7) showing a large inter-
individual variability of PAO2 values for the same PIO2. A further criticism to the
proposed correction concerns the assumption of Vc

Dm
set to 1.42 for all subjects (Cotes

et al. 1972; Frey et al. 1990). As reported before, remarkable inter-individual
differences in this ratio both at rest (Miserocchi et al. 2008), and on exposure to
hypobaric hypoxia (Bartesaghi et al. 2014) have been reported. Finally, on mathe-
matical ground, correcting DLCO only implies invalidation of Eq. (10.4).

In order to maintain the validity of Eq. (10.4), a theoretical approach was
developed to correct DLCO measured in hypoxia, accounting for inter-individual
differences in Vc and Dm (Beretta et al. 2017a). The correction was mandatory
wishing to derive the lung diffusion capacity for oxygen (DLO2) (Meyer et al. 1981).

10.8.3 Effect of Work and Hypoxia on Alveolar-Capillary
Volume

Diffusion parameters have been measured at sea level at rest and after exposure to
edemagenic lung conditions (Bartesaghi et al. 2014; Beretta et al. 2017b), namely
work at sea level and in hypobaric hypoxia at rest (at 3269 m and 3850 m;
PIO2107 mmHg and 90 mmHg, respectively) and during work (~60% of _VO max

2 ).
Figure 10.15 shows the relationship between the increase of DLO2 and that of _Q,
both normalized to sea-level rest conditions. The increase in DLO2 favors oxygen



uptake, while the increase in _Q favors oxygen delivery; note that the increase in _Q is
~6 times greater than that in DLO2.
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Fig. 10.15 Lung diffusive capacity for oxygen (DLO2) vs. cardiac output ( _Q). Both variables are
expressed as % of sea-level values at rest. From Beretta et al. (2019)

Given the differences in air–blood barrier phenotype, based on the Vc
Dm

ratio, a

reasonable question was to estimate how edemagenic conditions would impact on
pulmonary vasomotion in the capillary district. The question appeared justified,
considering that subjects with high Vc

Dm
ratio (Group 2) would be more exposed to

edemagenic conditions, being endowed with a more extended alveolar-capillary
network and thus a greater overall capillary surface. Capillary recruitment has the
advantage to favor gas diffusion by increasing SA and the pool of hemoglobin to fix
oxygen; on the other hand, the disadvantage is the increase in surface area available
for microvascular filtration, a critical point in edema formation.

Subjects in Group 1 responded to edemagenic conditions by increasing Vc,
suggesting recruitment of the capillary vascular network; conversely subjects of
Group 2 did the opposite (Bartesaghi et al. 2014). Group 2 had a ~20% higher
_VO max

2 at sea level, but a greater decrease (-23%) relative to Group 1 (-19%) at
3269 m, the difference being significant. This is in line with the general concept that
subjects with elevated _VO max

2 at sea level have a greater fall of _VO max
2 at altitude

(Ferretti et al. 1997, see Sect. 10.3.4). An inverse correlation was found between
changes in Vc and corresponding changes in Dm (Fig. 10.16). The simplest interpre-
tation of this finding is that a volumetric increase in capillary blood (the case of
Group1) is at the expense of alveolar volume, the opposite being true for Group 2.
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Fig. 10.16 Relationship between capillary blood volume (Vc) and membrane diffusion capacity of
the air–blood barrier (Dm); both variables expressed as ratios to sea-level values at rest. From
Beretta et al. (2017b)

10.8.4 Modeling the Alveolar-Capillary Equilibration

It is known that the alveolar-arterial difference in oxygen pressure (PAO2 - PaO2) is
due to increase in work and on hypoxia exposure; what is the reason for this
phenomenon? As already pointed out in Chap. 9, Johannes Piiper (1924–2012)
and Peter Scheid proposed a sound model defining the alveolar-capillary equilibra-
tion across the air–blood barrier has been proposed based on a mass balance equation
(Piiper and Scheid 1981). Setting oxygen uptake by the blood as d _MO2 (molar rate
of oxygen uptake) one has:

d _MO2ðxÞ= _Q dCO2ðxÞ 10:6Þ

where from the corresponding increase in oxygen carried by the blood is given by
the product of _Q times the increasing concentration of oxygen in the blood, dCO2,
along the capillary length (x).

The development of the theoretical model considers PAO2, PaO2, and PvO2, and
allows inclusion also of DLO2 and βb (see Chap. 9, Sect. 8; Piiper and Scheid 1981;
Ferretti et al. 2022). The equation defining the alveolar-capillary equilibration for
oxygen (Leq) at the exit from the pulmonary capillary (Chap. 9, Eq. 9.3) defines an
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exponential increase of oxygen uptake across the air–blood barrier to reach an
equilibrium value at the exit from the pulmonary capillary. Equation (9.3) tells
that, in case of perfect equilibration, PAO2 - PaO2= 0 mmHg, so that Leq= 0;
conversely, in case of 100% shunt, the numerator is equal to the denominator, and
thus Leq= 1.
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Aiming to characterize the kinetics of the equilibration process as a function of
time (t) as blood flows along the capillary, one can write (Beretta et al. 2019):

d _MO2ðtÞ= _Q dCO2ðtÞ 10:7Þ

Since the oxygen uptake along the capillary varies exponentially, the equilibrium
reached at the exit from the capillary may be also expressed as:

Leq = e-
tt
τ ð10:8Þ

where tt is the blood transit time in the pulmonary capillary, estimated as the ratio of
Vc to _Q . Note that tt reflects both a local phenomenon relating to vasomotion
concerning the lung capillary network and the increase in _Q.

Knowledge of tt allows drawing the kinetics of oxygen equilibration as a function
of time as:

Leq = e
- DLO2

_Q βo

tt
τ ð10:9Þ

t being a fraction of tt. The time constant τ of the equilibration process is defined as

τ=
βo Vc

DLO2
ð10:10Þ

Figure 10.17 shows two cases for subjects with either a high or low Vc
Dm

ratio

(A and B, respectively).
For the graphical representation of the kinetics, the ordinate reports 1-Leq;

accordingly, in the case of full equilibration one has 1 - Leq = 1. Continuous
lines show the time course of alveolar-capillary equilibration in normoxia at rest. The
time course of the equilibration depends on the time constant τ. Note that at rest, τ in
the subject with a high Vc

Dm
was longer, reflecting a greater Vc. In both subjects, tt was

long enough to allow complete equilibration. During work in hypoxia (3840 m,
PIO2= 90 mmHg, dashed lines) in both subjects τ was increased (mostly reflecting a
~twofold increase in βb), thus slowing down the kinetics of equilibration; further,

Vc
Dm

,

decreased in A and increased in B. Changes in tt reflect not only a local phenomenon
(vasoconstriction in A; vasodilation in B), but also the increase in _Q. At a similar
relative workload during work in hypoxia, _Q (normalized to body weight) was ~50%
greater in the subject with high Vc

Dm
, compared to subject with low Vc

Dm
.
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Fig. 10.17 Kinetics of alveolar-capillary equilibration for oxygen in two subjects at sea level at rest
(continuous line) and during work in hypoxia (dashed line). For the graphical representation, the
ordinate reports 1-Leq. Data from one subject with high Vc

Dm
(panel A) and low Vc

Dm
(panel B) at rest,

respectively. Data from Beretta et al. (2019)

In panel A, the remarkable shortening of tt limited the equilibration at 0.6, while
in panel B, due to a longer tt, equilibration was only slightly decreased. Thus, during
work performed in hypoxia, facing an average PAO2 ~ 55 mmHg, some individuals
are able to still reach a satisfactory alveolar-capillary equilibration (Group 1), while,
in other subjects (Group 2) this process may be limited by the decrease in tt. The lack
of equilibration increases exponentially for tt < ~1.5 s (Beretta et al. 2017b).

The increase in blood velocity, consistent with the decrease in tt, implies an
increase in shear rate, a recognized cause of increase in endothelial microvascular
and protein permeability (Kang et al. 2014; Lakshminarayanan et al. 2000; Sill et al.
1995). Figure 10.18 shows Leq plotted vs. 1/tt (an index of velocity). The relatively
large dispersion of the data suggests that the net effect of increasing blood velocity
on Leq varies among subjects, being however definitely greater in subject with
high Vc

Dm
(red dot in Fig. 10.18) as opposed to subject with low Vc

Dm
(blue dot in

Fig. 10.18).
Figure 10.19 shows that, in healthy people in the most edemagenic conditions

(work in hypoxia, PAO2 ~ 55 mmHg) the distribution of Leq is normal. The positions
of the two subjects referring to Fig. 10.18 (red and blue dots, respectively) reflect the
remarkable inter-individual variability in the efficiency of alveolar-capillary equili-
bration, when shifting from low to high Vc

Dm
.

10.9 Lung Water Balance and Phenotype

Miserocchi and his group aimed also at estimating potential changes in lung water
balance in the subjects exposed to edemagenic conditions (Miserocchi et al. 2022).
They relied on the measurement of the mechanical properties of the respiratory
system by the forced oscillation technique (Bartesaghi et al. 2014) that proved
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Fig. 10.18 Plot of Leq vs. 1/tt as index of blood flow velocity in the pulmonary capillaries. Data
from Beretta et al. (2019)

Fig. 10.19 Distribution of Leq in the population studied during work in hypoxia. From Beretta et al.
(2019) and Miserocchi et al. (2022)



sensitive enough to detect minor increase in interstitial lung water in experimental
model (Dellacà et al. 2008). The technique is based on the superimposition at the
mouth of the subjects of small pressure impulse oscillations with multiple frequency
contents during spontaneous breathing. The resulting small changes in pressure and
corresponding flow reflect the mechanical properties of airways and lung tissue.
The indexes to be derived were: (1) the resistance at 5 Hz (R5) and at 20 Hz (R20),
(2) the difference R5 - R20 (index of the frequency dependence of resistance), and
(3) the reactance at 5 Hz (X5) that reflects the visco-elastic properties of the distal
lung (Goldman et al. 2005). In subjects with high Vc

Dm
ratio (Group 2), comparing

hypoxia to sea level, a fourfold increase in frequency dependence of respiratory
resistance was found, as well as a greater decrease in respiratory reactance on
decreasing frequency. Both findings reveal greater perturbation of lung fluid balance
(Dellacà et al. 2008), suggesting a greater proneness to develop lung edema. It
appears therefore tempting to conclude that precapillary vasoconstriction in Group
2 subjects represents a functional response aimed at limiting microvascular filtration,
to prevent/attenuate edema formation when facing edemagenic conditions. Inborn
differences in microvascular permeability may also be invoked to justify differences
in proneness to develop edema. Interestingly, the opposite behavior concerning lung
vasomotion in hypoxia was also described for the systemic circulation. Indeed, in
mountaineers who are sensitive to high-altitude pulmonary edema, a decrease in
forearm blood flow was found on hypoxia exposure, unlike non-sensitive subjects.
This finding was attributed to impaired vascular endothelial function, due to
decreased bioavailability of nitric oxide (Berger et al. 2005). A decrease in exhaled
nitric oxide was also found in sensitive subjects on exposure to normobaric hypoxia
(Busch et al. 2001), as well as in patients with high-altitude pulmonary edema
(Duplain et al. 2000). On causative basis, it remains to be established whether the
low bioavailability of nitric oxide depends on an impairment of the biochemical
pathway or, conversely, simply represents the functional response to counteract
edema formation.
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Experimental data from animals were modeled to derive semi-quantitative esti-
mates of the role of vasomotion in the control of blood flow and microvascular
filtration (Mazzuca et al. 2016, 2019). The results supported the notion that
de-recruitment of the capillary vascular bed is a powerful tool to decrease micro-
vascular filtration: in fact this reduces capillary hydraulic pressure as well as the
filtration surface area. Furthermore, in unperfused capillaries, fluid reabsorption
from the interstitial compartment may occur due to a decrease in capillary hydraulic
pressure, thus favoring recovery from edema. Modeling in-vivo imaging of devel-
opment of lung edema on exposure to hypoxia clearly indicated that in alveolar units
with larger alveoli and a greater extension of the septal network, microvascular
filtration flow was greater, as indicated by the earlier increase in thickness of the
interstitial space (Mazzuca et al. 2019). This can be appreciated in Fig. 10.20
showing a 2D image-based model of the decrease in capillary blood flow as change
in color from yellow to blue in regions becoming edematous on exposure to hypoxia
(12% oxygen, balanced nitrogen). This finding provides the simplest explanation of



the well-known fact that pulmonary hypertension on hypoxia exposure is the
consequence of a marked precapillary vasoconstriction whose significance is that
of limiting microvascular filtration preventing lung edema.
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Fig. 10.20 Modeling the decrease in blood flow (shift toward blue) in the alveolar-capillary
districts from baseline to 120 min of exposure to hypoxia, a well-known edemagenic condition.
From Mazzuca et al. (2019)

Were it possible to extend to humans these indications, they would lend support
to the concept that subjects endowed with larger alveoli, the case of a high Vc

Dm
ratio,

are more exposed to the risk of edema. The model also shows that flow limitation in
the alveolar-capillary network shifts blood flow to alveolar corner vessels: although
this prevents filtration, it represents a disadvantage to alveolar-capillary equilibration
by generating a shunt-like effect.

10.10 Diffusion and Perfusion Limitation in the Air–Blood
Barrier

Obviously, the same Leq value is obtained considering either DLO2
_Q βo

or tt
τ . These

exponents provide, in fact, different but complementary related information. DLO2
_Q βo

is the ratio between diffusion to perfusion capacity (ratio of two conductances
indeed). On increasing oxygen demand, perfusion capacity increases ~sixfold
more than diffusion capacity; as a consequence, a decrease in DLO2

_Q βo
(and in 1 - Leq)

is expected.
In general, one could re-define the concepts of diffusion and perfusion limitation

at the level of the air–blood as follows:

1. Diffusion limitation to oxygen flow may be restricted to air–blood barrier diffu-
sivity, essentially reflecting the state of the lung extravascular water. A phenotype
with lower Vc

Dm
, implying a greater number of alveoli of smaller size, appears more
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efficient to guarantee gas exchange as predicted by a theoretical morpho-
functional model (Sapoval et al. 2002); further, indications are that it is more
resistant to the development of lung edema.

2. Perfusion limitation to oxygen carried in the blood relates with tt, that is the time
available for gas equilibration. tt reflects the flow velocity in the capillary network
that in turn depends upon the extension of the capillary bed and on _Q. Accounting
for ttτ allows definition of a new reading of a shunt-like effect. Again, a phenotype

with low Vc
D seems favored.

Other things being equal, the absence of vasoconstriction and a lower increase in
_Q favor oxygen uptake/transport. It is clear that in subjects, whose increase in DLO2

is less pronounced, a greater increase in _Q is requested to maintain oxygen delivery:
accordingly, in these same subjects, the decrease of tt

τ reflects both vasoconstriction
and the increase in _Q. Note that in hypoxia, the increase in τ, mostly reflecting the
increase in βb, becomes an important factor limiting oxygen uptake/transport.

The present data are of interest to people reaching high altitudes on trekking
expeditions, who are exposed to the risk of high-altitude pulmonary edema. How-
ever, one cannot exclude a potential clinical relevance aiming to characterize
cardiopulmonary disorders as well as conditions of decrease of the available pulmo-
nary vascular bed (lung resection, thrombosis) that are risk factors for developing
lung edema. Based on the correlation existing between the efficiency of the alveolar-
capillary equilibration with the Vc

Dm
ratio, one can suggest the methods for its

determination at ambulatory pneumological level:

– Estimate of Vc
Dm

at TLC, relying on the DLNO/DLCO technique (DLNO being the

lung diffusing capacity for nitrogen monoxide), at sea level, at rest, and on
exercise.

– Estimate of tt that requires the measurement of _Q (by echocardiography with
semi-recumbent set-up at rest and on exercise).

– A valid potentiation of the trial requires the same determinations on exposure to
normobaric hypoxia.

10.11 Further Considerations on _VO max
2 Limitation

at Altitude

Within the concept of a multifactorial _VO max
2 limitation (di Prampero and Ferretti

1990; Ferretti and di Prampero 1995), we propose here a further analysis concerning
a lung mechanism, yet with an impact on the oxygen transport and use (cardiovas-
cular and mitochondrial function, respectively). One can therefore attempt to provide
a contribution to the understanding of highly debated questions relating with factors
limiting the increase in _VO max

2 that brought to conflictual interpretation.
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Fig. 10.21 Efficiency of alveolar-capillary equilibration (1 - Leq) as a function of Piiper’s
equilibration deficit ðDLO2

_Q βo
Þ, equivalent to the ratio between capillary transit time (Tt, tt in the text)

and the time constant (τ) of the exponential equation. The red and blue points refer, respectively, to
the subjects with high and low Vc

Dm
described in Fig. 10.16 (Beretta et al. 2019). The yellow point is

an estimate for the subjects of Cerretelli (1976a). See text for further details

Let us come back to the celebrated experiment by Cerretelli at the 1973 Italian
Expedition to Mount Everest, which is discussed at length in Sects. 10.3.3 and 10.3.4
(Cerretelli 1976a). We remind that Cerretelli, who was searching for a single factor
of _VO max

2 limitation, concluded his article by stating that the limiting factor was
peripheral. He addressed his attention to a possible reduction of effective blood flow
to the working muscles (Cerretelli 1982). Some twenty years later, Ferretti (2003)
argued that Cerretelli (1976a) demonstrated the main role of cardiovascular oxygen
transport as a factor limiting _VO max

2 : Further considerations on this issue can be
made after the analysis of oxygen transfer at altitude using the model of Piiper and
Scheid (1981) carried out by Beretta et al. (2019). These are summarized in
Fig. 10.21, where the efficiency of alveolar-capillary equilibration (1 - Leq) i
plotted as a function of Piiper’s equilibration deficit, id est the dimensionless DLO2

_Q βb

ratio.
We highlight the sharp decrease in 1 - Leq on decreasing DLO2

_Q βo
and tt

τ below 6 in

Fig. 10.21. Note also that the subject represented by the red dot, who had high Vc
Dm

(Fig. 10.17a), had also clear signs of perturbation in lung fluid balance unlike the
subject with low Vc

Dm
(Fig. 10.17b, blue dot in Fig. 10.21). No data are available to

estimate the efficiency of the alveolar-capillary exchange in the subjects referred to
by Cerretelli (1976a). One may propose that, other things being equal, a 10% loss of
alveolar-equilibration (yellow point), coherent with a 10% decrease in cardiovascu-
lar oxygen transport, may well be justified by some degree of “interstitial edema”
that did not wane on sudden exposure to normoxia. Neither CT scan nor ultrasound



are, at present, able to diagnose this state before the condition becomes life threat-
ening. One shall also consider that, at the other end of the oxygen cascade, a decrease
in mitochondrial efficiency has been reported on exposure to high altitude (Murray
and Horscroft 2016).
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The subject with low DLO2
_Q βo

and thus high Vc
Dm

had also a higher _VO max
2 at sea level

than his counterpart with low DLO2
_Q βo

. According to Ferretti and di Prampero (1995),

this would imply a greater fraction of _VO max
2 limitation by lung resistance to oxygen

flow in the former than in the latter subject, Cerretelli’s subject being intermediate
between the two. Moreover, if the subject with low DLO2

_Q βo
has also a higher _VO max

2 at

sea level than his counterpart with low DLO2
_Q βo

, he would also more likely be exposed to

exercise-induced arterial hypoxemia (Dempsey et al. 1984; Dempsey and Wagner
1999), with consequent greater decrease of _VO max

2 at altitude (see also Sect. 10.4 on
the low _VO max

2 of elite climbers).
Exercise-induced arterial hypoxemia is discussed at large in Chap. 7. Some

further considerations are proposed here, with an impact on the onset of high-
altitude pulmonary edema. The degree of ventilation/perfusion ( _VA= _Q ) heteroge-
neity was found to correlate with a larger ventilatory response to exercise at sea level
and at simulated altitude (Wagner et al. 1986), as well as with a higher _VO max

2
(Hopkins et al. 1994). The last feature also characterizes subjects with high Vc

Dm
,

whose respiratory impedance data revealed a greater perturbation in lung fluid
balance in hypoxia (Bartesaghi et al. 2014). Further, the increased _VA= _Q heteroge-
neity in response to exercise and hypoxia has been attributed to a perturbation of the
fluid balance at the level of the air–blood barrier (Gale et al. 1985; Podolsky et al.
1996; Schaffartzik et al. 1992; Wagner et al. 1986). Moreover, a greater pulmonary
hemodynamic response to exercise and hypoxia was found in subjects who had a
previous history of high-altitude pulmonary edema (Eldridge et al. 1996), thus a
greater proneness to develop lung edema. In summary, data suggest diffusion
limitation in subjects having a phenotype characterized by a high Vc

Dm
due to some

degree of edema developing in the air–blood barrier.

10.12 An Unsettled Scientific Controversy

In the previous paragraphs, the pathophysiology of lung edema has been discussed
along the following functionally related steps, developed within the School of
Milano:

– Lung edema develops as a consequence of an increase in microvascular perme-
ability in edemagenic conditions (hypoxia is the specific case being considered).

– Precapillary vasoconstriction represents the adaptive response to prevent edema
as it counteracts microvascular filtration.
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– Pulmonary hypertension is the consequence of a downstream increase in flow
resistance.

– In summary, from the physiological standpoint, one is leaning to interpret
adaptive responses of pulmonary microcirculation as being protective to preserve
the functional homeostasis, in this specific case avoiding edema.

A different point of view derived from the publication of a paper (West et al.
1991), showing that increasing transmural pulmonary capillary pressure ≥40 mmHg
(experimental model in rabbits) caused capillary leak (concept of “stress failure” of
pulmonary capillaries). Although it may appear reasonable that over-distension of an
elastic tube causes a wall rupture, the paper by West et al. (1991) led to the
development of the following, different paradigm: pulmonary hypertension devel-
oping on hypoxia exposure is not the consequence, but the cause of high-altitude
pulmonary edema, in that it leads to increase in capillary pressure that, in turn, causes
“stress failure” leading to edema (Maggiorini et al. 2001).

A complex and functionally fragmented evidence is being presented in the
literature concerning both the response to hypoxia and the results from different
approaches in the attempt to clarify the longitudinal distribution of vascular resis-
tance from the arterial to the venous end. Thus, in general, this view is at variance
with the physiological standpoint, as it invokes a self-destructing strategy of the lung
in response to an edemagenic condition.

This alternative paradigm, however, presents several problematic issues. Firstly,
it is a contradiction to state that high-altitude pulmonary edema is “a high-
permeability-type lung edema in the absence of inflammation, a concept first intro-
duced under the term stress failure” (Maggiorini et al. 2001). To be fair, one might
state that, in presence of inflammation (hypoxia is a “sterile” form of inflammation,
Andersson and Tracey 2011; Andersson et al. 2020), the increase in permeability
(Dehler et al. 2006; Hansen et al. 1994; Kolliputi et al. 2010; Waxman and Kolliputi
2009) causes endothelial and epithelial lesions comparable to those caused by the
“stress failure.”

Maggiorini et al. (2001) consider high-altitude pulmonary edema as being char-
acterized by exaggerated and unevenly distributed pulmonary vasoconstriction that
results in significant increase in pulmonary artery and capillary pressure. What is not
clear is why should pulmonary capillary pressure increase in face of “exaggerated”
precapillary vasoconstriction. No model so far has been developed to confirm this
fluid dynamic hypothesis. Heterogeneity in the regional pulmonary blood flow has
been reported as a risk factor for lung edema (Hopkins and Levin 2006). An increase
in precapillary resistance was demonstrated in parallel with pulmonary hypertension
on hypoxia exposure (Parker et al. 1981), which protects indeed against the increase
in capillary pressure.

Further, one can possibly cast some doubts concerning the estimate of capillary
pressure derived from pulmonary artery occlusion pressure. Indeed, pulmonary
capillary pressure was not found to bear a constant relationship to pulmonary artery
occlusion pressure or wedge pressure (Cope et al. 1989). Moreover, the increase in
capillary pressure cannot be accurately predicted by the pulmonary arterial or



occlusion pressure (Cope et al. 1992). Finally, it is recognized that pulmonary artery
occlusion pressure cannot be taken as a surrogate of pulmonary capillary pressure
(Ganter et al. 2006).
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How can then one explain the reported success of vasodilators to prevent/treat
high-altitude pulmonary edema? One shall admit that vasodilators would decrease
peripheral resistance by increasing capillary recruitment and this would inevitably
cause an increase in microvascular filtration. In other words, vasodilators would
vanish the anti-edemagenic role of vasoconstriction. One may comment that, since
the distribution of edema is heterogeneous by nature, some control of lung fluid
balance is only possible in regions where safety factors are still acting so that the
Starling gradient still allows fluid reabsorption and nowhere else (see the recent
model developed by Beretta et al. 2021). One should therefore hypothesize that in
these regions the conditions of recovery should be lasting, despite the administration
of a vasodilator. We are prone to consider that the reported exaggerated endothelin
release in high-altitude pulmonary edema is an extreme form of defense against the
development of edema rather than a biochemical disturbance (Sartori et al. 1999).
One can certainly admit that the decrease in pulmonary artery pressure would
alleviate the burden of the right ventricle.

10.13 The Harness Hang Syndrome

Several mountaineers, wearing harness and undergoing a fall, but remaining how-
ever hanging in orthostatic posture, were found dead on rescue, despite the absence
of any trauma/injury. Thus, this specific case exposes the mountaineer to a severe
risk of death. This condition, named as harness hang syndrome, may lead to
unconsciousness, syncope, and to a chain of events leading to a lethal multivisceral
hypoxia distress (Seddon 2002; Van Lieshout et al. 2003). Lanfranconi et al. (2017,
2019) investigated the impairments along the oxygen transport-utilization chain,
with the aim of shading light on the pathophysiology of the harness hang syndrome
(Lanfranconi et al. 2017, 2019).

Figure 10.22 shows the experimental model with a subject suspended on a tripod
wearing the harness undergoing a motionless suspension test. Several cardiovascular
and respiratory variables were continuously monitored, including tissue oxygenation
at the level of the brain and of a skeletal muscle, relying on the near-infrared
spectroscopy (NIRS) technique.

Subjects who did not develop syncope were able to activate a cardiovascular
response to defend brain oxygen metabolic requirement (systolic and diastolic blood
pressures were either unchanged or increased). Conversely, subjects who developed
syncope (~20 min of suspension) had a remarkable decrease in systemic blood
pressure, reflecting the failure of the vasomotor centers to trigger a cardiovascular
adaptation. Results also clearly indicated that the most important and early patho-
physiological parameter to monitor the occurrence of syncope was cerebral hypoxia
as monitored by NIRS. Greater resistance to harness hang syndrome was found in



people responding with less marked fluctuations of both respiratory and cardiovas-
cular reflex responses.
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Fig. 10.22 Experimental
set-up for suspension test.
Bandages indicate the
location of the NIRS probe.
With the kind permission of
Giuseppe Miserocchi

Unexpectedly, neither the long-term experience in using a harness nor higher
aerobic fitness levels appear to protect against the development of harness hang
syndrome. Given the relatively short time for developing this syndrome, the follow-
ing recommendations were suggested: (1) climbers should avoid solo conditions;
(2) harnesses should be designed to assure comfort, rapid rescue, and a body posture
that does not result in more critical cerebral oxygen perfusion when losing con-
sciousness; and (3) as to the immediate treatment of harness hang syndrome, keep
the subject in supine position to prevent more severe cerebral hypoxia.

10.14 Conclusions

In conclusion, an Ariadne’s thread can be perceived connecting the Pyramid to
Angelo Mosso and his experiments on the Mount Rose. This thread has been
unraveled from Mosso to Viale, Aggazzotti, and Herlitzka, then to Margaria and



Monzino, and Cerretelli and Miserocchi. Each of these men had a different practical,
scientific, and psychological attitude to the study of the physiology of adaptation to
altitude. Mosso was the pioneer who set the path, realizing the first permanent
laboratory at altitude (current Istituto Mosso at Col d’Olen, Mount Rose, see
Chap. 1), open to international collaboration. For Cerretelli, who was an adventurous
man, the study of altitude played a central role in his scientific life. For Margaria, as
for Miserocchi, it was a subsidiary field of activity providing some experimental
opportunities for understanding or better focusing some aspects of their mainstream
scientific activity. Margaria however, at variance with Miserocchi, did not involve
himself directly, he rather encouraged and supported his pupils to participate in
altitude research activities, namely in Monzino’s expeditions. The case of Herlitzka
was a peculiar one, as pointed out in Chap. 1: to him, altitude was the best
environment for investigating the problem of hypoxia in aviation medicine, in a
time when aircrafts were not pressurized yet and thus pilots were exposed to hypoxia
during flights.
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Along this Ariadne’s thread, notwithstanding the different motivations of the
involved scientists, and the various paths that they took, it eventually happened that
the School of Milano contributed largely and significantly to the present knowledge
of the physiology of human adaptation to high altitude. The contributions of the
School of Milano to our understanding of the causes of _VO max

2 decrease, of the
lactate paradox, of altitude muscle deterioration, of the genesis of high-altitude
pulmonary edema witness this engagement and deserve high consideration.
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Chapter 11
A School Goes into Space

Pietro Enrico di Prampero and Guido Ferretti

Abstract This chapter summarizes the work carried out within the School of
Milano in the physiology of space flight responses and adaptation. Only the studies
during actual space flight and on the exploration of celestial bodies are accounted
for. After a short historical account of the earliest studies, the pioneering work on
locomotion on the Moon is described. Then the studies on the effects of prolonged
space flight on maximal explosive power and the underlying mechanisms are
analyzed. A physical countermeasure to cardiovascular and muscular
deconditioning, the Twin Bike System, is described. A way is proposed and ana-
lyzed to increase gravity acceleration on the Moon artificially. The effects of gravity
acceleration on the mechanical efficiency and the internal work during cycling are
discussed, as well as the cardiovascular response to exercise on outer Planets.
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Extra-vehicular activity during the joint Russia–ESA Euromir-95 prolonged space mission in the
Russian Mir space station. On left, Yuri Gidzenko (crew commander); on right, ESA astronaut
Thomas Reiter. With the kind permission of the European Space Agency

11.1 Introduction

In an extraordinary night of July 1969, for the first time in history, a man (Neil
Armstrong, 1930–2012) put his feet on the lunar soil, and, while he was cautiously
leaving the Lunar module, quietly sitting in our armchairs on Earth, we could
observe on our TV screens his wobbling gait. At the Institute of Human Physiology
of the University of Milano, these memorable images produced an enthusiastic
emotional feeling. A colleague of ours, Giovanni Cavagna, and “the grand old
master,” Rodolfo Margaria, on the bases on their studies on the biomechanics of
walking and running on Earth, had foreseen the main characteristics of human
locomotion on the Moon (Margaria and Cavagna 1964; Margaria 1966), and the
images arriving on the TV screen from ≈350,000 km afar qualitatively supported
their predictions.

Yet there was more than this in that emotion. That was the apparent final outcome
of a long story, which accompanied the evolution of the School of Milano, since
Amedeo Herlitzka started aviation medicine in Italy during World War I (see
Chap. 1), and of the sister School of Rochester—Buffalo, since Wallace Fenn
obtained the first contract from the US Air Force during World War II. If we look
at the history of human flight as a mixture of adventure, exploration, and conquest of
new worlds, then a man walking (or skipping. . .) on the Moon can be considered as
the ultimate, extreme achievement of that adventure.

After the conquest of the Moon, the exploration of outer Space took other tracks.
The construction of long-lasting space stations orbiting around the Earth became a
priority, and long-term space flights were organized, allowing the performance of
several types of experiments in any field of science, including human physiology.
The worldwide community of physiologists took this as an opportunity, and we owe
much of our understanding of long-term human adaptation to microgravity to studies
carried out in space stations. However, the possibility or performing physiological
experiments in Space has manifest logistic and financial limits; therefore, micro-
gravity simulation conditions have been exploited by Space Agencies, the most
important being head-down tilt bed rest.
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The aim of this Chapter is to discuss human adaptation to space flight, with
special reference to the contribution of the School of Milano. Priority is given to
space flight data, whereas we refer to bed rest experiments only in case of lack of
data during space flight. We note that the effects of microgravity on maximal oxygen
consumption and on respiratory mechanics are discussed, respectively, in Chaps. 7
and 8.

11.2 A Short Summary of Space Exploration

For long time, space exploration was confined to fantastic literature. Lucian of
Samosata (~120 to ~185) deserves special mention under this respect, for his
fantastic, untruthful description of a journey to the Moon in his True Stories
(“Αληθῆ διηγήματα”), an English version of which was published by Francis
Hickes (Hickes 1902). His greatest merit was that he overwhelmed the divine
conception of the Moon, typical of Greek culture, and considered it just a physical
body, similar to Earth, on which it was conceivable that a man could pose, one day,
his feet: the psychological breakthrough of a journey to the Moon was attained.

But, how can we send a spacecraft to the Moon? In fact, the idea of the rocket
came again from science fiction: after all, the space gun imagined by Jules Verne
(1828–1905) in his De la Terre à la Lune, trajet direct en 97 heures 20 min (Verne
1865) to propel the “projectile” is a literary anticipation of the Saturn rocket
propelling the Apollo capsule. Russian engineer Konstantin Tsiolkovsky
(1857–1935, see Fig. 11.1), the real pioneer of astronautics, was the first to suggest
the physical feasibility of a space rocket, although the technology of his times did not
allow such an enterprise to be realized. Nevertheless, his work inspired the Soviet
space program after World War II.

World War II determined a strong development of rocket technology for military
purposes. Germany was particularly active in this domain, thanks to the impulse
given by Wernher von Braun (1912–1977), who designed the well-known V-2
bomb-carrying rockets. At the end of the war, he surrendered and delivered himself
to the US forces (Fig. 11.2), to become, after some years in a prisoner camp, the
leader of the American space project.

Shortly after the end of the war, the Soviet Union launched its own space
program, under the impulse and the lead of Sergej Korolëv (1907–1966). While
the Americans developed the program of supersonic aircrafts, the ultimate aim of
which was to send an airplane into Earth orbit, Korolëv, an ancient pupil of the late
Tsiolkovsky, opted for rocket carriers. His was the right choice, so the Soviet Union,
on October 4th, 1957, preceded the USA in launching a satellite into orbit.

Those were the days of the so-called Cold War for world supremacy between the
two main powers winners of World War II, characterized by different social regimes
in competition between them. A strong competition started also for space suprem-
acy. In 1958, President Eisenhower eventually charged the newly created National
Aeronautics and Space Administration (NASA) to develop a human space flight



program. But the Soviets had an advantage and thus, thanks to the work of Korolëv,
they were the first to send a man into orbit: Jurij Gagarin (1934–1967), who, on April
12th, 1961, carried out the first human orbital flight around the Earth, completing
one orbit in 1 h and 48 min. Korolëv and Gagarin are portrayed in Fig. 11.3.
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Fig. 11.1 Portrait of
Konstantin Tsiolkovsky
with his steel dirigibles in
his garden, 1913. Picture in
public domain

Gagarin tolerated the environmental conditions of his flight very well and
returned in good shape. However, when German Titov (1935–2000) came back
from the second space flight, completing four orbits on August 6th, 1961, he showed
signs of vestibular troubles and of motion sickness, providing the first demonstration
of physiological alterations by space flight.

After Gagarin’s flight, President Kennedy set a new political goal: sending an
American astronaut to the Moon. He charged NASA of the task, with unlimited
funding. The first American in orbit, John Glenn (1921–2016), flew in 1962. Then
the NASA launched the Gemini program, the aim of which was to develop and test
the procedures for docking, re-entry, and extra-vehicular activities, propaedeutic to a



flight to the Moon. Then came the Apollo project, by which humans left the Earth
orbit, attained a lunar orbit, and eventually, on July 21st, 1969, Neil Armstrong and
Edwin Buzz Aldrin posed their feet on the lunar soil for the first time (Fig. 11.4).
That was undoubtedly a great political and propaganda success for the USA, perhaps
the last time in which a Western democratic government dared to put the heart
beyond the obstacle, setting a national adventure and pursuing it without hesitation
and without narrow-minded calculations and weightings.
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Fig. 11.2 Wernher von Braun with a group of German officers at Peenemünde, in 1941. With the
kind permission of Wikimedia Commons and the German Federal Archive (Bundesarchiv Bild
146-1978-Anh.030-02)

Korolëv also started conceiving a lunar program. The first extra-vehicular activity
in orbit, performed by Alexei Leonov (1934–2019) on March 18th, 1965 during the
Voskhod 2 flight, might already have been in that perspective. However, Korolëv
died prematurely and unexpectedly by hemorrhage during a surgical intervention on
January 14th, 1966. The Soviet lunar space program and the Soviet supremacy in
space flight competition ended that day.

The completion of the Apollo program in 1972, which eventually led twelve
astronauts to walk on the Moon, put an end to the heroic epoch of space conquest.
The perspective had already changed after Korolëv’s death. In 1967, the Soviet
Union announced a wide project of orbit colonization. This project converted the
space carriers of previous programs to the need of installing and maintaining
permanent space stations. The first module of the newly conceived Salijut Space
Station was launched in 1971. The station was completed within 1977. The Sojuz
spacecraft played a great role in this shuttling activity. Conceived in the lunar flight



program, then converted into a human transporter to and from space stations, the
Sojuz spacecraft is still in use after more than 50 years, and never stopped evolving
ever since in parallel with the technological developments. It has been the most
successful and performant spacecraft ever conceived, with only one deadly accident
in its history.
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Fig. 11.3 Sergei Pavlovich Korolëv (right) and Jurij Alekseevich Gagarin at Star City in 1961.
Picture in public domain

Meanwhile, the Americans developed their own permanent station, the Skylab,
the first module of which was launched onMay 14th, 1973. But that was a short-term
program, though successful. In fact, the American priority was different: to develop
a reusable spacecraft, to be launched by a rocket, but landing by planar flight on an
airport track, the Space Shuttle. Five Shuttle models were constructed, supporting
more than a hundred flights in 30 years. The first Shuttle, Columbia, flew on April
12th, 1981, commanded by John Young (1930–2018), who was a veteran on lunar
flights. The internal organization of the Space Shuttles, which could host up to seven
crewmembers at a time, greatly improved the working conditions, allowing a variety
of activities, from military to scientific, to be carried out. The flight duration,
however, was short (a Shuttle flight lasted at most 18 days), so it was not suitable
for long-term flights in preparation of eventual planetary explorations. After having
served, together with the Sojuz, as a support carrier for the construction of the current
International Space Station, the Shuttle program was dismissed in 2011 for budget-
ary reasons.
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Fig. 11.4 Buzz Aldrin on the Moon, portrayed by Neil Armstrong. FromWikimedia Commons, in
free domain, as agreed upon with Neil Armstrong

On the other side, the Soviets kept promoting permanent space stations. In 1985,
they launched the Mir Station, a remarkable step forward in the field, in terms of
space availability and crew comfort, which was kept active for 15 years. After the
crumbling of the Soviet Union in 1991, the newly established Russian Space
Agency, which inherited the entire installations, equipment, and staff of the Soviet
space program, reoriented its activity toward international collaboration and became
a privileged partner of the new International Space Station, the first component of
which was launched in 1998. The station hosted its first long-term crew in 2000. Its
ownership and use is established by intergovernmental treaties and agreements,
involving the USA, Russia, the European Union, Japan, and Canada. The standard
permanence of a crew in the Station has been fixed to six months, which is not of
great use for the preparation of a human flight to Mars. This implies that the longest
continuous sojourns in space are still those attained in the Mir Station, which still
holds the record for the longest single human spaceflight, with Valerij
Poljakov (1942–2022) spending 437 days and 18 h on the station between 1994
and 1995. The operational status of the International Space Station has been recently
prolonged to 2030.
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11.3 The Early Studies

After the reports of vestibular troubles on German Titov returning from his space
flight in 1961, a number of clinical and physiological variables were monitored in all
subsequent flights in the 1960s, including blood pressure, ECG, and body temper-
ature. Upon return from Mercury and Gemini flights, weight loss, orthostatic intol-
erance, increased hemoglobin concentration were reported, notwithstanding the
vestibular troubles, systematically confirmed. Yet the first discussion of motion
sickness was published as early as in 1961. The author mentioned Gagarin’s flight,
but was not yet aware of Titov’s report of vestibular troubles. Therefore, his
discussion was purely conjectural, based on his own experience during parabolic
flights (Johnson 1961). The evidence became rapidly so compelling, that the same
author, less than five years later, stated that we now have ample evidence for
believing that, of all the various disturbing stimuli to which space travelers will be
exposed, the disabling effects of angular and linear accelerations on the
non-auditory labyrinth can reduce an astronaut’s efficiency to such an extent as to
jeopardize his very survival (Johnson and Ireland 1966). And this, despite his
conviction that it would be possible, with adequate preparation, to send a human
to the Moon and have him/her coming back again in good shape, with at least one
day available for lunar exploration.

Despite theoretical expectations of orthostatic intolerance occurrence, supported
by water immersion experiments, no evidence of it came from tests upon return from
the earliest space flights, perhaps because of their shortness. The first evidence of
cardiovascular intolerance came from longer flights, especially from the 34-hr flight
by Gordon Cooper (1927–2004) in the last Mercury mission (Di Giovanni and
Chambers 1964). These authors paid attention to the observations from ECG
recordings, showing several cases of arrhythmias. Most of the reported cases
concerned supraventricular arrhythmias, but in one case, from a bed rest study, a
subject, incidentally an athlete, underwent intermittent ventricular tachycardia,
which reverted to normal sinus rhythm after quinidine administration.

Webb (1966) analyzed the reported data of body mass before and after space
flight, indicating a consistent weight loss in all astronauts upon return, with a
tendency toward a greater weight loss, the longer the flight duration. Since the
weight loss occurred also in the shortest flights, and in most cases, it was recovered
within 24 h after landing, he suggested that it was due primarily to water loss.
Interestingly, he suggested that water loss might follow the activation of the Henry-
Gauer reflex (Gauer and Henry 1963): stimulation of central venous volume recep-
tors induced by blood shift in weightlessness would induce an increase in urine
production due to inhibition of the effect of the anti-diuretic hormone on kidney
water reabsorption. In fact, subsequent evidence demonstrated reduction of plasma
volume upon return from longer Gemini missions (Fischer et al. 1967). This was
expected to generate a small increase in hematocrit and in hemoglobin concentration,
which however were not observed, because of an unexpected reduction of red blood



cell mass upon return, which the authors attributed to a mild hemolysis of unknown
cause (Fischer et al. 1967).
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A great impulse to the study of life science in microgravity came from the
development of permanent space stations, allowing prolonged sojourns in more
comfortable conditions. The first reports on the development of muscle hypotrophy
and of bone resorption during prolonged flights came from space stations in the
1970s. The first countermeasures against physiological alterations in microgravity
were developed in those same years. The Salijut space station contained a cycle
ergometer for the performance of aerobic exercise training, and a system for astro-
naut exposure to lower body negative pressure (LBNP), which was used for the
prevention of orthostatic intolerance and hypovolemia. Moreover, the re-entry pro-
tocols included a procedure of forced rehydration by means of saline injection to
restore blood volume, as a preventive treatment of orthostatic intolerance.

Further advances in countermeasures were introduced as long as the duration of
flights progressively increased in the Salijut station. The increasing evidence that
muscle hypotrophy aggravates with the progressive increase in flight duration led to
the introduction of electrical muscle stimulation as a tool to limit this phenomenon.
Improved and more powerful LBNP devices were made available. New anti-G suites
were developed, to be used during landing. Specific prescriptions of physical
training were applied during recovery after long-term flights.

Meanwhile, in the Skylab, several types of experiment, even at prolonged space
flight times, could be carried out. Kinetic studies demonstrated that the alterations
observed on the cardiovascular system in microgravity attained a steady state within
four to six weeks from departure, and thus they were not such as to impair the
astronauts’ ability to work. Pharmacological treatment of motion sickness was
implemented and tested. The bone loss was found to be accompanied by an
increased urinary excretion of calcium, phosphates, and nitrates. This last was
associated also to a progressive protein loss related to the development of muscle
hypotrophy. A detailed report of the results obtained in the Skylab and Salijut
missions can be found elsewhere (Nicogossian et al. 1996).

With the Mir Station, and even more with the International Space Station, the
opportunities for physiological studies during long-term space flights increased
remarkably, whereas the Space Shuttle program provided important occasions for
experiments during short-term flights. Meanwhile, the European Space Agency
started its programs of head-down tilt bed rest studies, in order to allow performance
in simulated microgravity of experiments otherwise unfeasible in-flight. The launch
of the Mir Station and the Shuttle program opened the contemporary epoch of the
space exploration era, in which the performance of life science experiments in Space
became systematically part of the civil space flight tasks. That is when the contem-
porary, deeper physiological knowledge of human adaptation to microgravity, and of
the subsequent functional troubles upon re-exposure to gravity after re-entry from
Space or after standing up again at the end of bed rest, was generated. That is when
the School of Milano entered microgravity life science research consistently.

However, before focusing on the contributions of the last 30 years, we need to
make a step back and discuss human locomotion on the Moon and on other planets,



along the principles of the cute analysis that Margaria and Cavagna carried out
before Armstrong and Aldrin stepped on the lunar soil. In fact, the two physiologists
from Milano predicted in an amazingly correct way how astronauts would have
moved on the Moon. These predictions were part of the enthusiasm that pervaded
Milano’s physiologists on watching the images transmitted from the Moon on July
21st, 1969.
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11.4 Walking on the Moon or on Other Celestial Bodies

During natural walking at the optimal speed on Earth, the potential and kinetic
energy changes at each stride are about equal, but of opposite sign (Chap. 5). As a
consequence, the mechanical energy to move forward is essentially equal to the
potential energy accumulated in the initial phase of the stride (ΔEp):

ΔEp =M g h ð11:1Þ

where the mass M is the body mass, g is the acceleration of gravity, and the height
h corresponds to the vertical displacement of the center of mass. In turn, the
subsequent kinetic energy change (ΔEk) is given by:

ΔEk =M vm Δv ð11:2Þ

where Δv is the velocity change during the step, relative to the mean speed of
locomotion (vm).

1 At the optimal walking speed (vopt), assuming: 2

ΔEp =ΔEk ð11:3Þ

and since under these conditions Δv = 0.2 vm and vm = vopt, from the right
members of Eqs. 11.1 and 11.2, one obtains:

1Equation 11.2 can be derived as follows:

ΔEk =Ek2 -Ek1 = 0:5 M vm þ 0:5 Δvð Þ2 - 0:5 M vm - 0:5 Δvð Þ2

where Ek2 and Ek1 are the kinetic energy values at the maximal and minimal velocity, respectively.
Assuming further that Δv follows a symmetrical time course in respect to the mean velocity (vm),
rearranging and simplifying, one obtains Eq. 11.2.
2Equation 11.3 remains valid even knowing that the percent Recovery (see Chap. 5, Cavagna et al.
1976) during walking at vopt is less than 1.0, because the missing energy is replaced by the
mechanical energy generated by muscle contraction.



ffiffiffiffiffiffiffiffip

ffiffiffiffiffiffiffiffiffi

11 A School Goes into Space 385

Table 11.1 Optimal walking
speed (m s-1 or km h-1) on the
indicated celestial bodies,
whose gravity is expressed as
a fraction of the Earth gravity
(gEarth = 9.81 m s-2)

Planet Moon Mars Earth Jupiter

g/gEarth 0.16 0.38 1.00 2.53

(m s-1) 0.61 0.92 1.49 2.50

vopt
(km h-1) 2.19 3.31 5.36 9.00

M g h=M vm Δv=M vopt 0:2 vopt ð11:4Þ

Hence, solving Eq. 11.4 for vopt yields:

vopt =

ffiffiffiffiffiffiffi
g h
0:2

r
=

ffiffiffiffiffiffiffiffiffiffi
5 g h

p
= 2:24

ffiffiffiffiffiffi
g h

p
ð11:5Þ

It follows that, on the Moon, where g is about 1/6 of that on Earth (1.635 m s-2),
for any given value of h, the optimal speed will be about 40% of that observed on
Earth, since 1=6= 0:408, and thus about 0.6 m s-1 (2.2 km h-1, Margaria 1975).

Equation 11.5 is formally and conceptually equal to Eq. 5.16, except for the fact
that the lower limb length (L ) is replaced by h. Obviously enough, h and L are
directly proportional quantities.

At the end of the twentieth century, Cavagna et al. (1998) determined the energy
cost of walking under low-gravity conditions, during two parabolic flights cam-
paigns organized by the European Space Agency (ESA).3 They investigated vertical
and horizontal ground reaction forces on three subjects walking on force platforms
fixed to cabin floor during a series of parabolas, such that the overall gravity vector
acting along the subjects’ head-to-feet axis was equal to the gravity acceleration on
Mars (3.72 m s-2). Under these conditions, the maximal % Recovery, calculated as
described in Chap. 5 (Eq. 5.13), was rather close to that observed on Earth (≈65%).
It occurred, however, at a lower speed (3.4, as compared to 5.4 km h-1). It is
interesting to note that the so determined vopt is very close to that calculated from
Eq. 11.5, setting h = 0.045 m (average vertical displacement within a step for an
adult of normal body size and a lower limb length of 0.9 m). Indeed, since the gravity
acceleration on Mars is about 38% of that on Earth, other things being equal, this
equation yields the prediction that vopt on Mars amounts to ≈60% of that observed
on Earth ( 0:38

p
= 0:61).

These considerations show that the theory of dynamic similarity can be reason-
ably extended to include, beyond the different body dimensions (see Chap. 5), also
gravity conditions different from those prevailing on Earth. The vopt on different
celestial bodies is indicated in Table 11.1. For a more detailed analysis, the reader is
referred to Saibene and Minetti (2003).

3During these flights, throughout the duration of each parabola (about 25–30 s), the airplane and
whatever it contains is subjected to pre-established gravity conditions, as given by the vectorial sum
of gravity and the plane’s centrifugal acceleration that results from an appropriately selected
parabolic trajectory.
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It goes without saying that all the considerations reported above for walking in
“extra-terrestrial” conditions apply to freely moving subjects, thus neglecting the
physical constraints (not least the thermoregulatory ones) brought about by the
heavy space suits necessary on extra-terrestrial planets.

11.5 The School of Milano Enters the Microgravity Game

This brief overview on the effects of the prevailing acceleration of gravity on the
biomechanics of walking does show the pioneering interest in and the original
approach to “Space Science” by Rodolfo Margaria and his School at large. As
such, it does not come as a great surprise that the number of studies devoted to
these problems increased substantially with the advent of the “Space Exploration”
era. Pietro Enrico di Prampero opened the way, as he started collaborating with the
European Space Agency. He involved Carlo Capelli and Guglielmo Antonutto, who
were then part of his newly established research group in Udine, Italy. He informed
Guido Ferretti of the opportunities that started to be offered, with modest concur-
rence. At the same time, NASA selected a project proposed by Paolo Cerretelli.
Then, a 30-years long collaboration started, involving an extensive participation to
several bed rest and space flight programs. More specifically, many a study by
several members of the Milano School, often in combination with other groups,
were devoted to the effects of real or simulated (bed rest) microgravity on several
aspects of the physiological responses to exercise.

In the next Sections, we review several studies carried out during flight and
discuss some proposals for countermeasures against physiological deconditioning
in prolonged space flights. The available space does not allow a complete analysis of
the numerous studies carried out by scientists from the School of Milano during bed
rest. We resignedly address our patient readers to the original publications, of which
we quote here the most significant and the most related to the way of approaching
physiology by the School of Milano (Adami et al. 2013; Bringard et al. 2010; Capelli
et al. 2006, 2008, 2009; de Boer et al. 2008; Desplanches et al. 1998; di Prampero
and Narici 2003; Ferretti et al. 1997, 1998, 2001, 2009; Milesi et al. 2000; Moriggi
et al. 2010; Narici et al. 1997; Porcelli et al. 2010; Reeves et al. 2005; Rejc et al.
2015a, 2015b; Salanova et al. 2014; Salvadego et al. 2011, 2016, 2018; Zamparo
et al. 2002a, 2002b). As already pointed out, we remind that the articles on maximal
oxygen consumption limitation during and after bed rest are discussed at length in
Chap. 7.

11.6 Maximal Explosive Power in Microgravity

The maximal explosive power (MEP) developed during all-out efforts of the lower
limbs of about 0.3 s duration before and after space flight was assessed on a specially
designed Multipurpose Ergometer Dynamometer (Fig. 11.5) (Zamparo et al. 1997).



The experiments were performed on astronauts before and after space flights of up to
6 months duration on board of the MIR Space Station on the occasion of the
1994–1995 EUROMIR missions. The data were collected in Star City, near Mos-
cow, Russia, shortly before flight departure and 2 days after return to Earth gravity.
The results show that, after 6 months in microgravity, the MEP of the lower limbs
was reduced to about 45%, whereas the muscle mass of the same limbs, as well as the
maximal oxygen consumption, were reduced only to about 90% of the
corresponding pre-flight values (Antonutto and di Prampero 2003; Antonutto et al.
1999; Zange et al. 1997).
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Fig. 11.5 The Multipurpose Ergometer Dynamometer (schematic). The carriage seat (C-S) is free
to move on a rail that can be inclined to a preselected angle with respect to the horizontal. The
subject, sitting on the seat, propels himself backward pushing on two force platforms (FP). The
instantaneous product of the backward velocity of the seat, as obtained thanks to the wire
tachometer (WT), and the corresponding overall force yields the instantaneous mechanical
power. Note that, before the onset of the push the carriage-seat is supported by two blocks
appropriately positioned on the rail, and that, at the top of the backward excursion, it is automat-
ically blocked by a braking system. From Zamparo et al. 1997.

It should be noted here that during the flight the astronauts were systematically
exercising on specially designed ergometers for ≈2 h per day at moderate exercise
intensity, a fact that might have reduced substantially the decline of maximal oxygen



consumption and of the muscle mass. However, this training procedure did not have
the same effect on MEP, thus suggesting that long-term microgravity exposure
reduces the “efficacy” of all-out muscle contractions.
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To explain this set of observations, the authors proposed that microgravity brings
about a reorganization of the motor control system, leading to a reduced capacity of
activating maximally and simultaneously all the available muscle fibers. In turn, this
state of affairs can be attributed to the fact that, in microgravity, forceful muscle
contractions may lead to undesired consequences because of the absence of any
opposing force. As such, the environment “invites” the subject to favor smooth and
gentle muscle actions, thus leading to a reorganization of the motor control system.
Indeed, anecdotally, it is well known that space flight newcomers behave like “bulls
in a china shop,” in so far as their movements tend to be exaggerated and
uncontrolled, a fact that is completely abolished in a couple of days. Upon return
to normal gravity, this state of affairs is reversed: the muscle fibers are there, but
cannot be activated forcefully and maximally as was the case before the space flight,
the situation resuming its “terrestrial” status in a few days.

The hypothesis that the larger decline of MEP, as compared to that of the
available muscle mass, be due to the reorganization of the motor control system
brought about by the absence of gravity is supported also by the observation that, at
the end of bed rest, the fall of maximal anaerobic power, as measured during high
jump off both feet on a force platform, is less than the MEP observed after space
flight of similar duration (Ferretti et al. 2001). Indeed, during bed rest the gravita-
tional pull is not abolished; it is only reoriented as compared to the body axis. As
such, no reorganization of the motor control system is required.

Finally, in animal muscles, long-term space flight leads to a shift of the fibers
toward the fast type (Caiozzo et al. 1994, 1996; Widrick et al. 1999); as such, after
return to normal gravity one would expect a larger (rather than smaller) MEP per unit
muscle mass. This rules out any eventual changes of muscle fiber type composition
to explain the experimentally observed fall of MEP, so lending further support to the
role of the motor control system as primum movens of this state of affairs.

A possible additional explanation of the greater loss of force and MEP has been
more recently proposed. In fact, the loss of contractile material and the reduced size
of muscle fibers imply changes in muscle architecture susceptible to reduce both the
maximal velocity of contraction and the maximal isometric force, so that also the
maximal muscle power, and thus the MEP, are reduced (Kawakami et al. 2001; de
Boer et al. 2008). These changes, however, are not such as to overthrow the role of
motor control alterations, the occurrence of which has been clearly demonstrated
upon return from space flight of various duration (Layne et al. 2001; Recktenwald
et al. 1999) as well as at the end of prolonged bed rest (Buehring et al. 2011; Mulder
et al. 2008; Yuan et al. 2018).

The fall of MEP during long-term space flight could be reduced, were it possible
to install, where needed, appropriate ergometers allowing the astronauts to perform
explosive efforts during their daily exercise routine (di Prampero and Antonutto
1996). It goes without saying that these explosive ergometers should be constructed



in such a way to avoid unwanted vibrations; a simplified model thereof is reported in
Fig. 11.6.
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Fig. 11.6 Ergometer for maximal explosive power in space (schematic): FP force platforms, SA
shock absorbers. The subject accelerates himself backward and an appropriate mass in the opposite
sense. The product of force and relative velocity (v), as obtained thanks to the indicated tachometer
and force platforms, yields the instantaneous mechanical power. The opposite motion of subject and
mass is expected to minimize changes of the overall center of mass of the system, thus reducing
unwanted mechanical side effects. Note also that, to avoid uploading unnecessary masses into
space, the “mass” could be replaced by another subject. From di Prampero and Antonutto 1996

11.7 Cardiovascular Deconditioning

As discussed in Sect. 11.3, it has been clear since the first days of the space flight era
that exposure to microgravity leads to a series of consequences on the cardiovascular
system, eventually leading to orthostatic intolerance upon return. Comprehensive
analyses of the cardiovascular alterations induced by microgravity exposure appear
in numerous review articles (Antonutto and di Prampero 2003; Hargens and



Richardson 2009; Hargens and Watenpaugh 1996; Hargens et al. 2013; Hughson
et al. 2018; Norsk 2014, 2020; Zhang 2001).
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In the sections that follow, we will deal mainly with the approach taken by the
School of Milano in designing strategies for preventing and mitigating the effects of
prolonged exposure to microgravity on the cardiovascular system that bring about the
so-called cardiovascular deconditioning, which, upon re-entry to normal gravity con-
ditions, leads to severe orthostatic intolerance. Cardiovascular deconditioning is the
final outcome of a set of physiological responses to microgravity, which is characterized
by the absence of the hydrostatic component (pressure difference along the body, ΔP)
of the arterial blood pressure. In addition, the body fluids shift toward the head and
thorax leads to a reduced blood volume, which also plays a role in determining
cardiovascular deconditioning. Besides occurring during long-term space flight, car-
diovascular deconditioning can be expected also in astronauts living permanently on
Lunar or Martian bases, since on these celestial bodies the acceleration of gravity is
about 0.165 and 0.379 the Earth value, leading to a proportional decline of ΔP.

11.8 The Twin Bike System

The traditional aerobic exercise protocols performed during long-term space flight
prevent an excessive fall of the overall mass of the anti-gravitational muscles as well
as of the maximal oxygen consumption (Nicogossian et al. 1996). However, they
have no effects on cardiovascular deconditioning, which seems to be prevented only
by artificial gravity (Clément and Pavy-Le Traon 2004; Hargens et al. 2013; Lackner
and Di Zio 2000; Lazzer et al. 2011; Zhang 2013). Therefore, to prevent cardiovas-
cular deconditioning, or at least to reduce its severity, several scenarios aimed at
simulating gravity in space have been proposed; suffice it here to mention the
Ergometer-Centrifuge (Greenleaf et al. 1997) and the Bed-Centrifuge (Cardus
et al. 1991) (Fig. 11.7). The unifying principle underlying all these proposals is to
have the astronauts positioned on a rotating system that generates a centrifugal force
along their body axis in the head–feet direction, thus mimicking gravity.4 All these
systems, the fore-runner of which has been described in 1929 by Hermann Potočnik
(1892–1929) in a very remarkable book that was published posthumous under the
pseudonym of Noordung (Noordung 1929, see Fig. 11.8), have remained intellectual
exercises so far.

To prevent or reduce the long-term effects of microgravity on the cardiovascular
system, Antonutto et al. (1991) proposed to simulate gravity on a space vehicle by
the use of two mechanically coupled counter rotating bicycles (Twin Bike System)
which move along appropriately constructed structures. More specifically, the Twin
Bike System consists of two bicycles moving at the very same speed, but in the

4Science fiction was once more ahead of reality in this respect. In the celebrated Stanley Kubrick
movie A Space Odyssey, the authors imagined a rotating space craft, with a long spinning arm, such
as to reproduce a gravitational environment on board.



opposite direction, along the inner wall of a cylindrically shaped space module. Two
adjustable masses, applied to an axle mounted in opposition to each bike, prevent the
repetitive yaws that would otherwise occur when the two bicycles are on the same
side of the space module (Fig. 11.9).

11 A School Goes into Space 391

Fig. 11.7 Centrifuge platform with four beds and canopies. From Cardus et al. 1991

The wheels run on two parallel rails providing the necessary initial friction. The
circular trajectories induce centrifugal acceleration vectors (ac) oriented along the
head-to-feet direction of each subject. Since ac is given by the ratio of the square of
the tangential velocity (vt) to the radius of gyration (Rg):

ac =
vt2

Rg
ð11:6Þ

the tangential and angular velocities yielding ac= 1 g (= 9.81 m s-2) can be
calculated. For Rg = 2 m or 6 m, this is attained when vt = 4.43 and 7.67 m s-1,
respectively.

The mechanical and metabolic powers yielding a given vt and hence a given
acceleration, depend on the air density (and hence barometric pressure PB and
temperature T ) prevailing inside the space module, and to a lesser extent on the
wheels rail friction. Thus, one can calculate the mechanical and metabolic powers
yielding 1 g at the feet level, assuming a rolling resistance applying to a knobby tired
bike on a concrete surface on Earth (see Chap. 6), and assuming for simplicity that
the air in the space module remains still, in spite of the two counter rotating cyclists.
For a 175 cm tall 70 kg body mass astronaut, assuming PB = 760 mmHg
(101.3 kPa), T = 20 °C (293 °K), they amount to 75 W and 1.2 L O2 min-1, for
Rg = 2 m (vt= 4.43 m s-1). If, ceteris paribus, we have Rg = 6 m instead, and thus vt
= 7.67 m s-1, the corresponding mechanical and metabolic powers would turn out
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Fig. 11.8 (Top) Picture of Hermann Potonik-Noordung and front page of his book. (Bottom)
Images of artificial satellites orbiting around the Earth, taken from the same book. With the kind
permission of Igor Mekjavic



240W and 3.05 L O2 min-1. Rg is substantially smaller at the head than at the feet, so
that acwill also be smaller, the ratio of ac at the feet to ac at the head being 5 for Rg=
2 m and 1.5 for Rg = 6 m.
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Fig. 11.9 (Left) Cyclists moving along the inner wall of a cylindrically shaped space module
generate an acceleration vector mimicking gravity. (Right) Schematic view of the Twin Bike
System. Thick lines indicate space module walls. The differential gear coupling the two cyclists
is drawn on a larger scale. Adjustable masses are also shown. From Antonutto et al. 1991

The relationship between the arterial blood pressure at the feet and at the head as a
function of Rg is shown in Fig. 11.10, for an astronaut 1.75 m tall riding a Twin Bike
System at the speed yielding ac = 1 g at the feet level. The pressure prevailing at any
level in the circulatory system is given by the sum of the pressure generated by the
heart plus (or minus) the hydrostatic component of pressure (ΔP), equal to the weight
of the column of blood from the heart to the point in question. In turn, ΔP is given by:

ΔP= ρb ac h ð11:7Þ

where ρb is the blood density, and height h corresponds to the distance between the
heart and the point in question. Since, according to Equation 11.6, ac depends on Rg,
the arterial pressures prevailing at any given point in the circulatory system at any
given Rg and vt can be easily calculated from simple geometrical considerations,
provided that the pressure at the heart level is known.5

For a subject riding a conventional bike at a vt yielding ac= 1 g at the subject’s
feet, assuming a mean arterial pressure of 100 mmHg in the aortic bulb, the mean
arterial pressure at the feet would be 160 mmHg for Rg= 2 m, and 175 mmHg for Rg

= 6 m, the corresponding values at the head being 95 and 80 mmHg, respectively.

5For example, for Rg = 2 m, as is generally the case for a conventional space module, ac = 1 g is
attained at vt = 4.43 m s-1. The corresponding blood pressure values for our typical astronaut of
1.75 m stature amount to ≈160 and ≈95 mmHg, respectively at the feet and the head.



These same values become essentially equal to those expected in a standing healthy
subject on Earth for Rg ≥ 10 m.
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Fig. 11.10 Arterial blood pressure values at the head and feet levels for an astronaut of 1.75 m
stature when riding the Twin Bike System at the speed yielding ac = 1 g at the feet level, as a
function of the radius of gyration of the space module. From di Prampero 2000

When riding the Twin Bike System, slight head movements may lead to simul-
taneous rotations of the semi-circular canals about more than one axis. It is generally
believed that this state of affairs and the resulting sensorial conflict is one of the
major determinants of acute motion sickness (Nicogossian et al. 1996). To test this
possibility, six healthy male subjects were tested on the human centrifuge at the
Karolinska Institute in Stockholm (Antonutto et al. 1993). A cycle ergometer was
fixed to one arm of the centrifuge, at a distance of 2.2 m from the rotation center,
very close to the radius of a conventional space module. The cycle ergometer was
inclined to 45°, so that the subject’s head was closer to the rotation axis. The
centrifuge rotation rate was set at 21 rounds per minute (0.35 Hz), yielding an
angular velocity close to that required in the Twin Bike System to attain 1 g at the
subject’s feet. This resulted in a horizontal outward acceleration vector of 1 g at the
inner ear level. The sum of this vector plus the Earth gravity resulted in a vector of
1.41 g applied to the subject’s inner ear and aligned along his body axis.

The experiment consisted of 20 min pedaling at 50 W (pedal frequency = 1 Hz)
during centrifuge rotation. The subject was asked to keep the head still or to move it
according to a protocol involving various degrees of rolling, pitching, or yawing
with eyes open or closed. The subjects were interviewed during the centrifuge runs
and asked to rate their acute motion sickness symptoms, according to the diagnostic
categorization proposed by Lackner and Graybiel (1986). In short, only one subject
out of six suffered a mild level of acute motion sickness (score 3, out of a maximum



of 16), corresponding to a subjective definition of moderate malaise. The symptoms
worsened with eyes open and disappeared rapidly after the end of the run.
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These data demonstrate that the discomfort deriving from the rotating environ-
ment necessary to generate artificial gravity is reasonably low and well tolerated.
Thus, the Twin Bike System may indeed prove to be a useful tool for maintaining the
physical fitness and cardiovascular conditioning of astronauts. In addition, at vari-
ance with other systems which have been proposed for mimicking gravity, the Twin
Bike System: (i) does not need any external power, being operated by the subjects
themselves, and (ii) by combining exercise and simulated gravity ought to prevent at
one and the same time muscle atrophy, bone demineralization, and cardiovascular
deconditioning.

The ESA has recently attempted to generate a similar gravitational countermea-
sure by developing a short-arm centrifuge. Two models have been constructed for
ground utilization and located in bed rest facilities at Toulouse, France, and Cologne,
Germany. Before its use as a countermeasure, no studies were carried out to
investigate cardiovascular responses to centrifugation yielding, for instance, ac= 1 g
at the level of the heart or of the feet. And this, despite the fact that the very short arm
of the centrifuge (the subject is placed parallel to the radius of gyration, with the head
closest to the center of rotation and the feet at most at 1.9 m from the center of
rotation) (Rittweger et al. 2015) implies a remarkable ac gradient appears from the
head to the feet indeed. Instead, in spite of the lack of a preliminary physiological
evaluation, it was immediately tested as a countermeasure in short-term bed rest
studies (Rittweger et al. 2015). Neuromuscular and bone functions were investi-
gated, with ambiguous results. Cardiovascular effects were not studied. The doubt
arises that the chosen bed rest duration was too short. Nevertheless, 90-min centri-
fugation (ac= 0.8 g in men, and 0.6 g in women at the heart level) as compared to
90-min resting supine on the centrifuge bed without spinning, was claimed to
improve orthostatic intolerance (Goswami et al. 2015b), with cerebrovascular and
cardiovascular responses similar to standing (Goswami et al. 2015a, 0.75 g at heart
level).

The effects of varying the ac value at the feet by moving the rotation axis position
from above the head to the heart was later investigated (Laing et al. 2020). This is not
exactly what one would dream of, because a rotation axis position at the heart level
generates two opposite gravitational gradients. Notwithstanding this confounding
factor, that was the first time in which cardiovascular variables were studied during
short-arm centrifugation. The data supported the hypothesis that displacing
the rotation axis position toward the heart in such a way as to maintain a fix ac at
the feet, reduced the orthostatic challenge, leading to improved g-tolerance. Yet the
effects of peripheral blood shift remained ambiguous, to the point that the authors
themselves suggested that further investigations are required to understand the
problem better. Further, the centrifuge was used as a countermeasure in a 60-day
duration bed rest study. The occurrence of mastoid effusions was investigated, with
no positive effects of centrifugation on it (Lecheler et al. 2021). Moreover, lumbar
muscle atrophy and increased relative intramuscular lipid concentration were not
counteracted by daily administration of artificial gravity exposure (De Martino et al.



2021). To the best of our knowledge, no articles on cardiovascular deconditioning
have been published from that bed rest so far. Nine years after the inauguration of the
first centrifuge, we are still at the starting point. Incidentally, the short-arm centrifuge
will not be implemented in the International Space Station for technical reasons, as
easily predictable. These things typically happen when other priorities instead of
scientific and technological considerations prevail. Scientists and technicians should
define the lines, along which the subject of countermeasures for the prevention of
functional deterioration during space flight should be treated.
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To date, the Twin Bike System, although its development has never been
supported by Space Agencies, still represents, on theoretical grounds, the most
promising and convincing idea as a potential countermeasure protecting astronauts
from cardiovascular deconditioning and orthostatic intolerance upon re-entry.

11.9 Artificial Gravity on the Moon or Mars

On the Moon and on Mars, ΔP is reduced in direct proportion with the prevailing ag,
amounting to 16.5 and 38.0% of that on Earth, respectively (see Table 11.1). Hence,
the average arterial pressure at the level of the carotid bodies or of the dorsal artery of
the foot of astronauts standing on the Moon or on Mars, for an average mean
pressure of 100 mmHg generated by the left ventricle in the aortic bulbus, will
turn out as indicated in Table 11.2.

The reduced acceleration of gravity on the Moon and on Mars, and hence the
corresponding fall of the hydrostatic component of the arterial blood pressure
reported in Table 11.2 may bring about a reduced efficacy of arterial baroreflexes and
hence determine cardiovascular deconditioning (Brunelli 1993). However, astro-
nauts pedaling on appropriately designed circular or elliptic tracks, may maintain at
one and the same time an appropriate muscular and circulatory status (di Prampero
et al. 2009). Indeed, when moving along the curvilinear sections of the track, the
astronauts will generate a centrifugal acceleration that depends on vt and on Rg,
according to Eq. 11.6. Since ac is applied horizontally outward, the vectorial sum
(g′) of ac and ag can be easily calculated geometrically:

Table 11.2 Acceleration of gravity (g, m s-2), average arterial pressures at the level of the carotid
and dorsal foot arteries (mmHg), together with the ratio thereof are reported for a subject standing
on the indicated celestial bodies

g (m/s-2) Carotid (mmHg) Dorsal foot (mmHg) Ratio

MOON 1.62 97 117 0.83

MARS 3.73 92 145 0.63

EARTH 9.81 80 200 0.40
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Fig. 11.11 On the curvilinear sections of the track, the acceleration vector acting along the head to
feet axis (g′), coinciding with a line joining the center of mass of the system and the point of contact
between wheels and terrain, can be easily calculated provided that the velocity in respect of the
terrain, the radius of gyration (R in the Figure, Rg in the text), as well as the gravity acceleration on
the celestial body in question are known (Eqs. 11.6 and 11.8). From di Prampero 2000.

g0 =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ac2 þ ag2

q
ð11:8Þ

The geometric representation of the acting forces is shown in Fig. 11.11.
This line of thinking prompted di Prampero et al. (2009) to propose the construc-

tion of appropriate circular tracks around the Lunar or Martian bases. Based on the
dimensions of the lunar station as described by Grandl (2007), the authors proposed
to construct a circular track tunnel with a radius of 25 m positioned around the Lunar
base itself and easily accessible from it (Fig. 11.12).

When cycling on flat terrain, at constant speed in the absence of wind, the overall
mechanical power ( _w) generated by the cyclist, as from Eq. 6.4, is equal to:

_w= v Fn- a þ kw v2
� �

= v Fn- a þ kw v3 ð11:9Þ

where v is the velocity relative to the air. Fn-a is the non-aerodynamic component of
the opposing force (force counteracting the rolling resistance), so that the product
v Fn - a indicates the mechanical power necessary to overcome the rolling resistance,
whereas kw is a proportionality constant (for details on the meaning of kw, see
Eq. 5.5, Chap. 5), so that the product kw v3 corresponds to the mechanical power
dissipated against the air resistance.
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Fig. 11.12 (Top) Lunar base as proposed by Grandl (2007). (Bottom) Grandl’s Lunar base
surrounded by a circular “Track-Tunnel.” Modified after di Prampero et al. 2009

On the one hand, Fn-a is a function of the overall weight (cyclist + bike) and
depends mainly on the friction of the tires with the terrain and, to a rather minor
extent, on the friction of the transmission chain and of the axles of the pedals and
wheels. On the other hand, the constant kw is a function of the area projected on the
frontal plain by the cyclist and bike, and depends on the air density and the drag
coefficient. The two constants in question are rather well known, thanks to the
numerous studies on the biomechanics of cycling, to a large extent carried out within
the School of Milano and analyzed in Chap. 6. For a subject with a 70 kg body mass



and 1.75 m stature, riding a standard racing bicycle in fully dropped posture on
Earth at sea level (PB = 760 mmHg) and at an ambient temperature of 20 °C, we
obtain Fn–a ≈ 2.8 J m-1 and kw = 0.19 N s2 m-2 (di Prampero 2000). For further
details on the biomechanics of cycling, see Chap. 6, Sect. 6.3.
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Fig. 11.13 Cross section of a Lunar Track-Tunnel (schematic). The centrifugal acceleration (ac) is
equal to the ratio between the square of the tangential speed (vt) and the radius of gyration (Rg). The
acceleration vector acting along the head-to-feet axis (g′) is given by: g0 =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ac2 þ ag2

p
(Eq. 11.8),

where ag is the gravity acceleration. Therefore, on the Moon (ag = 1.62 m s-2), for Rg = 25 m, ac
and hence g′ can be easily calculated for any vt value. Modified after di Prampero et al. 2009

Knowledge of Fn-a and of kw makes it possible to calculate the evolution of _w as a
function of v, and hence to estimate, for any give Rg, the power required to generate
the vector g′ acting along the direction head—feet, i.e., the simulated gravity vector.
This is reported in Fig. 11.13 for Rg = 25 m on the Moon or on Mars, in air at
760 mmHg and 20 °C.

Figure 11.14 shows the relationships between either _w (top panel) or g′ (bottom
panel), and vt. The _w values reported in this figure, have been calculated for an
overall mass (cyclist plus bike) of 85 kg on Earth, breathing air at a pressure of
760 mmHg. A man pedaling on Earth has a rolling coefficient that varies with the
bike and tires characteristics and with the pressure of inflation of the tires, as shown
in Table 6.1. The rolling resistance Fn–a for any given cyclist can be obtained
multiplying these rolling coefficients by the overall mass and by the gravity accel-
eration. However, Fn–a is a function of the actual weight, which in the Lunar Track
Tunnel corresponds to the product of the overall mass times the ongoing g′. As a
consequence, for any given vt and Rg, the Fn–a value must be obtained multiplying
the value applying on Earth times the ratio g′/9.81. As indicated above, this ratio can
be calculated after Eqs. 11.6 and 11.8. Hence, for an overall mass of 85 kg, and for vt



= 0, we have Fn–a = 0.46 J m-1 on the Moon and 1.06 J m-1 on Mars, which
increases to 2.6 J m-1 on the Moon and to 2.8 J m-1 on Mars at vt = 15 m s-1.
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Fig. 11.14 (Top)
Mechanical power as a
function of the tangential
velocity (vt). (Bottom)
Vector g′ as a function of vt,
on the Moon or on Mars, for
a track radius of 25 m in air
(barometric
pressure = 760 mmHg,
temperature = 20 °C).
Equations appears on the
Figure. Modified after di
Prampero et al., 2009

Fig. 11.14 shows also that the speed attained with _w= 200 W is about 10 m s-1,
thus generating (for Rg = 25 m) a g′ value of about 5 m s-2, with small differences
between Moon and Mars, due to the different gravity prevailing on these celestial
bodies. However, as concerns permanently manned Lunar bases, in order to reduce
the overall energy requirements of the base itself, present day proposals foresee an
overall atmospheric prevailing pressure of ≈350 mmHg with an oxygen fraction
increased to about 35%, to avoid hypoxic conditions for the astronauts living
permanently there. Therefore, the air density within the lunar base (track tunnels



included) will be substantially reduced, thus leading to an equal reduction of the
aerodynamic constant kw. Under these conditions, the vt attained with _w = 200 W
will be larger than reported in Fig. 11.14 (≈12.3 m s-1), thus leading to an increase
of g′ to about 6.3 m s-2, i.e. about 65% of the Earth gravitational acceleration.
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It should finally be pointed out that, in view of the mechanical efficiency of
cycling (≈0.25), the _w of 200 W considered above implies a metabolic power about
four times larger, corresponding to an oxygen consumption of about 2.3 L min-1

above resting, substantially lower than the maximal oxygen consumption of young
active non-athletic subjects. As such, the effort to attain a substantial increase of g′
will be well tolerated, and within the average daily exercise dose required to avoid
muscular deconditioning. In any case, Fig. 11.14 shows that also for _w values below
200 W, g′ is substantially larger than the gravity values prevailing on the Moon and
on Mars.

In conclusion, the track tunnels appear to be useful tools to avoid cardiovascular
deconditioning and maintain the astronauts’ physical fitness on permanently manned
bases on the Moon or on Mars. Future studies should investigate the doses of g′ that
are necessary to avoid cardiovascular deconditioning during prolonged exposure to
the Lunar or Martian acceleration of gravity, both in terms of intensity with respect
to the Earth acceleration of gravity, and in terms of duration (per day) and frequency
(per week) of the exposure. It goes without saying that further studies on the
characteristics of the described system, engineering constraints, and manufacturing
costs, are needed, in view of its possible installation on a Lunar base.

11.10 Mechanical Efficiency and Internal Power During
Cycling

The rate at which chemical energy is transformed into mechanical work and heat
during exercise is defined as the metabolic power of exercise ( _E). If η is constant,
since:

η=
Δ _w

Δ _E
ð11:10Þ

the relationship between _E and _w is linear, with slope equal to 1/η. However, _E is not
entirely used for external power development. A resting individual does not perform
mechanical work to move his/her body, yet he/she has a positive _E (resting metabolic
power, _Er , about 1.4 W kg-1 on average), sustaining resting ventilation and blood
flow, smooth muscle contraction and molecule displacement against concentration
gradients, plus the isometric muscle contractions that sustain a standing or sitting
body. Moreover, during exercise, a fraction of _E ( _Ei) is used to sustain the internal
mechanical power, corresponding to the power that is not done to move along the
direction of movement on a bicycle or to overcome the brake resistance on a cycle



þ

ergometer. During cycling at constant pedaling frequency ( fp), _Ei is a constant.
Therefore, the linear relationship between _E and _w must have a positive y-intercept,
_E0, equal to _Er _Ei.
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This is indeed so during dynamic light exercise on a cycle ergometer, the most
common type of exercise in a laboratory of integrative physiology nowadays. The
linear relationships between metabolic and mechanical power obtained at various ag
values are depicted in Fig. 11.15. These relationships take the following
algebraic form:

Fig. 11.15 Steady-state oxygen consumption ( _VO2 ) as a function of the mechanical power at a
pedaling frequency ( fp) of 1 Hz (panel a) and 1.5 Hz (panel b). Data are given as mean and standard
error. Each line and symbol corresponds to a given gravity acceleration (● = 1.0 G; ▲ = 1.5 G;
Δ = 2.0 G; ○ = 2.5 G). At each fp, the lines have the same slope, but are displaced upward as the
gravity acceleration is increased. From Bonjour et al. 2010



þ
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_E= _E0 þ _w
η

ð11:11Þ

The reciprocal of the slope of the fitting lines in Fig. 11.15, corresponding to η in
Eq. 11.11, is about 0.25, which corresponds pretty well to the mechanical efficiency
of concentric muscle contractions, and which is sometimes called the delta-
efficiency of exercise (Gaesser and Brooks 1975).

Since _E0 = _Er _Ei, Eq. 11.11 can be rewritten as follows:

_E- _Er = _Ei þ _w
η

ð11:12Þ

indicating that constant _Ei is independent of _w.
Francescato et al. (1995) provided empirical demonstration that _Ei is a power

function of fp. Theoretical analyses of _Ei during cycling suggest that _Ei varies
with the third power of f p(Minetti 2011; Vinetti et al. 2022; Zamparo et al. 2002a,
2002b):

_Ei = kif p
3 ð11:13Þ

where ki is a proportionality constant depending on the lower limb mass, on ag (see
Fig. 11.16) and on the square of the pedal diameter. Equation 11.13 conveniently

Fig. 11.16 Stroke volume (Qst), expressed as the difference (Delta) with respect to the
corresponding values observed at 1 g, as a function of gravity acceleration (ag). The regression
line assumes a quadratic model, and is calculated through all the individual values. Each point is the
mean value at each power. From Bonjour et al. 2011



describes data in air on Earth (Bonjour et al. 2010; Formenti et al. 2015; Francescato
et al. 1995; Martin et al. 2002; Vinetti et al. 2022).
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The fact that constant ki depends on ag implies that _Ei ought to be lower in
microgravity than on Earth. This prediction was confirmed by the data that Girardis
et al. (1999) obtained during the EUROMIR long-term space mission, and was better
focused by their theoretical demonstration that, ceteris paribus, _Ei (and thus ki) is
directly proportional to ag. This theoretical statement was later supported by the data
obtained in the long-arm human centrifuge at Karolinska Institute in the ag range
from 1.0 to 2.5 g (Bonjour et al. 2010).

A direct consequence of these effects of ag on _Ei is that the ability to perform
exercise improves on celestial bodies smaller than the Earth, but deteriorates on
celestial bodies bigger than the Earth. The former case might have an impact on a
future human flight to Mars, as it could attenuate the impact of muscle atrophy (Fitts
et al. 2001; di Prampero and Narici 2003) on exercise capacity.

11.11 Cardiovascular Response to Exercise on Outer
Planets

The characteristics of the relationship between ag and _Ei and the associated vertical
displacement of the relationship between _E and _w during moderate exercise, in
which the oxygen consumption ( _VO2 ) is equal to _E , have set the basis for a
comprehensive analysis of the effects of ag on the cardiovascular response to
exercise in humans (Bonjour et al. 2011). This analysis relied on data obtained in
three different circumstances, several years apart, in which steady-state moderate
exercise was performed at similar _w and at the same fp, covering the ag range from
0 to 3 g. Part of the data were previously published (Bonjour et al. 2010; Girardis
et al. 1999; Pendergast et al. 1987). The data were presented relative to their
corresponding 1 g value (delta) at any given _w , in order to account for inter-
subjects and inter-studies data variability at 1 g and isolate the effect of ag on each
considered variable, independent of the _w at which each measurement was made.

The data showed that the stroke volume (Qst) has a negative non-linear relation-
ship with ag (Fig. 11.16), likely due to the hydrostatic factor and the associated blood
displacement toward the lower limb blood vessels. This implies variations of venous
return and changes in central venous pressure, which could not be measured, but
which we can easily predict to be minimal at 3 g and maximal at 0 g. The heart rate
( fH) varies in the opposite direction (Fig. 11.17), trying to compensate for the Qst

changes. The compensation is substantially complete, so that at any given _VO2 the
cardiac output ( _Q) remains unchanged, in the 0-to-1 g range (Fig. 11.18). However,
the fH increase is less than the Qst drop at higher ag values, so that _Q falls when
ag > 1 g. This looks positive for exercise performance on the Moon and on Mars, on
which ag < 1 g.
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Fig. 11.17 Heart rate ( fH), expressed as the difference (Delta) with respect to the corresponding
values observed at 1 g, as a function of gravity acceleration (ag). The regression line assumes a
quadratic model, and is calculated through all individual values. Each point is the mean value at
each power. From Bonjour et al. 2011

Fig. 11.18 Cardiac output ( _Q ), expressed as the difference (Delta) with respect to the
corresponding values observed at 1 g, as a function of gravity acceleration (ag). Since _Q is the
product of stroke volume times heart rate, the regression line assumes a fourth power function,
which was calculated through all individual values. Each point is the mean value at each power.
From Bonjour et al. 2011
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Table 11.3 Mean arterial pressure at heart, carotid, buttocks, and feet levels. Data at heart level are
average measured data. Data at other sites were estimated, assuming a heart–carotid distance of
30 cm, a heart–buttocks distance of 40 cm, and heart–feet distance of 130 cm in standing position.
Blood pressure values are in mmHg; the acceleration along the Gz axis (ag) is expressed in g. From
Bonjour et al. 2011

ag Heart Carotid Buttocks Feet

0.0 82 82 82 82

0.5 84 73 99 132

1.0 87 65 117 183

1.5 92 58 136 235

2.0 97 53 156 288

2.5 103 48 177 342

3.0 111 44 199 397

The effects of ag on the calculated mean arterial pressure (P) at various body
heights in vertical posture are reported in Table 11.3. The P at the level of the heart
increases with ag. Such an increase is necessary to prevent an excessive pressure fall
in the carotid artery, and is likely mediated by sympathetic activation through
inhibition of cardiopulmonary and arterial baroreceptors (Goodman et al. 2000;
Strempel et al. 2008). The reduction of central blood volume may inhibit the former,
the fall of carotid artery pressure, implying tension reduction in baroreceptors, may
inhibit the latter. The response includes at least strong peripheral vasoconstriction, as
demonstrated by the increase in total peripheral resistance both at rest and during
exercise. Total peripheral resistance is a systemic index of peripheral vasoconstric-
tion, but does not inform on the actual sites of vasoconstriction. In fact, experiments
using lower body negative pressure after bed rest suggest that there are remarkable
differences in regional vascular resistance among various districts (Edgell et al.
2012; Fischer et al. 2007; Arbeille et al. 2008a, 2008b).

The data and the functions reported by Bonjour et al. (2011) allow a prediction of
the cardiovascular response to exercise on a cycle ergometer on the Moon and on
Mars, in view of possible future space missions. These predictions are shown in
Table 11.4, considering only the effects of ag and neglecting the effects of muscle
hypotrophy, on the assumption that a flight to Mars will take place after efficient
countermeasures against it have been implemented. In these conditions, the maximal
oxygen consumption, and thus the capacity of performing work, would not be
substantially different on the Moon or on Mars from those on Earth. Nevertheless,
there appears an important feature, related to the effects of ag on _Ei: at each _w, the
_VO2 turns out lower on the Moon and on Mars, than on Earth. Thus, for any given
maximal oxygen consumption, the maximal aerobic power would be higher on those
two celestial bodies than on Earth. Moreover, the gross efficiency of exercise would
be greater on the Moon and on Mars than on Earth, particularly at low workloads,
due to the effect of a lower _wi. On the opposite side, there would be a planet mass
limitation in the ability to perform exercise on outer planets. Extrapolation of the fH
versus ag relationship to the maximal fH (see Fig. 11.17) indicates that, for a human
with a standard resting fH on Earth of 70 min-1, the maximal fH would be attained



already at rest on planets with masses yielding an ag of 4.0–4.5 g, depending on
astronaut’s age. On such planets, no exercise would be possible, at most, ceteris
paribus, one could stand. However, cetera non sunt paria. In fact, Fig. 11.18 shows
that, at the prevailing ag on Jupiter (2.53 g), the heart would pump only some 2 L of
blood per minute.
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Table 11.4 Metabolic and
cardiovascular response to
exercise on the Moon and on
Mars. The values on Earth
represent the overall mean at
1 g from the three experiments
reported by Bonjour et al.
(2011), weighted for subject’s
number. The values on Moon
and Mars are estimated after
Bonjour et al. (2011). At each
power, the reported values
were obtained in steady state.
_VO2, oxygen consumption;
fH, heart rate, _Q, cardiac out-
put, Qst, stroke volume, P,
mean arterial pressure

Power (W) 50 75 100

_VO2 (L min-1) On Earth 0.87 1.12 1.42

On Moon 0.74 0.99 1.29

On Mars 0.78 1.03 1.33

fH (min-1) On Earth 93 102 112

On Moon 87 96 105

On Mars 88 97 106
_Q (L min-1) On Earth 11.3 12.4 14.5

On Moon 11.6 12.7 14.8

On Mars 11.8 12.9 14.9

Qst (mL) On Earth 121 122 130

On Moon 133 134 142

On Mars 130 131 139

P (mmHg) On Earth 87 93 94

On Moon 84 91 91

On Mars 85 92 92

Assuming a P of 100 mmHg at the level of the heart (several factors act in
opposite directions on the heart, see above), the corresponding P at the level of the
carotid bifurcation would be about 50 mmHg. In fact it might even be less, if we take
into account also the very long journey in microgravity to attain Jupiter: the pressure
of the blood flowing to the brain would be less than that compatible with conscious-
ness (Adami et al. 2013). Therefore, no human would be able to stand conscious on
Jupiter, as on other planets of such masses or greater: apart from their dense gaseous
surfaces, no man could ever be sent to Jupiter or Saturn.

11.12 Conclusions

It appears from this Chapter, that the School of Milano has delivered a considerable
intellectual and experimental effort in conceiving efficient countermeasures for and
collecting experimental data during space flight and hypergravity exposure in long-
arm centrifuges. Yet this effort in se is not superior to the effort put by other
investigators and other physiological Schools in studying life science in Space.
What distinguishes the School of Milano is its proneness to theoretical analysis in
support of experimental data, stemming from the cultural milieu within which all of
us have been working since Margaria’s days. This attitude led to conceive and



formulate physiological models that could profitably find applications in the coun-
termeasure payload of future space flights and outer celestial body colonization.
Nevertheless, this attitude, although capable of satisfying our intellectual pleasure
deeply, did not translate into actual applications currently in use or approved for
future space missions. The reasons of this are multiple and complex, and have to do,
on one side, with our psychology, on the other, with the current organization of space
activity in our societies. The School of Milano had a greater practical impact on
altitude activities, through Monzino’s expeditions and the Everest pyramid, than in
Space activities. Yet, ideas and models are there and remain available for further
exploitation.
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Chapter 12
A School Goes into Depth

Guido Ferretti

Abstract This chapter is on breath-holding and breath-hold diving. The involve-
ment of the School of Milano in diving is a consequence of the strong connection
with Buffalo. Therefore, an analysis of the work carried out at Buffalo is initially
presented. This includes the early studies on alveolar gas composition after breath-
holding and the projects on the physiology of Korean diving women. The School of
Milano entered the game with the Maiorca study, carried out in collaboration with
Buffalo. Concepts such as gas exchange and energy expenditure during diving, the
cardiovascular responses during diving, including the first demonstration of the
occurrence of a diving response in humans, and the respiratory adaptation to
breath-hold diving are discussed. An analysis of the limits of deep breath-hold
diving is performed, including the effects of lung volumes. Finally, the most recent
studies on cardiovascular dynamics during breath-holding and the role of
baroreflexes are discussed.
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Physiological laboratory in Siracusa, Sicily, June 1986. From left to right, Guido Ferretti, Rossana
Maiorca (breathing from a spirometer), and Bruno Grassi. With the kind permission of Mario Costa,
Siracusa

12.1 Introduction

The study of diving, whether breath-hold diving or scuba diving, is not part of the
ancient tradition of the School of Milano. Neither Margaria nor his predecessors,
except Herlitzka, were interested in diving physiology. Only Emilio Agostoni (1929–
2021), when he was in Rochester, performed a few experiments on breath-holding.
The involvement of the School of Milano in the study of breath-hold diving
physiology started in Rochester, and went on in Buffalo.

Notwithstanding a few exceptions, the most remarkable of which was the
pioneering study by Gito Teruoka (1889–1966) on the women divers of Japan,
(Teruoka 1932), it is a matter of fact that Wallace Fenn (1893–1971), Arthur Otis
(1913–2008), and Hermann Rahn (1912–1990) (Fig. 12.1) initiated the systematic
study of breath-holding and breath-hold diving in humans. This last in particular
looked at breath-holding as a tool for analyzing alveolar gas composition in dynamic
conditions by means of the O2–CO2 diagram (Rahn and Fenn 1955).

When, in 1956, he moved to Buffalo to become chairman of the Department of
Physiology, Rahn hired Leon Farhi (1923–2003) and Edward Lanphier
(1922–1999). Lanphier came in 1958 carrying a hyperbaric chamber. The three of



them, with the financial support of the US Navy, put together the plans and
applications to establish an environmental physiology laboratory, which eventually
became the Center for Research in Special Environments (CRESE). Lanphier was in
charge of the hyperbaric chamber. The Department kept expanding in the following
years, to cover several fields of physiology useful to medical training. A picture of
Buffalo Physiology staff in 1962 is shown in Fig. 12.2.
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Fig. 12.1 From left to right, Arthur Otis, Hermann Rahn, and Wallace Fenn, portrayed in 1963 at a
meeting of the American Physiological Society. With the kind permission of the American
Physiological Society

Lanphier was a very religious man and decided, in 1974, to leave Buffalo and
enter a Seminary in Wisconsin. He completed his studies and joined the University
of Wisconsin in Madison two years later. He moved the old chamber from Buffalo
and established a very productive research program in Madison. He was at the
University during the week and managed a rural church that he was the minister
for, where he preached on Sundays and Holidays. When Lanphier left Buffalo, Claes
Lundgren (1931–2022) came to take over the new chamber and eventually became
director of CRESE until his retirement, when Dave Pendergast succeeded to him. A
sketch of the large research installations at CRESE in the late 1970s is shown in
Chap. 6, Fig. 6.1. The Center, although in a new, smaller form, is still active under
the leadership of David Hostler, although in a different Department from the
historical Department of Physiology, and is still supported by the US Navy.

Shortly after Lanphier’s arrival, Rahn established an exchange agreement with
Yonsei University, Seoul, South Korea, which led Suk-Ki Hong (1928–1999) to
Buffalo. This international agreement set the conditions for the organization of
several renowned scientific expeditions for the study of Korean diving women.



The first took place in 1961 and the results were collectively presented at the first
International Symposium on the Physiology of Breath-Hold Diving, which was
organized in Tokyo, Japan, in 1965 (Rahn and Yokoyama 1965).
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Fig. 12.2 Physiology staff, State University of New York at Buffalo, June 1962. From left to right,
back row: BG Covino, CV Paganelli, WK Noell, LE Farhi, JW Boylan; front row: DW Rennie, EH
Lanphier, B Bishop, BG Howell, H Rahn. With the kind permission of Dave Pendergast, Buffalo

Claes Lundgren indeed brought the School of Milano into this game. In the
mid-1980s, Lundgren entered in touch with Enzo Maiorca (1931–2016), an out-
standing competitive breath-hold diver from Siracusa, Sicily, who established sev-
eral world records in free diving depth and who was the first human to dive to a
100 m under controlled conditions (Fontanebianche, Siracusa, July 30th, 1988).
Lundgren wished to organize an expedition to study him and his two daughters,
competitive divers as well, during free diving. Paolo Cerretelli accepted to collab-
orate. Several expeditions to Siracusa took place under his leadership. Guido Ferretti
and Bruno Grassi were involved in those studies. More details on this collaboration
are given in Sect. 12.5-7. The former took the flag and developed the study of the
physiology of breath-holding and diving inside the tradition of the School of Milano.

In this chapter, we aim at following the breath-holding path that, starting from
Buffalo, entered the land of the School of Milano and continues nowadays in
Brescia. We start from an analysis of the historical works on alveolar gas composi-
tion during breath-holding and the construction of the breaking point curve. We then
describe the Buffalo work on the Korean diving women, tell the story of the work on
the Maiorca family, analyze the physiological limits of breath-hold diving, to the
understanding of which the energetic mood of Milano contributed substantially. We
finally summarize the most recent studies on the cardiovascular responses to breath-
holding within the School of Milano.
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12.2 Alveolar Gas Composition During Breath-Holding

Wallace Fenn and Hermann Rahn created the O2–CO2 diagram when they were
working at Rochester during World War II for the US Army. The history and the
meaning of that diagram were told several times (Curran-Everett 2006; Farhi 1990;
Ferretti 2018; Subramani et al. 2011; West 2012). Several biographical sketches of
the protagonists of that story were published (Fenn 1962; Pappenheimer 1996; Rahn
1979); and the diagram’s creators themselves brilliantly summarized the early results
in celebrated publications (Fenn et al. 1950; Otis 1964; Rahn and Farhi 1964; Rahn
and Fenn 1955). Since that fundamental diagram is not at the core of this chapter, we
resignedly address the interested reader to those references. What counts here is that
Fenn and Rahn used the O2–CO2 diagram as a tool to analyze alveolar gas compo-
sition patterns in several special conditions. One of them is breath-holding.

During breath-holding, no exchange of air between the external environment and
the alveoli takes place, but pulmonary gas exchange still goes on: thus, carbon
dioxide accumulates in the alveoli and oxygen leaves the alveoli through blood.
Therefore, during apnea, the partial pressure of oxygen in alveolar air (PAO2)
decreases, whereas that of carbon dioxide (PACO2) increases. This is an easy
prediction: in fact, this concept received the first experimental evidence early in
the twentieth century, well before the creation of the O2–CO2 diagram (Douglas and
Haldane 1909).

However, breath-holding is a dynamic condition in which the equilibria charac-
terizing respiratory steady state are broken. Carbon dioxide is a very soluble gas in
tissues and in plasma, whereas oxygen is not. For instance, at sea level at 37 °C, the
coefficient of solubility of carbon dioxide (0.515 mL of gas per ml of human plasma
per mmHg) is by far higher than that of oxygen (0.0214 mL of gas per ml of human
plasma per mmHg) (Christmas and Bassingthwaighte 2017). Hence, the patterns of
PAO2 and PACO2 on an O2–CO2 diagram during breath-holding cannot follow the
isopleth for resting gas exchange ratio.

So, the history of the use of the O2–CO2 diagram in the analysis of alveolar gas
composition during breath-holding started with the wish to identify the PAO2 and
PACO2 at the breaking point of apneas of maximal duration. The conjecture was that,
as we start holding our breath, most of the carbon dioxide produced by metabolism
accumulates in blood and in lung parenchyma, so that gas exchange ratio falls to 0.1
or below, describing on an O2–CO2 diagram the early part of what Rahn and Fenn
(1955) called a hypoventilation loop (see below). This pattern is followed until the
stimuli generated by hypoxemia and hypercapnia become so strong that we must
interrupt apnea. This defines the volitional breaking point of apnea. Otis et al. (1948)
found that, for apneas carried out at rest, PACO2 was only slightly higher, whereas
PAO2 was by far lower at the volitional breaking point than during quiet breathing
at rest.

Otis et al. (1948) modified also the inspired gas mixture. When the subjects
breathed oxygen before apnea, no hypoxemia occurred: the attainment of the
breaking point was due only to the increase in PACO2, which could reach higher



values than in resting apneas carried out when subjects were breathing air, because
hypoxemia did not interfere with respiratory control. Further manipulation of
inspired air composition led to combinations of alveolar gas compositions that, on
the O2–CO2 diagram, describe a curve similar to that reported in Fig. 12.3, which
they called the apnea breaking point curve.
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Fig. 12.3 The first representation of an apnea breaking point curve on an O2–CO2 diagram. From
Rahn and Fenn 1955

Otis et al. (1946) had already reported that performance in hypoxia is related to
alveolar gas composition. On this basis, they defined areas of normal and reduced
visual performance on the O2–CO2 diagram, taken as an analog of consciousness.
They identified zones of severe acapnia, severe hypoxia, anoxic collapse, carbon
dioxide narcosis. Alveolar gas compositions lying in those areas are incompatible
with consciousness. The breaking point curve of apnea during air breathing falls at
the boundaries of the severe hypoxia region. All the alveolar gas compositions below
and to the right of the breaking point curve are compatible with wakefulness during
breath-holding. Loss of consciousness may occur when, especially during diving,
alveolar gas compositions above and to the left of the breaking point curve are
attained. It always does occur when the area of anoxic collapse is reached.

However, Otis et al. (1948) did not investigate the activity of respiratory muscles
at the volitional breaking point, possibly because of yet unresolved technical diffi-
culties in those days, although the study of their electrical activity could contribute to
our understanding of the respiratory drive during breath-holding. Agostoni (1963)
was the first to assess the activity of the diaphragm, which he considered the main
inspiratory muscle. He also pointed out that the onset of its activity is independent of
posture (Massion et al. 1960) and is not masked by that of other respiratory muscles.
He observed that the onset of diaphragmatic activity during breath-holding of
maximal duration precedes the attainment of the volitional breaking point. He
pointed out that, when the respiratory stimuli attain a certain intensity, they over-
come the voluntary inhibition of inspiratory muscle activity. From this point on, only
the voluntary closure of the airways can prevent breathing, and this, up to the
volitional breaking point. Finally, Agostoni (1963) remarked the primary role of



PACO2 in determining the onset of diaphragmatic activity, especially during oxygen
breathing, and the subsidiary role of PAO2 during hypoxic apneas: when the subject
became hypoxic, a lower PACO2 was sufficient to start diaphragmatic contractions.
He reported the combination of PAO2 and PACO2 at the onset of diaphragmatic
activity on the O2–CO2 diagram, designing a curve similar in shape to the breaking
point curve of Otis et al. (1948), yet displaced downward and rightward with respect
to it (Fig. 12.3).
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Agostoni’s finding generated the current concepts of an easy-going phase and of a
struggle phase in maximal breath-holds, the latter being defined as the phase during
which the urge to breathe induces progressively stronger involuntary breathing
movements (Dejours et al. 1965; Lin 1982; Parkes 2006; Schagatay et al. 2000).
More importantly, Agostoni’s work set the basis for further experiments, which led
Lin et al. (1974) to define another breath-holding curve, which they called the
physiological breaking point curve. These authors used the same experimental
approach as Otis et al. (1948), yet they interrupted the breath-holds at the onset of
the first diaphragmatic contraction. The physiological breaking point curve lies
below the breaking point curve of Otis et al. (1948), has the same shape and is
similar to that of Agostoni (1963), although more accurately determined.

The two breaking point curves somehow reflect the characteristics of oxygen
binding to hemoglobin. The steepest part of the breaking point curves, on the left
side of the diagram, corresponds to the steep portion of the oxygen equilibrium
curve, where hypoxemia develops. Its slope informs on the relative strength of the
hypoxic and the hypercapnic ventilatory drives that lead to end an apnea. As we
move rightward along the two curves, these flatten, since we approach the flat part of
the oxygen equilibrium curve, hypoxemia is not present anymore, and only the
hypercapnic stimulus remains, which determines the apnea breaking point. A selec-
tion of data of alveolar gas composition at the end of maximal dry breath-holds is
reported in Table 12.1.

The time course of alveolar gas composition from apnea start to the volitional
breaking point was also investigated. Whereas PAO2 falls rapidly and dramatically,
the increase in PACO2 is smooth and modest. Coherently, the volume of alveolar
oxygen taken up by blood is much higher than the volume of carbon dioxide added
to the alveoli from lung capillary blood. In fact, the latter volume tends to zero during
breath-holds, because of carbon dioxide retention, as long as most of the carbon
dioxide that is produced by metabolism, is stored in rapidly exchanging tissues and
does not stay into the alveoli (Hong et al. 1971; Lanphier and Rahn 1963; Paulev
1969; Tibes and Stegemann 1969). It is noteworthy that the carbon dioxide storage
capacity of elite breath-hold divers (Ferretti et al. 1991) resulted twice as high as that
of non-divers (Klocke and Rahn 1959; Mithoefer 1959). At least in part, this may be
due to larger lung volumes in the former.

When a steady-state condition is broken in the respiratory system, as occurs, e.g.,
at the beginning of either hyperventilation or hypoventilation, alveolar gas compo-
sition, when plotted on an O2–CO2 diagram, shifts out of the steady-state isopleth for
gas exchange ratio and describes typical patterns that appear in Fig. 12.4 (Rahn and
Otis 1949; Rahn and Fenn 1955). As already pointed out, these patterns are called



hyperventilation or hypoventilation loops. They reflect differences in the kinetics of
adjustment of oxygen and carbon dioxide stores. It is not insensate to affirm that the
patterns of alveolar gas composition during maximal dry breath-holds follow the

420 G. Ferretti

Table 12.1 Alveolar gas composition at the end of maximal dry breath-holds carried out at sea
level on subjects who were breathing ambient air before breath-holding, from different classical
studies. In all studies, breath-holds were performed starting from the total lung capacity, except in
Otis et al. (1948), in which the initial lung volume was the functional residual capacity. (Modified
after Ferretti 2001)

Study Subjects Duration PAO2 PACO2

Divers
Hong et al. 1971 n = 5 240 30.6 55.6

Ferretti et al. 1991 A 270 29.3 53.3

B 300 28.0 46.6

C 240 40.6 45.6

Non-divers
Otis et al. 1948 n = 8 50 52.1 50.2

Craig Jr 1961 n = 12 146 58.0 46.0

Tibes and Stegemann 1969 n = 6 165 50.0 45.0

Lin et al. 1974 n = 5 160 61.9 53.5

Sterba and Lundgren 1988 n = 5 93 72.5 43.3

Ferretti et al. 1991 n = 9 150 45.6 50.2

Feiner et al. 1995 n = 17 150 51.7 42.9

Fig. 12.4 Theoretical alveolar pathway starting at a normal resting alveolar gas composition, when
alveolar ventilation is suddenly increased from 5 to 10 L min-1, followed by recovery (lower-right
loops), and when alveolar ventilation is suddenly reduced from 5 to 3.3 L min-1 (upper-left loops),
followed by recovery. (Reproduced from Rahn and Fenn 1955)



most extreme hypoventilation loop, that for an alveolar ventilation of 0. This
hypoventilation loop, however, cannot be completed up to the new steady state,
but only the first, flatter part of it is covered, until the attainment of the volitional
breaking point curve. At that point, the respiratory drive is so strong, that the apnea is
necessarily interrupted. Recently, Taboni et al. (2020) analyzed the dynamics of
alveolar gas composition during dry breath-holding, treated the corresponding
alveolar pathway as a hypoventilation loop, developed an exponential model of it
(Farhi and Rahn 1955), and found a close correspondence between the theoretical
curve and the experimental data.
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12.3 The Korean Diving Women

Humans practiced professional breath-hold diving in many countries for centuries.
The aim was military sabotage, marine rescue activities, sea harvesting of sponges,
pearl shells, and seafood. This practice has declined in the twentieth century. Scuba
divers now carry out rescue and military activities more efficiently than breath-hold
divers. Sponge or pearl divers have disappeared from Greece, Australia, and Poly-
nesia. Around 1990, 16,000 diving women (called Hae-Nyo in Korea, Ama in Japan)
were reckoned in South Korea, instead of the 30,000 figure reckoned in the
mid-1960s (Ferretti and Costa 2003). Most of the Ama (�70%) live on the Cheju
Island, some 60 miles south of the southern tip of Korea. Some 10,000 Ama are still
active nowadays. Many of them do not collect seafood anymore, but accompany
tourists who wish to dive in their sea: they earn much more money this way than by
their traditional activity.

Japanese practitioner Gito Teruoka, who chaired the Japanese Institute for the
Science of Labor since the 1920s, pioneered the study of Ama. Teruoka’s interests
concerned the occupational health, the risk and the exhausting physical activity of
those women. He described the diving operations and patterns, their seasonal
variations, and the diving equipment of Ama. He was the first to measure their alve-
olar gas composition at the end of dives. He also tried an estimate of gas exchange
during diving, in order to evaluate the hardness of their work, and discussed the
possible effects of increased nitrogen partial pressure during the dive (Teruoka
1932). He performed an accurate evaluation of their health condition and collected
several demographic data on them. The results of Teruoka remained forgotten for
25 years. Yet Hermann Rahn was aware of them, thanks to Wallace Fenn, who
noticed Teruoka’s article when they planned their first experiments on breath-
holding in the 1940s. It was in 1960 that Kichinosuke Tatai, from the Institute of
Public Health, Tokyo, eventually introduced Rahn to the Ama of the Shima Penin-
sula, where he could watch them diving. His acquaintance to Suk-Ki Hong, who was
starting an intensive program on the physiology of the Korean Ama, gave origin to
several scientific expeditions to that purpose.

The work of Teruoka had a remarkable impact on Rahn’s vision of breath-hold
diving, affected his planning of the expedition deeply, and therefore contributed



strongly to the rise of interest in the physiology of breath-hold diving in humans in
those years. The first International Symposium on the Physiology of Breath-Hold
Diving was dedicated to Gito Teruoka. Rahn himself paid a tribute to him at that
symposium (Rahn 1965). The article of Teruoka was fully reprinted in the pro-
ceedings of that symposium, including several pictures that Teruoka took during his
studies.
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Hong moved to Buffalo. Numerous studies, mostly on Ama, addressed potential
features of physiological adaptations to diving. Diving patterns and techniques,
alveolar gas exchange, lung volumes, heart rate ( fH), arterial blood gases, regional
blood flows, basal metabolism were studied. Don Rennie (1925–1992) was also
involved for the study of temperature regulation under cold stress. In fact, we owe
much of our knowledge of the physiology of diving populations to the numerous
field studies that Hermann Rahn and Suk-Ki Hong organized since the early 1960s
for the investigation of Korean Ama. The results have been summarized in several
books or review articles (Hong and Rahn 1967; Hong et al. 1986; Lin and Hong
1996; Rahn and Yokoyama 1965).

Historically, the Ama dived all year round, wearing cotton suits, which got wet
during the dives, so that their body was in contact with water. In summer, sea
temperature is warm (average surface water temperature around Cheju Island in
August is 27 °C), being much colder in winter (average surface water temperature in
January is 10 °C). Under these conditions, the thermal stress is very strong. Ama
wearing cotton suits were reported to undergo a 2 °C decrease in oral temperature
during a working period in August (70 min). In January, although the working
period was reduced to 15 min, the decrease in oral temperature attained 4 °C (Kang
et al. 1963). Ama are not fat: their mean subcutaneous fat thickness and their
percentage of body fat were similar to those of Korean non-diving women of the
same age (Rennie et al. 1962).

The minimal water temperature at which a human can stay immersed for three
hours without shivering is called “critical water temperature.” At the end of three
hours at critical water temperature, the thermal insulation of the body attains its
maximum, whereas skin blood is reduced to practically zero (Burton and Bazett
1936). The critical water temperature of Korean Ama, with a mean fat thickness of
2.2 mm, was about 27–28 °C, without visible shivering or any increase in oxygen
consumption at the end of the third hour of resting immersion (Rennie et al. 1962).
Non-diving Korean women of similar mean fat thickness had a critical water
temperature of about 32 °C. This reduction in critical water temperature was
associated with an increase in thermal insulation of the body, which may result
from either stronger peripheral (muscular) vasoconstriction or more effective
counter-current heat exchange, in Ama than in non-diving Korean women (Ferretti
and Costa 2003). Hormonal and vascular adaptation to heat was also observed. In
fact, the Ama showed an increased basal metabolic rate, a stronger thermogenic
effect of catecholamines, a reduced heat loss through the limbs at equal limb blood
flow, and a greater vasomotor response of the hand to local cooling (Hong et al.
1969a, 1969b; Kang et al. 1963, 1970; Paik et al. 1972).
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Fig. 12.5 Critical water temperature (CWT) as a function of mean fat thickness (MFT). The black
curve describes the relation for Caucasians. The dotted line refers to scuba divers from the Hawaii.
The white area identifies Korean non-diving women. The gray areas refer to Ama, investigated,
respectively, in 1961 and 1980. These areas lie well below the CWT curve for Caucasians,
demonstrating acclimatization to cold. The clear gray area concerns the same Ama studied in
1980, restudied in 1982 after they had been using neoprene wet suit during the dives for two years,
during which they clearly lost cold acclimatization. (From Ferretti and Costa 2003)

The thermal adaptation of the Ama to cold could result either from an adaptive
physiological phenomenon or from a genetic modification that took place over
centuries of diving. That the former was the case became clear with the introduction
of neoprene wet suits instead of the traditional cotton suits. Neoprene suits provide
an additional thermal insulation on the body surface. When the Ama started using
them, they showed a loss of thermal adaptation within a couple of years, as
demonstrated by the elevation of critical water temperature (see Fig. 12.5) (Park
et al. 1983). Similarly, Greek sponge divers from the Island of Kalymnos, Dodeca-
nese, in the Aegean Sea, started to use neoprene suits in the early 1970s. When their
thermal adaptation was studied, some ten years later, their shivering threshold was
equal to that of European non-diving controls (Veicsteinas and Rennie 1982). If they
were adapted to cold in the past, their adaptation was completely lost.

Although their lung volumes are not as big as a diver could wish, Ama have 15%
higher vital capacity than non-diving Korean or Japanese women (Hong et al. 1963;
Song et al. 1963). Their ventilatory response to hypoxia is normal and their venti-
latory response to hypercapnia is not blunted, despite the long time spent at high
carbon dioxide pressure during the dives (Song et al. 1963). The data of alveolar gas
composition confirm the finding, by Teruoka (1932), of a low PAO2 at the end of a
dive (Hong et al. 1963). The data of arterial gas composition, obtained 30 years later,



are fully compatible with these findings (Qvist et al. 1993). Their maximal oxygen
consumption corresponds to that of moderately trained women of the same age
(Hong et al. 1969a, 1969b). Electrocardiographic recordings obtained during dives
invariably show bradycardia, which is often associated with several types of arrhyth-
mia, most frequently P wave abnormalities, junctional rhythm, and premature atrial
and ventricular beats (Hong et al. 1967). Similar abnormalities were later observed
on elite divers (Ferrigno et al. 1991). They undergo splenic contraction during dives
(Hurford et al. 1990), a finding which may suggest the occurrence of a diving
response.
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12.4 The School of Milano Enters the Game

The involvement of the School of Milano in the aforementioned studies was
marginal. Apart from the study of Agostoni on diaphragmatic contractions, which
was part of a project on breathing mechanics (see Chap. 8), only Arsenio
Veicsteinas (1944–2017) had the opportunity to participate with a significant role
in a study on breath-hold divers. It was him, in fact, who managed the participation
of Don Rennie in the expedition to Greece for the investigation of the thermal
responses of Greek sponge divers, mentioned above. In those days, Veicsteinas
was at Buffalo as invited assistant professor, working with Don Rennie on temper-
ature regulation. Veicsteinas was in good terms with Piergiorgio Data (1939–2005),
who was Professor of Physiology at the Medical School in Chieti, Italy, and who was
active in diving physiology and medicine. Data, who was organizing an expedition
to Greece for the study of diving, invited Veicsteinas to join him, and this proposed
Rennie to come with him to the islands of sponge divers to study their thermal
responses. Therefore, it happened that they found themselves on the shore of the
Island of Kalymnos, Greece, to study the thermal insulation and the shivering
threshold of those divers immersed to the neck in the water of the Aegean Sea
(Veicsteinas and Rennie 1982). The temperature regulation project in Buffalo
represented also the initiation to physiology of Guido Ferretti. Of the three further
ensuing papers (Veicsteinas et al. 1982; Ferretti et al. 1986; Ferretti et al. 1989), one
happened to be the MD thesis of Guido Ferretti, who started, quite amazingly, as a
Buffalo temperature regulation man. The eclectic tradition is still enduring within the
School.

Notwithstanding the study on Kalymnos sponge divers, which resulted from the
individual initiative of an enterprising man, the systematic involvement of the
School of Milano in diving physiology started a few years later. Massimo Ferrigno,
then a young practitioner, fond of diving, breath-hold diver himself, later a success-
ful anesthesiologist, was in Kalymnos with Data’s expedition. He was already in
touch with Veicsteinas and had already visited Buffalo with him. In Greece, he met
Rennie, who managed a salary for him at the hyperbaric chambers at CRESE, with
Lundgren. As a breath-hold diver, he knew Enzo Maiorca, who was then the most
famous and celebrated competitive breath-hold diver worldwide. He contacted him,
on behalf of Lundgren, for a project on extreme breath-hold diving. He invited him



to visit Buffalo on the occasion of an international workshop on breath-hold diving,
supported by the Undersea and Hyperbaric Medical Society, which took place at
CRESE in 1985 (Lundgren and Ferrigno 1987). Eventually, Enzo Maiorca and his
two daughters, Patrizia and Rossana (1960–2005), accepted, but asked to be studied
in the sea, during actual dives. That would have implied an expedition to Siracusa
and Lundgren needed support in Europe for that. Therefore, he contacted Paolo
Cerretelli in Geneva, who accepted to collaborate, took over the organization of the
expedition in Europe and assigned that task to Guido Ferretti. Maiorca wanted that
his trusted doctor, Mario Costa, a reputed anesthesiologist from Siracusa, be
involved in the planning of the study. Bruno Grassi participated as well. Three
expeditions to Siracusa took place in the second half of the 1980s. Then, a travel to
Buffalo for experiments in the hyperbaric chambers followed, in 1990.
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That project was the door through which the School of Milano entered the
submarine world. Margaria’s cultural approach emerged clearly in the study of the
energetics of deep breath-hold diving. In those days, Maiorca and his daughters used
a free diving technique, wherein a weight, running along a rope that was vertically
suspended in the sea from the support boat, pulled the diver down to the planned
depth during descent. The weight consisted of a platform on which the diver could
either stand or hold on. During ascent, a gas-filled balloon, which an assisting Scuba
diver forwarded to her/him at depth, pulled the diver up to the sea surface. The diver
released the balloon just before emersion (Majorca 1987). The balloon was replaced
by an inflatable suit for the 1988 100-m record dive. Such a technique was expected
to reduce the energy cost of diving drastically. Nevertheless, Umberto Pelizzari, an
Italian diver who attained the depth of 150 m in 1999, further improved the
technique, by using hydrodynamic weights during descent and an improved suit
that could be more easily inflated with gas during ascent (Pelizzari 2005). With these
improvements, Pelizzari increased the mean diving speed to 1.4 m s-1, which is 40%
higher than that of Maiorca during his record dive to 100 m.

For completeness, we remind that Maiorca performed a few hyperventilation
maneuvers before diving, consisting of series of deep breaths at about 90% of his
vital capacity at a frequency of 4–5 min-1 over a period of 8 min. The last breath
before submerging was a deep inspiration, so that the dive started at a lung volume
close to the total lung capacity (TLC).

12.5 Gas Exchange and Energy Expenditure During Diving

The PAO2 and PACO2 values measured before and at the end of the experimental
dives performed by the three Maiorcas in the Ionian Sea before Siracusa appear in
Fig. 12.6 on an O2–CO2 diagram, together with the data obtained during dry breath-
holds up to the maximal duration on the same divers (Ferretti et al. 1991). At the end
of the dives, PAO2 decreased to 30–40 mmHg, while PACO2 attained 47 mmHg,
independent of depth and duration. The alveolar volume was remarkably decreased
at the end of the dive, because of a net oxygen uptake, with little carbon dioxide



addition. Therefore, the gas exchange ratio was close to zero. Peak lactate concen-
tration at the end of the dives ranged between 1.71 and 6.46 mM, partly depending
on the depth of the dive.
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Fig. 12.6 Alveolar air compositions at the end of dry breath-holds of increasing duration up to the
maximal are shown on an O2–CO2 diagram. PAO2 and PACO2, alveolar oxygen and carbon dioxide
partial pressures, respectively; SaO2, arterial oxygen saturation. The normal alveolar air curve and
the apnea breaking point curve are reported. Isopleths for SaO2 are also given, as are the lines
defining regions on normal or impaired visual performance (Rahn and Fenn 1955). Filled symbols
refer to extreme (triangles, Ferretti et al. 1991) or leisure (squares, Hong et al. 1971) divers. Open
symbols refer to non-diver controls, from various sources in the literature. The lower-right values
below the alveolar air curve reflect pre-dive hyperventilation. Upper-left values refer to maximal
breath-holds. (From Ferretti 2001)

The alveolar gas compositions observed at the end of the dives lie on a curve,
which the authors called “emersion curve.” This curve can be approximated to a
straight line down to a PAO2 of about 45 mmHg. For lower PAO2 values, the line
bends upward, to intercept the volitional breaking point curve in the same region as
for the dry breath-holds.

Ferretti et al. (1991) computed the rate energy expenditure ( _E) during the dives.
They determined the oxygen uptake from the lungs during the dive, based on the
alveolar gas composition and lung volume at the start and the end of each dive. They
estimated the changes in tissue oxygen stores, essentially related to oxygen bound to
myoglobin, (200 mL, and independent of depth in 20–100 m range, Olszowka and
Rahn 1987). To this aim, they assumed equilibrium between tissue and end-capillary
oxygen partial pressure (PO2) in muscle, a myoglobin concentration of 5 mg g-1

(Jansson et al. 1982), and an oxygen partial pressure at which myoglobin saturation
is 0.5 (P50) of 5 mmHg (Gayeski and Honig 1983). The energy provided by
anaerobic glycolysis was calculated from blood lactate values, assuming an energy



equivalent of blood lactate accumulation of 3 mL mM-1 kg-1 (di Prampero 1981).
The contribution of anaerobic alactic metabolism is included in the volume of
oxygen exchanged above resting metabolic rate in the recovery after the dive.
With these premises, Ferretti et al. (1991) obtained values for _E during the dives
ranging between 0.5 and 0.9 L min-1. These values corresponded to some 20–30%
of the maximum oxygen uptake of the divers, indicating that _E during free breath-
hold diving is low, and similar to that of walking at the optimal speed or of pedaling
on a cycle ergometer at a power of 25–50 W (Chap. 5).
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At such metabolic powers, there is no blood lactate accumulation during exercise
in humans breathing air at sea level. The blood lactate increase during diving, despite
the low metabolic rate, could follow only a marked peripheral vasoconstriction
during the dive, most likely in muscles and skin. If this is so, these results could
suggest the hypothesis that a diving response may occur in extreme divers during
deep breath-hold dives.

12.6 The Concept of Diving Response

In 1940, Per Scholander (1905–1980) demonstrated a peculiar series of events
during free dives in diving birds (Scholander 1940). He found extreme bradycardia,
associated with a dramatic increase in arterial blood pressure. He called such a
response the Diving Response. Several authors investigated the diving response
afterward. The description of the phenomenon, which was observed in several
species, including diving mammals, was subsequently refined and better focused.
Nowadays, we can summarize the concept as follows: a strong peripheral vasocon-
striction, perhaps of sympathetic origin, occurs, with consequent decrease in cardiac
output and increase in arterial blood pressure. Hypertension may be corrected by an
extreme bradycardia, perhaps of baroreflex origin, although hypoxic stimulation of
peripheral chemoreceptors may also play a role. Cardiac output becomes so low, that
it is directed preferentially, if not exclusively, to vital organs, namely heart and brain.
This implies thorough redistribution of regional blood flows, so that muscle and skin
blood flows fall practically to zero. Therefore, lactate may accumulate in unperfused
muscles. Finally, blood oxygen availability is increased, because spleen contraction
at the beginning of a dive enhances blood hemoglobin concentration. This phenom-
enon was discussed in detail in several review articles (Andersen 1966; Blix and
Folkow 1983; Butler and Jones 1997; Gooden 1994; Kooyman and Ponganis 1998;
Lin 1982; Lindholm and Lundgren 2009; Zapol 1996).

Does a diving response occur also in humans? The most common observation in
humans, suggesting such a hypothesis, is the bradycardia reported during face
immersion experiments. A decrease in fH was found in every study on subjects
who held their breath at the water surface (Brick 1966; Craig Jr 1963; Harding et al.
1965; Manley 1990), even during exercise (Asmussen and Kristiansson 1968).
Later, an increase in arterial blood pressure was also observed, whereas some studies
report a fall of cardiac output (Bjertnaes et al. 1984; Lin et al. 1983), while others do



Subject Condition

not (Heistad et al. 1968; Hong et al. 1971). The combination of these results suggests
an increase in peripheral vascular resistance, possibly due to peripheral vasocon-
striction, with consequent reduction of peripheral blood flows (Bjertnaes et al. 1984;
Heistad et al. 1968; Lin et al. 1983). Later, it was shown that these effects were
accentuated when the subjects performed their apneas starting from a lower lung
volume than their TLC (Andersson and Schagatay 1998), and when they underwent
specific breath-hold training protocols (Schagatay et al. 2000).
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Table 12.2 Summary of the data, obtained on the Maiorcas in the Buffalo hyperbaric chamber, on
which the first description of a diving response in humans relied. fH, heart rate; _Q, cardiac output;
Qst, stroke volume of the heart; TPR total peripheral resistance, La blood lactate. (Data From
Ferrigno et al. 1997)

FH

(min-1)
Q′
(L min-1)

Q
mL

Psyst

(mmHg)
Pdiast

(mmHg)
TPR
(mmHg min-1 L)

La
(mM)

1 Control 70 5.6 80 145 90 19.3 0.93

1 Dive 38 4.0 105 290 150 49.2 3.97

2 Control 78 6.4 82 1.92

2 Dive 28 2.8 100 3.05

3 Control 86 8.8 102 115 75 10.0 1.29

3 Dive 40 4.2 105 280 200 54.0 5.30

The isolated results mentioned here above, although suggestive of a possible
diving response, did not provide a demonstration of its occurrence in humans. The
first comprehensive description of a complete diving response in humans came from
the Maiorca study and was obtained in the hyperbaric chambers at Buffalo
(Table 12.2) (Ferrigno et al. 1997). An extreme peripheral vasoconstriction was
accompanied by a dramatic increase in arterial blood pressure, that in one case
reached 280/200 mmHg during descent. The ensuing strong stimulation of arterial
baroreceptors caused an extreme drop of fH, with values lower than 30 min-1. An
increase in stroke volume did not compensate for bradycardia, so that cardiac output
fell to less than 3 L min-1 in correspondence with the minimum fH. This was enough
to ensure perfusion of vital organs, thanks to redistribution of blood flow. In fact,
Ferrigno et al. (1997) did not measure peripheral blood flows in their study.
However, a very high arterial blood pressure, associated with a very low cardiac
output, indicated a dramatic increase in total peripheral resistance during the dive.
These findings strongly suggest occurrence of extreme peripheral vasoconstriction.
Since lactate accumulated in blood, indicating occurrence of anaerobic metabolism,
despite the low metabolic rate, we can speculate that skeletal muscle became
unperfused during the dives.

Lactate accumulation was considered as the consequence of an oxygen preserv-
ing mechanism (Ferretti 2001). Unperfused muscles do not receive oxygen. Only the
oxygen bound to myoglobin can sustain their aerobic metabolism. This represents a
small amount, so that muscles have to shift rapidly to anaerobic metabolism.
Therefore, the rate at which PAO2 and PaO2 fall during a dive is reduced. Coherently,
during breath-holding with exercise, the stronger is the bradycardia and the



hypertension, the slower is the reduction of arterial oxygen saturation (SaO2)
(Lindholm et al. 1999), as does pulmonary oxygen uptake (Lindholm and
Linnarsson 2002).
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More recently, an increase in blood hemoglobin concentration, due to spleen
contraction in the early part of a dive, has been added to the picture of the human
diving response (Bakovic et al. 2003; Espersen et al. 2002; Schagatay et al. 2001),
although the phenomenon had already been observed on Ama (Hurford et al. 1990).
This mechanism increases blood oxygen stores and thus prolongs breath-hold
duration.

12.7 Respiratory Adaptation to Breath-Hold Diving

Figure 12.6 shows also the patterns followed by alveolar gas composition during dry
apneas at rest in extreme divers. It appears that some of the values, obtained after
maximal apneas, lie beyond (leftward of) the volitional breaking point curve (Ferretti
et al. 1991; Lin et al. 1974), at the boundaries of the extreme anoxia region. This was
not the case for non-diving controls. The same was observed on the divers studied by
Hong et al. (1971). To give an idea of the consequences of this observation, consider
that Ferretti (2001) analyzed the alveolar gas composition at the end of maximal
breath-holds with respect to the classical ventilatory response curves in hypoxia and
hypercapnia (Lloyd et al. 1958; Rebuck et al. 1977). He reported that alveolar gas
composition at the volitional breaking point of apnea in elite divers would generate a
combined hypoxic and hypercapnia respiratory drive at rest leading to some ten
times greater ventilation than during quiet breathing in normoxia, instead of seven
times as at the volitional breaking point curve.

The finding of alveolar gas compositions beyond the volitional breaking point
curve at the end of maximal breath-holds resumed the hypothesis that breath-hold
divers may be characterized by a blunted ventilatory response to hypoxia, hyper-
capnia, or both. This hypothesis was not new, it was simply forgotten. Indeed,
Masuda et al. (1981, 1982) had already reported that Ama have a blunted ventilatory
response to both hypoxia and hypercapnia. Similar results were obtained also on
synchronized swimmers, underwater hockey players, submarine escape tower
trainers, and Royal Navy divers (see Ferretti 2001).

Grassi et al. (1994) determined the ventilatory response to breathing oxygen and
carbon dioxide on the Maiorca family. The results of that study appear in Fig. 12.7.
In all cases, except when breathing room air, and at all PACO2 levels, steady-state
ventilation was lower in the divers than in the controls, indicating a blunted
ventilatory response to carbon dioxide in divers. Their ventilatory response to carbon
dioxide was even lower than that of individuals, whom Lambertsen (1960) defined
as having a low carbon dioxide sensitivity.

In contrast, Grassi et al. (1994), who applied the chemical denervation technique
of Dejours et al. (1959), demonstrated no differences in ventilatory responses to
hypoxia between divers and controls. These results are not surprising, as long as



during deep dives the brain is not exposed to hypoxia except during the final few
meters before emersion, whereas they are exposed to extreme hypercapnia during
most of the dive.
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Fig. 12.7 Ventilatory response to carbon dioxide breathing in elite divers (filled symbols) and in
non-diver controls (open symbols). On the y-axis, expired ventilation ( _VE) is expressed relative to
the body surface area (BSA). PACO2 is the alveolar carbon dioxide partial pressure. At any PACO2,
_VE is lower in divers than in controls. (From Grassi et al. 1994)

The weak point of these studies is that the subjects were all members of the same
family, so that we cannot know whether those results unveil an adaptive phenom-
enon or a complex genetic trait of that family. Nevertheless, the interest for the role
of genetics in adaptation to diving has recently gained momentum, as evidence for
local genomic selection to improve hypoxia tolerance via spleen size and contraction
has been obtained (Ilardo et al. 2018).

12.8 Of the Maximal Diving Depth

The energetic imprinting of the School of Milano drove rapidly the attention toward
an analysis of the maximal diving depth and the limits in breath-hold diving.
Historically, the first widely accepted hypothesis was an application of gas laws.
The assumption was that the TLC could not be compressed below the residual



volume (RV). Thus, the ratio of these two volumes would have shown the extent of
possible lung volume compression during a dive, and thus the depth limit. Let us
take the Ama as an example: Song et al. (1963) obtained a RV of 1.14 L and a TLC
of 4.58 L. This indicates that the TLC of Ama can be compressed up to 4 times, and
therefore that Ama can tolerate a pressure of 4 ATA. Their maximal diving depth
would be 30 m, to be compared with actual diving depths of Ama around 20 m.
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Until the early 1960s, diving records were compatible with this assumption. Bob
Croft’s dive to 73 m in 1968 challenged this hypothesis, but his TLC was so high
(9.1 L), that his TLC/RV ratio was above 7 (Schaefer et al. 1968). Croft could exert
particularly high expiratory pressures, which might have contributed to reduce his
RV during the dives. So, it was concluded that at the 70 m depth his TLC was still
larger than his RV, but he got very close to the limits.

Continuous record improvements, however, led to refutation of the TLC/RV ratio
hypothesis: lung volumes were not limiting the maximal breath-hold diving depth.
The first who formulated the alternative hypothesis of blood shift was Craig Jr
(1968): he postulated that the negative pressures attained in the thorax at great
depths could recall blood from the extremities to the thorax, thereby increasing the
central blood volume. Craig’s hypothesis was consolidated by the observation that
mere water immersion to the neck may displace up to 700 mL of blood into the
thorax (Arborelius Jr et al. 1972). More recently, radiographic images taken at depth
using underwater radiological equipment showed smaller lung images, elevation of
the diaphragmatic dome, and engorgement of lung blood vessels and increased
transverse diameter of the heart (Morelli and Data 1991). Because of blood dis-
placement, the circumference of the chest decreases less than that of the abdomen
during a deep dive (Warkander et al. 1996). Whatever one may think of the blood
shift hypothesis and of the associated evidence, when the record attained 150 m, it
became clear that also the blood shift hypothesis was insufficient to predict diving
depth limits.

Let us now perform an axiomatic revolution in our vision of the depth limits of a
breath-hold dive, and state that the limit is not set by pressure, as implicitly assumed
in the past, but by energy availability. Therefore, let us consider a diving human as a
closed system, unable to take energy from the surrounding environment: only the
energy that is stored in the body before the dive can be used to sustain resting and
exercise metabolic rate, and not even all of it.

The speed that a human can attain, when covering a given distance with a given
locomotion mode, is equal to the ratio of the sustaining metabolic power to the
energy cost of locomotion (C) (see Chaps. 5 and 6). In diving, however, what matters
is to cover the longest possible distance, not a predetermined distance at the fastest
possible speed, as in athletics or swimming competitions. This allows getting rid of
time, so that we can state that the distance (L ) that a diving human can cover, is equal
to the ratio of the available metabolic energy (E) to C. Therefore, d is directly
proportional to the E stored in the diver’s body and inversely proportional to the C of
diving (Fig. 12.8). In Fig. 12.8, the slope of the straight lines reported in the top panel
is equal to C, whereas in the right panel each hyperbola is an isopleth for E. When
moving in water, C is equal to:
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Fig. 12.8 An analytical representation of Eq. 12.2. Reported lines are theoretical. Left panel:
Energy as a function of depth (note that the total distance covered during the dive is twice the
depth). The slope of the straight lines is equal to the energy cost C. Right panel: C as a function of
depth. The curvature of the hyperbolas is equal to the overall amount of energy available to the body
at the start of the dive

C=
D
η

ð12:1Þ

where D is the drag of water (see Chap. 6) and η is the mechanical efficiency of
diving. If this is so, then:

L=
E
C

=
Eη
D

ð12:2Þ

Equation 12.2 tells that the maximal diving depth can be improved by:
(i) increasing the amount of energy that is stored in the body at the start of the
dive; (ii) increasing the mechanical efficiency of diving or of underwater swimming,
and (iii) reducing the drag. A reduction of D can be obtained by improving the
hydrodynamics of diving, as Pelizzari did for his diving record to 150 m. An increase
of η has been achieved by improving the diving technique, taking care of reducing
useless movements during the dive to a minimum.

Concerning E, the maximal anaerobic lactic capacity (ELa
max) and the maximal

anaerobic alactic capacity (EPC
max) dictate the limits of anaerobic metabolisms.

Assuming an energy equivalent for blood lactate accumulation of 3 mL of O2 per
kg of body mass per mM of lactate (di Prampero 1981; di Prampero and Ferretti
1999; for a discussion of this issue, see Chap. 3), the former is proportional to the
maximal blood lactate concentration, which is essentially invariant. The latter
depends on muscle phosphocreatine concentration.

Concerning aerobic metabolism, since there is no oxygen uptake from the
external environment, aerobic capacity becomes proportional to the amount of
oxygen that is present in the body stores: lungs, blood and tissues. Therefore, we



can write that the amount of energy from aerobic sources (Eo2) is the sum of three
terms:
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Eo2 =ELo2 þ EBo2 þ Eto2 ð12:3Þ

where suffixes L, B, and t designate the oxygen stores in lungs, blood, and tissues
(mostly muscle), respectively. EBO2 depends on blood hemoglobin concentration,
EtO2 on muscle myoglobin concentration. The latter is practically invariant
(Olszowka and Rahn 1987). The former may vary in a dive, if there is spleen
contraction (Bakovic et al. 2003; Espersen et al. 2002; Schagatay et al. 2001).
Thus, on a first approximation, Eq. 12.3 can be simplified as follows:

Eo2 =ELo2 þ K ð12:4Þ

Equation 12.4 tells that, during a breath-hold dive, there is a linear relationship
between Eo2 and ELo2 at the start of a dive. Since also ELa and EPC are invariant, also
the overall amount of energy in the body at the start of the dive varies linearly with
Eo2, so that a diver may increase breath-hold duration and depth by acting on his
lung volume at the start of the dive.

Ferretti (2001) simulated alveolar gas patterns in a 150 m breath-hold dive
performed at TLC. He assumed that the diver hyperventilated before the dive, as
reported by Ferretti et al. (1991), and had a C like that computed for the Maiorca
family during free dives (Ferretti et al. 1991). This simulation showed that Enzo
Maiorca (TLC= 7.8 L) and Bob Croft (TLC= 9.1 L), at emersion from a 150 m free
dive, would have a hypothetical PAO2 values of 26.1 and 34.6 mmHg, and a PACO2

of 41.1 and 39.7 mmHg, respectively. These figures are still compatible with
consciousness. Higher PAO2 values are obtained the larger is the TLC. A diver
with a 10 L TLC would emerge from a 150 m dive carried out as described here
above with a PAO2 of 61 and a PACO2 of 37.5 mmHg, thus in a very safe region of
normal visual performance, far enough from the hypoxic collapse boundary.

Concerning anaerobic lactic metabolism, it is noteworthy that the PAO2 at
emersion is higher, the higher is the rate of blood lactate accumulation. Ferretti
(2001) predicted that Enzo Maiorca or Bob Croft could not emerge conscious from a
150 m dive, if their rate of lactate accumulation was 40 instead of 45 μM s-1. The
occurrence of a marked diving response, leading to a substantial contribution of
anaerobic lactic energy sources to the overall energy expenditure during the dive, is
necessary for a record dive. Moreover, Ferretti (2001) predicted that it would be
impossible to dive to 150 m and emerge conscious (or even alive), if the diver moves
at a speed of 0.9 m s-1 (speed of Enzo Maiorca during his 100 m world record dive).
In fact, the diving speed would be too low, thus prolonging the breath-hold duration
to times incompatible with consciousness upon emersion.
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12.9 Lung Volumes of Elite Breath-Hold Divers

A corollary of the energetic conjecture on the limits in breath-hold diving depth is
the importance of having a high lung volume at the start of the dive. Coherently, the
duration of a maximal resting breath-hold is longer, the bigger is the starting lung
volume (Andersson and Schagatay 1998; Chapin 1955; Stanley et al. 1975). It is also
longer, if the dive is performed with lungs filled with oxygen rather than air (Klocke
and Rahn 1959; Otis et al. 1948; Rodbard 1947). Conversely, hypoxia decreases
breath-hold duration (Otis et al. 1948; Rahn et al. 1953; Rodbard 1947). These
effects follow from Eq. 12.4. Moreover, an increase in metabolic rate above resting
accelerates the rate at which oxygen stores are depleted during a breath-hold, and
thus reduces the duration of a maximal breath-hold (Åstrand 1960; Craig and
Cummings 1958; Rodbard 1947).

Equation 12.4, and the ensemble of this data, allow the prediction that elevated
lung volumes represent an advantage for elite competitive breath-hold diving,
because they increase ELO2, and thus improve the diving depth. As a reference,
consider that the TLC of healthy adult European males ranges between 5.4 and 7.9 L,
being some 15% lower in females, and depends on body mass (Jouasset 1960). The
TLC of Ama appears to be quite low, lower than the European standard (Hong et al.
1963). The 7.8 L TLC of Enzo Maiorca reported above is close to the uppermost
limit of healthy Europeans (Ferretti et al. 1991). The first TLC measurement well
above such uppermost limit was obtained on Bob Croft, whose TLC, as reported
above, was 9.1 L (Schaefer et al. 1968). A TLC above 9 L was observed also on
Francisco Ferreira from Cuba, one of the most performing breath-hold divers of the
1990s (Warkander et al. 1996). TLC values above 9 L in elite breath-hold divers
have become a common finding in the last 20 years. At least 25 values above 9 L,
and 4 above 10 L, can be reckoned in the literature (Ferretti et al. 2012; Lindholm
and Nyren 2005; Loring et al. 2007; Patrician et al. 2021; Walterspacher et al. 2011).
That top-level breath-hold divers have a TLC 10–25% higher than the upper limit of
the normal range has become a widespread notion.

In addition, to increase their lung volume above the TLC, and thus their ELO2,
several divers practice oropharyngeal breathing (lung packing) prior to diving. By
doing so, they can increase their TLC by further 1.5–2.0 L (Lemaître et al. 2010;
Lindholm and Nyren 2005). A woman diver was even able to introduce 2.6 L of air
in her lung above her TLC by lung packing (Schipke et al. 2015). Lung packing may
increase airway pressure up to 90 cmH2O (Loring et al. 2007), limits venous return
(Novalija et al. 2007) and thus reduces cardiac output by up to 40% (Eichinger et al.
2010). Therefore, the divers become hypotensive and tachycardic. Whether such
elevated lung volumes are the results of genetic selection or of long-term training is
yet to be determined.
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12.10 Dynamics of Cardiovascular Responses to Dry
Breath-Holding

The possibility of investigating the dynamics of cardiovascular responses to apnea
has been restricted for a long time, for lack of available technology. Indeed,
historically, only the dynamics of fH during breath-holding was studied, whether in
dry conditions or during immersion or diving. Bradycardia is an almost unanimous
and universal observation during breath-holding studies and is considered a key
component of the diving response. But, when does bradycardia occur during breath-
holding? Is it a continuous phenomenon? Or does it characterize specific periods
during maximal breath-holds? A beat-by-beat analysis of several cardiovascular
variables is needed to better understand the characteristics, the origin and the
meaning, not only of bradycardia, but of the overall cardiovascular responses to
breath-holding.

In the Maiorca study (Ferrigno et al. 1997), invasive beat-by-beat recordings of
arterial blood pressure were obtained, while cardiac output was continuously mea-
sured by impedance cardiography, during simulated free dives in a hyperbaric
chamber. A comparison of the time course of the recorded variables showed that
hypertension preceded bradycardia, so that the latter appeared as a baroreflex
response attempting to correct the extreme elevation in arterial blood pressure.
Eventually, the dynamics of the fH fall is not a continuous phenomenon, but follows
patterns that are more complex.

Dynamic studies of the cardiovascular system cannot be carried out during dives.
Recently, the construction of a 40-m deep swimming pool in Padova, Italy, has
improved the logistic context for such studies, but the technological means are still
insufficient. Marabotti et al. (2008, 2009) could obtain Doppler echocardiography
data at a depth of 5 and 10 m below surface, but those were not dynamic beat-by-beat
measures. They nevertheless documented a slightly lower cardiac output during
apnea at depth with respect to the water surface, due to lower stroke volume. They
suggested a possible role of chest squeeze in the cardiovascular response at depth.

Perini et al. (2008) had been the first to describe the kinetics of the cardiovascular
responses to dry apnea at rest. They identified three phases, two of which, the first
(φ1), lasting in all cases about 30 s, and the third (φ3), are dynamic phases and are
characterized by opposite changes in mean arterial pressure and fH, suggesting
possible baroreflex modulation of arterial pressure, with a second phase (φ2)
between them, characterized by cardiovascular steady state. The observed patterns
were the same when apneas were carried out with the body immersed in cool water
(Perini et al. 2010). Therefore, the φ1 dynamics is not a consequence of the diving
reflex (Gooden 1994; Manley 1990). Other authors then analyzed cardiovascular
responses at various times during dry breath-holding (Costalat et al. 2013, 2015;
Tocco et al. 2012, 2013).

Perini et al. (2008, 2010) hypothesized that the transition between φ2 and φ3

corresponds to the attainment of the physiological breaking point of apnea and the
onset of diaphragmatic contractions (Agostoni 1963; Cross et al. 2013; Lin et al.



1974). If this is the case, the duration of φ2 should be directly proportional to the size
of and inversely proportional to the rate of body oxygen consumption.
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This statement has several corollaries. In fact, φ2 duration ought to be shorter at
exercise than at rest, because of higher metabolic rate. It ought to vary with Eo2,
being shorter in hypoxia than in normoxia, and longer in hyperoxia than in
normoxia. It should also be shorter when apnea starts from the functional residual
capacity (FRC) rather than from TLC. The first corollary was shown to be the case
indeed, and so much that even at 50 W exercise, a light power indeed, a steady φ2

was not visible anymore, perhaps being covered by φ1 (Sivieri et al. 2015), as
suggested by its re-appearance in oxygen apneas carried out at exercise (Taboni
et al. 2018). The second corollary was supported by the data obtained during oxygen
breathing by Fagoni et al. (2015). However, in this latter study, φ2 duration during
oxygen apneas was only 30% higher than during apneas in air, although Eo2 was five
times larger in the former than in the latter case: this means that φ2 duration is not
directly proportional to Eo2 at any given metabolic rate. If this is so, a linear
relationship between φ2 duration and Eo2 would not cross the origin of the axis
and the hyperbola describing the inverse relationship between φ2 duration and
metabolic rate would be translated.

Since Otis et al. (1948) analyzed the alveolar gas composition at the volitional
breaking point of apnea, peripheral and central chemoreflexes have been under
scrutiny as possible determinants of apnea breaking points (Fitz-Clarke 2018; Foster
and Sheel 2005; Lin 1982). In this context, the breaking point of apnea and the onset
of diaphragmatic contractions would result from the combined effects of hypoxia
and hypercapnia. During oxygen apneas, hemoglobin remains fully saturated until
volitional exhaustion and no hypoxia occurs. If this is so, the attainment of the
physiological breaking point in oxygen apneas would depend on carbon diox-
ide accumulation and subsequent hydrogen ion stimulation of central chemorecep-
tors only. The sensitivity of the ventilatory response to carbon dioxide is much
higher than that of the ventilatory responses to hypoxia (Nielsen and Smith 1952).
Modest increases in PACO2 may suffice to elicit diaphragmatic contractions.

The model of the cardiovascular responses to apnea proposed by Costalat et al.
(2015) suggests that the temporal evolution of fH in the final part of a maximal apnea
is characterized by a linear decrease, corresponding to the time course of fH in φ3.
Costalat et al. (2017) did not observe this fall of fH in apneas at exercise, a condition
in which baroreflex sensitivity around the baroreflex operating point is greatly
decreased (Bringard et al. 2017; Kardos et al. 2001). This simple fact might well
suffice to explain the flatness of the time course of fH in φ3 at exercise, if the fH
response is a baroreflex attempt at correcting blood pressure changes.

At the beginning of φ1, when apnea is performed from elevated lung volume,
there is a sudden fall of stroke volume and of arterial blood pressure (Andersson and
Schagatay 1998; Palada et al. 2007; Perini et al. 2008). This may be caused by an
immediate increase in central venous pressure due to the high lung volumes at which
apneas are performed (Andersson and Schagatay 1998; Fagoni et al. 2017). The
pressure fall is opposed by a concomitant increase in fH, which we attribute to
baroreflex activation (Fagoni et al. 2015; Taboni et al. 2021). If this interpretation



is correct, φ1 should disappear if apneas are performed from FRC rather than from
TLC. The duration of φ1 is invariant and independent of the metabolic rate and of
Eo2 (Fagoni et al. 2015; Sivieri et al. 2015). The physiological mechanisms behind
φ1 are unrelated to those behind φ2 are φ3.
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Taboni et al. (2021) have analyzed the dynamics of arterial baroreflexes during
φ1. They showed that, during the first seconds of apnea, the R–R interval (reciprocal
of fH) decreases following a baroreflex curve, possibly mediated by withdrawal of
vagal tone, as occurs during exercise (Bringard et al. 2017). Then, after the attain-
ment of a minimum in mean blood pressure, baroreflex resets in both resting and
exercise apneas, so that the operating point is displaced toward higher blood pressure
levels in φ2. The pattern of baroreflex resetting suggests that it is not due to the action
of a central command mechanism. Taboni et al. (2021) speculated on the possible
role of enhanced sympathetic activation in baroreflex resetting.

12.11 Conclusions: How Buffalo Influenced Milano

The discussion of the dynamics of the cardiovascular responses to breath-holding
that we have represented in the previous paragraph demonstrates the deep influence
that Buffalo and Hermann Rahn heritage had on the School of Milano in the field of
breath-holding and breath-hold diving physiology. Milano had a similar influence on
Buffalo in the field of swimming physiology, as shown in Chap. 6.

The influence was however much deeper than one could say from what we
discussed so far. It attained the deepest level of physiological thinking, wherein
Buffalo pervaded the spirit of the School of Milano and vice versa (the relationship
was definitely biunivocal), to reshape a common approach to the study of physiology
and a common way of thinking about science and physiology. The result was more
than a mere sum of two different yet complementary histories. A clear example of
what we mean is provided by a recent study (Taboni et al. 2020), on the patterns
followed by the alveolar gas composition during dry breath-holding in air and in
oxygen on the O2–CO2 diagram, which were treated as corresponding to the
hypoventilation loop for an alveolar ventilation of 0.

Concerning the paths followed by the development of physiological thinking,
they are shaped by a mixture of history, cultural milieu in which individuals grow,
cultural exchange between Schools, psychological mood pervading a scientific
environment, ability of absorbing and integrating in the vision of a School the results
of others. Buffalo and Milano had different histories, but shared a vision of research
and of science and were characterized by a similar, though obviously not identical,
cultural milieu: this greatly facilitated the scientific exchanges between the two
Schools. The Buffalo–Milano connection was one of the most fruitful and fertile
relationships between Schools in physiology, and this, not much in terms of number
of common publications, yet elevated, but, mostly and most importantly, for the
common and integrated approach to science that shaped the mind of people from



both Schools. This is the best heritage that Rodolfo Margaria and Hermann Rahn
have left to us and to the future generations.
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