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Abstract

This paper discusses under an energetic perspective the recent and older evidence supporting the classical notion
that the "oxygen debt’, as originally defined by Margaria et al. (1933) [Am. I. Physiol. 106, 689--714], consists of two
major components: the alactic oxygen debt, with a half-time of the order of 30 sec, and the lactic oxygen debt, with
a much longer half-time, similar to that of lactic acid removal from blood after exercise ( = 15 min). In particular, two
ensuing concepts are treated, namely (i) the energetic equivalent of blood lactate accumulation in blood, whence the
notions of lactic power and lactic capacity, and (ii) the energy sources allowing contraction of the oxygen deficit at
the onset of square-wave exercise. The notion of alactic oxygen deficit is rediscussed on the basis of recent evidence
in humans. The analogies between lactate accumulation during supramaximal exercise and during exercise transients
are discussed under an energetic perspective. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction anaerobic energy sources. It seems fair to say
from the outset that we will not try to present a

The aim of this paper is to review briefly about comprehensive review of the matters at stake. We
40 years of a main chapter of the history of the will rather focus on facts and theories generated
energetics of muscular exercise, namely that of the by the *School of Margaria’ from the early sixties

onwards, not only because this paper is dedicated
to Paolo Cerretelli, who was and still is one of the
leaders among Rodolfo Margaria’s heirs, but also

“ Dedicated to Professor Paolo Cerretelli on the occasion of

his retirement from a chair of physiology at the University of and especially because we are convinced that the
Geneva, Switzerland. concepts created by the School of Margaria, and
* Corresponding author. Tel.: + 41-22-702-5363; fax: +41- . . .
22-702-5402. summarized below, can provide a solid back-
E-muil address: guido.ferretti@medecine.unige.ch (G. Fer- ground and a good starting point for many as yet
retti) unanswered questions.
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In 1933, a paper entitled “The possible mecha-
nism of contracting and paying the oxygen debt
and the role of lactic acid in muscular contrac-
tion”, was published in the American Journal of
Physiology (Margaria et al., 1933). This paper,
indeed a seminal one. introduced the concept of
‘alactic oxygen debt’, and for this very reason
initiated a revolution in the physiology of muscu-
lar exercise. The ‘phosphagens’ had been recently
identified (Eggleton and Eggleton, 1927; Fiske
and Subbarow, 1927; Lohmann, 1928), and a
number of ensuing observations on isolated mus-
cle contraction was casting a shadow over Hill
and Meyerhof’s theory of the energetics of muscle
contraction (Hill, 1932; for a review see Needham,
1971). According to this theory, for which Hill
and Meyerhof were awarded the Nobel Prize for
Medicine or Physiology in 1923, oxidation of
glycogen to lactic acid is the main energy source
for muscular contraction, whereas oxygen is con-
sumed for oxidising a fraction of the accumulated
lactic acid. so yielding the energy for the resynthe-
sis to glycogen of the remaining fraction (Hill,
1924). Margaria et al. (1933), by means of a
mathematical analysis of the oxygen consumption
curve after heavy exercise in man, demonstrated
that a substantial fraction of the oxygen debt
payment is independent of lactic acid removal
from blood. As a consequence, they subdivided
the overall oxygen debt in two major components:
the alactic oxygen debt, with a shorter time con-
stant t (half-time, t, =1 In 2 2 30 sec), and the
lactic oxygen debt, with a much longer t, ,, similar
to that of lactic acid removal from blood after
exercise ( = 15 min).

These findings generated a brilliant refutation
of Hill and Meyerhof’s theory, representing a
major step forward on the way to our present
understanding of the energetics of muscle contrac-
tion. Margaria et al. (1933) had studied the kinet-
ics of the oxygen debt payment. The time had
come of challenging Margaria’s concept of oxygen
debt by studying the way it was incurred at the
onset of exercise. Apart from the isolated pioneer-
ing work of Henry (1951) on exercise transients,
this task was essentially undertaken in the early
sixties by a group of scientists in Milano, among
whom Cerretelli played a major role, under the
intellectual leadership of Rodolfo Margaria.

This led to the creation of two basic concepts in
the energetics of muscular exercise: (i) the en-
ergetic equivalent of blood lactate accumulation
in blood. whence the notions of lactic power and
lactic capacity, and (i) the obligatory fraction of
oxygen deficit at the onset of exercise. These
concepts are discussed, under a historical perspec-
tive, in the present paper. The paper is therefore
divided in two sections. the first devoted to an
analysis of the anaerobic lactic energy sources, the
second to the energetics of the oxygen deficit and
debt.

2. The anaerobic energy sources

2.1. The energy equivalent of lactic acid

formation

Margaria et al. (1963a) determined the energy
cost of running at various speeds and inclines of
the terrain. allowing an estimate of the corre-
sponding metabolic power requirements. So the
Milano group set out to determine the rate of
lactate accumulation in blood at speeds and in-
clines requiring a metabolic power larger than
that corresponding to the subjects’ maximal oxy-
gen consumption (Margaria et al., 1963b). Each
constant supramaximal speed trial was subdivided
into several bouts of increasing duration, until
volitional exhaustion. After each bout, the subject
was asked to rest and the lactic acid concentration
in blood measured throughout the recovery pe-
riod. Assuming that (i) the peak concentration of
lactic acid, attained between the 5th and the 8th
min of recovery, is equal throughout the body
fluids, and (i1) the water fractions of the blood
and of the whole body are 0.8 and 0.6 respec-
tively. it was possible to estimate the amount of
lactic acid produced per kg of body mass. This
made it possible to demonstrate, as believed at
those times. that the rate at which lactic acid is
produced (in g kg ' min ") (actually accumu-
lated, and on average, as we will see below)
increases  linearly with the corresponding
metabolic power (in kcal kg ' min~") (Fig. 1).
The intercept on the x-axis of this line was con-
sidered indicative of the metabolic power below
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which no net production of lactic acid occurs:
indeed this intercept corresponded to the power at
which the plateau defining the subject’s maximal
oxygen consumption was attained. The slope of
the line was taken as a measure of the amount of
energy released in vivo by the production of 1 g of
lactic acid: it amounted to 222 cal g ' (84 kJ
mol —"'). This original result was essentially confi-
rmed by further data from the same school on
humans (Margaria et al.. 1971, 1972), running
dogs (Cerretelli et al., 1964). and isolated-perfused
dog gastrocnemii (Cerretelli et al., 1969).

In spite of the consistency of the results. the
numerous assumptions underlying the above con-
clusions stirred a heated debate, in part because
some of them were either implicit or definitely
unsound. in part because of preconceived, if not

altogether wrong. ideas on the energetic signifi-
cance of lactic acid production. This state of
affairs was most unfortunate, because it precluded
a widespread practical use of the ‘energy equiva-
lent of lactate formation in vivo’, thus in the end
hindering the progress of our knowledge in the
field. Indeed we maintain that, as often pointed
out ever since, the above calculated energy equiv-
alent, albeit with some cautions and less empha-
sis, is an extremely useful practical tool for
estimating the whole body energy expenditure
during supramaximal efforts (for a review see di
Prampero, 1981). The last statement is developed
in the next paragraphs, where we will first enu-
merate and discuss the several assumptions under-
lying this concept, and then report recent and
older evidence in its support.
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Fig. 1. Increase of lactate in the body in g kg ' min ' (right ordinate). and net steady-state O, consumption per unit of body
weight (left ordinate), as a function of the intensity of exercise expressed in cal kg "'min " '. Non-athletes, full line: athlete. broken
line. The full line for lactate crosses the abscissa at 220 cal kg ' min ', about the same value at which the corresponding O,
consumption line reaches its maximum. Below this level, no lactate is produced and the work is carried out aerobically. The lactate
line for athletes is displaced to the right. indicating a higher capacity for aerobic work and a higher maximal oxygen consumption.
The slope of the two lactate lines is the same and indicates an energy ‘production’ of about 222 cal g~ ! of lactate formed. Assuming
this value is correct. lactate can be expressed in calories instead of grams. on a scale also reported on the right ordinate. From
Margaria et al. (1963b).
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Fig. 2. (A) Muscle fibre in aerobic conditions. The pyruvate (Py) formed from glycogen (G) is fully oxidised 1o CO, and water. Each
glycogen unit utilised (162 g of glycogen) yields 3 mol of ATP in the initial phasc of the process and 34 mol of ATP in the Krebs
cyele. The P O, ratio amounts then to (34 4 3) 6 = 6.17. (B) Muscle fibre in hypoaerobic conditions. The amount of pyruvate formed
is greater than what can be oxidised in the Krebs cycle. The excess pyruvate is anacrobically transformed into lactate. The P O, ratio
is higher than in standard aerobic conditions: (34 +6) 6 = 6.67. (C) Muscle fibre in hyperacrobic conditions. The fibre takes up
lactate from extra-cellular space and transforms it into pyruvate without breaking glycogen down. The so formed pyruvate can enter
the Krebs cycle. The P O, ratio is lower than in standard acrobic conditions: 34 6 = 5.67. (D) Muscle fibres in unevenly acrobic
conditions. The coupling of “hypoucrobic™ and “hyperacrobic” fibres leads to a fully acrobic system. The P O, ratio is equal to that
for standard acrobic conditions (34 + 34 +6) 12=6.17. As indicated by the arrow. the lactate concentration is highest in the
“hypoaerobic” fibre, intermediate in the extra-cellular fluid. and lowest in the coupled “hyperacrobic™ fibre. It is noteworthy that this
representation bears an analogy with Brooks™ concept of the “lactate shuttle” (Brooks. 1985). i. intra-cellular space: ¢. extra-cellular

space. From di Prampero ct al. (1998).

2.2. The energetic significance of luctic acid
production

The lactic acid concentration in the body fluids
reflects the balance between lactate production
and removal. The latter takes place in several
organs and tissues. such as the liver. the kidney.
the brain. the heart. as well as skeletal muscle.
and can lead to either lactate oxidation to CO;
and water (Brooks et al.. 1999), or to glycogen
resynthesis. During severe exercise, glycogen
resynthesis is severely depressed. if not altogether
abolished, so that lactate removal is due exclu-
sively, or very nearly so, to its oxidation, the first
step of which is the reversible transformation of
lactate to pyruvate. It is obvious that lactate
oxidation, exactly as pyruvate removal into the
Krebs cycle. requires oxygen consumption with
the same stoichiometric coefficient (moles of sub-
strate per moles of oxygen). As a consequence,
when lactate production equals lactate removal,
so that the lactate concentration in body fluids

stays constant, the rate of oxygen consumption is
an overall measure of the whole body energy
expenditure, regardless of the magnitude of lac-
tate production and removal and of the absolute
lactate concentration. This is what occurs during
light aecrobic exercise. On the contrary, during
intense excreise, when the lactate concentration in
the body fluids keeps increasing. the whole body
energy turnover is larger than the oxygen con-
sumption by an amount that is proportional to
the net rate of lactate accumulation.

These general considerations are detailed in
Fig. 2. in which a number of schematic working
hypotheses for lactate production and removal are
presented at the level of muscle fibres (di Pram-
pero et al.. 1998): (i) an ‘evenly aerobic” condition.
in which each fibre utilises the pyruvate that it
produces, so that no change in lactate concentra-
tion occurs as compared to rest; (ii) a “hypoaero-
bic” condition. in which active fibres produce
more pyruvate than can be oxidised in the Krebs
cycle, so that lactate concentration keeps increas-



P.E. di Prampero. G. Ferreiti - Respiration Phyvsiology 118 (1999) 103 115 107

ing steadily: (ill) a ‘hyperaerobid condition. 1n
which the active fibres take up and oxidise lactate
from the extracellular space in addition to or
instead of that produced by themselves. so that
lactate concentration keeps decreasing steadily:
(iv) an “unevenly aerobic’ condition wherein the
Jactate produced in excess by hypoaerobic fibres is
taken up and oxidised by by hyperaerobic fibres
nearby. so that. after an initial rise necessary to
prime the system. lactate concentration remains
stable at a higher level than the resting. It should
also be pointed out that this state of affairs is
dependent on. and facilitated by. the existence of
a lactate transporter (Juel. 1997). The four hy-
potheses detailed in Fig. 2. once translated to the
whole body level. are conceptual analogues of
light aerobic exercise. supramaximal exercise. re-
covery following supramaximal exercise. and in-
tense aerobic exercise (power above 50% of that
corresponding  to  the maximal  oxygen
consumption).

This general picture is conceptually identical to
that underlying the so called ‘lactate shuttle’
(Brooks. 1985), which will not be discussed fur-
ther in this paper. However. an immediate corol-
lary of the above line of reasoning is that the
energetic significance of lactate depends on the
rate at which its concentration changes in the
body fluids. and not to its absolute concentration,
As a consequence, the widely used representation
of the blood lactate concentration as a function of
the exercise intensity cannot and should not be
interpreted to mean that, whenever blood lactate
concentration exceeds a given threshold (e.g. 4
mM). the energy requirement of the exercise is
met in part by anaerobic lactic energy sources.
Indeed. this widely used representation only im-
plies that. during a certain period of the exercise.
usually in its early phase. before the attainment of
a steady state in oxygen consumption. a certain
amount of energy has been derived from anaero-
bic lactic energy sources, whence the increase of
blood lactate concentration (early lactate. as
defined by Cerretelli et al.. 1979, see below). It
also follows that a continuous anaerobic lactic
contribution to the energy requirement can be
demonstrated only if the lactate concentration
keeps increasing during the exercise.

The results presented in Fig. I are not inher-
ently contradictory with  the  current notion
whereby blood lactate concentration is plotted as
4 function of the exercise intensity. Indeed. they
describe different facets of the “lactate” world. The
latter is a static picture. reporting lactate concen-
{ration at a given point in time. regardless of the
preceding events: the former (Fig. 1) is a dynamic
picture reporting the rate of increase of lactate
concentration during the exercise period in which
the O consumption has attained a constant. and
in that very instance maximal. value.

2.3 The distribution of lactate

The amount of lactate “produced’ per kg of
body mass (Margaria et al.. 1963b) was calculated
assuming that the peak blood lactate concentra-
tion after exercise. attained between the 5th and
8th min of recovery. was a measure of the equi-
librium lactate concentration throughout the body
water. This was also assumed to be equal in the
different tissues. regardless of their intra- versus
extra-cellular water fractions. The latter. however.
is not the case. since lactate anions at equilibrium
are preferentially located in the extra-cellular
phase (Roos, 1975). so that the amount of lactate
per kg of body mass cannot be easily calculated
without knowing the lactate concentrations in
intra- and extra-cellular water. together with the
corresponding fractions. In addition, Margaria et
al. (1963b) did not consider that a certain amount
of lactate is inevitably removed during the first
five minutes of recovery. before the attainment of
the peak blood lactate concentration. Therefore.
this is necessarily less than it would be. were
lactate diffusion and mixing instantaneous. It fol-
lows that Margaria et al. (1963b) performed a
rather crude estimate of lactic acid production
from peak blood lactate concentration. This state-
ment. however. by no means implies rejection of
the concept of the energetic significance of blood
lactate accumulation.

If we assume that: (i) the peak blood lactate
concentration is the result of an equilibrium con-
dition. which is independent of the actual lactate
concentration in extra- and intra-cellular fluids:
and (ii) the rates of lactate disappearance in the
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various body fluid compartments have the same
time constants. then the kinetics of lactate disap-
pearance from blood should be appropriately de-
scribed by a monoexponential. This is indeed the
case (Margaria et al., 1933; Astrand. 1960: Mar-
garia et al., 1963b: Hermansen and Stensvold.
1972: di Prampero ct al., 1978a.b). the half-time
of this monoexponential being: (i) of about 15
min for a resting recovery: (ii) faster if light
aerobic exercise is performed during recovery
(Gisolfi et al.. 1966); and (iii) independent of the
absolute peak blood lactate concentration, at least
in the range between 4 and 16 mM (di Prampero
et al., 1978a.b). As a consequence. provided that
the conditions of recovery are standardised: (i) the
peak blood lactate concentration during recovery
is, and cannot but be, directly proportional to the
overall amount of lactate accumulated in 1 kg of
body mass during the preceding supramaximal
exercise; and thus (ii) the rate of lactate accumula-
tion in blood. as calculated from the ratio of the
peak blood lactate concentration to the duration
of the preceding exercise, is. and cannot but be,
directly proportional to the rate of lactate accu-
mulation in 1 kg of body mass. And this is so.
even if it is very difficult. if not altogether impos-
sible. to calculate or measure the last.

In other terms. there is no need of determining
the rate of lactate accumulation per kg of body
mass to get information on the energy released by
anaerobic lactic metabolism. It would be enough
to calculate the reciprocal of the slope of the line.
that relates the measured rate of lactic acid in-
crease in blood (A[L4), At~') to the known
metabolic power required to perform the corre-
sponding exercises (AE At~'). This parameter.
which is from here on defined p=(AE At™")
(A[LA], At ") "= AE A[L&], ". is indeed the co-
efficient yielding the amount of energy per unit of
body mass released by the accumulation of 1 mM
of lactate in blood. From the data of Margaria et
al. (1963b), B turns out to be 3.3 ml O, kg '
mM ~ !, which means that any 1 mM increase in
blood lactate concentration is equivalent to the
energy released by the consumption of 3.3 ml O,
per kg of body mass. This is an empirical energy
equivalent, determined without the need of any
assumption as to the effective distribution of lac-

tate. It can be safely applied as such, provided the
experimental conditions are those described and
discussed above.

2.4. The energetics of supramaximal exercise

During supramaximal exercise, the oxygen con-
sumption may attain its maximal value within say
20-30 sec. After this initial time. we can reason-
ably assume that no energetic contribution from
anaerobic alactic energy sources (Lohmann reac-
tion) subsists. So the energy release per unit of
time after the initial period is the sum of two
terms. the first referring to aerobic, the second to
anaerobic lactic. energy productions, as follows:

dE dt = (dVO, db),,.. + A(d[L4], db) (1)

where dE/dt is the overall metabolic power,
(dVO,/dt),,., 1s the maximal aerobic power, B is
the energy equivalent of lactate accumulation in
blood, and (d[L&],/dt) the rate of lactate accumu-
lation in blood. If dE/dt is in ml O, min ' kg '
and (d[La],, dt) in mM min ', then B is in ml O,
min ' mM ' (3.3 according to Margaria et al..
1963b). If we express dE/dt relative to (dVO,/
dt) .- EqQ. (1) becomes:

B Bl dy o)
(dVO,. dt), s (dVO, dt),,u.

Eq. (2) allows a comparison of subjects differing
in maximal aerobic power, and therefore working
at different supramaximal exercise intensities with
different exercise modes. From the data of Mar-
garia et al. (1971) during treadmill running and of
Pendergast et al. (1977) during swimming, it was
possible to calculate B from Eq. (2) for the two
exercise modes at stake. The results are shown in
Fig. 3. where dE/dt is plotted as a function of
d[L4],/dt. both expressed relative to the maximal
oxygen consumption. for running and swimming.
The two regression lines have similar slopes, indi-
cating that the energy equivalent of blood lactate
accumulation for the two exercise modes is the
same (3.0 and 2.7 ml O, kg~ ' mM ~', for running
and swimming respectively. to be compared to the
figure of 3.3 ml O, kg ' mM ~'discussed above).
More recently. Capelli and di Prampero (1995)
measured d[La],/dt during supramaximal track
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cycling. in a condition in which the overall
metabolic power was known. This allowed appli-
cation of Eq. (2) for the computation of B. which
resulted equal to that calculated for running and
swimming.

The striking similarity of these values. indepen-
dent of subjects, type of exercise. intensity of
exercise. and muscles involved. reinforces the view
that B is indeed the energy equivalent of blood
lactate accumulation, and supports its general
validity. Clearly enough, B is not the energetic
equivalent of lactate formation in the working
muscles and does not yield any direct information
on the stoichiometric relation between lactate for-
mation and ATP resynthesis. It is nevertheless a
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Fig. 3. The overall rate of energy expenditure (dE dy is
plotted as a function of the rate of lactic acid accumulation in
blood (d[L4},, 'dt) in running (full dots, data from Margaria et
al.. 1971y and swimming (open dots, data from di Prampero et
al.. 1978b). The comparison of different subjects is made
possible by expressing both parameters as ratios to the sub-
jects’ maximal oxygen consumption. The regression lines are:
v=1.014+2.96x (r=0.99), and y =085+ 2.72x (r =0.94). for
running and swimming. respectively. The slope of these lines
corresponds to the energy equivalent of blood lactate accumu-
lation. Modified after di Prampero (1981).

very useful quantity allowing us to determine the
energy release in the body whenever the blood
lactate concentration increases by a given amount.

2.5. The maximal lactic power

Since d[La], dt increases linearly with increas-
ing the exercise intensity. it may be expected that
it attains a maximum when the energy release
from anaerobic lactic metabolism requires ex-
ploitation of the glycolytic potential at its greatest
extent. That this is indeed the case was demon-
strated. again in the sixties. by members of the
School of Margaria (including Paolo Cerretelli) in
an elegant series of experiments in which subjects
ran on a treadmill at 18 km h ' at slopes up to
25%. thus performing exercises requiring a
metabolic power larger than twice the maximal
aerobic power (Margaria et al.. 1964). The results
showed that: (i) d[L4],, dt attains a constant maxi-
mal value which does not increase by further
increasing the exercise intensity: and (ii) the time
after which d[L4], dt starts increasing is shorter
the higher the exercise intensity (Fig. 4). Margaria
et al. (1964) argued that the energy sources for the
time that precedes the increase in d[La],/dt were
anaerobic alactic, namely the net utilisation oh
high energy phosphates. particularly phosphocre-
atine. because of the contraction of the alactic
oxygen deficit and because the intensity of exer-
cise was much larger than the maximal aerobic
power.

Knowledge of . calculated as described above,
allowed an estimate of the metabolic power equiv-
alent of the measured maximal rate of lactate
accumulation in blood, or maximal lactic power:
this amounted to some 75 ml O, kg~ ' min ", i.e.
about 1.5 times the subjects’ maximal aerobic
power. It was higher in power athletes (Her-
mansen, 1971). and reduced after altitude acclima-
tization (Grassi et al., 1995).

2.6. The maximal lactic capacity

The above data can also be used to draw an
overall energy balance of very strenuous exercise
in humans. From the (known) total energy re-
quirement of the exercise. the (measured) amount
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indicates the rate at which lactic acid is accumulated in blood. Since it is unchanged by increasing the power output (see regression
equations on the Fig.). it corresponds to the maximal rate of energy release by blood lactate accumulation. or maximal lactic power.

From Margaria et al. (1964).

of lactate accumulated in blood after exhaustion.
the (calculated) value of B. the (measured) sub-
jects” maximal aerobic power, and from the
knowledge of the time constant of the O, con-
sumption kinetics that sets the alactic O, deficit
(23.3 sec, Binzoni et al., 1992), it is possible to
calculate the amount of energy that can be
derived from the full utilisation of anaerobic lactic
energy stores, or maximal lactic capacity. This
ranges, for continuous exercise, between 45 and
55 ml kg~'. corresponding to a blood lactate
accumulation of about 14-17 mM. It varies with
the active muscle mass, is higher in power athletes
than in non-athletic subjects, can be twice as
big after intermittent exercise (Osnes and Her-
mansen. 1972), and is decreased after altitude
acclimatization (see, e.g. Cerretelli and Binzoni.
1990).

Lactate accumulation in muscle is obviously
associated with a simultaneous increase in H*
concentration, Thus, the limits to maximal lactic
capacity are likely imposed by the maximal H "

concentration that can be attained in the working
muscles. before inhibition of glycolysis. This in
turn depends on the buffer characteristics of mus-
cle fibres and blood. and on the rate at which
lactate can be removed from muscles. This. how-
ever. may not be the case in altitude acclimatized
subjects, in whom an increase in buffer power
through bicarbonate administration failed to in-
crease the maximal lactic capacity (Kayser et al..
1994).

2.7. The P:Lua ratio

The energy equivalent of lactate accumulation
in blood is an epiphenomenon indicating the
amount of energy released by anaerobic energy
sources for resynthesizing ATP, the hydrolysis of
which actually provides the energy for contrac-
tion. The knowledge of the amount of ATP resyn-
thesised from the accumulation of 1 mol of lactate
in the working muscles, or P/La ratio. is therefore
of primary importance.
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In this context, Eq. (1) can be rewritten as
follows:

dATP dt = a(dVO,/d),. + ¢f (d[La],/dt) (3)

where dATP/dt is the rate of ATP resynthesis. a is
the PO, ratio (moles of phosphate resynthesised
at the expense of the consumption of 1 mol of
0.). and ¢ is a constant relating blood lactate
concentration to the amount of lactate produced
([L4],,)- Merging constants in Eq. (3) yields:

JATP dt = a(dVO,dt),,.« + b (d[La],, dt) (4)

where b( = cp) is the P'La ratio. Computation of
the P/La ratio from the measurement of blood
jactate accumulation in humans is impossible be-
cause we do not know the value taken by constant
o It can be calculated. however. from the data
determined in isolated dog gastrocnemius muscle
stimulated supramaximally with blood flow oc-
cluded (di Prampero et al.. 1978a.b).

Under these conditions, the released energy
derive essentially from (i) depletion of high energy
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Fig. 5. Enthalpy change (H. kJ kg . left ordinate. dots) and
work output (w. kJ kg I, right ordinate. triangles) as a
function of lactic acid formed (LA. mmol kg ') during supra-
maximal stimulation of isolate perfused dog gastrocnemius in
anoxia. The slopes indicate the encrgy relcased by and the
work performed by a unit of lactic acid formed during con-
traction. From di Prampero et al. (1978a).

phosphates. (ii) lactic acid accumulation. plus a
minor. negligible amount from muscle O- stores.
Since the high energy phosphate concentration is
constant at rest, and it decreases down to almost
sero after exhaustive supramaximal stimulation
(Cerretelli et al.. 1969). the energy supplied by
phosphate depletion in the transition from rest to
stimulation can be considered constant. This im-
plies that the total standard enthalpy (H. work
plus heat) change under those conditions is equal
to:

H= HLI| + AHl,u[Lé]m (5)

where H,, is the enthalpy change due to high
energy phosphates. AH, is the molar enthalpy
change due to lactic acid formation from glyco-
gen, and [La], is the overall amount of lactate
produced. The relation between H and [La],, was
established by di Prampero et al. (1978a). and is
reported in Fig. 5. lts slope. equal to AH,,. is 76
kJ mol . and its y-intercept. equal to Hy. is 1.2
kJ kg '. Furthermore. also the relationship of
mechanical work output to lactic acid formation
was found to be linear (Fig. 5. right ordinate). its
slope being a measure of the work done per mole
of lactate accumulated (20 kJ mol~ ). The P/La
ratio can now be calculated as the ratio of this
last value to the work done per mole of phosphate
split. Since the latter ranges from 16 to 19 kJ
mol ' (Piiper et al.. 1969: Cerretelli et al.. 1972:
Ferretti et al.. 1987: Cerretelli and di Prampero.
1988). the P/La ratio in vivo turns out equal to
1.25-1.05 mol of phosphate per mole of lactate
formed. which is less than. but not far from. the
value of 1.5 predicted from stoichiometry. If this
is so. the enthalpy change of phosphate hydrolysis
would range between 60 and 72 kJ mol ~'. which
is remarkably higher than the value of 46 kJ
mol ! measured for ATP splitting., or of 50 that
can be calculated assuming a P/La ratio equal to
that in vitro.

3. Energetics of the oxygen deficit
At the onset and offset of square wave aerobic

exercise. the O, uptake attains a steady level only
after 3-4 min. It follows that the amount of O,
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that enters the body per unit of time before the
attainment of the steady state is less than at the
steady state. Since the ATP requirement is con-
stant from the very beginning of the exercise. the
rate of O, uptake during the initial phase is less
than stoichiometrically required for fully aerobic
ATP resynthesis. It necessarily follows that a frac-
tion of the energy required for ATP resynthesis is
derived from other sources than O, uptake from
the lungs. The opposite occurs during recovery.
The increase in O, uptake during light aerobic
exercise is. on first approximation, described by:

(dVO,/dt), — (dVO-/dt), = (dVO-,/dt), e 'F (6)

where subscripts 's” and ‘t" mean at the steady
state and at a given time t. respectively, and where
the time constant t is about 40 sec. Rearranging
equation (6):

(dVO,/dt), = (dVO,/dt), (1 —e ') (7)

In the recovery at the end of exercise Eq. (7)
becomes:

(dVO, d), = (dVO, dt), e '* (8)

[t follows that the missing oxygen. defined as
O-.def. or the extra oxygen during recovery
(O,debt), is the time integral of Egs. (6) and (8):

O.def = f(dVOwdt)\ e ' Hdt=(dVO-.dt), t  (9)

3.1 The energy sources for the oxvgen deficit

The energy sources implicated in the construc-
tion of the O.def are essentially three: a reduction
in the volume of O, stores (VO,st), high energy
phosphates (phosphocreatine) breakdown
(PCrO,) and early lactate formation (eLaO-). The
O-def is the sum of these three terms, expressed in
O, equivalents. Since lactate removal from blood
during recovery is a relatively slow process (see
above). only VO,st and PCrO, participate in the
O,debt, i.e. what Margaria et al. (1933) called the
fast or alactic component of the oxygen debt
payment.

This state of things implies that. if we let one of
the components of O.def vary. the two others
remaining constant, the O.def should change ac-

cordingly and predictably. Paolo Cerretelli was in
the group which firstly operated along this line: in
the gastrocnemius plantaris dog preparation, lac-
tate formation at the onset of exercise is negligi-
ble. which should lead to a faster O, uptake
kinetics and smaller O,def than in humans: Piiper
et al. (1968) found that this was indeed the case.
Thus. in that condition, the energy equivalent to
the O.def was entircly derived, or very nearly so,
from phosphocreatine breakdown, whence the no-
tion that the O,debt was mainly due to phospho-
creatine resynthesis. In addition. di Prampero and
Margaria (1968) showed that the PO, ratio, as
calculated from the ratio of the amount of phos-
phate broken down or resynthesised at the onset;
offset of exercise to the O,def/O,debt. is close to
the canonical value of 6.17.

That paper prompted a series of experiments in
humans. in which VO.st was manipulated, and
O.def found to change as predicted. A few exam-
ples are discussed herein. VO-st during steady
state exercise is smaller the higher the exercise
intensity, essentially because of the decrease in
mixed venous blood oxygen saturation, so that its
contribution to O.def ought to become pre-
dictably smaller in transition from light to heavier
work than in transition from rest to either work
level: and indeed the O, uptake kinetics was
found to be faster in the former case (di Prampero
et al.. 1970). Analogously. in acute normobaric
hypoxia. in which VO-st is decreased. the O,def
was found to be accordingly smaller (di Prampero
et al.. 1983).

As far as eLaO, is concerned, Cerretelli et al.
(1979) found that t was directly proportional to
the lactate accumulated in blood during the exer-
cise transient (early lactate). as follows:

t=h [La],+b (10)

where [La],, is the early lactate and A is a constant
indicating how much t increases per unit increase
of lactate in blood during the exercise transient.
The constant i is an inverse function of (dVO,/
dt)s, and from the data of Cerretelli et al. (1979)
turns out equal to 7.8 and 12.1 sec mM ', at
(dVO,.dt), values of 1.5 and 1.0 L min~"' (me-
chanical powers of 125 and 75 W), respectively.
These values allow computation of the O.def in-
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crease (in ml O, kg~") per unit increase in [La],
(in mM). which is nothing but the energy equiva-
lent of blood lactate accumulation. This last turns
out equal t0 2.79 and 2.89 ml kg~ ' mM ™ ' for the
125 and 75 W power. respectively. two values
astonishingly close to those reported above (2.7
33mlkg ™' mM ).

This set of data strongly support the hypothesis
that the oxygen deficit results from the simulta-
neous contribution of three energy sources: oxy-
gen stores. phosphocreatine breakdown. and early
lactate accumulation.

3.2, The net alactic oxygen deficit

In conditions in which no early lactate accumu-
lation takes place. and no changes in O, stores
occur. the energy released for the contraction of
the oxygen deficit comes exclusively from high
energy phosphate hydrolysis. If this is so. the time
constant t of the kinetics of O, uptake at exercise
onset becomes equal to that of phosphocreatine
breakdown. as the rates of ATP splitting and
ATP resynthesis are equal and the ATP resynthe-
sis from phosphocreatine starts immediately at the
exercise onset. Indeed the time constant of phos-
phocreatine breakdown dictates the fastest possi-
ble O, uptake kinetics. This time constant was
measured in humans by nuclear magnetic reso-
nance spectroscopy and found to be 23.4 sec.
independent of the work load (Binzoni et al..
1992). This value is practically equal to that for t.
as determined on isolated perfused aerobic dog
gastrocnemius (Piiper et al.. 1968). A direct conse-
quence of this state of affairs is that the change in
muscle phosphocreatine concentration during the
transition is directly proportional to the oxygen
deficit. This implies a negative linear relationship
between phosphocreatine  concentration  and
steady state O, uptake. as actually found (di
Prampero and Margaria. 1968: Piiper et al., 1968:
Binzoni et al.. 1992).

The contraction of a net alactic oxygen deficit is
unavoidable at exercise onset. This is because the
key enzymes of glycolysis need to be activated for
priming the aerobic metabolism. and their activa-
tion is likely mediated by the very initial break-
down of high energy phosphates. The necessity of

contracting the net alactic oxygen deficit supports
the concept generated in the school of Margaria
that the slow increase of O, uptake at the onset of
square wave exercise has a metabolic origin,
whereas it constitutes a strong cvidence against
the alternative concept that the oxygen deficit is
imposed by the delay of the respiratory and circu-
latory system.

3.3, The kinetics of oxvgen conswmption during
supramaximal exercise

For exercise intensities exceeding the maximal
oxygen consumption. the kinetics of O, uptake is
described by an equation formally similar to that
applying for aerobic exercise. In that case. how-
ever. the O, uptake tends toward a steady state at
the overall energy requirement of the exercise
[(dVO- dv),]:

(dVO, dt), — (dVO- du), = (dVO, di), e 7 (11)

where (dVO, dt), corresponds to the steady state
O, uptake that would be attained, were it possible
to carry out the exercise under purely acrobic
conditions. Obviously enough. this tentative
steady state is never reached, as the increase in O,
uptake comes to an end when the maximal O,
uptake is achieved. So. for supramaximal exercise
intensities. the maximal O- uptake is achieved in a
time which is shorter the higher the exercise inten-
sity. as experimentally found (Craig. 1972).

In agreement with these observations, at the
end of supramaximal exercise. O, uptake stays at
its maximal level for several seconds. because the
decrease in O- uptake ideally starts from (dVO,
dt).. so it is only after the virtual (dVO, dt), has
attained the subject’s maximal O, uptake that the
actual (dVO, dt), starts decreasing. Of course. the
time at which the virtual and the actual (dVO,
dv), in recovery become equal is longer the higher
the exercise intensity (di Prampero et al., 1973).

4. Conclusions
The present analysis of the energy release from

anaerobic metabolism during supramaximal exer-
cise and during exercise transients provides a re-
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markable body of evidence in support to the
notion originally developed by Margaria et al.
(1933) that the lactic and alactic oxygen debts.
as they were called. provide all the encrgy
required for exercise performance that can-
not be released by aerobic metabolism. We
hope to have been able to convince a reader that,
as far as the anaerobic lactic metabolism is con-
cerned. the amount of energy that it releases
can be casily assessed from measurements of the
rate at which blood lactic acid changes during
excreise.

The historical paper by Margaria et al. (1933).
although outdated for several aspects. still defines
the cultural context in which the study of the
cnergetics of muscular exercise is carried out
nowadays. particularly by his successors. It is a
pleasure for us to note the important role played
by Paolo Cerretelli in the development of our
knowledge in the ficld since the sixties. This ac-
knowledgement is for us the best way of honour-
ing him on the occasion for which this paper has
been written.
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