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Abstract This article traces the study of interrelationships between power output, work
done, velocity maintained or distance covered and the endurance time taken to
achieve that objective. During the first half of the twentieth century, scientists
examined world running records for distances from <100m to >1000km. Such
examinations were empirical in nature, involving mainly graphical and crude
curve-fitting techniques. These and later studies developed the use of distance/time
or power/time models and attempted to use the parameters of these models to
characterise the endurance capabilities of athletes. More recently, physiologists
have proposed theoretical models based on the bioenergetic characteristics of
humans (i.e. maximal power, maximal aerobic and anaerobic capacity and the
control dynamics of the system). These models have become increasingly com-
plex but they do not provide sound physiological and mathematical descriptions
of the human bioenergetic system and its observed performance ability. Finally,
we are able to propose new parameters that can be integrated into the modelling
of the power/time relationship to explain the variability in endurance time limit
at the same relative exercise power (e.g. 100% maximal oxygen uptake).
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The limits of human physical endeavour is a
topic guaranteed to raise animated discussion in
any gathering. Athletics, and in particular running,
is certainly one of the activities more frequently
discussed in this light. Scientists too have investi-
gated human physical achievements for over a cen-
tury.

Table I gives the mens’ world records for run-
ning various distances as at 30 January 1997. Most,
although not all, of these are attributed to different
runners, and the longest-standing records (800m
and 1000m) are over 16 years old. Figure 1 has been
created from these data and shows the reduction in
average speed according to the logarithm of dura-
tion of the race.

It was obvious to the early investigators that such
data must follow some pattern, the question being,
just what pattern? This review traces the scientific

attempts to answer this and other closely related
questions over the course of this century.

1. Empirical Methods

In 1906, Kennelly[1] investigated the velocity/time
relationship for running by analysis of the world
records at that time. In this article, he developed an
approximate law of fatigue for humans and horses
and discovered a relationship between the speed
(vt) that can be maintained over a time (t), and t
itself:

vt = k/tn (Eq. 1)

in which k is a constant for the type of work and n
is an exponent which varies between 0.125 and
0.111 (1/8 and 1/9). Thus, since vt = race distance
in metres (d)/t:

ln t = 8/9 • ln d – 1.2307 (Eq. 2)

and doubling the race distance leads to an increase
of 118% in race time. Kennelly advised athletes who
were keen to break world record times to attempt
those points situated above a line tracing the time
versus distance relationship (equation 2). Kennelly
also noted the similarities between the equations
formulated for humans and those for horses, taking
care to distinguish between walking (for humans and
horses), trotting and galloping (running for humans).

Kennelly reached similar conclusions about the
velocity/time relationship 20 years later, this time
taking into account gender and the type of locomo-
tion. His investigations included cycling, skating,
running, rowing, hurdling, walking and swimming
(freestyle), and even automobile racing.[2]

After Kennelly, Meade[3] was the next to examine
the limits of human performance. He emphasised
the reliable nature of world records and suggested
the possibility of using them to deduce human phys-
iological characteristics. By establishing the rela-
tionship between pace (time per mile) and distance,
he noticed that performance in longer races [over
16.1km (10 miles)] was relatively superior (i.e. the
data points fell below the speed/distance curve).
Meade explained this by the fact that these races
were run by professionals who were highly moti-

Table I. Record times and speeds for male humans at various
distances as at 30 January 1997

Distance Time Average speed

(h/min/sec) (ln sec)a (m/sec) (km/h)

100m 9.84 sec 2.286 10.163 36.586

200m 19.32 sec 2.961 10.352 37.267

400m 43.29 sec 3.768 9.240 33.264

800m 1 min 41.73 sec 4.622 7.864 28.310

1000m 2 min 12.18 sec 4.884 7.565 27.234

1500m 3 min 27.37 sec 5.335 7.233 26.039

Mile 3 min 44.39 sec 5.413 7.170 25.814

2000mb 4 min 47.88 sec 5.663 6.947 25.009

3000mb 7 min 20.67 sec 6.088 6.808 24.509

5000m 12 min 44.39 sec 6.639 6.541 23.548

10 000m 26 min 38.08 sec 7.377 6.257 22.525

20km 56 min 55.6 sec 8.136 5.855 21.078

21.100km road 59 min 24 sec 8.179 5.920 21.312

21.101km 1h 00 min 00 sec 8.189 5.861 21.099

25km road 1h 13 min 55.8 sec 8.397 5.636 20.290

30km 1h 29 min 18.1 sec 8.586 5.599 20.156

42.195km 2h 06 min 50 sec 8.937 5.545 19.962

100km 6h 10 min 20 sec 10.009 4.500 16.200

200km 16h 32 min 20 sec 10.994 3.359 12.092

452.27km 48h 12.060 2.617 9.421

1023.2km 144h (6 days) 13.159 1.973 7.103

a The natural logarithm of time in sec.

b These speeds are close to vV
.
O2max, the minimal speed eliciting

maximal oxygen consumption (V
.
O2max).
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vated by money. He deduced, therefore, that ama-
teur records had a large potential for improvement
and speculated on the usefulness of a mathematical
analysis applied to predict future performance, but
went no further in this article which was explor-
atory rather than explanatory. However, in 1934,
Meade (unpublished observations) commented on
the form of the speed/distance relationship, stating
that it was probably not logarithmic and did not
follow the formula given by Kennelly.

The mathematical analysis of the power/dura-
tion curve (fig. 2) was next developed by Grosse-
Lordemann and Müller,[4] who resumed Kennelly’s
work on the world records of their day. In 1937,
Grosse-Lordemann and Müller studied 6 individu-
als who performed exercise for up to 120 min. Fig-
ure 2 shows a typical power/duration curve for an
individual who has undertaken 6 endurance trials
on the cycle ergometer. They derived empirical
equations from their results, only one of which was
subsequently used 25 years later by Tornvall:[5]

log t = a• log P + b (Eq. 3)

or after rearrangement:

t = 10(a • log P + b) (Eq. 4)

where P is the sustained power (in watts), t is the
total time during which this power is sustained
(sec), a and b are estimated as –3.04 and 10.01,
respectively, and are obtained empirically by a
least-squares analysis of 8 experimental points by

taking the logarithm of P as an independent vari-
able. Parameters a and b varied greatly between
individuals, even though Grosse-Lordemann and
Müller did not give them any physiological signif-
icance.

Müller put forward another empirical equation
in 1938 (referred to in Purdy[6]):

log Wtot = cP + d (Eq. 5)

where Wtot is the total work (joules) and c and d are
2 constants equal to –1.92× 10–3 and 5.50, respec-
tively, which are obtained under the same condi-
tions as constants a and b in equations 3 and 4.
Equation 5 can be written:

t = 10(cP + d)/P (Eq. 6)

This empirical approach to the endurance model
(the relationship between speed or racing pace and
the distance or racing time) was followed by work
by Francis.[7] He examined the plot of speed
against the logarithm of racing distance and at-
tempted to fit it to a hyperbolic curve. This curve
was satisfactorily predictive for distances between
400m and 19km. The hyperbolic equation calcu-
lated by Francis from experimental points was as
follows:
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Fig. 1. Relationship between running speed and natural loga-
rithm of race duration in sec for male world records in running
events, as on 30 January 1997.
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Fig. 2. Power/duration relationship for cycle ergometry. For each
power demand/endurance time combination, a point is defined.
Three different fitted curves are shown for illustrative purposes.
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(log d – 1.5)× (v – 3.2) = 6.081 (Eq. 7)

where d is the distance in metres and v is the speed
in m/sec. The horizontal asymptote of the hyper-
bola represented a speed sustainable without fatigue,
which Francis then identified as being a ‘dog trot’,
a speed of 3.2 m/sec (11.5 km/h) for a ‘perfect’
runner. Francis assumed that this speed could be
maintained indefinitely by disregarding the neces-
sary sleeping hours. This was perhaps the first sug-
gestion of a model incorporating human bioener-
getic characteristics, but many years were to elapse
before the potential of using these characteristics
to predict individual performance began to be
realised.

2. Models of the
Power/Distance/Speed/Time
Relationship Used to Characterise
Athletic Endurance

The analysis of world records gave valuable
general information on the limits of human perfor-
mance. However, this analysis did not allow the
endurance for an individual to be estimated. Endur-
ance is defined as being the capacity to sustain a
given power for the longest time possible (or sus-
tain the greatest power over a given time), a quality
which could be related to the bioenergetic charac-
teristic already known at the time as the maximal
oxygen deficit. Time is measured until exhaustion,
and according to Edwards et al.[8] exhaustion is de-
fined as failure to maintain an imposed power and
is brought on by fatigue. It is important to realise
that fatigue may be physiological or psychological
in origin, and can be regarded as the inability to
perform maximally.

Henry and Farmer[9] adopted the notion of en-
durance by defining an endurance or ‘drop-off’ in-
dex by comparing the time required for running
220 yards (201m) and 70 yards (64m):

endurance index= time for 220 yards
time for 70 yards

(Eq. 8)

This index correlated well with the subjective
estimate of the state of training (untrained, slightly
trained, well trained, extremely well trained) in 18

sports students as well as the presumed state of
physical condition (poor, fairly good, good, excel-
lent). Therefore, Henry and Farmer concluded that
since this experiment had been specifically de-
signed to assess the endurance of the participants
(and not extrapolated from the records) endurance
could be assessed using the subjective judgement
of the participants regarding their training status
and physiological condition.

Five years later, Henry[10] examined the histor-
ical evolution of the 1 mile record since 1865. He
stated that most 1 mile records could be fitted to an
experimental curve obtained by linking the record
time for 1 mile with the year in which it was
achieved. Despite this, he did not venture to predict
the date upon which the 4 min barrier would be
broken (3 min 59.4 sec by Roger Bannister in
1954). He supposed that this barrier would reveal
the physiological limits, without specifying what
they could be.

The same method of evaluating human perfor-
mance and endurance limits by examining the evo-
lution of world records was adopted by Lietzke,[11]

who analysed the relationship between pace (time
per 100m) and distance for swimming, walking and
running records. He considered that all of the
points situated below the curve of pace versus dis-
tance could easily be beaten, and by calculating the
required gain in pace and dividing by the pacing
distance over 100m he obtained a time margin that
it was possible to gain over each of the considered
distances. Lietzke noticed that the maximal speed
on the distance/time relationship curve (using a
logarithmic scale) was achieved at 15 sec, being a
speed of 35.91 km/h which, today, is still consid-
ered to be correct, even if the maximal speed is
closer to 40 km/h. Lietzke therefore deplored the
absence of official 100m and 200m races which
would allow this maximal speed to be seen. Lietzke
pointed out that the analysis of world records for
racing on foot, the basis of the human endurance
curve, should begin with the 150m because for
shorter distances the reaction and acceleration
times at the start slightly lower the average speed.
He noticed that the curve follows a negative
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straight line slope to 140 sec racing time (and a
speed of 26 km/h) over a distance of roughly
1000m, and thereafter the curve follows a more
gentle slope with a lower loss of speed with length-
ening of exercise duration. This is why this dis-
tance of 1000m delimits long and short races.

Lietzke did not speculate upon the fact that from
a starting point of 2 (or 3 depending on the author)
minutes of exercise aerobic metabolism becomes
predominant, which explains the plateauing of the
speed in spite of the lengthening of exercise dura-
tion. Lietzke attributed the decreased loss of speed
with longer duration to ‘second wind’, and noted
that from 12.5 miles (20.1km) and above the speed
curve decreases again, which we can now explain
by depletion of glycogen and the necessary pas-
sage to lipolysis, a less favourable process of oxi-
dative phosphorylation.

Lietzke related the distance run (d) to time (t)
and found an almost linear relationship of the log-
arithms:

log d = k • log t + log a (Eq. 9)

where k is the slope and log a is the intercept of the
straight line. Equation 9 can therefore be written
as:

d = atk (Eq. 10)

or

t = (d/a)1/k (Eq. 11)

Speed (v) = d/t = atk/t → atk – 1 (Eq. 12)

From equations 11 and 12:

v = a1/kd(k – 1)/k (Eq. 13)

A ‘constant of exhaustion’κ = (k – 1)/k can
therefore be calculated using equation 10. This
constant of exhaustion for running (–0.239 for
women and –0.009 for men) gives a quantitative
measure of the delay of fatigue appearance. This
therefore represents a second quantification of
human endurance after that of Henry and Farmer.[9]

Two years later, Lietzke[12] examined the speed/
time relationship curve plotted on a double-
logarithmic scale to obtain 2 straight segments on

either side of the time taken to run 1 mile (remov-
ing the 100m time, since the short sprint alters the
average speed too much). He therefore distin-
guished the equivalence of records situated on the
lines (the ‘best efforts’) from those for which he
predicted a rapid improvement:
• a gain of 2.9 sec over 800m (1 min 43.7 sec

rather than 1 min 46.6 sec)
• a gain of 4.2 sec over 1000m (2 min 15.3 sec

rather than 2 min 19.5 sec)
• a gain of 29.9 sec over 10 000m (28 min 24.3

sec rather than 28 min 54.2 sec).
Meade[13] criticised Lietzke’s[12] work by de-

nouncing his lack of originality compared with the
pioneer Kennelly[1] and advised Lietzke to take
into account the historical and cultural contexts
surrounding the achievement of records at various
distances, many among them having rarely been
attempted. Meade concluded that a definite rela-
tionship between speed and racing time was only
reliable if it was based upon historical knowledge,
practical experience in each of the racing distances
and, most of all, the use of physiological consider-
ations rather than a simple statistical analysis. He
therefore favoured the contemporary work of
Henry[10,16] to those of Lietzke. Some years later,
Péronnet[14] made similar remarks in response to
an article by Whipp and Ward[15] speculating upon
the future increase of female and male marathon
performances by extrapolating female perfor-
mances starting from their evolution around 1980.
It was clear that the rapid evolution of female mar-
athon performances came from the fact that this
distance has only been part of the Olympic pro-
gramme since 1984 (Los Angeles). All agree that
the ultimate goal is to give a biochemical explana-
tion for all aspects of the speed/time curve.

It was the later work of Henry[16] that marked
the beginning of a physiological approach to the
relationship linking power and duration of exercise.
We will continue this theme in section 3, which
discusses theoretical models of the power/time re-
lationship based on human bioenergetic charac-
teristics.
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Tornvall[5] utilised Grosse-Lordemann and Mül-
ler’s[4] formula to compare it to experimental values
from the laboratory. To this effect, he devised an ex-
periment on 28 volunteers who accomplished be-
tween 2 and 5 exhaustive exercises on different days.
These exercises exhausted the participants in 1 to
18 min. By plotting the straight line between the time
(logarithmic scale) and the amount of work in
kilopond-metres/min [1 kilopond-metre (kpm) =
9.8066J; 1 kpm/min = 0.167W] he could determine
the slope of this line, conveying the balance be-
tween anaerobic and aerobic capacity as an index
of fatiguability, but without going any further into
bioenergetic-type explanations.

At the same time, Craig[17] endeavoured to eval-
uate and predict the world records for running and
swimming by relating the record curve for dis-
tances to the date on which they were achieved
(from 1920 to 1963). He claimed a larger improve-
ment for the longer races (>800m for swimming
and >1 mile for running). He instigated this study
to follow Meade’s[13] criticisms of the work of
Lietzke.[11,12] Craig considered it impossible to
predict performances without having seen the evo-
lution of these records as a whole over history,
regarding the prediction of a single achieved cur-
rent record as ‘aristocratic statistics’ (a personal
comment by Karpovich to Craig). Craig therefore
compared the speed/time curves of the records for
running in 1920 and 1961. He noticed that the
shapes of the 2 curves were similar, with a rapid
decrease in speed for distances lasting less than
5 min and with a more gentle slowing down from
then onwards. He did not consider this to be sur-
prising in the sense that the establishment of world
records requires human beings with the same phys-
ical and physiological qualities. The progress
achieved in the 40 years reflects improved racing
and training techniques, which are apparently the
same for all racing distances since the form of the
curve is similar over a 40-year interval. Craig[17]

recommended comparing a runner’s own curve to
that of the world records to assess quality of speed
and endurance and direct him/her towards longer
or shorter distances. The ratio of performance to

world record, at any distance, could be considered
as an index of relative performance.

These speed/time relationships only consider
average speeds. Sustaining a constant racing speed
is regarded as the optimal strategy for breaking a
record for distances greater than 291m (distin-
guishing the long and sprint distances), as demon-
strated by Keller.[18] Keller studied the optimal
choice of racing speed to break a record. The con-
straint of the optimisation equation is the achieve-
ment of the shortest time possible t over a given
distance d. The variable describing the energy flux
depends on the runner’s maximal oxygen uptake
(V

.
O2max), together with an initial quantity of avail-

able energy. Thus, the problem to be solved is find-
ing a racing speed compatible with the energy
stores, their flow renewal, and the minimal dura-
tion of exercise.

This theory is based on Newton’s second law
and the calculus of variations which determines an
optimal strategy to be used for taking the shortest
possible time over a given distance according to
equations 14 and 15 for distances <291m and >291m,
respectively:

d = Fτ2[t/τ + e(–t/τ) – 1] (Eq. 14)

v2(t) = στ + [v2(t1) – στ] e–2(t2 – t1)/τ (Eq. 15)

where F is the constant maximal force that the run-
ner can exert;σ is the energy equivalent of maxi-
mal aerobic power;τ is a constant of proportion for
the forces of external resistance to motion; and t1

and t2 the times between which speed v is constant
over the racing interval. The bioenergetic parame-
ters F,σ andτ and the split times t1 and t2 may be
determined by comparing theoretical predictions
with the world records.

In 1976, Ryder et al.[19] analysed the improve-
ment of pace in foot-running performance from 60
yards to 30km between 1926 and 1976. For the
100m, he claimed a gain of 0.6 m/min of exercise
(10 cm) per year, and for long-distance races an
improvement of 0.9 m/min/year.

In 1977, Frederick[20] published a statistical anal-
ysis of the pace/time model for 62 international-
level long-distance and semi–long-distance runners.
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He established a linear regression between the rac-
ing pace (in min/mile) and the logarithm of the
accomplished distance of the race. The slope is
considered to be a ‘coefficient of fatigue, f,’ an
expression of the rate of speed decrease according
to race duration. He observed differing values of f
according to sporting speciality, which fell into 3
categories: 1500m, 5000m and the marathon. By
examining the runner’s factor f, it would be possi-
ble to orientate them to a racing distance: f = 1.0±
0.09 for runners of the 1500m; f = 0.699± 0.021
for runners of 5000 to 10 000m; and f = 0.619±
0.02 for marathon runners. Frederick’s idea of a
fatigue coefficient is very similar to that of Cole-
man and Rumball.[21] However, none of these
authors gave any physiological significance to this
factor f, which is considered to be a complex asso-
ciation of physiological, psychological and mor-
phological factors. Moreover, the effects of train-
ing on the value of f are slight. For example, Craig
Virgin (world cross-country champion in 1980)
had a change in factor f from 0.572 to 0.570 be-
tween 1972 and 1976.

Morton[22,23] undertook an examination of the
time trend in world records over distances from
100m to the marathon. An asymptotic exponential
regression trend was fitted to the data, which
clearly demonstrated that ultimate time limits
could be estimated for all such distances for the
extended future. Ultimate times of 9.15 sec for the
100m, 3 min 4.15 sec for the 1500m and 23 min
40.94 sec for the 10 000m were predicted. A com-
plete table of these limits and progress towards
them can be found in Noakes.[24] A cross-sectional
study of these limits using the model of Keller[18]

enabled ultimate estimates of the maximal propul-
sive force, maximal aerobic power and anaerobic
capacity to be obtained. The ultimate male super-
athlete of the extended future is predicted to be
able to exert a maximal accelerative force of 15.0
m/s2/kg of bodyweight, have a maximal aerobic
power of 154 ml/kg/min and a useable anaerobic
capacity of 0.14 L of O2/kg of bodyweight.

Harman et al.[25] also proposed an endurance
index calculated from the difference between the

absolute and relative power scale (in watts and
maximal power percentage respectively). The aim
of this study was to quantify interpersonal differ-
ences in endurance. This indicator of power there-
fore needed to be correlated to physiological char-
acteristics such as muscular typology and V

.
O2max.

It was an experimental approach with each partic-
ipant undertaking an exhaustive test on a bicycle
ergometer at 36, 45, 54, 63, 72 and 81% of the
maximal power measured in an all-out exhaustive
effort of 3 to 5 sec (measured 4 times at intervals
of 20 min). The individuals who did not last for
5 min at 36% of maximal power were tested at a
lower power. Additional power levels were intro-
duced so that every individual had 9 experimental
points to form their own personal curve. The test
was stopped as soon as the pedalling speed dropped
by 3% of the imposed frequency for 7 sec, this
7 sec being subtracted from the total exercise time.
The relationship linking power with exercise time
was curvilinear:

t = a(Psc)b (Eq. 16)

where t is the endurance time (in minutes); a and b
are empirical constants; and Psc(‘scaled power’) is
the relative power as a percentage of maximal
power.

Each individual therefore has a pairing of abso-
lute and relative power, Pscbeing the relative power.
Harman et al.[25] showed that the dispersion of en-
durance time for a given absolute power is actually
increased by utilising scaling to relative power.
This showed that within a group of individuals,
relative power was a poorer predictor of endurance
time than absolute power. This initially surprising
result could signify that the interpersonal differ-
ences in endurance are rather more linked to anaer-
obic capacity at the onset of lactate accumulation,
or critical speed,[26] as was also pointed out by
Vandewalle’s group in 1996.[27] Harman et al.[25]

plotted the endurance time graphs according to
power expressed as a percentage of the maximum
power. By definition these curves coincide at 100%
of the maximal power, even though they diverge at
a lower relative power level. Harman incorporated
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the features of endurance into a factor F (individual
scaling factor) which is calculated by using the dif-
ferences between the values on the absolute and
relative power scales in order for the endurance
time to be similar.

Psc = 100 – F(100 – PPmax) (Eq. 17)

where Psc is the scale power calculated from PPmax,
the relative power expressed as a percentage of the
absolute maximal power measured during a test
lasting between 3 and 5 sec. The quantity F repre-
sents an individual scale factor which expresses a
fatigue index. When PPmax= 100 or if F = 1.00, then
Psc = PPmax: when PPmax < 100 or if F > 1.00 then
Psc < PPmax.

We can also calculate F by measuring the rela-
tive movement of the point on the power axis (x)
which attains the same exercise duration:

F = (100 – xnew)/(100 – xold) (Eq. 18)

where xold is the old co-ordinate for a given time
value on the power axis as an absolute value and
xnew is the new co-ordinate for the same time value
on the power axis in relative values (as percentage
of PPmax) when PPmax= 100.

3. Theoretical Models of the
Power/Time Relationship Based on
Human Bioenergetic Characteristics

3.1 Early Attempts to Attribute Physiological
Meaning to Parameters of Empirical Models

In 1954, Henry[10] introduced a preliminary
physiological explanation for the characteristics of
the speed/time relationship described in section 2.
His explanation was the exhaustion of various fuel
reserves for transformation of chemical into me-
chanical energy. These reserves invoked alactic
and lactic anaerobic metabolism according to the
duration of exercise (manifested by the oxygen
debts both alactic and lactic in origin), then aerobic
metabolism from glycogen reserves, from fat and
eventually from protein. In proposing a more phys-
iological explanation of speed decrement accord-
ing to race time, Henry proposed a rate constant an

for each section of the general speed/time relation-
ship curve plotted on a double-logarithmic scale:

dy/dt = a1e–k1t + a2e–k2t + a3e–k3t + a4e–k4t + a5e–k5t

(Eq. 19)

an being in m/sec and k in sec–1. The range of re-
duction in speed can be estimated from the follow-
ing 4 values of the coefficient an, which represent
in a general way an energy debit causing a loss of
speed because of the depletion of energy reserves:
• a1 represents the loss of speed caused by deple-

tion of alactic anaerobic reserves = 4.80
• a2 represents the loss of speed caused by deple-

tion of lactic anaerobic reserves = 1.80
• a3 represents the loss of speed caused by deple-

tion of glycogen reserves = 2.96
• a4 represents the loss of speed caused by deple-

tion of fat reserves = 3.54
• a5 represents the loss of speed caused by deple-

tion of the (negligible) protein reserves.
Hill [28] had noticed that oxygen uptake (V

.
O2)

had not reached a truly steady state after 4 min of
exercise at 16 km/h, but that the oxygen debt in-
creased. He therefore sensed that such exercise
could not be pursued indefinitely. He advanced the
notion of a ‘reasonable time limit above which an
oxygen deficit appears as time passes, the blood
lactate accumulates, the cardiac frequency and cor-
poral temperature increase, the respiratory quotient
persists higher than 1 and the ventilatory debt
increases’. Thereafter glycogen reserves run out,
glycaemia plummets and muscular stiffness and
pain appear, here describing his own symptoms. He
therefore concluded that all these factors determine
a runner’s endurance. A maximal steady-state speed
is that which, according to Hill, it was possible to
maintain for half to three-quarters of an hour. This
speed does not induce hyperthermia nor hypo-
glycaemia, contrary to what Hill had claimed for
marathon runners. He demonstrated V

.
O2max at a

value of 4.41 L/min achieved in 4 min and main-
tained for 6 min by a rower weighing 83.5kg. It is
highly unlikely that this relative V

.
O2 value, equal

to 49 ml/min/kg, is representative of maximal per-
formance attained at that time. This value is some-
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what below the V
.
O2 (73 ml/min/kg) necessary for

running 2 miles at 21 km/h, the world record at the
time, using the standard oxygen cost of running of
210 ml/min for a 60kg human (3.5 ml/min/kg per
km/h of speed) calculated by di Prampero.[29] In
1927, world record holders had never been studied
in the laboratory.

Hill [28] concluded that the highest speed that
could be sustained in a given fixed time was deter-
mined by the energy supply and the metabolic re-
serve, proposing 3 possibilities for a runner whose
V
.
O2max equals 4 L/min and whose maximal accu-

mulated O2 deficit (MAOD[30]) is 16L:
(i) If the runner could use all 20L of oxygen in

1 min (equivalent to a V
.
O2 of 285.7 ml/min/kg for

a bodyweight of 70kg), he/she could run extremely
fast at 81.6 km/h.

(ii) If the same runner ran for 2 min and there-
fore used a total of 24L of oxygen for a V

.
O2 of 171

ml/min/kg, this could give a speed of 48.9 km/h,
getting closer to (record) speeds achieved in sprints.

(iii) If our model runner opted for a 7 min race,
this would allow use of 44L of oxygen (V

.
O2 89.8

ml/min/kg) and a corresponding speed of 25.7 km/h.
In 7 min this would give a distance of 2993m. Thus
a 3000m time of just over 7 min is predicted.

This demonstration allowed Hill to show that
oxygen deficit makes a gradually lower relative
contribution as racing time increases. Thus, accor-
ding to Hill, the relationship between racing speed,
distance and time involves: (i) the oxygen consum-
ption necessary for running the distance in the given
time; (ii) the runner’s effective V

.
O2 during the

race; and (iii) the oxygen debt contracted by the
runner during the event (in fact, the deficit accord-
ing to Medbo et al.[30]):

E = S + Rt (Eq. 20)

where E is the energy spent, S is the energetic cap-
acity or supply and R is the energy debit rate during
exercise.

Hill [28] therefore formulated the relationships
linking speed, distance and time with R and S by
means of the following equations:

v = S/(tB) + (R – A)/B (Eq. 21)

d = S/B + t(R – A)/B (Eq. 22)

where A and B are individual parameters depend-
ing on the runner’s physiological characteristics, A
being the V

.
O2 at rest [not very variable among par-

ticipants, equal to an average of 1 metabolic equiv-
alent (MET), i.e. 3.5 ml/min/kg] and B is the en-
ergy debit rate for a given speed expressed as the
V
.
O2 equivalent to a given speed (or the racing

economy according to the definition given by Dan-
iels et al.[31]). For short distances (limit not speci-
fied), S is small and R large; for long distances, S
is larger and R is smaller.

This relationship was further examined by Sar-
gent[32] over a stretch of 120 yards run at speeds
that were strictly controlled by a runner who, it was
declared, could run short distances as well as he
could run long distances. The V

.
O2 during rest was

measured standing up after lying down for 30 min
(an early example of the method of retroextrapola-
tion revisited in the 1980s by Léger and Bou-
cher[33]). It was not the kinetics of oxygen uptake
but the total volume (oxygen debt) that was exam-
ined a posterioriwith the runner having held his
breath during the 120 yard race and breathing until
his V

.
O2 returned to its rest value. At a speed in

excess of 5.5 m/sec (19.8 km/h), the speed/V
.
O2

relationship became exponential:

V
.
O2 = k • v3.8 (Eq. 23)

At the time, 5.5 m/sec was estimated to be the
runner’s maximal aerobic speed (speed above
which V

.
O2 did not rise despite an increase in rac-

ing speed), even if this concept had not then been
formulated. By knowing the runner’s accumulated
maximal oxygen deficit, the equivalent cost of
oxygen of the race at each speed and the runner’s
V
.
O2max, it was possible to identify the distance

limit covered at racing speed. The runner could
then cover 1708m in 5 min at a speed of 5.69 m/sec
(20.5 km/h). This time probably constituted the
time limit (tlim) at V

.
O2max. Sargent concluded that

with this method it was possible to calculate a dis-
tance limit at the athletes’ given speed and, in the
same way, to estimate their performances over
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regulated distances between 300 yards (274.2m)
and 2 miles (3218m).

Hill’s [28] hypothesis, according to which the
oxygen debt was caused by a delay of oxidation in
response to muscular activity, thus explaining a
quantitative relationship between oxygen debt and
the production of lactic acid, was generally accep-
ted in the early 1930s. However, Margaria et al.[34]

proposed the possible existence of an alactic debt
and noted that the accumulation of lactic acid only
occurs beyond an exercise power equal to about
two-thirds of that corresponding to the V

.
O2max.

They did not mention a time limitation of exercise
at a power corresponding to the onset of lactate
accumulation, but were rather more interested in
post-exercise lactate kinetics in relation to that of
V
.
O2 to identify alactic and lactic debts.

3.2 Transition to the First Real Physiological
Models for Human Endurance

Scherrer et al.[35] studied the influence of load
and imposed frequency of local dynamic muscular
work, as well as the influence of circulatory occlu-
sion, to specify ‘a few valuable rules for the mus-
cular work of Man’. The work consisted of lifting
a load to a given height (for the biceps, the brachial
triceps and the quadriceps). A ‘critical power’ for
working was established together with the notion
of work capacity. The research which lead to this
result used the ‘energameter’ at Bidou’s constant
power (1947, quoted by Monod[36]) in which resis-
tive work added itself to active work. Scherrer et
al.[35] has named the ‘threshold of local fatigue’ as
the moment where the work can no longer be con-
tinued at the initial power, the tlim as the duration
for which it had been maintained and work limit
(Wlim) as the total work carried out. The notion of
critical power was based on a simple linear rela-
tionship linking work and time limits, expressed
as:

Wlim = a + b• tlim (Eq. 24)

where a and b are constants whose physical mean-
ing can be deduced from experiments with and
without blood flow occlusion, such that factor a is

a reserve of Wlim measurable under occlusion and
factor b is the maximum rate of reconstitution of
the energetic potential of muscular contraction. As
long as working power is less than or equal to factor
b, the work may be continued over a very pro-
longed period of time. The critical power is there-
fore equal to the value of factor b. Starting with
equation 24 which relates Wlim to tlim, the power
(P) at which the work is realised is:

P = Wlin/tlim (Eq. 25)

and after substitution, we obtain:

tlim = a/(P – b) (Eq. 26)

Equation 26 shows that tlim is therefore an inverse
function of the difference between the power of the
imposed work and factor b, which is equivalent to
the maximum power of restoration of muscle func-
tion. In other words, there is a hyperbolic relation-
ship between tlim and power.[36] In the studies of
Scherrer et al.,[35] tlim was between 1 and 20 min with
a few values up to 1 hour.

This relationship lends itself particularly well to
estimating exercise tlim between 4 and 30 min. This
model and experimental approach were then ap-
plied to general dynamic work involving more than
two-thirds of the total muscular mass, for example
running on foot or pedalling a cycle. We will return
to the concept of critical power applied to general
dynamic exercise at the beginning of the 1980s by
Moritani et al.[37] and then Vandewalle et al.[38] for
pedalling exercises, by Hughson et al.[39] and then
Lechevalier et al.[40] for running on foot, and by
Wakayoshi et al.[41,42] for swimming. We will also
see that this model allows us to explain the ob-
served relationship between tlim at V

.
O2max,V

.
O2max,

and the speed at the onset of lactate accumulation
(which is very close to the critical speed deter-
mined according to the model of Scherrer et al.[35]).
In particular, in section 3.4, we investigate inter-
personal variability in tlim at the speed correspond-
ing to V

.
O2max (vV

.
O2max).

In 1960, and then in 1980, Wilkie[43,44]proposed
that these purely empirical equations had been de-
vised over durations that were too long to allow an
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accurate physiological interpretation. He therefore
suggested the following equation:

P = E + (A/t) – Eτ[1 – exp(–t/τ)]/t (Eq. 27)

where P is the required power, the first term E of
the equation represents the maximal aerobic power
(273W, for example), and the term A is the work
that can be accomplished from the anaerobic en-
ergy sources (16kJ, from the same example). The
third, and more complex, term explains the fact
that aerobic power does not immediately attain its
maximal value, a time constantτ of about 10 sec
being necessary. This would be negligible for ex-
ercise of several minutes or longer, but was impor-
tant for exercises of up to 3 min. Wilkie demon-
strated little rigour or interest in the elaboration of
such models. If the modelling has a degree of phys-
iological reality, then its characteristics – despite
simplicity – are not to be neglected. We must there-
fore question the predictive value of the model (or
how the equation conforms to the experimental data)
and whether its form suggests a regulating mecha-
nism and its parameters correlate with other deter-
minable quantities.

For example, although the value of the maximal
aerobic power (273W) is compatible with a V

.
O2max

of about 4 L/min, and an anaerobic capacity of
16kJ with the energetic equivalent of lactic acid
(where 1 mmol/L accumulated = 3ml of O2 con-
sumed/min/kg bodyweight[45]), the time constantτ
seems too brief in comparison with the kinetic
delay in adjustment measured for V

.
O2, which was

more like 30 sec.[46] Wilkie’s explanation was that
the intramuscular oxygen reserves could compens-
ate for this difference at a local level. Wilkie[43]

established human power and time limits as fol-
lows (1hp = 735.5W):
• for isolated movements, power is limited to less

than 6hp by the muscle’s own power and by the
difficulty of coupling each muscle to an appro-
priate weight

• for brief durations of effort (0.1 to 5 min), power
is limited to 2 to 0.5hp by the internal chemical
resources of the muscles

• during work at steady state between 5 and≥150
min, power is limited to 0.5 to 0.4hp

• for long durations of work (the whole day), power
is reduced by fatigue and is estimated at 0.2hp

• these values are for exceptional athletes – indi-
viduals who are healthy but untrained only pro-
vide 70 to 80% of the indicated power.
In an article investigating the limits of human

performance in keeping with energy production,
Frederick[47] proposed a relationship between dis-
tance and tlim calculated from the world records of
the time. To establish the relationship between dis-
tance and tlim, Frederick used the following dis-
tances and activities: 100, 200, 400, 800, 1500,
5000, 10 000m and marathon (running on foot);
100, 200, 400, 800 and 1500m (swimming); 100,
200, 400, 800, 1500, 5000 and 10 000m (skating);
1, 5, 10 and 20km and the 1 hour record (cycling).
The sports and distances had in common the fact
that they were dependent on respiratory and circu-
latory systems. It was necessary to assume that the
athlete was exhausted on termination of the dis-
tance and that the time could be taken as tlim for the
respective distance. The speed/time relationship
curve for each sport has an almost constant slope
for short distances, followed by a smaller but again
almost constant decrease in speed for distance cov-
ered in >240 sec. The relationship proposed by
Frederick is:

log v = a + b• log t (Eq. 28)

where a and b are constants.
In 1966, Lloyd[48] analysed the world records

for running on foot by testing Hill’s[28] model
(equations 21 and 22), following his analogy with
the concepts of economy: S representing energy
reserves (the stock) and R, the income according
to the distances run. Using this model, and by ex-
amining changes in its parameters over time, Lloyd
predicted that times in all races up to 10 000m
would be reduced by about 5.5%, and in longer
races by about 7.5%, by the year 2000.

In the same year, Ettema[49] re-examined the
model of Scherrer et al.[35] Ettema emphasised the
paradox that, according to Frederick’s[47] model
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(equation 28), short distance performances would
be overestimated when calculated using data ob-
tained over long distances. He therefore proposed
a relationship between distance and tlim rather than
a speed/time relationship. He considered it easier
to interpret the curve linking distance to record
time (tlim), i.e.:

d = a + b• tlim (Eq. 29)

where a is the distance in metres which could be
run on oxygen reserves and the energy supplied by
anaerobic metabolism, and maximal speed b (in
m/sec) is interpreted as the rate of reconstitution of
these reserves by aerobic metabolism. Ettema
noted the equivalence of his equation to that pro-
posed by Scherrer and Monod[50] for dynamic local
work of a group of muscles. From equation 29:

v = a/tlim + b (Eq. 30)

and:

tlim = a/(v – b) (Eq. 31)

where v is the speed in m/sec, tlim is in sec and a
and b are constants whose values differ according
to the section of the curve studied, i.e. to the range
of tlim and thus the relative contributions of aerobic
and anaerobic metabolism.

The tlim at a particular speed would then depend,
according to Ettema,[49] on the difference between
that speed and the possible maximal speed for re-
constitution of the energy stores by oxidative phos-
phorylation, clearly extending the work of Scherrer
and Monod[50] on the ‘critical speed’. Ettema cal-
culated the critical speeds (m/sec) for swimming,
running, skating and cycling starting with the
world records dating from 1965, obtaining values
for each of these modes of 1.43, 5.85, 10.6 and 13.5
m/sec, respectively. For running and cycling these
correspond to 21.06 and 48.6 km/h, respectively,
which are significantly below the actual values.
Ettema[49] perhaps did not sufficiently take into ac-
count the aerodynamic component of the energy
cost. If this component only represents 10% of the
total energy cost of running, it can be ignored. On
the other hand, at 90% for cycling, it cannot. Tech-

nological progress has also meant that 49 km/h has
been bettered, particularly at higher altitude where
aerodynamic drag is less, as has been shown by di
Prampero.[29]

The values of the coefficient a calculated by
Ettema[49] for swimming, running, skating and cy-
cling for the world records of the time are 40, 240,
180 and 200m, respectively. These values appear
low because only long distances were taken into
account. Ettema therefore did not question the in-
fluence of distances chosen on estimation of the
value of a. Finally, Ettema concluded that the rules
of fatigue elicited particularly by Kennelly[2] for
the power/duration relationship in fact relate to the
renewal of ATP by physiological mechanisms. That
is, we can liken the muscle to a transformer of en-
ergy from its chemical form (phosphorylated bonds)
to a mechanical form (locomotion).

Ten years later, Margaria et al.[51] proposed an
equation predicting the time to cover a given dis-
tance by assuming the independence of the ener-
getic cost of racing and speed between 10 and 20
km/h. They estimated that:
• the energetic cost of running is equal to 0.9

cal/m/kg[52]

• the V
.
O2 at rest (having no part in the production

of energy for running) is equal to 6 ml/min/kg;
• the energy supplied by anaerobic glycolysis is

equal to that supplied by the oxidative processes
over 1 min (the V

.
O2max), and therefore an athlete

with a V
.
O2max of 70 ml/min/kg has an accumu-

lated maximal oxygen deficit of 70 ml/kg.[30] A
nomogram was derived from the equation:

d = 5(V
.
O2max– 6)t + 5V

.
O2max (Eq. 32)

where d is the maximal distance (metres) covered
in time t (minutes) for a given V

.
O2max(ml/min/kg).

V
.
O2max can therefore be determined from the time

taken for covering a given distance according to the
equation:

V
.
O2max= [(d + 30t)/(t + 1)]/5 (Eq. 33)

If an athlete runs 3000m in 9 min, the calculated
V
.
O2max is 65.4 ml/min/kg, which appears a little

low for running 9 min at 20 km/h. Margaria et al.[52]
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specified that this equation could be modified ac-
cording to the runner’s nutritional state, the ener-
getic cost of the race and the individual’s capacity
to maintain V

.
O2max throughout the event. The no-

tion of tlim at V
.
O2maxarose as a result of this article,

proposing it as a condition of validity in an equa-
tion for predicting V

.
O2max assuming tlim over a

fixed distance of at least 5 min. If we compare the
2 conditions of validity, knowing that the duration
is longer than 5 min and that the runner is capable
of sustaining V

.
O2maxthroughout the event, we can

deduce that Margaria et al.[52] assumed implicity
that V

.
O2maxcould be sustained for less than 5 min.

One of his colleagues, di Prampero, was thinking
at the other extreme when he wrote that V

.
O2max

could be sustained ‘for about 20 min’.[53]

Gleser and Vogel[54] had already stipulated that
V
.
O2max could be sustained for 10 min, 90% of

V
.
O2max for 25 min, and 85% of V

.
O2maxfor 1 hour

(which is in keeping with high-level sporting real-
ity). Their endurance model (which they defined as
being the individual capacity for accomplishing
prolonged work at a given intensity) is exponen-
tial, a closer shape to reality than those which are
linear or hyperbolic:

log t = A • Lr + B (Eq. 34)

where t is time in minutes, parameters A and B of
the equation are described below, and Lr is the rel-
ative load or imposed work on the individual (ex-
pressed in kpm/V

.
O2max). Since relative load (Lr) is

a work (joules) divided by a power (V
.
O2max ex-

pressed as J/sec, because 1 ml of O2 = 20.9J for a
respiratory quotient of 0.96), then Lr is expressed
in sec. The relative load is therefore a unit of time.
However, Gleser and Vogel[54] would certainly
have expressed Lr in kpm/min/V

.
O2max to obtain a

real dimensionless estimation of the relative exer-
cise power. We believe this to be an uncorrected
error.

Although this equation of exponential form was
established in an empirical way, as was that of
Grosse-Lordemann and Müller,[4] it took into ac-
count:

• the onset of lactate accumulation at loads around
50 to 60% of V

.
O2max

• the smaller increase in cardiac output as a result
of the plateauing of the systolic ejection volume
at about 60% of V

.
O2max

• the depleted muscular glycogen during long races.
This equation applies to exercise intensities

between 50 and 110% of V
.
O2max.[54] According to

these authors, it is possible to compare individuals
with each other, or even with themselves following
training, in terms of the parameters A (the slope of
the time of endurance/load line expressed in
kpm/V

.
O2max in L/min), and B which is the inter-

cept of this line with thex-axis (relative load per-
centage V

.
O2max). They showed that an increase in

A was dependent on that of B, and that an increase
in V

.
O2max(in L/min) alone could not affect both A

and B. Indeed, if the load (kpm) increases propor-
tionally to V

.
O2max (in L/min), their relation does

not change, and endurance time is sustained be-
cause the relative load as a percentage of V

.
O2max

was not altered. Intercept B could be considered as
an instantaneous maximal load, and we cannot
imagine an increase of both A, the individual’s
endurance, and B. The participants (skiers and long
distance runners) followed a 10-week training pro-
gramme performed at intensities of between 50 and
100% of V

.
O2max, which was re-evaluated in the

fifth week. Factor A only fell 0.0008 on average for
the 8 participants (range –0.0071 to –0.0079). The
heterogeneous unit chosen by Gleser and Vogel[54]

to express the relative pedalling power in relation
to V

.
O2max leads to difficulties in interpretation,

because V
.
O2max was expressed in L/min and not

in kpm, which would have enabled the expressed
load to be seen on the abscissa as a ratio, giving
load/maximal load at V

.
O2max.

In the early 1980s, Moritani et al.[37] re-examined
the model of Scherrer and Monod[50] concerning the
relationship between Wlim and tlim of local dynamic
work and applied and validated it for general supra-
maximal exercise undertaken on an ergocycle:

Wlim = a + b• tlim (Eq. 35)

P = a/tlim + b (Eq. 36)
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Thus, for supramaximal exercise exhausting the
participants between 50 sec and 4 min, a linear
model describes the relationship between tlim and
Wlim.[37,38] Moritani et al.[37] stated that the critical
power (equal to parameter b) was highly correlated
with and close to the exercise power at the start of
hyperventilation, the break-point of the ventilatory
debt/exercise power relationship described by
Wasserman and MacIlroy[55] as the ventilatory
threshold, or anaerobic threshold. This confirms
the importance of being able to maintain critical
power over a prolonged period of time. Further-
more, the effects of hypoxia (the inhaling of a gas
with diluted oxygen content) were studied utilising
8 volunteers in the experiment. Hypoxia reduced
the critical power estimate according to the degree
of hypoxia, with the value of parameter a being
unchanged. This confirmed the hypothesis that pa-
rameter a represents an anaerobic energy reserve. By
following the authors,[37] it was therefore possible
to say:

Wlim = a + b• tlim = Amax + Svent • tlim (Eq. 37)

where Svent is the power relating to the ventilatory
anaerobic threshold and Amaxis the maximal anaer-
obic capacity.

Meanwhile, Housh et al.[56] showed that the
critical power (equal to parameter b) could not be
maintained beyond 30 min on average for individ-
uals with minimal training. On the other hand, theor-
etically speaking, the link between critical power
and the anaerobic threshold was unclear if critical
power was determined from supramaximal exer-
cises of less than 4 min. In the study by Moritani
et al.,[37] the calculated critical power was equal to
80% of the maximal aerobic power.

All of the models in section 3.2, with the exep-
tion of Wilkie,[43,44] ran counter to the calculation
of V

.
O2 for submaximal exercise power (less than

V
.
O2max) based on an adjustment delay which de-

termines the inertia of the aerobic and anaerobic
metabolisms (as well as their participation in ATP
resynthesis).

Camus et al.[57] established an inverse relation-
ship between supramaximal exercise intensity

expressed as a percentage of V
.
O2max and exercise

time (tlim). Indeed, Camus et al.[57] considered that
the supramaximal endurance is perhaps predicted
by the intensity of exercise expressed in relation to
its difference from V

.
O2max according to the equa-

tion:

tlim = f(E – V
.
O2max) (Eq. 38)

where E is the V
.
O2 requirement of the exercise. This

takes into account the difference between the en-
ergy debit of supramaximal exercise and V

.
O2max,

allowing the interpersonal differences of tlim at these
intensities to be annulled.

This function of endurance time at supramaxi-
mal exercise may be written according to the equa-
tion:

tlim = a • exp[b(E – V
.
O2max)] r = 0.979, p < 0.001

(Eq. 39)

where tlim is expressed in sec, E and V
.
O2max are

expressed in ml of O2/min/kg and a and b are equal
to 330.8 sec and 0.14 kg•min/ml respectively.
When E = V

.
O2max, tlim = 330.8 sec. These results

clearly show the significance of V
.
O2max as a crit-

erion of physical ability in supramaximal intensity.
However, V

.
O2max was not correlated to blood pH

nor to lactate, which could have confirmed that
V
.
O2max is in fact the difference in power upon

which depends the supramaximal tlim and therefore
(by multiplying tlim by E – V

.
O2max) an accumulated

oxygen deficit dependent on the capacity of the
anaerobic metabolism.

3.3 Physiological Models of 
Increased Sophistication

A recent model describing and explaining the
time/speed relationship of racing is that of Péron-
net and Thibault.[58,59] As with Ettema,[49] these
authors considered it possible to establish relation-
ships between time, distance and speed from male
world records for cyclic-type activities (i.e. move-
ment repeated in an identical way at each cycle)
such as running on foot, cycling, swimming and
skating. Rather than being a description of a simple
mathematical formulation between racing speed
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and distance involving several exponential func-
tions, the model of Péronnet and Thibault attempts
to explain the record for the shorter and longer dis-
tances (from 60m to a marathon) in detail from
physiological considerations based on current
knowledge of the maximal capacities of different
metabolic systems.

This model is based on the work of Lloyd[48] and
Ward-Smith.[60] In this model, the quantity of work
accomplished at the moment of fatigue must equal
the amount of work derived from the anaerobic and
aerobic energy systems. That is to say, if Amax is
the work equivalent of the anaerobic maximal cap-
acity (the maximal quantity of energy that can be
supplied from anaerobic metabolism), Péronnet
and Thibault[58,59] assume that the total quantity of
work is inferior to Amaxfor very short and very long
exercise durations. Indeed, for very short exercise
(<30 sec), it is not possible to use up the energy
reserves of anaerobic origin. In Péronnet and Thib-
ault’s model, the anaerobic energy available at the
time of short-duration supramaximal exercise (A)
is given by the following formula:

A = Amax[1 – (etlim/ka)] (Eq. 40)

where karepresents the time constant of the utilisa-
tion of these anaerobic reserves, the value of ka

being 20 sec. A is very near to Amaxfor tlim = 1 min.
Péronnet and Thibault[59] proposed the follow-

ing relationship between tlim and the quantity of
available anaerobic energy for exercises longer
than 7 min [an estimation of the average value of
tlim at maximal aerobic power (MAP)]:

A = Amax[1 + f • ln(tlim/tMAP)] (Eq. 41)

wheref, whose value is negative, is the decreasing
rate in A with the natural logarithm of tlim relative
to tMAP (the time for which MAP can be sustained).
Therefore:

A = Amax[1 – (etlim/ka)] for tlim < tMAP (Eq. 42)

A = Amax[1 + f • ln(tlim/tMAP)] for tlim > tMAP (Eq. 43)

Concerning aerobic metabolism, this model takes
account of 2 factors: (i) an inertia in aerobic meta-
bolism exists at the start of exercise; and (ii) the

value of the V
.
O2 plateau is lower when the dura-

tion of the exhaustive exercise is prolonged. For
exercises of short duration (tlim < tMAP) the value
of the V

.
O2 plateau is equal to V

.
O2maxand the value

of aerobic power at any instant is given by the fol-
lowing equation:

Paerobic= MAP(1 – etlim/kb) (Eq. 44)

where kb represents the time constant of aerobic
metabolism (about 30 sec). The decrease in the
value of the aerobic power plateau (Pplateau) with
tlim for exercise exhausting participants over a time
greater than tMAP (i.e. tlim > tMAP) is given by the
following equation:

Pplateau= MAP + E[ln (tlim/tMAP)] (Eq. 45)

or:

Pplateau= MAP + E(ln tlim – ln tMAP) (Eq. 46)

where E represents the rate of decrease in maximal
oxygen consumption. The value of E (negative) is
considered to be an indicator of endurance capac-
ity.

In short, Péronnet and Thibault[59] formulated a
very complete model on a sound physiological
basis which allowed the world records for distances
between 60m and the marathon to be predicted. For
this, they took into account:
• the diminution in the quantity of energy supplied

by anaerobic metabolism as the time of exercise
is either prolonged or shortened

• the impossibility of maintaining MAP for more
than 7 min (a duration they had not actually meas-
ured).

They also assumed that:
• the speed corresponding to MAP could be main-

tained for a tlim of 7 min (tMAP)
• the power of aerobic origin available over the

duration of tlim (Pplateau) decreased for tlim > 7 min
in a logarithmic way, and therefore:

Pplateau= MAP + MAP • S1 • ln tr = MAP • (1 + S1 • ln tr)
(Eq. 47)

where S1 is a negative constant and tr is the value
of tlim expressed as a multiple of the maximal
duration of the maintenance of MAP (tMAP), i.e. in
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multiples of 7 min. For tlim = 7 min (420 sec), tr =
1, ln tr = 0 and Pplateau= MAP. The MAP• S1 prod-
uct is the equivalent of E, Péronnet’s endurance
indicator, which reflects the individual’s capacity
to utilise the largest fraction of V

.
O2maxfor the long-

est time possible. Better marathon runners mobilise
about 85% of V

.
O2max over the 42.195km.

However, the concept of the fractional utilisa-
tion of V

.
O2maxas a plateau for a certain duration of

exercise does not take into account the effects of
the V

.
O2 slow component discovered by Whipp and

Wasserman[61] for exercise where power is greater
than the power at the anaerobic threshold. Nor does
it take into account ‘V

.
O2 drift’, an additional com-

ponent appearing after a longer time (≥30 min) of
exercise at or not much below the anaerobic thresh-
old.

Gaesser and Poole[62] reviewed the difference
between these 2 additional increases in V

.
O2 with

time. The V
.
O2 slow component is caused mainly

by peripheral muscular work (86% according to
Poole et al.[63]), with notably the recruitment of fast
fibres (the slow component is greater for individu-
als with a large percentage of fast fibres). This slow
component causes V

.
O2 to increase inexorably to

V
.
O2max and therefore to imminent fatigue, precip-

itating the cessation of exercise.[64] V
.
O2 drift is

regarded as being caused by thermoregulatory
adaptations, notably an increase of skin blood flow.
In any case, it seems unlikely that the true value of
V
.
O2 would be predicted at the end of exercise by

using the model of Péronnet and Thibault.[59] Fur-
thermore, tlim values at MAP are somewhat vari-
able among individuals (from 4 to 11 min[26] with
a variation coefficient of 25%) although more homo-
genous (5%) with respect to V

.
O2max.

It was by considering a slow component of the
adjustment of V

.
O2 that Hill et al.[65] proposed an

alternative view of the ‘critical speed’ model of
Monod and Scherrer[66] by considering the critical
speed (CS) as being the maximal value for which
the V

.
O2 slow component did not appear. In fact he

regarded tlim in Monod and Scherrer’s hyperbolic
model (equation 26) to be the same as the time
necessary to reach V

.
O2max. (This still remains to be

demonstrated, having been contradicted by the
work of Billat and Koralsztein.[67]) Hill et al.[65]

wrote:

P at V
.
O2max= a′/tlim + b′ (Eq. 48)

and:

Wlim = a′ + b′ • tlim (Eq. 49)

This equation is validated for exercise intensi-
ties between 95 and 110% of MAP. b′ is the critical
power (corresponding to CS′), the maximal value
for which the V

.
O2 slow component does not appear.

Hill et al.[65] did not demonstrate a significant dif-
ference between CS and CS′. They then concluded
that critical power (classically defined as the total
time sustained at a given power and not the delay
in reaching V

.
O2max) was reached above the start of

the lactate accumulation threshold, and above the
maximal speed for which we are still certain of
reaching a lower plateau to that of V

.
O2max, and

therefore of not being prematurely fatigued. This
critique could be a recognition of possible causes
for volitional stopping of exercise before reaching
V
.
O2max.
di Prampero,[53] following a suggestion of

Margaria,[68] analysed world records for different
forms of locomotion using Wilkie’s[44] equation
(equation 27) which he reformulated as:

Emax= AnS • t–1 = MAP – MAP • k–1(1 – e–kt)t–1

(Eq. 50)

where Emax is the maximal metabolic power. AnS
is the quantity of maximal energy supplied by an-
aerobic metabolism (alactic and lactic), MAP is the
maximal aerobic metabolic power corresponding
to V

.
O2max, k is a rate constant at which V

.
O2max is

reached (about 0.1 sec–1); and t is the correspond-
ing duration of exercise. Emax could then be calcu-
lated for world records for different forms of loco-
motion, comparing the records by calculating the
energetic cost of locomotion. The author obtained
predicted times equal to 100.2, 89.2 and 91.5% of
the records of the time for running, skating and
freestyle swimming, respectively.

Also following Margaria’s lead, Morton[69,70]

examined a hydraulic model of human bioenerget-
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ics. Margaria’s original formulation[68] was solved
mathematically and the solution compared with
known empirical facts. It was shown that the solu-
tion conformed neither to Margaria’s own graph-
ical ‘solution’ nor to what actually happens under
experimental conditions. These discrepancies and
directions for further work are discussed by Mor-
ton,[69,70]who showed that this model, although not
uniquely defined, did now conform to observed
experimental data.

In a second pair of papers, Morton[71,72] exam-
ined 1 specific formulation of the 3-component
hydraulic model. Various assumptions about limi-
tations to maximal power attainment enabled Mor-
ton[72] to predict, for example, the decline in power
output for continuous all-out effort such as in the
Wingate test. The model prediction conforms well
with published work. Furthermore, this study of
maximal achievable power as a function of the ex-
isting instantaneous lactic, alactic and aerobic
bioenergetic components enabled Morton to pre-
dict endurance at constant power, or rather the
maximum constant power that can be maintained
for a given time. This is given by an equation of
form:

P = (a1 + b1e–r1t + c1e–r2t)/(a2 + b2e–r1t + c2e–r2t)
(Eq. 51)

which although cutting off at 6 sec endurance where
P = Pmax (the maximum ‘instantaneous’ power),
does take a hyperbolic shape. Endurance at V

.
O2max

is estimated as 9 min. Thus, Morton[72] was able to
identify a ‘critical’ power output which in theory,
could be sustained indefinitely. His estimate of this
power was in the range 80 to 89% of V

.
O2max, which

conforms with experimentally observed data on
good to elite athletes. Morton was further able to
predict endurance at incremental (ramp) tests for
various incremental rates. The most striking pre-
dictions are that V

.
O2 achieved at exhaustion in an

incremental test is constant, independent of incre-
ment rate (although terminal workrate is depend-
ent) and that terminal V

.
O2 is not equal to V

.
O2max,

but around 94% of it.

More recently, Morton[73] established an exten-
sion of the Monod and Scherrer[66] hyperbolic
model (equation 26) which allowed the exercise
power relating to tlim <2 min or >30 min to be
predicted more reliably. His modification of the
original hyperbolic model removed the constraint
according to which power needed to become infin-
itely large in order that tlim = 0. Morton[73] pro-
posed that:

t = a/(P – b) + k (Eq. 52)

where k, measured in sec, is the new position of the
horizontal time asymptote. Morton demonstrated
that k < 0, which signifies that the hyperbola
crosses time zero at a finite value of instantaneous
maximal power, P* = Pmax. It is therefore possible
to reparameterise equation 52 to include P* in the
place of k, which gives a physiological meaning to
all of the equation’s parameters because a is the
energy supplied by anaerobic metabolism, b is the
critical power (close to the maximal power at
steady state lactate concentration[40]) and P* is the
instantaneous maximal power supplied by the ATP
reserves. We therefore obtain:

t = a/(P – b) + a/(P – Pmax) (Eq. 53)

This new model formulation was tested using
the experimental values obtained by McLellan and
Cheung[74] using a bicycle ergometer. The esti-
mated values of a and Pmax are consistent with val-
ues measured from cyclists of the same standard
(Péres and Vandewalle[75]). We can therefore ob-
tain the maximal power of a cyclist according to
the relationship:

Pmax = 0.5 v0 × 0.5 F0 (Eq. 54)

where F0 is the maximal theoretical force devel-
oped on a bicycle at speed 0 and v0 is the theoretical
speed of pedal rotation at force 0. Pmax is the max-
imal power, generally between 14 and 20 W/kg
bodyweight.

The critical power values of the individuals
studied[74] were of the order of 250W for a value of
maximal power of the order of 1619W, which is
greater than that obtained by Péres and Vande-

Time in Human Endurance Models 375

 Adis International Limited. All rights reserved. Sports Med 1999 Jun; 27 (6)



walle[75] using tests which allowed not instant-
aneous power but rather a sustained power for 5 to
6 sec representing full use of the alactic anaerobic
metabolism. In addition, the critical power values
(b) calculated with the 3-parameter model are lower
than those obtained with the classic hyperbolic
model.[50] Conversely, using Morton’s 3-parameter
model,[73] the value of parameter a was greater
than that calculated with the classic 2-parameter
model and conforms more to the values estimated
by Wilkie.[43,44]Consequently, the value of the crit-
ical power (b) therefore approaches more closely
the maximal speed at steady state lactate concen-
tration.[76]

3.4 Significance of Endurance at V
.
O2max

and its Variability

New parameters can be integrated in the model-
ling of the intensity/duration relationship to explain
the variability in tlim at the same relative exercise
power, for example at 100% of V

.
O2max. Although

the speed/time relationship has been widely inves-
tigated for almost a century, we have not concerned
ourselves until now with endurance at V

.
O2max,

which is integrated into most of the models de-
scribing the loss of speed with time when the V

.
O2

adjustment delay has been accurately calculated.
The concept of V

.
O2max is an essential factor

when modelling the capacities of the cardioresp-
iratory and muscular systems to extract, transport
and use oxygen in order for oxidative phosphory-
lation to supply energy needs at vV

.
O2max(the run-

ning speed that just elicits V
.
O2max). However, since

the oxygen deficit permits faster running during
short periods of time in order for the difference
between the required exercise power and V

.
O2max

to be met, we have investigated the possibility of
explaining the duration of exercise at vV

.
O2max by

the oxygen deficit, which may be more variable in
size than V

.
O2max in long-distance runners.[77,78]

Our studies show an inverse relationship between
V
.
O2max and tlim at V

.
O2max.[76-78] This inverse rela-

tionship can be explained by the model of Monod
and Scherrer,[66] which provides a new interpreta-
tion beyond the simple power/duration relation-

ship. Indeed, what is predicted for an individual, a
reduction in sustained power with lengthening of
exercise duration, also applies to a population of
elite runners, whose V

.
O2max maintenance time is

relatively shorter than the extent to which their
V
.
O2max is elevated. This inverse relationship be-

tween V
.
O2max and tlim at V

.
O2max among 38 long

distance runners is given by V
.
O2max = 71.4 + 5.5

ml/kg/min and vV
.
O2max = 21.8 + 1.2 km/h, r =

–0.347, p < 0.05.[76] They all ran at 100% of their
V
.
O2max, but at absolute V

.
O2max values varying

from 60 to 88 ml/min/kg. These experimental val-
ues match those of Monod and Scherrer.[66] In this
mode, where P is the power that a runner can sus-
tain until exhaustion, a Wlim can be calculated for
the tlim associated with P:

P = Wlim/tlim (Eq. 55)

In this model, b is the critical power that can be
calculated from the slope of the relationship be-
tween the racing distance accomplished for a time
of exhaustion (tlim in sec) and the intercept on the
ordinate axis, a is assumed to be the anaerobic max-
imal capacity, the quantity of energy supplied by
the anaerobic metabolism. We know from equation
26 that:

tlim = a/(P – b) (Eq. 56)

If P is the racing speed associated with V
.
O2max,

i.e. vV
.
O2max, then tlim is the time limit at vV

.
O2max.

Also, b can be estimated from the maximal fraction
of V

.
O2max at the lactate threshold, since it was

shown by Lechevalier et al.[40] that the critical
power (as a percentage of the velocity associated
with V

.
O2max) is not significantly different from the

lactate threshold. Given that b = FvV
.
O2max (the

fraction of the velocity associated with V
.
O2max at

the lactate threshold) Lechevalier et al.[40] con-
cluded that:

tlim = a/(vV
.
O2max– FvV

.
O2max) (Eq. 57)

In this model, the highest tlim value at vV
.
O2max

is obtained with a high value of a and a low value
of (P – b), which is the difference between vV

.
O2max

and the critical power (speed). In our experimental
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approach, as with the model of Monod and Scher-
rer[66] (equation 26), the runners with the longest tlim

at vV
.
O2maxare those who have the smallest differ-

ence between vV
.
O2maxand the fraction of vV

.
O2max

at the lactate threshold and hence the smallest
vV

.
O2max value (km/h).
Further research will examine the relationship

between exhaustion time at V
.
O2max and the anaer-

obic capacity expressed as quantity of energy
(joules). Other questions to be asked are whether
runners with a high V

.
O2max also have shorter tlim

at V
.
O2maxfor a similar V

.
O2maxspread, and whether

such differences are seen in sportsmen of the same
aerobic ability undertaking events necessitating
different muscle groups, such as swimming, cycling,
canoeing and running).[79]

4. Conclusions

A study of the relationship linking exercise power
with endurance by referring to world records, gen-
erally for running, has allowed physiologists to
better characterise the 3 types of energy metabo-
lism in humans. It has even been claimed that some
characteristics of the intensity/duration relation-
ship provide an index for an athlete’s endurance,
such as the capacity to sustain the highest fraction
of maximal power for the longest time possible.
This maximal power can be the aerobic maximal
power (minimal power which solicits V

.
O2max) or

even the absolute maximal power taken over very
short durations (a few seconds).

These considerations have led physiologists to
propose theoretical models based on human ener-
getic characteristics, i.e. the power, maximal cap-
acities and inertia of the aerobic and anaerobic
metabolic systems. Endurance can therefore be
characterised as the slope of the power (or V

.
O2 as

a fraction of V
.
O2max) and duration relationship.

The interpersonal variability of tlim at V
.
O2max, and

the inverse relationship between V
.
O2maxand tlim at

V
.
O2max, show how the oxygen deficit determines

the general form of this intensity/duration relation-
ship curve for exercise power levels lying between
the onset of lactate accumulation and V

.
O2max.[67]

Also, the slow adjustment of V
.
O2 (‘V

.
O2 slow com-

ponent’) which appears in this intensity domain
could explain the variability in tlim at these power
levels, causing individuals to perform at greater
fractions of V

.
O2max. However, the link between the

delay in reaching V
.
O2max for exercise intensities

lying between the lactate threshold and the maxi-
mal aerobic power and the delay in appearance of
fatigue has not yet been established.

Finally, the study of this intensity/duration rela-
tionship allows us to establish the athlete’s ener-
getic profile and advise individuals in their choice
of competition distance, as long as the points that
represent the record times for particular distances
are situated above or below the individual’s aver-
age curve. The prediction of human records over
distances that are not the subject of competition at
present seems possible with the model of Péronnet
and Thibault,[58] which currently remains the most
effective from the point of view of the combination
of metabolism and sporting performances. Further-
more, these authors offered a way of assessing
human endurance according to the slope of the re-
lationship between the fractional utilisation of
V
.
O2max and exercise duration (as a natural loga-

rithm). However, this model assumes an invariant
tlim at V

.
O2max (7 min) in providing a system of ref-

erence in the calculations of the endurance index.
This is why we suggest caution in the use of this
endurance index.

The most recent 3-component model by Mor-
ton,[73] which extends the judicious historical
model of Monod and Scherrer,[66] allows for the
instantaneous maximal power as well as anaerobic
energy and critical power (which is close to the
power at the lactate threshold) to be calculated.
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