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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 attempts to answer this and other closely related
topic guaranteed to raise animated discussion ijuestions over the course of this century.
any gathering. Athletics, and in particular running,
is certainly one of the activities more frequently 1 Empirical Methods

discussed in this light. Scientists too have investi- 151906, Kennell{t! investigated the velocity/time
gated human physical achievements for over a cenrelationship for running by analysis of the world
tury. records at that time. In this article, he developed an
Table | gives the mens’ world records for run- approximate law of fatigue for humans and horses
ning various distances as at 30 January 1997. Mosgaind discovered a relationship between the speed
although not all, of these are attributed to different(vy) that can be maintained over a time (t), and t
runners, and the longest-standing records (80on#self:
and 1000m) are over 16 years old. Figure 1 has beey = i (Eq. 1)
created from these data and shows the reduction in

average speed according to the logarithm of duraln Which kiis a constant for the type of work and n

tion of the race. is an exponent which varies between Q.125 and
. . . 0.111 (1/8 and 1/9). Thus, sincevrace distance

It was obvious to the early investigators that :suchin metres ()t
data must follow some pattern, the question being, '

just what pattern? This review traces the scientificln t=8/9-In d — 12307 (Eq. 2)

and doubling the race distance leads to an increase
Table I. Record times and speeds for male humans at various of 118% in race time. Kenne"y advised athletes who

distances as at 30 January 1997 were keen to break world record times to attempt
Distance Time Average speed those points situated above a line tracing the time
(h/min/sec) (insec)* (misec) (kmih) versus distance relationship (equation 2). Kennelly
100m 9.84 sec 2286 10.163  36.586 also noted the similarities between the equations
jggm }éi; - ;Sg; 18'225 z;z:z formulated for humans and those for horses, taking
800m Lmindl73sec 4622 7864 28310 care to distinguish between walking (for humans and
1000m omin1218sec 4884 7565 27234  horses), trotting and galloping (running for humans).
1500m 3 min 27.37 sec 5335  7.233 26.039 Kennelly reached similar conclusions about the
Mile 3min4439sec 5413  7.170 25.814 velocity/time relationship 20 years later, this time
2000m® 4min47.88sec  5.663  6.947 25.009 taking into account gender and the type of locomo-
3000m® 7min20.67sec 6088  6.808 24.509 tion. His investigations included cycling, skating,
igoo(’o’gm ;z 2:: ‘3‘;"22 222 3233 2?;‘; zzigi running, rowing, hurdling, walking and swimming
20km S6minS565ec 8136 5855 21078 (freestyle), and even automobile racifg.
21.100km road 59 min 24 sec 8179 5920 21312 After Kennelly, Mead€ was the next to examine
21.101km 1hoomin00sec 8189 5861 21000  the limits of human performance. He emphasised
25km road 1h 13 min55.8 sec 8.397  5.636 20.290 the reliable nature of world records and suggested
30km 1h29min18.1sec 8586 5599 20.156 the possibility of using them to deduce human phys-
42.195km 2h06min50sec 8937 5545 19.962 iological characteristics. By establishing the rela-
100km 6h10min20sec 10009 4500 16200 tinnship between pace (time per mile) and distance,
iggg’;km 411:: 32 min 20 sec ig:ﬁig 22?3 1;:22? he noticed that performance in longer races [over
1023.2km 144h (6 days) 13159 1973 7103 16.1km (10 miles)] was relatively superior (i.e. the
a_The natural logarithm of fime in sec. data points fell below the speed/distance curve).
b These speeds are close to WOzmax, the minimal speed eliciing ~ Meade explained this by the fact that these races
maximal oxygen consumption (VOzmax). were run by professionals who were highly moti-
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taking the logarithm of P as an independent vari-

5 10 - oo able. Parameters a and b varied greatly between
Q . o e
2 . ¢ individuals, even though Grosse-Lordemann and
‘é . . Miller did not give them any physiological signif-
2 67 * tme icance.
& 4 . Miller put forward another empirical equation
e ‘. in 1938 (referred to in Purds}):
< T °
0 T T T T 1 |Og WtOt =cP+d (Eq 5)
0 3 6 9 12 15
Log time (In sec) where W, is the total work (joules) and c and d are

Fig. 1. Relationship between running speed and natural loga- 2 constants equal to —-1.92103and 5.50, respec-
rithm of race duration in sec for male world records in running tively, which are obtained under the same condi-
events, as on 30 January 1997. . . .
tions as constants a and b in equations 3 and 4.
Equation 5 can be written:
vated by money. He deduced, therefore, that ama- P+
teur records had a large potential for improvementt =10 P (Eq. 6)
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 o
the form of the speed/distance relationship, statin
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 Miilléf! who resumed Kennelly's
work on the world records of their day. In 1937,
Grosse-Lordemann and Miller studied 6 individu- 1000 -
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

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 Francid?! He examined the plot of speed
r%lgainst the logarithm of racing distance and at-
g&empted 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:

800 A

equations from their results, only one of whichwas g 600
subsequently used 25 years later by Torn{all: <
logt=a-logP+b (Eq. 3) § 400 1
or after rearrangement:
200 A
t=10@-logP+b) (Eq. 4)
where P is the sustained power (in watts), t is the 300 350 00 50 00

total time during which this power is sustained
(sec), a and b are estimated as —3.04 and 10.01,

tivel d btained iricallv b Fig. 2. Power/duration relationship for cycle ergometry. For each
respectively, and are obtained empirically by apowerdemand/endurancetimecombination,apointisdeﬁned.

least-squares analysis of 8 experimental points byrhree different fitted curves are shown for illustrative purposes.

Power (W)
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(logd—-1.5)x (v—-3.2) =6.081 (Eq. 7) sports students as well as the presumed state of

where d is the distance in metres and v is the speeﬁerxsmﬁ::;?gr'goﬂé‘:}?oggzlié?nigfégggf’di):jcfr:;t
in m/sec. The horizontal asymptote of the hyper- ): ' y u

bola represented a speed sustainable without fatigu@,_Ince this experiment had been speC|f|caI.Iy. de-
which Francis then identified as being a ‘dog trot’, signed to assess the endurance of the participants
a speed of 3.2 m/sec (11.5 km/h) for a ‘perfect (and not extrapolated from the rec;ord;) gndurance
runner. Francis assumed that this speed could b§°uld be assessed using the subjective judgement
maintained indefinitely by disregarding the neces-Of the participants regarding their training status
sary sleeping hours. This was perhaps the first sug@nd Physiological condition. _

gestion of a model incorporating human bioener-  Five years later, Henifl examined the histor-
getic characteristics, but many years were to elapsé@! evolution of the 1 mile record since 1865. He
before the potential of using these characteristicsStated that most 1 mile records could be fitted to an
to predict individual performance began to be €xperimental curve obtained by linking the record

realised. time for 1 mile with the year in which it was
achieved. Despite this, he did not venture to predict
2. Models of the the date upon which the 4 min barrier would be
Power/Distance/Speed/Time broken (3 min 59.4 sec by Roger Bannister in
Relationship Used to Characterise 1954). He supposed that this barrier would reveal
Athletic Endurance the physiological limits, without specifying what

they could be.

The analysis of world records gave valuable The same method of evaluating human perfor-

general information on the limits of human perfor- g o
. L mance and endurance limits by examining the evo-
mance. However, this analysis did not allow the

e . lution of world records was adopted by LietzR8,
endurance for anindividual to be estimated. Endur—Who analysed the relationship between pace (time
ance is defined as being the capacity to sustain a y P P

given power for the longest time possible (or sus-P€’ 1_OOm) and distance for swimming walking and
tain the greatest power over a given time), a quality’*""'"9 records. He considered that all of th_e
which could be related to the bioenergetic characPOINtS situated t_)elow the curve of pace versus dis-
teristic already known at the time as the maximal tanC(_e could _ea_sny be beaten,_ a_n(_j by calculatmg the
oxygen deficit. Time is measured until exhaustion, 'éduired gain in pace and dividing by the pacing
and according to Edwards et@lexhaustion is de-  distance over 100m he obtained a time margin that
fined as failure to maintain an imposed power andit Was possible to gain over each of the considered
is brought on by fatigue. It is important to realise distances. Lietzke noticed that the maximal speed
that fatigue may be physiological or psychological ©" the distance/time relationship curve (using a
in origin, and can be regarded as the inability tol0garithmic scale) was achieved at 15 sec, being a
perform maximally. speed of 35.91 km/h which, today, is still consid-
Henry and Farmé# adopted the notion of en- €red to be correct, even if the maximal speed is
durance by defining an endurance or ‘drop-off’in- closer to 40 km/h. Lietzke therefore deplored the
dex by comparing the time required for running absence of official 100m and 200m races which

220 yards (201m) and 70 yards (64m): would allow this maximal speed to be seen. Lietzke
pointed out that the analysis of world records for

(Eq.8) racing on foot, the basis of the human endurance
curve, should begin with the 150m because for

This index correlated well with the subjective shorter distances the reaction and acceleration
estimate of the state of training (untrained, slightly times at the start slightly lower the average speed.
trained, well trained, extremely well trained) in 18 He noticed that the curve follows a negative

time for 220 yards

endurance index time for 70 yards
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straight line slope to 140 sec racing time (and aeither side of the time taken to run 1 mile (remov-
speed of 26 km/h) over a distance of roughly ing the 100m time, since the short sprint alters the
1000m, and thereafter the curve follows a moreaverage speed too much). He therefore distin-
gentle slope with alower loss of speed with length-guished the equivalence of records situated on the
ening of exercise duration. This is why this dis- |ines (the ‘best efforts’) from those for which he
tance of 1000m delimits long and shortraces.  predicted a rapid improvement:

Lietzke did not speculate upon the factthatfrom. 5 gain of 2.9 sec over 800m (1 min 43.7 sec
a starting point of 2 (or 3 depending on the author)  (ather than 1 min 46.6 sec)
minutes of exercise aerobic metabolism becomeg gain of 4.2 sec over 1000m (2 min 15.3 sec
predominant, which explains the plateauing of the rather than 2 min 19.5 sec)

speed in spite of the lengthening of exercise dura-, a gain of 29.9 sec over 10 000m (28 min 24.3
tion. Lietzke attributed the decreased loss of speed ' . '
sec rather than 28 min 54.2 sec).

with longer duration to ‘second wind’, and noted 3] ~pitind : 2]
that from 12.5 miles (20.1km) and above the speed Meadé'?l criticised Lietzke'l work by de-

curve decreases again, which we can now explaiﬁ']_m“InCing his lack of original?ty compared with the
by depletion of glycogen and the necessary pasPioneer Kennell}l and advised Lietzke to take

sage to lipolysis, a less favourable process of oxij-nto account the historical and cultural contexts
dative phosphorylation. surrounding the achievement of records at various

Lietzke related the distance run (d) to time (t) distances, many among them having rarely been
and found an almost linear relationship of the log- attempted. Meade concluded that a definite rela-
arithms: tionship between speed and racing time was only
reliable if it was based upon historical knowledge,
practical experience in each of the racing distances
where k is the slope and log a is the intercept of theand, most of all, the use of physiological consider-
straight line. Equation 9 can therefore be written ations rather than a simple statistical analysis. He
as: therefore favoured the contemporary work of
Henny19.181to those of Lietzke. Some years later,
Péronndt4l made similar remarks in response to
or an article by Whipp and Wak#! speculating upon
t = (dapk (Eq. 11) the future increase of female.and male marathon

performances by extrapolating female perfor-
Speed (v) = d/t = &t . ak-1 (Eq.12)  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
v = allkglk -~k (Eq.13)  distance has only been part of the Olympic pro-
gramme since 1984 (Los Angeles). All agree that

A ‘constant of exhaustionk = (k- 1)/k can . . ) . .
therefore be calculated using equation 10. Thisth€ ultimate goalis to give a biochemical explana-

constant of exhaustion for running (=0.239 for tion for all aspects of the speed/time curve.
women and —0.009 for men) gives a quantitative It was the later work of Hen#l that marked
measure of the delay of fatigue appearance. Thighe beginning of a physiological approach to the
therefore represents a second quantification ofelationship linking power and duration of exercise.
human endurance after that of Henry and Farffler. We will continue this theme in section 3, which

Two years later, Lietzk&? examined the speed/ discusses theoretical models of the power/time re-
time relationship curve plotted on a double- lationship based on human bioenergetic charac-
logarithmic scale to obtain 2 straight segments onteristics.

logd=k-logt+loga (Eqg. 9)

d=ak (Eq. 10)

From equations 11 and 12:

O Adis International Limited. All rights reserved. Sports Med 1999 Jun; 27 (6)
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Tornvall®! utilised Grosse-Lordemann and Mul- world record, at any distance, could be considered
ler'sil formula to compare it to experimental values as an index of relative performance.
from the laboratory. To this effect, he devised an ex- These speed/time relationships only consider
periment on 28 volunteers who accomplished be-average speeds. Sustaining a constant racing speed
tween 2 and 5 exhaustive exercises on different dayds regarded as the optimal strategy for breaking a
These exercises exhausted the participants in 1 toecord for distances greater than 291m (distin-
18 min. By plotting the straight line between the time guishing the long and sprint distances), as demon-
(logarithmic scale) and the amount of work in strated by Kellef8! Keller studied the optimal
kilopond-metres/min [1 kilopond-metre (kpm) = choice of racing speed to break a record. The con-
9.8066J; 1 kpm/min = 0.167W] he could determine Straint of the optimisation equation is the achieve-
the slope of this line, conveying the balance be-ment of the shortest time possible t over a given
tween anaerobic and aerobic capacity as an indeglistance d. The variable describing the energy flux
of fatiguability, but without going any further into depends on the runner's maximal oxygen uptake
bioenergetic-type explanations. (VO2may, together with an initial quantity of a.valll—

Atthe same time, Cralfy] endeavoured to eval- gble energy. Thus, the proble_m to b(_a solved is find-
uate and predict the world records for running andiNd @ racing speed compatible with the energy
swimming by relating the record curve for dis- ;tores, thelr_flow renewal, and the minimal dura-
tances to the date on which they were achievedion Of exercise.

(from 1920 to 1963). He claimed a larger improve-  11is theory is based on Newton's second law
ment for the longer races (>800m for swimming and the calculus of variations which determines an

and >1 mile for running). He instigated this study Op“”_‘a' st.rategy to be gsed fqr taking the shprtest
to follow Meade'$!3! criticisms of the work of poss@le time over a given distance according to
Lietzke1.12] Craig considered it impossible to equations 14 and 15 for distances <291mand >291m,

predict performances without having seen the evo_respectwely:

lution of these records as a whole over history,d = FrZt/t + &0 — 1] (Eq. 14)
regarding the prediction of a single achieved cur- ) ) 2oty

: . P = —2(L,—-t)/t
rent record as ‘aristocratic statistics’ (a personalV(t) = 0T + [v4(ty) —ot] &%k (Eq. 15)

comment by Karpovich to Craig). Craig therefore \ here F is the constant maximal force that the run-
compare_d the speed/time curves of t_he records fofer can exertg is the energy equivalent of maxi-
running in 1920 and 1961. He noticed that the na) aerobic power is a constant of proportion for
shapes of the 2 curves were similar, with a rapidhe forces of external resistance to motion; and t
decrease in speed for distances lasting less thagpg t, the times between which speed v is constant
5 min and with a more gentle slowing down from gyer the racing interval. The bioenergetic parame-
then onwards. He did not consider this to be sur-ters F,g andt and the split times;tand  may be
prising in the sense that the establishment of worlddetermined by comparing theoretical predictions
records requires human beings with the same physyjith the world records.

ical and physiological qualities. The progress |n 1976, Ryder et dt9 analysed the improve-
achieved in the 40 years reflects improved racingment of pace in foot-running performance from 60
and training techniques, which are apparently theyards to 30km between 1926 and 1976. For the
same for all racing distances since the form of the100m, he claimed a gain of 0.6 m/min of exercise
curve is similar over a 40-year interval. Cré#§ (10 cm) per year, and for long-distance races an
recommended comparing a runner’s own curve toimprovement of 0.9 m/min/year.

that of the world records to assess quality of speed In 1977, Frederidk® published a statistical anal-
and endurance and direct him/her towards longelysis of the pace/time model for 62 international-
or shorter distances. The ratio of performance tolevel long-distance and semi—long-distance runners.

O Adis International Limited. All rights reserved. Sports Med 1999 Jun; 27 (6)
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He established a linear regression between the ra@bsolute and relative power scale (in watts and
ing pace (in min/mile) and the logarithm of the maximal power percentage respectively). The aim
accomplished distance of the race. The slope i®f this study was to quantify interpersonal differ-
considered to be a ‘coefficient of fatigue, f,’ an ences in endurance. This indicator of power there-
expression of the rate of speed decrease accordintpre needed to be correlated to physiological char-
to race duration. He observed differing values of f acteristics such as muscular typology an@Max
according to sporting speciality, which fell into 3 It was an experimental approach with each partic-
categories: 1500m, 5000m and the marathon. Byipant undertaking an exhaustive test on a bicycle
examining the runner’s factor f, it would be possi- ergometer at 36, 45, 54, 63, 72 and 81% of the
ble to orientate them to a racing distance: f=4.0 maximal power measured in an all-out exhaustive
0.09 for runners of the 1500m: f = 0.6990.021  €ffort of 3 to 5 sec (measured 4 times at intervals
for runners of 5000 to 10 000m: and f = 0.629 ©f 20 min). The individuals who did not last for
0.02 for marathon runners. Frederick’s idea of a® Min at 36% of maximal power were tested at a
fatigue coefficient is very similar to that of Cole- lower power. Additional power levels were intro-
man and Rumbalfll However, none of these duced so that every individual had 9 experimental

authors gave any physiological significance to thisPoints to form their own personal curve. The test

factor f, which is considered to be a complex asso-Vas Stopped as soon as the pedalling speed dropped
by 3% of the imposed frequency for 7 sec, this

ciation of physiological, psychological and mor- 7 bei b o h I -
phological factors. Moreover, the effects of train- SEC being Sut trz_act_e romt etpta exerqse_nme.
The relationship linking power with exercise time

ing on the value of f are slight. For example, Craig - )
Virgin (world cross-country champion in 1980) was curvilinear.
had a change in factor f from 0.572 to 0.570 be-
tween 1972 and 1976.

22,23] i i . . . .
Mortorf undertook an examination of the where t is the endurance time (in minutes); aand b

time trend in world records over dl_stances fro_m are empirical constants: ang.Pscaled power’) is
100m to_the marathon. An asymptotic exponen_’ualthe relative power as a percentage of maximal
regression trend was fitted to the data, which g er

clearly demt_)nstrated that ultim:flte time limits Each individual therefore has a pairing of abso-
could be estlmated_for aII_such distances for thelute and relative power,pbeing the relative power.
extended future. Ultimate times of 9.15 sec forthe Harman et al?5! showed that the dispersion of en-

100m, 3 min 4.15 sec for the 1500m and 23 min gy rance time for a given absolute power is actually
40.94 sec for the 10 000m were predicted. Acom-increased by utilising scaling to relative power.
plete table of these limits and progress towardsthis showed that within a group of individuals,
them can be found in Noaké&l] A cross-sectional  relative power was a poorer predictor of endurance
study of these limits using the model of Kefét  {ime than absolute power. This initially surprising
enabled ultimate estimates of the maximal propul-result could signify that the interpersonal differ-
sive force, maximal aerobic power and anaerobicences in endurance are rather more linked to anaer-

capacity to be obtained. The ultimate male super-obic capacity at the onset of lactate accumulation,
athlete of the extended future is predicted to beor critical speed?d] as was also pointed out by

able to exert a maximal accelerative force of 15.0vandewalle’s group in 19987 Harman et al?5
m/s?/kg of bodyweight, have a maximal aerobic plotted the endurance time graphs according to
power of 154 mi/kg/min and a useable anaerobicpower expressed as a percentage of the maximum
capacity of 0.14 L of @kg of bodyweight. power. By definition these curves coincide at 100%
Harman et al?®! also proposed an endurance of the maximal power, even though they diverge at
index calculated from the difference between thea lower relative power level. Harman incorporated

t=a(RgP (Eq. 16)
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the features of endurance into a factor F (individualfor each section of the general speed/time relation-
scaling factor) which is calculated by using the dif- ship curve plotted on a double-logarithmic scale:
ferences between the values on the absolute and

relative power scales in order for the endurancedy/dt = ag™it + apeo! + age™s! + age™ + ager™s"

time to be similar. (Eq. 19)

Psc= 100 — F(100 — Brnay (Eg.17)  a, being in m/sec and k in sek The range of re-
duction in speed can be estimated from the follow-
; ing 4 values of the coefficient,awhich represent
the relative power expressed as a percentage of thlsﬁ a general way an energy debit causing a loss of

absplute maximal power measured du_rmg a teStSpeed because of the depletion of energy reserves:
lasting between 3 and 5 sec. The quantity F repre-
e : » a represents the loss of speed caused by deple-
sents an individual scale factor which expressesa . . : _
tion of alactic anaerobic reserves = 4.80

fatigue index. When Rnax= 100 or if F = 1.00, then
P.. = Pormas When Bma< 100 or if F > 1.00 then ° a represents the loss of speed caused by deple-
P..< Po tion of lactic anaerobic reserves = 1.80

SC max

We can also calculate F by measuring the rela; & represents the loss of speed caused by deple-
tive movement of the point on the power axis (x) tion of glycogen reserves = 2.96

where R.is the scale power calculated frormjRy

which attains the same exercise duration: & represents the loss of speed caused by deple-
tion of fat reserves = 3.54
F = (100 — %ew)/(100 — X%d) (Eq.18)  « agrepresents the loss of speed caused by deple-

where xq is the old co-ordinate for a given time tion of the (negligible) protein reserves.

_ 28] . .
value on the power axis as an absolute value an g"" ha?] n;tlcedl that oc>j<ygen up';ake:();_/)_ »
XnewiS the new co-ordinate for the same time value ad not reached a truly steady state aiter 4 min o

on the power axis in relative values (as percentageexercIse at 16 km/h, but that the oxygen debt in-
of Ppmay) When B max= 100. 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
In 1954, Henr{! introduced a preliminary pain appear, here describing his own symptoms. He
physiological explanation for the characteristics of therefore concluded that all these factors determine
the speed/time relationship described in section 2a runner’s endurance. A maximal steady-state speed
His explanation was the exhaustion of various fuelis that which, according to Hill, it was possible to
reserves for transformation of chemical into me- maintain for half to three-quarters of an hour. This
chanical energy. These reserves invoked alacticpeed does not induce hyperthermia nor hypo-
and lactic anaerobic metabolism according to theglycaemia, contrary to what Hill had claimed for
duration of exercise (manifested by the oxygenmarathon runners. He demonstrate®\,x at a
debts both alactic and lactic in origin), then aerobicvalue of 4.41 L/min achieved in 4 min and main-
metabolism from glycogen reserves, from fat andtained for 6 min by a rower weighing 83.5kg. It is
eventually from protein. In proposing a more phys- highly unlikely that this relative 0, value, equal
iological explanation of speed decrement accord-to 49 ml/min/kg, is representative of maximal per-
ing to race time, Henry proposed a rate constant aformance attained at that time. This value is some-

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
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what below the \D, (73 ml/min/kg) necessary for d=S/B +t(R—-A)/B (Eqg. 22)
running 2 miles at 21 km/h, the world record at the
time, using the standard oxygen cost of running ofwhere A and B are individual parameters depend-
210 ml/min for a 60kg human (3.5 ml/min/kg per ingonthe runner’s physiological characteristics, A
km/h of speed) calculated by di Pramp&8.In  being the \O; at rest [not very variable among par-
1927, world record holders had never been studiedicipants, equal to an average of 1 metabolic equiv-
in the laboratory. alent (MET), i.e. 3.5 ml/min/kg] and B is the en-
Hill 28] concluded that the highest speed thatergy debit rate for a given speed expressed as the
could be sustained in a given fixed time was deter-VO, equivalent to a given speed (or the racing
mined by the energy supply and the metabolic re-economy according to the definition given by Dan-
serve, proposing 3 possibilities for a runner whoseiels et al®¥). For short distances (limit not speci-
VO,maxequals 4 L/min and whose maximal accu- fied), S is small and R large; for long distances, S
mulated Q deficit (MAODI) is 16L: is larger and R is smaller.
(i) If the runner could use all 20L of oxygen in This relationship was further examined by Sar-
1 min (equivalent to a @, of 285.7 ml/min/kg for  gent32l over a stretch of 120 yards run at speeds
a bodyweight of 70kg), he/she could run extremelythat were strictly controlled by a runner who, it was
fast at 81.6 km/h. declared, could run short distances as well as he
(i) If the same runner ran for 2 min and there- could run long distances. TheQ4 during rest was
fore used atotal of 24L of oxygen forad4of 171  measured standing up after lying down for 30 min
ml/min/kg, this could give a speed of 48.9 km/h, (an early example of the method of retroextrapola-
getting closer to (record) speeds achieved in sprintstion revisited in the 1980s by Léger and Bou-
(iii) If our model runner opted for a 7 min race, chef3l). It was not the kinetics of oxygen uptake
this would allow use of 44L of oxygen'®,89.8  but the total volume (oxygen debt) that was exam-
ml/min/kg) and a corresponding speed of 25.7 km/h.ined a posterioriwith the runner having held his
In 7 min this would give a distance of 2993m. Thus breath during the 120 yard race and breathing until
a 3000m time of just over 7 min is predicted. his VO, returned to its rest value. At a speed in
This demonstration allowed Hill to show that excess of 5.5 m/sec (19.8 km/h), the spe€d/V
oxygen deficit makes a gradually lower relative relationship became exponential:
contribution as racing time increases. Thus, accor-
ding to Hill, the relationship between racing speed, V02 = k - v3-8 (Eq. 23)
distance and time involves: (i) the oxygen consum-
ption necessary for running the distance in the given At the time, 5.5 m/sec was estimated to be the
time; (ii) the runner’s effective’ @, during the  runner’s maximal aerobic speed (speed above
race; and (jii) the oxygen debt contracted by thewhich VO, did not rise despite an increase in rac-
runner during the event (in fact, the deficit accord- ing speed), even if this concept had not then been
ing to Medbo et alk)): 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

where E is the energy spent, S is the energetic cap\-/ozma* it was possible to identify the distance

acity or supply and R is the energy debit rate duringIimit covered at rqcing §peed. The runner could
exercise. 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 (tim) at VO2max Sargent concluded that
with this method it was possible to calculate a dis-
tance limit at the athletes’ given speed and, in the
v =S/(tB) + (R—A)/B (Eq.21) same way, to estimate their performances over

E=S+Rt (Eq. 20)

Hill 28] therefore formulated the relationships
linking speed, distance and time with R and S by
means of the following equations:
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regulated distances between 300 yards (274.2ma reserve of W, measurable under occlusion and
and 2 miles (3218m). factor b is the maximum rate of reconstitution of
Hill's[28] hypothesis, according to which the the energetic potential of muscular contraction. As
oxygen debt was caused by a delay of oxidation inlong as working power is less than or equal to factor
response to muscular activity, thus explaining ab, the work may be continued over a very pro-
guantitative relationship between oxygen debt andonged period of time. The critical power is there-
the production of lactic acid, was generally accep-fore equal to the value of factor b. Starting with
ted in the early 1930s. However, Margaria elf4l.  equation 24 which relates W to tim, the power
proposed the possible existence of an alactic deb(P) at which the work is realised is:
and noted that the accumulation of lactic acid only
occurs beyond an exercise power equal to abouf =
two-thirds of that corresponding to theOdmax
They did not mention a time limitation of exercise
at a power corresponding to the onset of lactatey;, = a/(P - b) (Eq. 26)
accumulation, but were rather more interested in
post-exercise lactate kinetics in relation to that of ~Equation 26 shows thagt is therefore an inverse

Wiin/tiim (Eq. 25)

and after substitution, we obtain:

VO, to identify alactic and lactic debts. function of the difference between the power of the
imposed work and factor b, which is equivalent to

3.2 Transition to the First Real Physiological the maximum power of restoration of muscle func-
Models for Human Endurance tion. In other words, there is a hyperbolic relation-

ship betweent, and powef8 In the studies of
Scherrer et df® studied the influence of load sScherrer et al?8! t;,, was between 1 and 20 min with

and imposed frequency of local dynamic muscularg few values up to 1 hour.

work, as well as the influence of circulatory occlu-  Thjs relationship lends itself particularly well to
sion, to specify ‘a few valuable rules for the mus- estimating exercised, between 4 and 30 min. This
cular work of Man’. The work consisted of lifting  model and experimental approach were then ap-
aload to a given height (for the biceps, the brachialpjied to general dynamic work involving more than
triceps and the quadriceps). A ‘critical power’ for two-thirds of the total muscular mass, for example
working was established together with the notion rynning on foot or pedalling a cycle. We will return
of work capacity. The research which lead to thistg the concept of critical power applied to general
result used the ‘energameter’ at Bidou's constantgynamic exercise at the beginning of the 1980s by
power (1947, quoted by Mon&8l) in which resis-  Moritani et all37) and then Vandewalle et 88! for

tive work added itself to active work. Scherrer et pedalling exercises, by Hughson ef¥l.and then
all3% has named the ‘threshold of local fatigue’ as | echevalier et al% for running on foot, and by

the moment where the work can no longer be con4yakayoshi et alt142 for swimming. We will also

tinued at the initial power, thed as the duration gee that this model allows us to explain the ob-

for which it had been maintained and work limit geryed relationship betweaitat VOzmax VOzmax

(Wiim) as the total work carried out. The notion of gnq the speed at the onset of lactate accumulation

critical power was based on a simple linear reIa-(WhiCh is very close to the critical speed deter-

tionship linking work and time limits, expressed mined according to the model of Scherrer €88).

as: In particular, in section 3.4, we investigate inter-

(Eq. 24) persoqal variabillity initn at the speed correspond-
ing to VO2max (VVO2may-

where a and b are constants whose physical mean- In 1960, and then in 1980, Wilki#-44 proposed

ing can be deduced from experiments with andthat these purely empirical equations had been de-

without blood flow occlusion, such that factor a is vised over durations that were too long to allow an

Wiim = a + be tiim
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accurate physiological interpretation. He therefores during work at steady state between 5 &180
suggested the following equation: min, power is limited to 0.5 to 0.4hp
« forlong 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
erformance in keeping with energy production,
rederick*’] proposed a relationship between dis-
tance andjt, calculated from the world records of

P =E + (Alt) — E[1 — exp(-tt)]/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). Th
third, and more complex, term explains the fact

2:;;?;?3;52\,\;6;ngesonnﬁt;nggfgsgiItyfgt:glItsthe time. To establish the relationship between dis-
’ tance andt,, Frederick used the following dis-

being necessary. This would be negligible for €X-tances and activities: 100, 200, 400, 800, 1500,
ercise of several minutes or longer, but was impor-SOOO, 10 000m and marathon (running on foot):
tant for exercises of up to 3 min. Wilkie demon- 100, 200, 400, 800 and 1500m (swimming); 100,
strated little rigour or interest in the elaboration of 200, 400, 800, 1500, 5000 and 10 000m (skating):
such models. Ifthe modelling has a degree of phys4 5 10 and 20km and the 1 hour record (cycling).
iological reality, then its characteristics — despite The sports and distances had in common the fact
simplicity —are not to be neglected. We must there-that they were dependent on respiratory and circu-
fore question the predictive value of the model (or |atory systems. It was necessary to assume that the
how the equation conforms to the experimental datajthlete was exhausted on termination of the dis-
and whether its form suggests a regulating mechatance and that the time could be taken;gdor the
nism and its parameters correlate with other deterrespective distance. The speed/time relationship
minable quantities. curve for each sport has an almost constant slope
For example, although the value of the maximal for short distances, followed by a smaller but again
aerobic power (273W) is compatible with @y,ox ~ almost constant decrease in speed for distance cov-
of about 4 L/min, and an anaerobic capacity ofered in >240 sec. The relationship proposed by
16kJ with the energetic equivalent of lactic acid Frederick is:
(where 1 mmol/L accumulated = 3ml of,@on-
sumed/min/kg bodyweigHP!), the time constant
seems too brief in comparison with the kinetic
delay in adjustment measured fo©y, which was In 1966, Lloyd*8! analysed the world records
more like 30 sed!sl Wilkie's explanation was that ¢ running on foot by testing Hill€8 model
the intramuscular oxygen reserves could COMPeNStequations 21 and 22), following his analogy with
ate for this difference at a Iocal_level_. \_N|IIHé] the concepts of economy: S representing energy
established human power and time limits as fol-reserves (the stock) and R, the income according
lows (1hp = 735.5W): to the distances run. Using this model, and by ex-
+ forisolated movements, power is limited to less amining changes in its parameters over time, Lloyd
than 6hp by the muscle’s own power and by thepredicted that times in all races up to 10 000m
difficulty of coupling each muscle to an appro- would be reduced by about 5.5%, and in longer
priate weight races by about 7.5%, by the year 2000.
« forbrief durations of effort (0.1 to 5 min), power In the same year, Ette8l re-examined the
is limited to 2 to 0.5hp by the internal chemical model of Scherrer et &5 Ettema emphasised the
resources of the muscles paradox that, according to Frederidk’s model

logv=a+b-logt (Eq. 28)

where a and b are constants.
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(equation 28), short distance performances wouldnological progress has also meant that 49 km/h has
be overestimated when calculated using data obbeen bettered, particularly at higher altitude where
tained over long distances. He therefore propose@erodynamic drag is less, as has been shown by di
a relationship between distance apgltather than  Pramperd?®!
a speed/time relationship. He considered it easier The values of the coefficient a calculated by
to interpret the curve linking distance to record Ettemd*®! for swimming, running, skating and cy-
time (tim), i.e.: cling for the world records of the time are 40, 240,
180 and 200m, respectively. These values appear
d=a+b-tim (EA-29) 5w because only long distances were taken into
where a is the distance in metres which could bedccount. Ettema therefore did not question the in-
run on oxygen reserves and the energy supplied bjiuénce of distances chosen on estimation of the
anaerobic metabolism, and maximal speed b (invalue of a. Finally, Ettema concluded that the rules
m/sec) is interpreted as the rate of reconstitution off fatigue elicited particularly by Kennelf for
these reserves by aerobic metabolism. Ettemdhe power/duration relationship in fact relate to the
noted the equivalence of his equation to that pro-fénéwal of ATP by physiological mechanisms. That
posed by Scherrer and Mori&f for dynamic local 1S, We can liken the muscle to a transformer of en-

work of a group of muscles. From equation 29: €19y from its chemical form (phosphorylated bonds)
to a mechanical form (locomotion).

v = afim + b (Eq. 30) Ten years later, Margaria et &H proposed an

equation predicting the time to cover a given dis-

tance by assuming the independence of the ener-

tiim = a/(v — b) (Eq.31) 9etic cost of racing and speed between 10 and 20
km/h. They estimated that:

where v is the speed in m/segntis in sec and a « the energetic cost of running is equal to 0.9

and b are constants whose values differ according  cal/m/kd52

to the section of the curve studied, i.e. to the range.  the VO, at rest (having no part in the production
of tim and thus the relative contributions of aerobic  of energy for running) is equal to 6 ml/min/kg;
and anaerobic metabolism. « the energy supplied by anaerobic glycolysis is
The §im ata particular speed would then depend,  equal to that supplied by the oxidative processes
according to Ettem#é! on the difference between  gver 1 min (the \Damay), and therefore an athlete
that speed and the possible maximal speed for re-  wjith a \O,max0f 70 ml/min/kg has an accumu-
constitution of the energy stores by oxidative phos-  |ated maximal oxygen deficit of 70 ml/Kg§% A

phorylation, clearly extending the work of Scherrer nomogram was derived from the equation:

and MonodP% on the ‘critical speed’. Ettema cal-

culated the critical speeds (m/sec) for swimming, d = 5(VOz2max— 6)t + 5VO02max (Eq. 32)
running, skating and cycling starting with the . . .

world records dating from 1965, obtaining values yvh_ere d |s_the maximal _chstf’:mce (metre§) covered
for each of these modes of 1.43, 5.85, 10.6 and 13.4! time t (minutes) for a given Gamax(mi/min/kg).

m/sec, respectively. For running and cycling these? Ozmaxcan therefore be determined from the time

correspond to 21.06 and 48.6 km/h, respectively,taken_forCovering agivendistance according to the
which are significantly below the actual values. equation:

Ettemd*®! perhaps did not sufficiently take into ac- VOzmax= [(d + 308)/(t + 1)}/5 (Eq. 33)
count the aerodynamic component of the energy

cost. If this component only represents 10% of the If an athlete runs 3000m in 9 min, the calculated
total energy cost of running, it can be ignored. OnVO,nax is 65.4 ml/min/kg, which appears a little
the other hand, at 90% for cycling, it cannot. Tech-low for running 9 min at 20 km/h. Margaria et&#!

and:
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specified that this equation could be modified ac-+ the onset of lactate accumulation at loads around
cording to the runner’s nutritional state, the ener- 50 to 60% of \Ozmax

getic cost of the race and the individual's capacity the smallerincrease in cardiac output as a result
to maintain \O,max throughout the event. The no- of the plateauing of the systolic ejection volume
tion of tim at VO,maxarose as a result of this article,  at about 60% of Dmax

proposing it as a condition of validity in an equa- * the depleted muscular glycogen during long races.
tion for predicting VOzmax assuming i, over a This equation applies to exercise intensities
fixed distance of at least 5 min. If we compare the between 50 and 110% 6f®max[> According to

2 conditions of validity, knowing that the duration these authors, itis possible to compare individuals
is longer than 5 min and that the runner is capableVith each other, or even with themselves following
of sustaining \Dzmaxthroughout the event, we can training, in terms of the parameters A (the slope of
deduce that Margaria et 8% assumed implicity the time of endurance/load line expressed in
that VO,maxcould be sustained for less than 5 min. KPM/VOzmaxin L/min), and B which is the inter-

One of his colleagues, di Prampero, was thinkingcept of t_his line with the-axis (relative_load per-
at the other extreme when he wrote thaDya centage D>may. They showed that an increase in
could be sustained ‘for about 20 mit§®! A was dependent on that of B, and that an increase

Gleser and Vog&4 had already stipulated that in VOzmax(in L’“.“”) alone could not affect both A
V/Oprma could be sustained for 10 min, 90% of and B. Indeed, if the load (kpm) increases propor-

. ) tionally to VO,max (in L/min), their relation does

0
VOz_max_fo_r 25 min, anq 85% Of Damaxfor L hour = ot change, and endurance time is sustained be-
(which is in keeping with high-level sporting real-

) . i - cause the relative load as a percentage OfVax
ity). Their endurance model (which they defined aS\vas not altered. Intercept B could be considered as

being the individual capacity for accomplishing 5 instantaneous maximal load, and we cannot
prolonged work at a given intensity) is €XPONen-imagine an increase of both A, the individual’s
t_|al, a closer shap_e to reality than those which aréandurance, and B. The participants (skiers and long
linear or hyperbolic: distance runners) followed a 10-week training pro-
gramme performed at intensities of between 50 and
100% of VO,max Which was re-evaluated in the
where t is time in minutes, parameters Aand B Offlfth week. FaCtoernly fell0.0008 on average for
the equation are described below, andsithe rel-  the 8 participants (range —0.0071 to —0.0079). The
ative load or imposed work on the individual (ex- heterogeneous unit chosen by Gleser and \Vetjel
pressed in kpm/@zmay). Since relative load () is to express the reIanv_e_pedaIImQ power in re!atlon
a work (joules) divided by a power (Womay €x- to VO2max leads to difficulties in interpretation,

pressed as J/sec, because 1 ml 9F=@0.9J for a _belt(:ause' Yé)_grp]axwafde:pressedbilnduhmin and notd
respiratory quotient of 0.96), then Ls expressed In kpm, which would have enabled the expresse

in sec. The relative load is therefore a unit of time. load to be seen on the abscissa as a ratio, giving

However, Gleser and Vodgef! would certainly load/maximal load at Qamax

. - . In the early 1980s, Moritani et &7 re-examined
have expressedlin kpm/min/VOsznaxto obtain a the model of Scherrer and Mor® concerning the

real dimensionless estimation of the relative exer- . . .
. We beli this o b ; C{I\(/elatlonshlp between W, and ti, of local dynamic
cise power. Ve believe this 1o be an uncorrecteq, y and applied and validated it for general supra-

logt=A-L,+B (Eq. 34)

error. _ _ _ maximal exercise undertaken on an ergocycle:
Although this equation of exponential form was

established in an empirical way, as was that ofwj,, =a + b tjm (Eq. 35)

Grosse-Lordemann and Millgt,it took into ac-

count: P=alfm +b (Eq. 36)
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Thus, for supramaximal exercise exhausting theexpressed as a percentage @Maxand exercise
participants between 50 sec and 4 min, a lineartime (). Indeed, Camus et &7 considered that
model describes the relationship betweghand the supramaximal endurance is perhaps predicted
Wiim.[37-38 Moritani et all3”] stated that the critical by the intensity of exercise expressed in relation to
power (equal to parameter b) was highly correlatedits difference from \D,nmax according to the equa-
with and close to the exercise power at the start oftion:
hyperventilation, the break-point of the ventilatory .
debt/exercise power relationship described by'm = f(E — VO2may) (Eq. 38)

Wasserman and Macllré§! as the ventilatory where E is the \0, requirement of the exercise. This
threshold, or anaerobic threshold. This ConﬁrmStakeS into account the difference between the en-
the importance of being able to maintain critical ergy debit of Supramaxima] exercise ahd)%ax’
power over a prolonged period of time. Further- allowing the interpersonal differences gf tat these
more, the effects of hypoxia (the inhaling of a gas jntensities to be annulled.

with diluted oxygen Content) were studied UtlllSlng This function of endurance time at Supramaxi-

8 volunteers in the experiment. Hypoxia reducedmal exercise may be written according to the equa-
the critical power estimate according to the degreg;jgn:

of hypoxia, with the value of parameter a being
unchanged. This confirmed the hypothesis that palim = a+ exp[b(E — VOzmay] r = 0.979, p < 0.001

rameter a represents an anaerobic energy reserve. By (Eq. 39)
following the author$3’! it was therefore possible

¢ where fm is expressed in sec, E andOynax are
0 say:

expressed in ml of @min/kg and a and b are equal
to 330.8 sec and 0.14 kgin/ml respectively.
When E = VOsmax tim = 330.8 sec. These results
clearly show the significance of®maxas a crit-
erion of physical ability in supramaximal intensity.
However, VO,maxWas not correlated to blood pH
nor to lactate, which could have confirmed that
VOomax is in fact the difference in power upon
which depends the supramaximg| and therefore
(by multiplying tim by E — VO2may an accumulated
oxygen deficit dependent on the capacity of the
anaerobic metabolism.

Wiim = a + be tiim = Amax* Svent* tiim (Eq. 37)

where Sentis the power relating to the ventilatory
anaerobic threshold andAxis the maximal anaer-
obic capacity.

Meanwhile, Housh et a8l 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.[?1 the calculated critical power was equal to
80% of the maximal aerobic power. A recent model describing and explaining the

All of the models in section 3.2, with the exep- time/speed relationship of racing is that of Péron-
tion of Wilkie,[*344 ran counter to the calculation net and Thibaul859 As with Ettema?®] these
of VO, for submaximal exercise power (less than authors considered it possible to establish relation-
VO,may based on an adjustment delay which de-ships between time, distance and speed from male
termines the inertia of the aerobic and anaerobiovorld records for cyclic-type activities (i.e. move-
metabolisms (as well as their participation in ATP ment repeated in an identical way at each cycle)
resynthesis). such as running on foot, cycling, swimming and

Camus et al?’! established an inverse relation- skating. Rather than being a description of a simple
ship between supramaximal exercise intensitymathematical formulation between racing speed

3.3 Physiological Models of
Increased Sophistication
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and distance involving several exponential func-value of the \O, plateau is lower when the dura-
tions, the model of Péronnet and Thibault attemptstion of the exhaustive exercise is prolonged. For
to explain the record for the shorter and longer dis-exercises of short duration;f < tyap) the value
tances (from 60m to a marathon) in detail from of the VO, plateau is equal to @,maxand the value
physiological considerations based on currentof aerobic power at any instant is given by the fol-
knowledge of the maximal capacities of different lowing equation:

metabolic systems. .

This mod)él is based on the work of LIo¥/8 and Pacrobic= MAP(1. — €m't?) (Ea. 44)
Ward-Smithi89 In this model, the quantity of work where I, represents the time constant of aerobic
accomplished at the moment of fatigue must equalmetabolism (about 30 sec). The decrease in the
the amount of work derived from the anaerobic andvalue of the aerobic power plateaupfia) with
aerobic energy systems. That is to say, RIS  tim for exercise exhausting participants over atime
the work equivalent of the anaerobic maximal cap-greater thanyap (i.€. tim > tuap) is given by the
acity (the maximal quantity of energy that can be following equation:
supplied from anaerobic metabolism), Péronnet
and Thibaulf8-59assume that the total quantity of
work isinferior to Anaxfor very shortand very long  or:
exercise durations. Indeed, for very short exercis _
(<30 sec), it is not possible to usgup the energ;jap'atea”_ MAP+ BN tim = I tuar) (Eq. 46)
reserves of anaerobic origin. In Péronnet and Thib-where E represents the rate of decrease in maximal
ault's model, the anaerobic energy available at theoxygen consumption. The value of E (negative) is
time of short-duration supramaximal exercise (A) considered to be an indicator of endurance capac-
is given by the following formula: ity.

Ppiateau= MAP + E[In (tim/tmap)] (Eg. 45)

In short, Péronnet and Thibalg¥ formulated a
very complete model on a sound physiological
where krepresents the time constant of the utilisa-basis which allowed the world records for distances
tion of these anaerobic reserves, the value of k between 60m and the marathon to be predicted. For
being 20 sec. Ais very near ta.Acfor tj, = 1 min.  this, they took into account:

Péronnet and Thibalfi®! proposed the follow- * the diminution in the quantity of energy supplied
ing relationship between; and the quantity of by anaerobic metabolism as the time of exercise
available anaerobic energy for exercises longer is either prolonged or shortened
than 7 min [an estimation of the average value of* the impossibility of maintaining MAP for more

A= Ama{l — (&im/a)] (Eq. 40)

tim at maximal aerobic power (MAP)]: than 7 min (a duration they had not actually meas-
ured).
A= Ama{l + T+ Intim/twap)] (Ed-41)  They also assumed that;
wheref, whose value is negative, is the decreasing® the speed corresponding to MAP could be main-
rate in A with the natural logarithm of4; relative tained for afm of 7 min (wap)
totyap (the time for which MAP can be sustained). * the power of aerobic origin available over the
Therefore: duration of fm (Ppiatea) decreased folid > 7 min
in a logarithmic way, and therefore:
A= Ama{l — (m/a)] for tim < tmap (Eq. 42)

Pp|ateau: MAP + MAP - S[]_ . In tr =MAP . (l + S_]_ . In tr)
A=Ama{l + T+ In(tim/tmap)] for tim > tvap  (Eq. 43) (Eq. 47)

Concerning aerobic metabolism, this model takeswhere S is a negative constant anddg the value
account of 2 factors: (i) an inertia in aerobic meta- of t;, expressed as a multiple of the maximal
bolism exists at the start of exercise; and (ii) the duration of the maintenance of MARdp), i.e. in
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multiples of 7 min. For, = 7 min (420 sec),t= demonstrated, having been contradicted by the

1,In t = 0 and Riateau= MAP. The MAP. S; prod-  work of Billat and Koralszteir”]) Hill et al.[6%]

uct is the equivalent of E, Péronnet's endurancewrote:

indicator, which reflects the individual's capacity o ,

to utilise the largest fraction of @,maxfor the long-

esttime possible. Better marathon runners mobiliseand:

about 85% of \O,max0ver the 42.195k_m. B Wim =d + b « tjm (Eq. 49)
However, the concept of the fractional utilisa- _ o . o .

tion of VOzmaxas a plateau for a certain duration of  This equation is validated for exercise intensi-

exercise does not take into account the effects ofies between 95 and 110% of MAP.ib the critical

the VO, slow component discovered by Whipp and Power (corresponding to Cf5the maximal value

Wassermalfill for exercise where power is greater for which the VO, slow component does not appear.

than the power at the anaerobic threshold. Nor doe&lill et al.l%l did not demonstrate a significant dif-

it take into account '\D, drift’, an additional com- ~ ference between CS and CShey then concluded

ponent appearing after a longer tine80 min) of that critical power (classically defined as the total

exercise at or not much below the anaerobic threshlime sustained at a given power and not the delay
old. in reaching \O,may 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 6fOgmax and
therefore of not being prematurely fatigued. This
critique could be a recognition of possible causes
for volitional stopping of exercise before reaching
VOZmax-

di Pramperd®3! following a suggestion of
Margarial®8l analysed world records for different
forms of locomotion using Wilkielé¥ equation
)sequation 27) which he reformulated as:

Gaesser and Podfd reviewed the difference
between these 2 additional increases i@,\Wvith
time. The \O, slow component is caused mainly
by peripheral muscular work (86% according to
Poole et al%3]), 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® to increase inexorably to
VOzmaxand therefore to imminent fatigue, precip-
itating the cessation of exerci$é! VO, drift is
regarded as being caused by thermoregulator
adaptations, notably an increase of skin blood flow.Emax=AnS- t™*= MAP — MAP - k(1 — e*9t~?

In any case, it seems unlikely that the true value of (Eq. 50)
VO, would be predicted at the end of exercise by here EnaxiS the maximal metabolic power. AnS
using the model of Péronnet and Thibd®#.Fur- s the quantity of maximal energy supplied by an-
thermore, i values at MAP are somewhat vari- aerobic metabolism (alactic and lactic), MAP is the
able among individuals (from 4 to 11 nf#fl with  maximal aerobic metabolic power corresponding
a variation coefficient of 25%) although more homo- g /O,,..,, k is a rate constant at whichQbmaxis
genous (5%) with respect toGhmax reached (about 0.1 s&; and t is the correspond-

It was by considering a slow component of the ing duration of exercise. jzxcould then be calcu-
adjustment of \D, that Hill et all®®! proposed an |ated for world records for different forms of loco-
alternative view of the ‘critical speed’ model of motion, comparing the records by calculating the
Monod and Scherréf! by considering the critical energetic cost of locomotion. The author obtained
speed (CS) as being the maximal value for whichpredicted times equal to 100.2, 89.2 and 91.5% of
the VO, slow component did not appear. In fact he the records of the time for running, skating and
regarded,, in Monod and Scherrer’s hyperbolic freestyle swimming, respectively.
model (equation 26) to be the same as the time Also following Margaria’s lead, Mortdf® 70
necessary to reach®max (This still remainstobe examined a hydraulic model of human bioenerget-
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ics. Margaria’s original formulatidfg! was solved More recently, MortoH3! established an exten-
mathematically and the solution compared with sion of the Monod and Scheri hyperbolic
known empirical facts. It was shown that the solu- model (equation 26) which allowed the exercise
tion conformed neither to Margaria’s own graph- power relating to j <2 min or >30 min to be
ical ‘solution’ nor to what actually happens under predicted more reliably. His modification of the
experimental conditions. These discrepancies an@'iginal hyperbolic model removed the constraint
directions for further work are discussed by Mor- @ccording to which power needed to become infin-
ton 62.7%who showed that this model, although not It€ly large in order that, = 0. Mortori’ pro-
uniquely defined, did now conform to observed PoSed that:
experimental data. t=al(P—b) +k (Eq. 52)

In a second pair of papers, Mortéh’2l exam-
ined 1 specific formulation of the 3-component where k, measured in sec, is the new position of the
hydraulic model. Various assumptions about limi- horizontal time asymptote. Morton demonstrated
tations to maximal power attainment enabled Mor-that k < 0, which signifies that the hyperbola
ton72l to predict, for example, the decline in power Crosses time zero at a finite value of instantaneous
output for continuous all-out effort such as in the Maximal power, P* = Rax. It is therefore possible
Wingate test. The model prediction conforms well 0 reparameterise equation 52 to include P* in the
with published work. Furthermore, this study of Place ofk, which gives a physiological meaning to

maximal achievable power as a function of the ex—aII of the eq:{a(tjlcl)jn S paran;n;_eters tb%cell_use i .'Sttr?e
isting instantaneous lactic, alactic and aerobicE€r9y supplied by anaerobic metabolism, b 1S the

bioenergetic components enabled Morton to re_critical power (close to the maximal power at
g P P steady state lactate concentratf8h and P* is the

dict endurance at constant power, or rather the . :
: tant that b intai 4nstantaneous maximal power supplied by the ATP
maximum constant power that can be maintained .. es We therefore obtain:

for a given time. This is given by an equation of
form: t=al(P-b) + a/(P — Ray (Eqg. 53)

P = (a + bie™! + cre2)/(ap + bpe ! + e 2 This new model formulation was tested using

(Egq. 51) the experimental values obtained by McLellan and
Cheund¥ using a bicycle ergometer. The esti-

which although cutting off at 6 sec endurance whereyated values of a and.Bare consistent with val-

P = Brnax (the maximum ‘instantaneous’ power), yes measured from cyclists of the same standard

does take a hyperbolic shape. Endurance@idx  (Péres and Vandewallél). We can therefore ob-

is estimated as 9 min. Thus, Mor{étiwas able to  tain the maximal power of a cyclist according to

identify a ‘critical’ power output which in theory, the relationship:

could be sustained indefinitely. His estimate of this

power was in the range 80 to 89% 0O¥mas Which ~ Fmax=0:5% 0.5 F (Eq. 54)

conforms with experimentally observed data onyhere F is the maximal theoretical force devel-

good to elite athletes. Morton was further able to gped on a bicycle at speed 0 andsithe theoretical

predict endurance at incremental (ramp) tests folspeed of pedal rotation at force QuRis the max-

various incremental rates. The most striking pre-imal power, generally between 14 and 20 W/kg
dictions are that D, achieved at exhaustion in an podyweight.

incremental test is constant, independent of incre- The critical power values of the individuals
ment rate (although terminal workrate is depend-studied™ were of the order of 250W for a value of
ent) and that terminal @, is not equal to'\Domax ~~ maximal power of the order of 1619W, which is
but around 94% of it. greater than that obtained by Péres and Vande-
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walle™! using tests which allowed not instant- ship. Indeed, what is predicted for an individual, a
aneous power but rather a sustained power for 5 taeduction in sustained power with lengthening of
6 sec representing full use of the alactic anaerobiexercise duration, also applies to a population of
metabolism. In addition, the critical power values elite runners, whos€e ®,nax maintenance time is
(b) calculated with the 3-parameter model are lowerrelatively shorter than the extent to which their
than those obtained with the classic hyperbolicVO,nmax is elevated. This inverse relationship be-
modell®% Conversely, using Morton’s 3-parameter tween VOomax and tim at VOomax among 38 long
modell’3] the value of parameter a was greaterdistance runners is given byO4max= 71.4 + 5.5
than that calculated with the classic 2-parameteml/kg/min and V\Opmax = 21.8 + 1.2 km/h, r =
model and conforms more to the values estimated-0.347, p < 0.0%78 They all ran at 100% of their
by Wilkie.[43.441Consequently, the value of the crit- VO,mayx but at absolute’ @max vValues varying
ical power (b) therefore approaches more closelyfrom 60 to 88 ml/min/kg. These experimental val-
the maximal speed at steady state lactate concenies match those of Monod and Schef#@rin this

tration[76] mode, where P is the power that a runner can sus-
tain until exhaustion, a W, can be calculated for
3.4 Significance of Endurance at VOomax the tim associated with P:

and its Variabilit
4 P = Wim/tiim (Eq. 55)
New parameters can be integrated in the model-

. . ) ) X , . In this model, b is the critical power that can be
ling of the intensity/duration relationship to explain

calculated from the slope of the relationship be-

the Va”?b'“ty n tii“ at Tgoﬁfmf@re'a“ﬁ :xer(r::se tween the racing distance accomplished for a time
power, for example at 0 01®max Althoug of exhaustion (%, in sec) and the intercept on the

t_he speed/time relationship has been widely invesy i 4¢q axis, ais assumed to be the anaerobic max-
tigated for almost a century, we have not concerne

. qmal capacity, the quantity of energy supplied b
ourselves until now with endurance aO¥mnay pactty d y gy supp Y

T . the anaerobic metabolism. We know from equation
which is integrated into most of the models de- 5 4+

scribing the loss of speed with time when th©y

adjustment delay has been accurately calculated. tjiy, = a/(P — b) (Eq. 56)
The concept of Domax is an essential factor ] ) ) ,

when modelling the capacities of the cardioresp- !f P iS the racing speed associated wit®)nasx

iratory and muscular systems to extract, transport-€- VVOzmax then fin is the time limit at V\Oamay

and use oxygen in order for oxidative phosphory-AIS‘?’ b can be estimated from the maX|.maI fr_act|on

lation to supply energy needs at @¥max(the run- of VOonax at the Iac_tate threshold, since |.t was

ning speed that just elicits®may). However, since  Shown by Lechevalier et &l that the critical

the oxygen deficit permits faster running during POWer (as a percentage of the velocity associated

short periods of time in order for the difference With VOzmay is not significantly different from the
between the required exercise power arhMa,  |2ctate threshold. Given that b = FQdmax (the
to be met, we have investigated the possibility of fraction of the velocity associated withOfmax at
explaining the duration of exercise at @dmaxby the lactate threshold) Lechevalier etldl. con-
the oxygen deficit, which may be more variable in cluded that:

i " i i 7,78 . .
size than \Domax iN Io.ng-d|stance. runn_er{é. ] tim = a/(WOsmax— FVWOma) (Eq. 57)
Our studies show an inverse relationship between
VOsmaxand tim at VOomax! 76781 This inverse rela- In this model, the highesj4 value at V\VOzmax

tionship can be explained by the model of Monod is obtained with a high value of a and a low value
and Scherrelf8! which provides a new interpreta- of (P —b), which is the difference between @ymax
tion beyond the simple power/duration relation- and the critical power (speed). In our experimental
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approach, as with the model of Monod and Scher-ponent’) which appears in this intensity domain
ref6®l (equation 26), the runners with the longestt  could explain the variability int, at these power
at vWOzmaxare those who have the smallest differ- levels, causing individuals to perform at greater
ence between V¥, maxand the fraction of ViDomax  fractions of VOpmax However, the link between the
at the lactate threshold and hence the smallesgelay in reaching Qomax for exercise intensities
VVOzmaxValue (km/h). lying between the lactate threshold and the maxi-
Further research will examine the relationship mal aerobic power and the delay in appearance of
between exhaustion time alD4mnaxand the anaer- fatigue has not yet been established.
obic capacity expressed as quantity of energy Finally, the study of this intensity/duration rela-
(joules). Other questions to be asked are whethefionship allows us to establish the athlete’s ener-
runners with a high Dzmax also have shorteiid  getic profile and advise individuals in their choice
at VOzmaxfor a similar VOzmaxspread, and whether o ompetition distance, as long as the points that

such differences are seen in sportsmen of the samg, resent the record times for particular distances
aerobic ability undertaking events necessitating, . situated above or below the individual’s aver-
different muscle groups, such as swimming, cycling,

. gy age curve. The prediction of human records over
canoeing and runningdj

distances that are not the subject of competition at
present seems possible with the model of Péronnet
and Thibault38! which currently remains the most

Astudy of the relationship linking exercise power effective frgm the point o_fwew of the combination
with endurance by referring to world records, gen- of metabolism and sporting performances. Furth(_er-
erally for running, has allowed physiologists to More, these authors offered a way of assessing
better characterise the 3 types of energy metabot'uman endurance according to the slope of the re-
lism in humans. It has even been claimed that soméationship between the fractional utilisation of
characteristics of the intensity/duration relation- VOzmax @nd exercise duration (as a natural loga-
ship provide an index for an athlete’s endurance fithm). However, this model assumes an invariant
such as the capacity to sustain the highest fractioriim at VOzmax (7 min) in providing a system of ref-
of maximal power for the longest time possible. erence in the calculations of the endurance index.
This maximal power can be the aerobic maximal This is why we suggest caution in the use of this
power (minimal power which solicits @4y or  endurance index.
even the absolute maximal power taken over very The most recent 3-component model by Mor-
short durations (a few seconds). ton[731 which extends the judicious historical

These considerations have led physiologists tomodel of Monod and Scherr&€! allows for the
propose theoretical models based on human enetnstantaneous maximal power as well as anaerobic
getic characteristics, i.e. the power, maximal cap-energy and critical power (which is close to the

acities and inertia of the aerobic and anaerobicpower at the lactate threshold) to be calculated.
metabolic systems. Endurance can therefore be

4. Conclusions
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