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PERONNET, FRANCOIS, AND GUY THIBAULT. Mathematical 
analysis of running performance and world running records. J. 
Appl. Physiol. 67(l): 453-465, 1989.-The objective of this 
study was to develop an empirical model relating human run- 
ning performance to some characteristics of metabolic energy- 
yielding processes using A, the capacity of anaerobic metabo- 
lism (J/kg); MAP, the maximal aerobic power (W/kg); and E, 
the reduction in peak aerobic power with the natural logarithm 
of race duration T, when T > TrJlAp = 420 s. Accordingly, 
the model developed describes the average power output PT 
(W/kg) sustained over any T as 

PT = [s/T( 1 - ewT”)] + $ s 

T  

[BMR + B(l - e+lkl)]dt 
0 

where S = A and B = MAP - BMR (basal metabolic rate) 
when T < &P; and S = A + [Af ln(T/&&] and B = (MAP 
- BMR) + [E ln( T/T&] when T > TmP; /q = 30 s and ks = 
20 s are time constants describing the kinetics of aerobic and 
anaerobic metabolism, respectively, at the beginning of exer- 
cise; f is a constant describing the reduction in the amount of 
energy provided from anaerobic metabolism with increasing T; 
and t is the time from the onset of the race. This model 
accurately estimates actual power outputs sustained over a wide 
range of events, e.g., average absolute error between actual and 
estimated T for men’s 1987 world records from 60 m to the 
marathon = 0.73%. In addition, satisfactory estimations of the 
metabolic characteristics of world-class male runners were 
made as follows: A = 1,658 J/kg; MAP = 83.5 ml OZ. kg-l. 
min-‘; 83.5% MAP sustained over the marathon distance. 
Application of the model to analysis of the evolution of A, 
MAP, and E, and of the progression of men’s and women’s 
world records over the years, is presented. 

mathematical modeling; anaerobic metabolism; aerobic metab- 
olism; endurance capability; maximal oxygen uptake in elite 
runners; sex differences; world records; fractional utilization of 
maximal oxygen uptake 

DURING THE PAST FEW DECADES, several attempts have 
been made at providing a mathematical description of 
human performance, based on the characteristics of the 
metabolic processes providing chemical energy for mus- 
cular contraction (10, 16, 19, 26, 34, 42, 43). Recently, 
Ward-Smith (42) presented a model that described, with 
a fair degree of accuracy, men’s running performances at 

the Olympic Games (average absolute error between 
estimated and actual running times for 100 m to 10,000 
m races = 0.86%). This model, an extension of the 
original developed by Lloyd (26), was based on Hill’s 
observation (see Ref. 26, p. 517) that the “running curve,” 
or the relationship between a runner’s power output (PT) 
and the total duration (2’) of a race, can be described by 
a hyperbolic function 

PT = (A/T) + R (0 

where A and R represent the capacity of anaerobic 
metabolism and the rate of energy release from aero- 
bic metabolism, respectively. Ward-Smith’s hyperbolic 
model, however, failed to account for the progressive 
reduction in the aerobic power output that can be sus- 
tained as running distances increase beyond ~3,000 m 
(4, 7, 23, 28, 34, 36). In fact, the major limitation of 
hyperbolic models of human performance is the assump- 
tion that maximal aerobic power (MAP) can be sustained 
for an infinite period of time, i.e., the value of R, com- 
puted over the longest distance in the set of data, is 
considered to be close or equal to MAP (PT approximates 
R when T approaches infinity). In consequence, these 
models were unable to provide accurate descriptions of 
running performances over distances longer than 10,000 
m (10, 16, 19, 27,42). In addition, the estimated value of 
MAP tends to underestimate the runner’s actual MAP. 
For example, in the study by Ward-Smith, MAP in 
world-class athletes was estimated to be 23.5 W/kg, 
corresponding to a maximal oxygen uptake (vozmax) of 
67.5 ml 02. kg-‘. min-’ (1 ml 02 is equivalent to 20.9 J). 
VOW,,, in elite male middle- and long-distance runners 
typically ranges from 75 to 85 ml 02’ kg-’ l min-‘, with 
extreme values equal to or exceeding 90 ml OZ. kg-‘. 
min-l (l-3, 5, 29, 37, 41). 

The present study was based on the work of Lloyd (26, 
27) and Ward-Smith (42), as well as our own recent 
paper (34), which suggested a modification of the hyper- 
bolic model to account for the reduction in the fractional 
utilization of aerobic power with increasing running time. 
The result is a new model based on the model of system 
suggested by Hill (Eq. 1) but including empirical correc- 
tion factors, to overcome the limitations of the hyperbolic 

0161-7567/89 $1.50 Copyright 0 1989 the American Physiological Society 453 



454 ANALYSIS OF RUNNING PERFORMANCE 

model of human performance. This mixed model accu- 
rately describes running performance over a wide range 
of distances and also provides for an accurate estimation 
of biophysical parameters in world-class runners. Other 
applications of this model include 1) a quantitative de- 
scription of endurance capability, 2) estimation of the 
relative contributions of aerobic and anaerobic metabo- 
lism to total energy output according to the duration of 
the race, and 3) description of both past and projected 
imnrovements in running performance. 

Glossary 

A 
A t 
B 
BMR 
BM 
BSA 
C aer 

C anr 

C 

D 
E 

Err 
f 

k 1 

k2 

MAP 
P act 

P aer 

P anr 

Pa 
Peak 
P est 

PT 

P V 

R 

S 

T 
t 
T act 

T err 

T est 

T map 

U 0C 

Capacity of anaerobic metabolism, J/kg 
Remaining anaerobic energy stores at t, J/kg 
Difference between Peak and BMR, W/kg 
Basal metabolic rate, W/kg 
Body mass, kg 
Body surface area, m2 
Chemical energy available from aerobic metab- 

olism over T, J/kg 
Chemical energy available from anaerobic me- 

tabolism over T, J/kg 
Total amount of chemical energy available over 

T, J/kg 
Total event distance, m 
Rate of decline of Peak with In T, when T > 

TMAP, W/kg 
Term of error between a set of TLtCt and Tes+,, s 
Rate of decline of S with In T when T > TMAp, 

-0.223 
Time constant for the kinetics of aerobic me- 

tabolism at the beginning of exercise, 30 s 
Time constant for the kinetics of anaerobic 

metabolism at the beginning of exercise, 20 s 
Maximal aerobic power, W/kg 
Actual average power output sustained over T, 

W/k 
Average aerobic power sustained over T, W/kg 
Average anaerobic power sustained over T, 

W/k 
Instantaneous aerobic power output at t, W/kg 
Peak instantaneous aerobic power, W/kg 
Estimated average power output sustained over 

T, W/k 
Average power output sustained over T, W/kg 
Average power output estimated from the av- 

erage running velocity sustained over D, W/ 
kg 

Rate of energy release from aerobic metabolism 
according to Hill, W 

Energy from anaerobic metabolism actually 
available to the runner over T, J/kg 

Race duration 
Time elapsed from the start of the race, s 
Actual time taken to run D, s 
Average absolute error between a set of Tact and 

Test, 75 Tact 

Estimated time taken to run D, s 
Maximal duration of a race for which Peak = 

MAP, s 
Unit of endurance capability 

V Average running velocity sustained over D, 
m/s 

vo 2 . Amount of oxygen utilized over the race, ml/kg 
vo 2 . Oxygen uptake, ml l kg-‘. min-’ 
vo . 2ped Peak oxygen uptake, ml l kg-’ l mine1 
vo 2 rest . Resting oxygen uptake, ml. kg-‘. min-’ 
vo . 2t Instantaneous oxygen uptake, ml. kg-‘. min-’ 
AVo2 Difference between V02~d and VOW rest9 ml. 

kg-‘. mine1 

THEORETICAL CONSIDERATIONS 

C can be described by the sum of the energy provided 
from Cm, (phosphagens and anaerobic glycolysis) and 
C aer 

C = Canr + Caer (2) 

The average power output that can be sustained by a 
runner over the duration of a race is, therefore 

PT = C/T = (Cam/T) + (caer/T) (3) 

CJT and Caer/T represent Pan, and Paer, respectively. 
Average aerobic power. The amount of energy expended 

from aerobic metabolism over the duration of the race 
can be estimated using data from indirect calorimetry 
and measurement of VOW. *The VOW over the duration of 
the race is the integral of V02t, from t = 0 to t = T 

s 

T  

vo 2 = voztdt (4) 
0 

The kinetics of oxygen utilization at the beginning of 
exercise appears to be a complex phenomenon including 
at least one fast and one slow component, which in turn, 
may be dependent on the power output (12, 15, 25, 33). 
However, in the interest of a parsimonious model, the a 1 
rise in VOat over the resting VO#O~ rest), from the begin- 
ning to the end of the race, can be described with reason- 
able accuracy by a monoexponential function (12,15,21, 
25) . . vo 2t = vo 2 rest + &o,(l - ewtikl) (5) 
where kl is a time constant independent of VO2ped, the 
limit value of V&t (vO2 peak = i702 rest + AVO,). Breath- 
by-breath measurements of v02 at the beginning of ex- 
ercise indicate that, in humans, kl is -30 s (12, 15, 25). 
Accordingly, Av02 reaches 50% of its limit value at t = 
21 s (30 In 2 = 20.79), 95% at t - 90 s, and 99% at t - 
150 s. For the sake of practicality, it can be considered 
that Vo2t reaches its limit value at -180 s, and thereafter 
it remains constant until t = T. By use of the energy 
equivalent of oxygen, Pat is then 

Pa t = BMR + B( 1 - emtikl) (6) 

where BMR is the basal metabolic rate in W/kg, and 
BMR + B = Peak is the limiting value of Pat as T 
approaches infinity (practically 180 s). Accordingly the 
amount Ca,r is the integral of Pa, from t = 0 to t = T 

PT 

C aer = J [BMR + B(l - e-‘lkl)]dt (7) 
0 
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Consequently, the average aerobic power sustained by a 
runner over the duration of the race is 

that, during exercise that 
A, at any given time t is 

to exhaustion, the size of 

8 

T  

P = C,,/T = + [BMR + B(l - e-tlk,)ldt (8) 
At = Aeetlb (13) 

aer 
0 where A and k2 are defined in the Glossary. Consequently, 

where k1 = 30 s. the amount of energy provided from anaerobic metabo- 
Peak, B, MAP, and endurance capability. A runner is lism, over a race of total duration T, amounts to 

only capable of sustaining his or her MAP for a finite 
period of time (TM&, or -420 s (4,23,28). For running 

C an* = A - AT = A(1 - emT/b) (14) 

races equal or shorter in duration than TMAp, the limit The average power output sustained from anaerobic me- 
value of Pat (Peak) is equal to MAP. Therefore, for T c tabolism is then m 

Peak = BMR + B = MAP 

and, by rearrangement 

B=MAP-BMR (10) 

For running durations greater than TMAP, Peak is less 
than MAP (4, 23, 28, 34, 36). Indeed, the fraction of 
MAP sustained during a race decreases linearly with In 
T, from, by definition, 100% at T = TMAP, to 85-90% for 
a 60-min race, 8085% for a 2-h race, 75-80% for a 3-h 
race, and so on (34, 36). Therefore, for any given T > 
TMAP 

Peak = BMR + B 

= MAP + [E(ln T - In TMAP)] 
WI 

and hence 

B = MAP - BMR + [E ln(T/TMAp)] 

The coefficient E, which has a negative value, is the slope 
of the relationship between Peak and In T and describes 
the reduction in Peak that occurs with increasing run- 
ning duration. 

We have suggested previously that the ratio (E/MAP) 
x lo2 may be a convenient index of a runner’s endurance 
capability, i.e., the ability to sustain a high fractional 
utilization of MAP for a prolonged period of time. For 
example, a runner able to sustain 90% MAP over a l-h 
race would have an E of -4.65% (90.% MAP-100% 
MAP)/ln(3,600/420), whereas a runner able to sustain 
only 85% MAP over the same period of time would have 
an E of -6.98% (85% MAP-100% MAP)/ln(3,600/420). 

According to the correction, when T > Tmp, for the 
reduction of Peak with increasing running time, the 
average aerobic power sustained by a runner for a race 
of any given duration is as follows 

mm 

P 
1 * 

aer = - 
T J 

[BMR + B(l - e-t/kl)]dt (8) 
0 

where 

f MAP - BMR 

B 
for T < TMAP I 

(10) 
MAP - BMR + [E h(T/TMAp)] 

(12) 
I for T > TMAP 

\ , 

where k1 = 30 s and Tmp = 420 s. 
Average anaerobic power output. Lloyd has suggested 

P 
A 

anr = - 
T 

(1 - emTlk2) (15) 

This equation indicates that 50% of A is available to a 
runner for a race lasting -14 s (20 In 2 = 13.86), whereas 
95% of A is available during a race of -60 s. 

In practical terms, it can be assumed that the entirety 
of A is available for any race lasting longer than 120 to 
150 s, yet shorter in duration than TMAP. Indeed, beyond 
TMAP, the amount of energy available from anaerobic 
metabolism decreases progressively with increasing run- 
ning duration (Ref. 14, p. 27). Estimations made by 
Gollnick and Hermansen (14) suggest that for maximal 
exercise of 30-min duration, ~66% of A is available for 
use, whereas for maximal exercise lasting 60 min, only 
50% of A is available. That is, S appears to decrease with 
the natural logarithm of race duration. When T > Tmp 

S = A + Af ln(T/Twp) (16) 

where, according to the estimations of Gollnick and 
Hermansen (14), the constant f = -0.233. The average 
anaerobic power output sustained for any given T is thus 

P 
S 

anr = - T (1 - eDT/k2) (17) 

where 

A (18) 
S - - 

A[1 + f ln(T/&Ap)] for T > TMAP (19) 

and f = -0.233. 

THE MODEL AND ITS APPLICATIONS 

The complete model of running performance is de- 
scribed by the following equation 

S 
PT = - 

T 
(1 

1 
s 

T  

+ T  
[BMR + B (1 - eatikl)]dt (20) 

0 

where S = A and B = MAP - BMR when T < Tmp, 
S = A[1 + f ln( T/TM&] and B = MAP - BMR + E h 
(T/TMAp) when T > TMAp, PT, B, and MAP are expressed 
in watts per kilogram, A and S are expressed in joules 
per kilogram, T is in seconds, BMR = 1.2 W/kg, equiv- 
alent to 3.5 ml 02. kg-‘. min-‘, using 1 ml 02 equivalent 



456 ANALYSIS OF RUNNING PERFORMANCE 

to 20.9 J, TIMAP = 420 s, k1 = 30 s, k2 = 20 s, and f = 
-0.233. Finally, E, in W/kg, describes the decrement of 
Peak when ln(T/TM& increases by one, i.e., when T/ 
TMAP is multiplied by e = 2.71828. To compare runners 
with different MAP, E can also be expressed as %MAP. 
For convenience, E = 1% MAP [which describes a runner 
whose fractional utilization of MAP decreases by one 
when T (>TM& is multiplied by e = 2.718281 is consid- 
ered U=. 

Direct application of the model. For any given set of 
values for A, MAP, and E, the average power output PT 
(in W/kg) available to a runner over a race of any T can 
be estimated. On the other hand, the actual average 
power output P, (in W/kg) required to run at a given 
velocity can be computed from the equation developed 
by di Prampero (9) 

P, = BMR + 3.86 u + 0.4 BSA u3/BM + 2 u3/D (21) 

where BSA, BM, u, and D are defined in the Glossary 
(BSA and BM have been set at 1.8 m2 and 70 kg, 
respectively, for males, and at 1.6 m2 and 50 kg, respec- 
tively, for females). Consequently, for every value of T, 
the average running velocity, as well as the distance 
covered, can be found by solving the following system of 
equations 

PT = P, (22) 

.D=Tu cw 

Analytic solution of this system of equations is quite 
tedious. However, it can also be solved using a comput- 
erized iterative approximation procedure, in which u is 
varied by small increments over a wide range of values 
until Eq. 22 is satisfied. By repeating this procedure for 
increasing values of T for a runner with known values of 
A, MAP, and E, performances achievable over selected 
distances can be found. In addition, for any given value 
of T, the energy contributions from anaerobic and aero- 
bic metabolism expressed relative to the total amount of 
energy provided over T (Panr/PT and Paer/PT, respec- 
tively), and the fractional utilization of MAP [PaT/MAP, 
where Pa* is the value of Pa, (Eq. 6) for t = T] can be 
computed (see Table 1). 

The “inuerse” problem. Conversely, for a given set of 
running performances ranging from sprints to long dis- 
tances, there is only one set of A, MAP, and E that 
minimizes the error between the actual performances 
and those estimated from A, MAP, and E by solving Eqs. 
22 and 23. The coefficients A, MAP, and E, and the 
“goodness of fit” of the actual performances, can also be 
estimated using iterative approximations. During this 
procedure, A, MAP, and E are systematically varied over 
a wide range of physiological values (A from 500 to 2,500 
J/kg; MAP from 10 to 35 W/kg, corresponding to 29 to 
100 ml 02. kg-‘. min-‘; E between values corresponding 
to 70-100% of MAP sustained over a l-h race). For each 
tentative set of A, MAP, and E, estimation of the per- 
formances achieved by the runner over various time Test 
is found using the method described under Direct appli- 
cation of the model. An error term is then computed 

between the set of actua 
performances as follows 

n 

Err - - c 

1 Tact and estimated running 

IT act - T  I est i (24 
i=l 

where n is the number of observations. This procedure 
is repeated for each tentative set of A, MAP, and E. The 
set that minimizes Err is taken as an estimate of the 
characteristics of the processes responsible for the pro- 
vision of chemical energy for that runner. The number 
of iterations performed can be greatly reduced, and thus 
the efficiency of the search procedure improved (without 
introducing any bias), by using P, for a running time 
close to TMAp, computed from Eq. 21, as an initial esti- 
mation of MAP. As well, an initial estimation of E can 
be made from MAP and P, sustained over the longest 
race time available. Finally, an initial estimation of A 
can be made from P, calculated for the shortest race 
performed. The set of values of A, MAP, and E that 
minimizes Err can then be found by systematically vary- 
ing these values around the initial approximations. A 
weight is given to each experimental data point to bal- 
ance the respective contributions of the performances 
above and below T up to the estimations of A and MAP. 
The error term between Test and Tact used to estimate the 
goodness of fit of experimental data is computed as 
follows 

Ten (%) = i IEf ( 1 Tact - Test I i/Tact) (25) 
i=l n 

where n is the number of observations. 
The calculations involved in the validations and ap- 

plications of the model presented have been made with 
a CYBER 835/855 computer (Control Data), using orig- 
inal programs written in FORTRAN V. 

DESCRIPTION OF THE RUNNING CURVE 

The accuracy of the model in describing the running 
curve was first tested using 1987 world records and world- 
best performances, at sea level, for both men and women 
(Tables 1 and 2). For males, the average absolute error 
between actual and estimated running times, for races 
from 60 m to the marathon, expressed as a percentage of 
actual running time, was only 0.73% (Table 1). The 
average error in the fitting of world records for females, 
over the same range of distances, was slightly higher 
(1.27%; Table 2). This greater error was due mainly to a 
large discrepancy between the estimated and actual per- 
formance time for 60 m (-3.73%). The average absolute 
error was reduced to 1.08% when only performances from 
100 m to the marathon were considered. However, the 
differences between estimated and actual race times re- 
mained more erratic for the women’s, than for the men’s 
performances (Table 2). This observation may be taken 
as evidence that women’s world records and world-best 
performances as of 1987 are not as consistent as those 
for men, as a result of the women’s shorter history of 
middle- and long-distance running. When performances 
over distances longer than the marathon were included 
in the analyses, the average absolute error increased for 
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TABLE 1. Analysis of 1987 men’s world records 

457 

D, ECt T Tern t pms Lt, § P MX P 88r P 8T rut9 
m (sexagesimal) * (sexagesimal) % W/k W/k W/k %Lt W/kg %P, W/b %MAP 

60 6.41 6.33 -1.31 73.09 75.02 71.06 94.7 3.96 5.3 6.51 22.4 
100 9.83 9.95 1.26 72.33 70.67 65.30 92.4 5.37 7.6 9.08 31.2 
200 19.75 19.75 0.00 61.34 61.34 52.67 85.9 8.67 14.1 14.66 50.4 
400 44.10 43.83 -0.62 47.61 48.04 33.60 69.9 14.44 30.1 22.62 77.8 
800 1:41.73 1:42.81 1.05 37.76 37.26 16.03 43.0 21.23 57.0 28.18 96.9 

1,000 2:12.18 2:13.39 0.89 35.12 35.32 12.42 35.2 22.90 64.8 28.76 98.9 
1,500 3:29.46 3:29.96 0.22 33.10 33.01 7.90 23.9 25.12 76.1 29.06 99.9 
1,609 3:46.32 3:46.72 0.16 32.79 32.73 7.31 22.3 25.41 77.7 29.07 100.0 
2,000 4:50.81 4:46.67 -1.45 31.41 31.97 5.78 18.1 26.18 81.9 29.08 100.0 
3,000 7:32.10 7:21.89 -2.28 30.01 30.84 3.71 12.0 27.13 88.0 29.00 99.7 
5,000 12:58.39 12:57.41 -0.15 28.82 28.87 1.83 6.3 27.05 93.7 28.07 96.5 

10,000 27:13.81 27122.68 0.53 27.23 27.06 0.69 2.5 26.38 97.5 26.84 92.3 
20,994 1:oo:oo.oo l:oo: 17.04 0.47 25.70 25.57 0.23 0.9 25.34 99.1 25.53 87.8 
21,100 1:00:55.00 1:00:45.78 -0.26 25.48 25.55 0.23 0.9 25.33 99.1 25.52 87.7 
30,000 1:29: 18.80 1:28:24.94 -1.01 24.62 24.90 0.13 0.5 24.77 99.5 24.90 85.6 
42,195 2:07:12.00 2:07:12.24 0.01 24.28 24.28 0.07 0.3 24.21 99.7 24.30 83.5 

See Glossary for definition of abbreviations. * Data obtained from Track and Field News, January 1988, p. 40. t Average absolute error = 
0.729%. $ Estimated from average running velocity according to di Prampero (9) (j!Zq. 21, body wt = 70 kg). § Estimated from Eq. 20. A = 1657.84 
J/kg; MAP = 29.10 W/kg or 83.5 ml 02* kg-’ l min-‘; and E = -1.539 W/kg or -5.683 U, and were estimated by successive approximation 
procedure to minimize average absolute error. 

TABLE 2. Summary of analysis of men’s and women’s world records over various ranges of distances 

From 60 m to From 100 m to 

Marathon 50 km 10,000 m Marathon 50 km 

Men 
A, J/k 1,658 1,657 1,697 1,691 1,675 
MAP, ml O2 l kg-’ l min” 83.5 83.7 82.7 83.2 83.5 
E, Uec -5.68 -5.89 -4.67 -5.58 -5.76 
Error 

Average 0.73 1.21 0.74 0.67 1.21 
Range -2.28, 1.26 -8.82, 1.27 -1.83, 0.69 -2.21, 0.67 -8.96, 0.73 

Women 
A, J/k 1,516 1,516 1,521 1,516 1,516 
MAP, ml Oz. kg-‘. min-’ 74.6 74.7 74.2 74.6 74.6 
E, L -5.05 -5.07 -3.56 -4.98 -5.05 
Error 

Average 1.27 2.83 1.09 1.08 2.77 
Range -3.73, 3.73 -24.64, 3.72 -1.34, 3.72 -1.71, 3.74 -24.66, 3.72 

See Glossary for definition of abbreviations. Data obtained from Track and Field News, January 1988, p. 40; Runner’s World Annual, 1986, p. 
17-22. 

both men’s and women’s performances (Table 2). More- 
over, systematic errors were made for long distances 
because the running curve departs significantly from the 
assumed linear relationship between Peak and In T. 

Table 3 summarizes the results of the analyses of 
individual running curves for 13 elite runners. These 
particular athletes were selected because it was possible 
to retrieve 1) consistent personal best performances for 
middle- and long-distance events, and 2) direct measure- 
ments of VO 2 maJr from various reliable sources (see Table 
3) 

*The average absolute errors computed confirm that 
the model accurately fits the performances of an individ- 
ual, when reasonably consistent running times are avail- 
able for both short (~1,500 m) and long (~5,000 m) 
distances. The analysis of the best performances 
achieved by a runner can be used to predict running 
times that could be achieved over distances that have 
not yet been attempted by the runner (e.g., the marathon, 
see Table 3). 

Results from previous analyses of the running curve 
[Table 4; see also Purdy (38) for an extensive review of 
studies prior to 19741, indicate that the error between 
estimated and actual data ranged between 0.68 and 
1.83%. These figures are average absolute errors com- 
puted between estimated and actual running velocity, 
duration, or power output sustained over a set of given 
distances. Accurate descriptions for a wide range of 
events were only achieved using a purely empirical model 
of data, which did not provide any insight into the 
underlying physiological mechanisms of human perform- 
ance (38). The various modifications of the original hy- 
perbolic model of system suggested by Hill (see Ref. 26, 
p. 517) [Eq. 1, PT = (A/T) + R] were designed to explain 
the pattern of the running curve based on the character- 
istics of the metabolic processes providing chemical en- 
ergy for muscular contraction (16, 19, 26, 42). However, 
for reasons outlined in the introduction, the success of 
these models has been limited to a selected, narrow range 
of events. We have shown in a previous paper (34) that 
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TABLE 3. Analysis of individual personal best performances in 13 elite runners 

Number 
of Races 

Range 
of Races 

T  err9 
% 

A, 
J/kg 

MAP, ml- 
kg-’ - min-’ 

E, 
KC 

VO 2 mar t , *  ml l 

kg-’ l min-’ 

Marathon 
Performance 

Actual Estimated 

S. Aouita 
D. Clayton 
S. Coe 
T. Corbitt 
H. Higdon 
M. Maley 
K. Moore 
T. Osler 
S. Prefontaine 
J. Ryun 
A. Salazar 
s. Scott 
G. Waitz 

8 BOO-10,000 m 0.64 1,629 82.2 -4.75 83.0 
12 800 m-marathon 0.48 1,321 78.3 -4.07 69.7 

7 BOO-5,000 m 1.15 1,854 77.7 -9.76 77.0 
9 402 m-marathon 1.65 1,439 70.2 -5.53 65.1 

10 402 m-marathon 0.89 1,336 74.5 -5.98 70.8 
7 800 m-marathon 0.72 1,416 78.0 -8.14 76.1 
8 800 m-marathon 0.48 1,365 78.8 -4.98 74.2 
8 402 m-marathon 0.88 965 72.9 -6.04 72.9 
7 400 m-10,000 m 1.05 1,174 83.1 -5.80 84.4 
4 400-5,000 m 1.24 1,521 80.7 -8.14 80.7 
5 1,500 m-marathon 0.49 1,202 83.3 -5.83 78.0 
8 800 m-10,000 m 0.73 1,662 80.3 -6.01 80.3 
8 400 m-marathon 1.24 1,157 74.8 -5.85 73.5 

2:08:33 

2:26:45 
2:21:55 
2:29:29 
2:11.36 
2:29:04 

2:08:13 

2:24:54 

2:05:15 
2:08:34 
2:42:20 
2:30:27 
2:24:13 
2:29:56 
2:11:36 
2:27:56 
2:08:25 
2:24:35 
2:08:12 
2:13:40 
2:24:54 

See Glossary for definition of abbreviations. Data obtained as follows: Track and Field News, June 1986, p. 58 and January 1987, p. 31 (S. 
Aouita, S. Coe, S. Scott); Track and Field News, March 1987, p. 39 (G. Waitz); Watman, M., Encyclopedia of Track and Field Athletics, New 
York: St. Martin’s, 1981, p. 35 (D. Clayton); p. 150 (J. Ryun); Brock, G., How Road Racers Train, Los Altos, CA: Tafnews, 1980, p. 25 (H. 
Higdon); p. 36 (T. Corbitt); p. 37 (K. Moore); p. 66 (M. Manley); p. 82 (T. Osler); International Management Group, Cleveland, OH (A. SaIazar); 
Jordan, T., Pre, Los Altos, CA: Tafnews, 1977 (S. Prefontaine). * Conley et al. (2) (S. Scott); Costill (3), p. 13 (A. Salazar), p. 15 (D. Clayton), p. 
17 (G. Waitz); Costill and Fox (4) (T. Corbitt, H. Higdon, T. Osler); Daniels (5) (J. .Ryun); Pollock (37) (M. Manley, K. Moore, S. Prefontaine). 
A. Daouda, Institut Moulay Rachid, Rabat, Morocco (S. Aouita); and C. Williams, University of Lethbridge, UK (S. Coe); personal communi- 
cations. 

TABLE 4. summary of studies of the running curve 

Data 
Error,* A, 

% J/k 
MAP, ml. 
kg-’ l min-’ 

E, 
UOC 

Francis (13) 

Handelman and Smith 
(16) 

Henry (17) 

Keller (19) 

Lietzke (24) 

Lloyd (26) 

Peronnet and Thibault 
(34) 

Purdy (38) 

Ward-Smith (42) 

1943 (WR,M) 
lOO-19,129 m 

1978 (WR,M) 
400-10,000 m 

1978 (WR,F) 
400-10,000 m 

1954 (WR,M) 
60 yd-42,195 m 

1972 (WR,M) 
50 yd-10,000 m 

1956 (WR, M) 
220 yd-35,780 m 

1966 (WR,M) 
lOO-1,500 m 

1985 (WR, M) 
200-42,195 m 

1985 (WR,F) 
200-42,195 m 

1970 (WR,M) 
50 yd-256.4 km 

1964-1976 (OR,M) 
lOO-10,000 m 

1.12(v) Model of data 
[0.69] [ 15981 [ 76.01 
1.74(v) Cannot be computed 

[0.36] [1682] [80.5] 
4.20(V) Cannot be computed 

[0.37] [ 15231 [ 74.41 
0.68(v) Model of data 

[ 1.261 [1614] [ 76.61 
1.57(T) 2415 119 

[ 0.931 [ 16541 [ 79.71 
1.83(T) Model of data 
DW [1615] [ 77.81 
1.04(T) 801 78 

[ 0.471 [ 16291 [ 80.81 
0.91(P) 1219 76.4 

[0.76] [1661] [83.6] 
1.32(P) 1118 67.8 

[1.13] [ 15891 [ 73.21 
1.47(v) Model of data 

[ 2.501 [ 16441 [ 84.41 
0.86(T) 1700 67.5 

[0.66] [ 15941 [ 79.71 

[ -5.531 

[ -3.571 

[-9.911 

[ -4.441 

[ -3.411 

[ -5.011 

N/At 

[ -5.721 

[ -4.531 

[ -9.931 

[-4.471 

WR, world records; OR, Olympic records; M, males; F, females. See Glossary for definition of other abbreviations. Results of analysis of 
original set of data using present model are shown in brackets. * Average absolute error between estimated and actual running velocity (V), 
power output (P), or duration of race (T). t Longest distance considered was only 1,500 m. 

the incorporation, into the hyperbolic model, of an em- beginning of exercise, thus enabling an accurate descrip- 
pirical correction factor for the reduction in the frac- tion of the running curve over a wider range of events 
tional utilization of MAP when running duration in- (Table 2). 
creases beyond T MAP, has allowed an accurate “fit” of the 
running curve for races from 200 m to the marathon. ANAEROBIC ENERGY STORES AND MAXIMAL 
However, the empirical correction factors used to take AEROBIC POWER 
into account the delay in the adjustment of oxygen 
utilization (43) and the delay in the adjustment of an- The main objective of hyperbolic models is to relate 
aerobic metabolism, at the beginning of exercise, were the characteristics of the running curve to the basic 
inadequate. In the present paper, more appropriate em- mechanisms responsible for the provision of energy for 
pirical corrections were made to take into account the muscular contraction, namely A and MAP. Table 4 in- 
kinetics of anaerobic and aerobic metabolisms at the dicates the biophysical characteristics of world-class ath- 
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letes, as estimated from the analysis of running records 
using various hyperbolic models. As discussed by Ward- 
Smith (42), these estimates represent the composite met- 
abolic characteristics of hypothetical athletes able to 
perform well over a wide range of events. 

Because of the importance of MAP in the determina- 
tion of running performance over distances ranging from 
1,500 to 5,000 m, the estimated values of MAP should be 
very close to actual average values reported for elite 
middle-distance runners, which range between 75 and 85 
ml 02 l kg-’ l min-’ in males (l-3, 5, 29, 37, 41) and 65 
and 75 ml OZ. kg-’ l min-’ in females (6). Similarly, as A 
is the major factor in sprint events, estimated values 
should be very close to the maximal values computed 
from laboratory data, which range between 1,500 and 
1,700 J/kg [8,14 (p. 24)]. These values correspond to the 
breakdown of approximately lo-13 mM high energy 
phosphates/kg body wt (30-40 J/mM) in addition to the 
accumulation of 1.00-1.25 g/kg lactate (-1,000 J/g). 

The high values of both A (2,415 J/kg) and MAP 
(41.45 W/kg, equivalent to 119 ml 02. kg-’ emin-‘) esti- 
mated from the data reported by Keller (19) (Table 4), 
were due to a large overestimation of the energy cost of 
running (7 Jo kg-‘. 111-l at 363 m/min), compared with 
actual values [4.0 - 4.4 J l kg-’ l m-l (22)]. The low MAP 
estimated by Ward-Smith (42) (23.5 W/kg, equivalent to 
67.5 ml 02. kg-’ l min-‘) was due, for the most part, to 
the assumption that 100% MAP can be sustained indef- 
initely (in this case, for 10,000 m). The value used for 
the energy cost of running (4.0 J. kg-‘. m-l at 355 m/ 
min) was also at the lower end of the range of reported 
values. Although a relatively low value for the energy 
cost of running was also used by Lloyd (27) (3.95 J l kg-’ l 

m-l), the estimation of MAP (27.2 W/kg, equivalent to 
78 ml OZ. kg-‘. min-l), was quite accurate, as the longest 
distance considered was only 1,500 m. The value utilized 
for the energy cost of running, however, was inappro- 
priate for the computation of power output during run- 
ning at high velocities [e.g., 7 J l kg-’ l m-l at 10 m/s (9)]. 
The anaerobic metabolism capacity was, as a result, 
greatly underestimated (801 J/kg). 

The capacity of anaerobic metabolism was also under- 
estimated in our previous paper (l,lOO-1,200 J/kg) (34), 
because the empirical correction factor introduced to 
describe the kinetics of oxygen utilization at the begin- 
ning of exercise [half time ( tlh) = 7 s] overestimated the 
energy contribution from aerobic metabolism over short 
running distances. In the present model, the choice of a 
more accurate model of data to describe the slow adjust- 
ment of oxygen utilization at the beginning of exercise 
(t = 21 s) resulted in a more accurate estimation of A, 
which closely approximates values observed in world- 
class athletes (Table 2). The estimations of MAP from 
men’s and women’s world performances (29.10 and 26.00 
W/kg equivalent to 83.5 and 74.6 ml 02*kg-’ l rein-‘, 
respectively) were also close to actual values observed in 
world-class runners. In addition, the values of MAP 
estimated from the personal best performances of various 
elite athletes were in good agreement with actual Vozrnax 

during treadmill running, measured through open-circuit 
spirometry (r = 0.854). 

Two factors may explain the discrepancies between 
estimated MAP (78.1 t 4.0 ml 02 l kg-’ 6 min-‘) and actual . 
vo 2mm (75.8 t 5.6 ml 02. kg-‘. min-l). First, a certain 
amount of interindividual variation in Z& should be 
expected. For example, on the basis of data reported by 
Conley et al. (2), it can be estimated that, at a peak 
training state, Steve Scott’s average running speed at 
100% MAP was 406 m/min. Scott’s personal best for 
2,000 m is 4:54.71, corresponding to an average velocity 
of 407 m/min. This suggests that his TrylAP is very close 
to 5 min. On the other hand, data reported by Daniels 
(5) indicate that the maximal aerobic speed of Jim Ryun 
(379 m/min), approximated his average speed over a 2- 
mile race (8:42, or 370 m/min). This runner’s TMAp was, 
therefore, probably close to 8 min. Second, at a peak 
training state, the energy cost of running in elite athletes 
can be substantially lower than the average cost assumed 
in the present model, due to a higher running efficiency 
(2, 5, 6). Consequently, it should be expected that MAP 
estimated from a set of performances achieved by an 
athlete with a high running efficiency will slightly over- 
estimate the actual VOzrnaxe In fact, the estimated value 
of MAP can be considered equivalent to the VOzrnar of a 
runner who would have the same personal best perform- 
ances but an average running efficiency. Finally, it 
should beeemphasized that the direct determination of a 
runner’s VOQ mm is not entirely free of experimental error 
(-2-4 ml 02 l kg-’ l min-‘) (18). When the above reasons 
for possible discrepancies between individual estimated 
values of MAP and actual VOW mm are taken into consid- 
eration, these two sets of values appear in very good 
agreement. 

The relative contributions of anaerobic (P,,/PT) and 
aerobic (P,,/PT) metabolism to the total energy output 
can be computed for any given value of T (Table l), 
based on 1) the estimations of A and MAP from world 
records and world-best performances, which closely ap- 
proximate observed values in world-class athletes, and 
2) the estimated values of PT, which closely approximate 
P, from 60 m to the marathon. This question has at- 
tracted much interest not only from a theoretical point 
of view but also because of the practical applications 
with respect to the training of runners specializing in 
difference race distances (14, 42). Estimations, on the 
continuum of running distances and/or times, of the 
relative contributions of anaerobic and aerobic metabo- 
lism to the total energy output made with the present 
model, and by various other authors, are fairly consistent 
(14, 42). 

FRACTIONAL UTILIZATION OF MAP 

AND ENDURANCE CAPABILITY 

It has long been recognized that performance in long- 
distance events depends not only on a runner’s TjOzrnan 

and running efficiency but also on the ability to utilize 
a large percentage of VO grnax over a prolonged period of 
time. This ability, which is subject to wide variation 
amongst runners of similar performance levels, can be 
described as “endurance capability” (see Refs. 34-36). 
The physiological basis of endurance capability is not 
clearly understood. Outstanding endurance capability 
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can be associated with one or a combination of the 
following factors: a high percentage of type I muscle 
fibers, the capacity to store large amounts of muscle and/ 
or liver glycogen, the capacity to spare carbohydrate 
reserves by using more free fatty acids as energy sub- 
strate, and the capacity to efficiently dissipate heat (11, 
20, 35). In addition, it has also been shown that oxygen 
uptake or running speed at plasma lactate, ventilatory, 
or heart rate thresholds were significantly related to 
performances on racing distances ranging from 10 to 90 
km (see Ref. 36 for a review). We have suggested that 
the slope of the relationship between the natural loga- 
rithm of running duration and the fractional utilization 
of 00 2 max9 i.e.9 d%MAP/d In T may be a convenient 
index of endurance capability (34,36). Indeed, this index 
(E), which can be estimated from performance data, is 
independent of both MAP and performance level and 
can, therefore, be used to compare endurance capability 
in runners with different MAP and performance times. 
We have shown this index to be significantly related 
(r = 0.853) to ventilatory threshold, expressed as a 
percentage of MAP, in a group of 18 marathon runners 
(36) 

Endurance indexes computed from men’s and women’s 
world records as of 1987 are presented in Table 2. The 
value of E, estimated from performances for distances 
ranging from 100 m to the marathon, was slightly higher 
for females (-4.98 U,,) than for males (-5.58 U,,), sug- 
gesting that endurance capability may be higher in 
women than in men. The percentage of MAP sustained 
over the marathon distance for females was, despite a 
longer running duration, slightly greater than in males: 
85.0% MAP over 141.1 min vs. 83.5% MAP over 127.2 
min. The estimated fraction of MAP utilized by male 
runners for a running duration equal to 141.1 min would 
be only 100 - 5.58 ln(141.1/7) = 83.2% MAP. 

The fractional utilization of MAP estimated with the 
present model, from world records (Table l), is slightly 
higher than average values estimated or measured in 
subelite or recreational runners, which range from 75 to 
80% MAP for a marathon (4, 7, 23, 28, 30). Values from 
the present model, however, are in accord with those 
observed in elite and/or world-class marathon runners 
(85% MAP) (3, 7). Endurance indexes computed from 
personal best performances of several elite runners dem- 
onstrate the wide interindividual variation in endurance 
capability. For example, the estimated coefficient E was 
-8.14 U,, for Ryun, a middle-distance specialist, and 
-4.07 U,, for long-distance specialist Derek Clayton. 

IMPROVEMENT IN RUNNING PERFORMANCE 

OVER THE YEARS 

Much attention has been paid to the steady improve- 
ment in running performance over the years (13, 17, 24, 
27, 31, 32, 39, 40). In 1966, Lloyd (26) attempted to 
describe the progression of world records from 1874 to 
1965 on the basis of the improvement in the “oxygen 
debt” and “maximal usage of oxygen.” With the excep- 
tion of this study, however, most analyses of performance 
improvements have been made through the plotting of 
running velocity, or running time for a specific distance, 

against the chronological years (13, 24, 31, 32, 39, 40). 
Such plots were then used to detect discontinuities in 
the patterns of evolution and/or to predict future im- 
provement in world records from the actual trends of the 
curves. The model presented in this paper accurately 
describes running performance over a wide range of 
events and allows the estimation of the characteristics 
of the metabolic energy-yielding processes (A, MAP, and 
E) underlying a given set of data. Therefore, the world 
records for a given year can be analyzed as a whole, and 
the improvement in running performance can be de- 
scribed by studying the changes in these characteristics 
over time. The pattern of evolution of A, MAP, and E 
can also suggest future trends in running performance. 

Figures 1 and 2 show the variations in A, MAP, and E 
in both males and females over the years. These esti- 
mations have been made for each consecutive year since 
1908 for men, and since 1955 for women, based on world 
records or best performances at sea level, for distances 
ranging from 100 m to the marathon. 

Progression in men’s performances. The average abso- 
lute error between men’s estimated and actual perform- 
ances (Fig. 1) decreased gradually over the years, sug- 
gesting that the world records for distances from 100 m 
to the marathon, within any given year, became more 
consistent. A trend toward a stabilization in the error 
term (-0.70%) is apparent since 1965. Both A and MAP 
increased steadily over the years. Discontinuities in the 
increase in A were related to improvements in world 
records for 100 or 200 m. Indeed, sprint races were timed 
with relatively poor precision prior to 1964 (0.2 s up to 
1930; 0.1 s from 1930 to 1964), and consequently, im- 
provements in world records over 100 and 200 m during 
this time were less frequent and larger (expressed as a 
percentage of T) than improvements over longer dis- 
tances, resulting in abrupt increases in the estimated 
values of A. In contrast, a smooth increase in MAP was 
observed. Over the period considered, increases in both 
A and MAP, when related to years during the present 
century (year NOO), appear to be essentially linear (1.94 
Jo kg-‘. yr-‘, r = 0.961, and 0.153 ml 02 l kg-’ l min-’ l yr-‘, 

r = 0.989, respectively), with no apparent trend toward 
a plateau. As for the variation in endurance capability, 
values of E estimated for each year oscillated about an 
average of -5.84 U,, and were only weakly related to the 
chronological year (r = 0.261). The only trend in the 
variation of E apparent over the time period considered 
was a slow dampening of these oscillations. This suggests 
that, unlike A and MAP, endurance capability has not 
improved over the years, i.e., the fractional utilization of 
MAP sustained over long distances is similar today as it 
has been in the past. As performances within any given 
year have seemed to become more consistent, E appears 
to have stabilized near its average value. Based on the 
linear increases in A and MAP and the average value of 
E for years between 1908 and 1987, the biophysical 
characteristics of male world-class runners, and corre- 
sponding world records, were projected for the year 2000 
and, to allow for comparison with projections made by 
Ryder et al. (40), for the years 2028 and 2040 as well 
(Table 5). 



ANALYSIS OF RUNNING PERFORMANCE 461 

> t- 

a 1756 

2 1693 
0 

0 
m 

1630 

0 
u 1567 I 
W 
6 
7 
6 

1504 

0 
m 84 
0 
U 
WU 81 
4w 
~3 

2 

78 

7F 
Id , - 

72 

-6.3 

-8.0 

-9.7 1 
3.5 

2.7 

1 .9 

1.1 

0.3 

1 
I 1 1 I I 

FIG. 1. Variations in anaerobic capacity (J/kg), max- 
imal aerobic power (ml 02. kg-’ l min-‘), and endurance 
capability (U,), between 1908 and 1987, estimated from 
the progression of men’s world records or best perform- 
ances over distances ranging from 100 m to marathon. 
Average absolute error between estimated and actual 
performance for each year is also shown (percent actual 
performance). Data obtained from R. Pariente, Lu f&u- 
leuse histoire de l’athl&isme, Paris, ODIL, 1978; and 
Track and Field News, January 1978 to 1987. 
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Projected improvements in running times (expressed 
as percentages of 1987 performances) increased with 
increasing event distance, e.g., in 2028, projected im- 
provements were 3.3% for 100 m, 5.5% for 400 m, 7.0% 
for 2,000 m, 7.9% for 10,000 m, and 8.2% for the mara- 
thon. This trend resulted from the slower improvement 
in A, compared with MAP, over the years (12.7 vs. 14.5% 
from 1908 to 1987). In addition, the energy cost of 
running increases more rapidly than does the running 
velocity (see Eq. 2.2 ), and consequently, the improvement 
in running performance is slower than the projected 
improvement in the average power output available, a 
fact that is particularly apparent at high velocities and, 
therefore, for sprint distances. 

Assuming that the linear increases in A and MAP will 
continue, a 3:30 mile is projected for the year 2040. In 
1954, Bannister forecasted that this mark would be ac- 

complished near the year 1990 (40), a suggestion that 
appears now to have been overly optimistic. Based on a 
simple model of data describing a linear increase in the 
average velocity sustained over the l-mile race for the 
years 1925-1975, Ryder et al. (40) suggested that the 3:30 
mark would be accomplished in 2028. There are some 
reasons to contend that this, as well as other projections 
for different distances made by Ryder et al. for the year 
2028, may also be slightly overoptimistic. 

The large discrepancies (-4.0%) between the projec- 
tions made with the present model and those of Ryder 
et al. for 100, 200, and 400 m performances may be 
ascribed to the inclusion of hand-timed and/or altitude- 
aided performances in the latter’s calculations. With the 
exception of the 100 m, these times, in 1975, were already 
superior to corresponding electronically timed, sea-level 
performances as of 1987 (200 m, 19.5 vs. 19.75 s; 400 m, 
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marathon. Average absolute error between estimated 
and actual performance for each year is also shown 
(percent actual performance). See Fig. 1 for source of 
data. 
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43.86 vs. 44.10 s). In addition, the projections of Ryder 
et al. were based on the apparently linear relationship 
between the average velocity over a given distance, and 
the chronological year between 1925 and 1975. However, 
as outlined above, the energy cost of running increases 
more rapidly than the running velocity, and therefore, 
the model of data used by Ryder et al., although assuming 
a steady, simple linear increase in velocity over a given 
distance over the years, implicitly assumed a curvilinear 
increase in the power output sustained and, hence, in A 
and, to a lesser extent, in MAP. 

Results using the present model, which have allowed 
examination of the change in A and MAP over the years, 
do not concur with the suggestion that the increase in 
these parameters accelerates over time. The value of A 

computed from the linear projections of performances by 
Ryder et al. (40) (Table 5: 1,820 J/kg in 2028) corre- 
sponds to a 2.7 Jo kg-loyr-l increase from 1975 to 2028 
(value of A in 1975, estimated from data of Ryder et al., 
1,679 J/kg). This rate of increase in A appears well 
beyond its variations over the past 79 years (1.94 J l kg-l. 
yr-‘). A similar observation can be made for MAP (Table 
5), although the discrepancies are less striking, because, 
for the range of velocities sustained over middle dis- 
tances, the relationship between the energy cost of run- 
ning and velocity departs only marginally from linearity. 
Consequently, the differences between the projections 
made for middle-distance races for the year 2028 using 
the two models are smaller than those observed for 
shorter distances. Lastly, large discrepancies are ob- 
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TABLE 5. Projection of men’s world records (sexagesimal) 

1987 World 
Records 2000 

Present Model* 

2028 2040 
Ryder et al. (40) 

2028 

A, J/k 
MAP, ml O2 l kg-‘. min-’ 
E, Uec 
D, In 

100 
200 
400 
800 

1,000 
1,500 
1,609 
2,000 
3,000 
5,000 

10,000 
20,000 
21,100 
30,000 
42,195 

1,691 1,716 1,770 1,793 1,820t 
83.2 85.2 89.5 91.3 90.6 
-5.58 -5.84 -5.84 -5.84 -4.43 

9.83 
19.75 
44.10 

1:41.73 
2:12.18 
3:29.46 
3:46.32 
4:50.81 
7:32.10 

12:58.39 
27: 13.81 

9.74 9.57 9.49 
19.53 19.10 18.92 
43.44 42.12 41.59 

1:39.88 1:36.18 1:34.71 
2:09.72 2:04.81 2:02.86 
3:25.45 3:17.45 3:14.27 
3:41.96 3:33.29 3:29.84 
4:45.15 4:33.89 4:29.41 
7~22.54 7:03.91 6:56.87 

12:42.72 12:09.39 11:56.19 
26:43.63 25:32.27 25:04.01 
56:29.26 53:55.74 52:54.94 
59:55.03 57:11.96 56:07.38 

1:27:56.69 1:23:55.10 1:22:19.46 
2:05:23.72 1:59:36.08 1:57:18.47 

9.34 
18.52 
41.32 

1:35.10 
2:04.30 
3:14.70 
3:30.00 
4:28.29 
6:54.10 

11:51.90 
24:31.00 
51:09.00 

1:00:55.00 
1:29:18.80 
2:07: 12.00 

1:20:01.00 
1:53:13.00 

See Glossary for definition of abbreviations. * It was assumed that E does not improve over the years; -5.84 is average value observed between 
1908 and 1987. t A, MAP, and E estimated with present model from performances projected by Ryder et al. T., = 0.78%. 

TABLE 6. Projection of ultimate performances 
and corresponding ultimate value of A and MAP 
for men and women (see text for explanation) 

Men Women 

TABLE 7. Projection of women’s 
world records (sexagesimal) 

1987 World 
Records 2000 2028 2033 

A, J/kg 
MAP, ml Oz. 

kg-’ l min-’ 
E, Uec 
D, In 

100 
200 
400 
800 

1,000 
1,500 
1,609 
2,000 
3,000 
5,000 

10,000 
20,000 
21,100 
30,000 
42,195 

1,516 1,538 1,587 1,592 
74.6 76.4 80.3 80.7 

Morton (32) Present model Present model 

A, J/k 
MAP, ml 02. 

kg-‘. min-’ 
E, Uec 
Q m 

100 
200 
400 
800 

1,000 
1,500 
1,609 
2,000 
3,000 
5,000 

10,000 
20,000 
21,100 
30,000 
42,195 

1,865’ 1,838 1,654 
99.5 98.4 88.6 -5.04 -5.20* -5.20* -5.20* 

-6.97 -5.84 -5.20 10.76 
21.71 
47.60 

1:53.28 
2:30.60 
3:52.47 
4: 15.80 
5:28.69 
8:22.62 

14:37.33 
30:13.74 

10.66 10.46 10.44 
21.46 20.95 20.90 
46.85 45.34 45.18 

1:51.16 1:46.95 1:46.53 
2~27.74 2:22.03 2:21.45 
3:47.93 3:38.91 3:38.00 
4:10.79 4:00.83 3:59.82 
5:22.19 5:09.27 5:07.96 
8:11.98 7:50.61 7:48.46 

14:19.33 13:41.56 13:37.75 
29:38.41 28: 19.04 28:11.04 

1:02:50.97 1:00:00.06 59:42.85 
1:05:27.19 1:02:28.97 1:02:11.03 
1:36:34.12 1:32:09.07 1:31:42.38 
2:18:43.34 2: 12:19.55 2:11:40.91 

9.15kO.03 9.37 10.15 
18.15k2.11 18.32 20.25 
39.33H.97 39.60 44.71 

1:32.96&5.79 1:30.86 1:42.71 
[ 1:57.99] t 1:57.53 2:12.50 

3:04.15&0.97 3:04.27 3:26.95 
[3:17.28] 3:18.87 3:43.24 
[ 4:09.57] 4:11.06 4:41.48 

6:16.91*11.88 6:24.81 7:11.42 
11:22.87&19.32 11:11.61 12:33.36 

[23:40.94] 23:36.89 26:19.48 
[ 50:05.41] 49:26.16 54:48.13 
[ 53:04.43] 52:20.03 57:59.39 

[ 1:17:38.08] 1:16:16.08 1:24:05.12 
[ 1:52: 14.471 1:48:25.25 2:00:33.22 

1:06:40.00 

2:21:06.00 

See Glossary for definition of abbreviations. * It was assumed that 
E does not improve over the years; -5.20 is 0.89 times average value 
observed for men between 1908 and 1987 (-5.84). See Glossary for definition of abbreviations. * A, MAP, and E esti- 

mated with present model from corresponding set of data (TBrr = 0.8%). 
t Performances in brackets have been inter- or extrapolated from 
ultimate performances projected by Morton (32) over middle-distances 
(In T (s) = -2.695 + [l.OSLln D (m)], r = 0.999). 

in long-distance performances between 1950 and 1975. 
The end result is an overestimation of future perform- 
ances in long-distance events. For example, projections 
for 1987 made with the model of Ryder et al. for 10,000 
m (26:40) and marathon (2:05:31), already largely over- 
estimate the actual world records over these distances 
(27:13.81 and 2:07:12, respectively). In this respect, it is 
probable that the projections for long-distance perform- 
ances in the year 2028 are also overestimated. 

Middle-distance (800-5,000 m) performance levels 
projected by Ryder et al. (40) for the year 2028, according 
to the present model, are expected only by the year 2040. 
The value of MAP corresponding to this level of perform- 
ance (90.6-91.3 ml O2 l kg-‘. min-‘) is within the range of 

served between the performances projected for long dis- 
tances (10,000 m and over) in the year 2028, using the 
two different models (e.g., 3.8% for the 10,000 m race; 
4.8% for the marathon). Indeed, the projections made by 
Ryder et al., implicitly assumed an improvement in en- 
durance capability (-5.55 U, in 1977 vs. -4.43 U,, in 
2028), which resulted from the slightly higher average 
increase in running velocity from 1925 to 1975 for long- 
distance, compared with middle-distance races. This dif- 
ference was, however, due mostly to major improvements 
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Vozrnax already reported in some elite middle-distance 
runners (1, 29). It may, therefore, be suggested that a 
world record of 3:30 for the mile, as well as other corre- 
sponding middle-distance performances, are within the 
limits of human capability and could be achieved by the 
middle of the next century. The prediction, made by 
Rumba11 and Coleman in 1970 (39), that a 3:00 mile 
would be run by the year 2070, seems, however, very 
unrealistic. According to the projections of Ryder et al. 
(40), this mark will not be reached until 2113. From our 
model, it would be reached, theoretically, only in the year 
2172. This accomplishment would, however, require a 
MAP of 112 ml 02. kg-‘* rnin-‘, which, at present, ap- 
pears well beyond human capability. Based on the analy- 
sis of the exponential decay of men’s world records for 
seven different distances ranging from 100 to 5,000 m, 
Morton (32) has suggested ultimate limits for perform- 
ances over these distances (Table 6). Ultimate perform- 
ances for 100, 200, and 400 m were estimated from data 
including hand-timed and altitude-assisted records and 
are, therefore, probably overestimated. Estimations for 
middle-distance races may be more realistic, however. 
Indeed, the projected range of ultimate performances 
over 800, 1,500, 3,000, and 5,000 m, which correspond to 
a mile run in 3:17.28, could be achieved with values of A 
and MAP of 1,838 J/kg and 98.4 ml 02. kg-lomin-l, 
respectively. These values could represent plausible up- 
per limits for these variables in the human species. Based 
on these limits, and assuming no improvements in E, 
ultimate performances for all race distances between 100 
m and the marathon have been estimated (Table 6). 

Progressions of women’s performances. The progres- 
sions of A, MAP, and E, estimated from women’s per- 
formances from 1955 to 1987, are less consistent but 
more rapid than those observed for men. The most 
probable explanation for this finding is the shorter his- 
tory of middle- and long-distance running in females, 
compared with males. Although women’s world marks 
for the marathon have been recorded since 1926, until 
recent years these performances have not likely been 
consistent with those for distances equal to, or shorter 
than the mile (for which the first world mark was re- 
corded in 1955). This is apparent from the spectacular 
progression in marathon performances from 1955 
(3:37:07) to 1975 (2:38:19). World records for 3,000 and 
10,000 m date back only to the years 1971 and 1975, 
respectively, whereas the first official record for the 5000 
m race was set in 1977. These observations may explain 
why no reliable estimation of E can be obtained prior to 
1975 (Fig. 2). Since then, as indicated by the reduction 
in TBrr, women’s performance have become more consist- 
ent. The regular linear increases in MAP (0.316 ml Oz. 
kg-’ l min-’ g yr-‘, r = 0.952) and A (4.54 Jo kg-’ l yr-‘, r = 
0.966) from 1955 to 1987, reflects large improvements in 
short- and middle-distance performances over this 
period. 

The short history of .middle- and long-distance racing, 
as well as the rapid improvement in performances over 
all running distances in recent years, prevents any reli- 
able projections of future performances for women from 
the evolution of A, MAP, and E. However, future per- 

formances have been projected (Tables 6 and 7), based 
on the following assumptions: I) the ratios between 
men’s and women’s values of A (1516/1691 J/kg = 0.90), 
MAP (74.6/83.2 ml 02. kg-‘. min-’ = 0.90), and E (-4.98/ 
-5.58 U,, = 0.89) in 1987, accurately reflect true differ- 
ences in the biophysical characteristics between the gen- 
ders; and 2) these differences, accordingly, will remain 
in future years. Based on these two assumptions, and the 
future progression of A, MAP, and E projected for men 
(Table 5), future values for A, MAP, and E have been 
estimated for women (A, MAP, and E for men multiplied 
by 0.90, 0.90, and 0.89, respectively). From these values, 
performances for all race distances from 100 m to the 
marathon, for the years 2000, 2028, and 2033 (Table 7), 
as well as ultimate performances (Table 6), have been 
tentatively projected. It may be argued, however, that 
the discrepancy between men’s and women’s perform- 
ances will narrow in future years. If this contention is 
true, then the projected world records in Table 7 will 
actually underestimate women’s future performances. 
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