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Summary. The maximal average power output
(Wmax) has been examined in 10 male students, 22
pursuit and 12 sprint cyclists. In 24 of these sub-
jects (8 students, 10 pursuit and 6 sprint cyclists),
estimates of the maximal capacity (W.,p,) of the
short-term anaerobic energy yielding processes
were made. The results show that the sprinters had
a higher absolute W .. (1241266 W) and W,
(16.7£49 kJ) than either the students
(1019 £ 183 W, 14.7 £ 2.8 kJ) or the pursuit cyclists
(962+206 W, 14.0+2.9 kJ). However, the differ-
ences were removed when the values were stand-
ardised for muscle size. In the sprinters the W,.x
was attained at an optimal pedal frequency V.
of 132+3 min~" and the estimated maximal vel-
ocity of pedalling (V,) was 262+8 min~'. The
comparable figures in the students and pursuit cy-
clists were 118+8 min~', 235+17 min~' and
12246 min~!, 242+ 12 min~"' respectively. The
coefficient of variation of duplicate measure-
ments of W,, was found to be +9%. Using data
of Wilkie (1968) for muscle phosphagen and gly-
colytic stores (27 mmol-kg~"), it was estimated
that the probable efficiency of the anaerobic proc-
esses during maximal cycling was 0.22. It was
concluded that W,, and W,,, are largely deter-
mined by body size and muscularity. The effi-
ciency of anaerobiosis appears to be of the same
order of magnitude as found for oxidative work.
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Introduction

The physiological importance and contribution of
the high energy producing phosphagen mecha-
nisms to maximal exercise performance have been
studied extensively in recent years (see Margaria
1976 for general review), particularly with the de-
velopment of the muscle biopsy sampling tech-
nique in man (Karlsson 1971). Several authors
have investigated short-term maximal power out-
put (see for example, Sargeant et al. 1981; and
McCartney et al. 1983) but apart from the original
theoretical analysis of Wilkie (1960) and the study
of Tornvall (1963), little attention has been given
to the relationship between maximal mechanical
power output and duration of effort. This rela-
tionship enables one to define not only the maxi-
mal theoretical rate of work production but also
the total capacity of the (anaerobic) energy pro-
ducing system. This paper examines the relation-
ship between maximal power and capacity, with
reference to body size in young male students and
amateur sprint and pursuit cyclists.

Material and methods

The physical characteristics of the students and cyclists are
shown in Table 1. The estimates of leg muscle (plus bone) vol-
ume (LV) and cross-sectional area (CSA) of the calf muscle
(plus bone) were obtained from anthropometric measurements
of the legs of the subjects as previously described (Davies et al.
1984). All the subjects were volunteers and gave their in-
formed consent to participate in the experiments.

During the initial visits to the laboratory the power output
of each subject was measured at 8-10 speeds on a specially
designed isokinetic force cycle (see Sargeant et al. 1981). From
these measurements the maximal average power output (W ,,.)
and required frequency of pedalling (V) were determined
for each of the 44 subjects. The procedures and methods used
to measure these variables have been described in detail else-
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Table 1. Physical characteristics of the male students, sprint
and pursuit cyclists. Age, height (Ht), weight (wt), leg muscle
(plus bone) volume (LV), and an estimate of calf muscle (plus
bone) cross-sectional area (CSA)

Group Age Ht wt LV CSA
(years)  (em) (kg () (cm?)
Sprint 18.7 1723 72.5 15.4 97.9
(n=12) +2.7 +66 + 98 +£23 +123
Pursuit 18.5 175.5 68.0  15.1 91.3
n=22) +2.5 +94 + 99 =+22 +114
Students 23.9%*¥ 176.4 74.8 14.9 92.6
n=10) +4.7 +5.6 +10.1 24 + 7.6

Significance: Sprinters/pursuit NS
Sprinters/students *** p <0.001

where (Davies et al. 1984). Once W,,,, and Vopl had been as-
certained, 24 of the subjects (6 sprint and 10 pursuit cyclists
and 8 students) were required to perform maximal exercise on
the bicycle continuously for 80s at V,,. During the experi-
ment, pedal frequency was held constant by the high-powered
motor of the force bicycle, and the subjects exerted their max-
imal isokinetic force against the cranks. Oxygen intake (Vo)
was measured, using a low resistance open circuit technique,
every 20 s during the test in 8 of the pursuit cyclists and 8 of
the students. The Vo, measurements were converted to me-
chanical work output assuming an efficiency of 0.21 (see Fig.
4). The force output from the cranks was sampled at a fre-
quency of 40 Hz using an on-line micro-computer (Digital
(MINC II)). From the force/time data, the computer was pro-
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grammed to perform the following set of calculations for each
revolution of the cranks. Velocity of pedalling, which was pre-
set by the motor speed, was obtained using the formula: 277

t
where r=the radius of the cranks (175 mm) and ¢ the time for
one revolution of the pedals. Average power output (W) was
determined by integration of the force output for both cranks
with respect to pedal velocity. The W from the maximal 80 s
tests was analysed against time using a modification of the
method suggested by Wilkie (1977). The analysis (Fig. 1) as-
sumes that during short-term maximal work, muscular energy
is derived from (i) the hydrolysis of high energy phosphagens
(adenosine triphosphate and creatine phosphate) and glycogen
to lactic acid, the total energy available (the capacity of the
hydrolytic reactions, W,,) being limited by the stores of these
chemicals within the muscle, and (ii) oxidative metabolism.
Exponential curves were fitted to the W/time data and empir-
ical correction was made for the contribution of the oxidative
mechanism, by assuming an exponential rise of oxygen con-
sumption with a time constant of 6 s. In the pursuit cyclists,
the criteria for the two component model were adequately
met. Initially there was rapid exponential fall of W, which lev-
elled off after 30-45 s. From this point, a constant baseline of
mechanical power was maintained which approximated
closely to the measured rate of aerobic metabolism. However,
although showing a similar initial rapid fall in W, the students
were unable to maintain a steady baseline. In some students,
the W fell below the measured aerobic work, and gradually W
declined with time. Thus the student group presented a prob-
lem of analysis, particularly with regard to the correct baseline
to apply for the computation of the oxidative component of
the work performed. Clearly to use a baseline of W values re-
corded at the end of the test would seriously over-estimate the

>

Fig. 1. The relationship between
average mechanical power pro-
duction (W) and duration of effort
() showing the method of analysis
and derivation of the theoretical
oxidative (Wo, — Area B) and
anaerobic (W,,, — Area A) of the
total maximal mechanical work
(Wt — Areas A+B) produced
during an 80 s all-out test on an
isokinetic bicycle ergometer. The

Time (s)

exponential decline of mechanical
work with time is represented by
the equation Wpa,e™*, where
Wnax 18 the mechanical work at
zero time, 7 equals time (s) and k is
a constant. The theoretical rise in
mechanical work  preduction
which can be attributed to the
muscle oxidation is represented by
the equation X—Xe~**, where X
is equal to average mechanical
work performed during the last
20 s of exercise, ¢ is time and A (the
theoretical half time of the oxida-
tive processes) is taken to be 6s.
The analysis was performed to a

Time (s}

constant duration of 45s. Inset
shows original data taken from a
pursuit cyclist
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Table 2. The maximal average power output (W,,,,) achieved
and predicted (Wh,.,) power output from the force/velocity re-
lationship which could be described by a linear relationship
(see Davies et al. 1984) of the form, Force=Py+b¥ (ms™");
P,=the maximal force at zero velocity, b is a constant and
V=velocity of pedalling. The theoretical maximal velocity
(Vo) at zero force and the “optimal” frequency of pedalling
(Vope) for the attainment of Wh,,, expressed in revolutions/min

(rpm) are also given
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Group P Q b W}’nax Wmax VO Vopl

(N) (W) w) (ev  (rev

min~")  min~Y)
Sprint 989 —-2019 1212 1241 262 132
n=12) £217 + 452 +£264 1266 + 8 +3
Pursuit 828***+ —180.9 929 #:* 962%%#  4QHAk  1Qkx*
(n=22) =*155 + 312 +187 +206 +12 +6
Students 868 —198.8 952++  1019**+  235+*+* 118+ ++
(n=10) +157 + 411 +173 +183 +17 +8
Significance: Sprinters v pursuit *** p <0.001
Sprinters v students ** p<0.01; *** p<0.001
anaerobic and under-estimate the aerobic contributions to the &
maximal work performed. To overcome this difficulty, the to- 1se0
tal work performed (W,.), together with the respective oxida- ) )
tion (Wo,) and anaerobic (W..,) components, were calculated - i";;";;yc"“s a
to a constant duration of 45s (see Fig. 1). Beyond this time, ro0w) ~
our results would suggest that, whether W equalled, or was i
below, the measured oxygen intake, at least it was certain that 7 7
the mechanical work performed could be accounted for in £ 1000k S ?,Lﬁ"szf}gscaf;fists
terms of oxidative metabolism. To assess the reproducibility of = e 109.8 416 1)’3
the measurements of W,,,, Wo, and W,,,,, duplicate 80 s maxi- Y 08 *
mal tests were performed on the students (Table 4). ///
'l
500

Results £ e T éo

The maximal average power outputs (W ,.x) of the
students, sprint and pursuit cyclists are summar-
ised in Table 2. The inter-subject variability of
W max Was partly a function of body size and mus-
cularity, since Wp,, was closely associated with
body weight (Fig. 2). However, though the Wiy
of the students and the pursuit cyclists for given
body weight was identical, the sprint cyclist had a
higher W,., kg~' body weight than either of
the former groups (p<0.001). The differences
between the three groups could only be removed
if either estimates of leg muscle (plus bone) vol-
ume (LV) or upper leg (thigh) cross-sectional area
(CSA) were considered:

W onax (W)= — 161.344-80.16 LV (L);

r=0.72, n=43 @)
W max (W) = —240.56 + 6.76 CSA (cm?);
r=0.79,n=43 (ii)

Weight (kg

Fig. 2. The relationship of maximal average mechanical power
production (W,,,) to body weight in students, sprint pursuit

Standardisation of W, for either LV or CSA re-
moved the inter-subject differences (p<0.05) in
maximal power output. Further if the relationship
between force and velocity was standardised for
variations in the force executed at zero velocity
(Po, which effectively accounts for variations in
CSA), the resulting linear regression relations
were similar in the three groups of subjects stud-
ied (Fig. 3). The optimal frequency of pedalling
(Vopy) for the attainment of W, and the theoreti-
cal maximal velocity of pedalling at zero force
(Vo) were nevertheless higher in the sprint cyclists.
The respective figures of V,, and V,,, in the sprint
cyclists were 262+8 min~' and 13243 min~",
compared with 235+17 min~' (p<0.001) and
118 £8 min~"' (p <0.001) in the students. The cor-
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Fig. 3. The force (standardised for Py)-velocity relationship in
the students (— - —), pursuit (-—-) and sprint (—) cyclists

responding comparative values for the pursuit cy-
clists were 242+ 12 min~' (p<0.001) and 122+6
min~" (p <0.001).

The relationship between the calculated oxi-
dative base line (W }s) and the maximal mechani-
cal power output (W,s) at the 45th s of exercise is
given in Fig. 4. Assuming an efficiency of 0.21 for
the conversion of energy into mechanical work,
the mean values for the oxidative baseline and ob-
served mechanical power output at 45s were
270+65 W and 278+87 W respectively for the
students and the cyclists (Fig. 4).

The reproducibility of the short-term test is
given in Table 4. The coefficient of variation of
duplicate measurements of W, was +9%.

_ The estimated oxidative (Ws,) and anaerobic
(W.ap) components of the total mechanical work
(W,op) during 45 s of an 80 s ‘all-out’ test together
with the total duration (D) and half time (¢,,,) of
the decline of Wph., are given in Table 4. )

The half time (¢,,) of the decline of Wi
(corrected for oxidative processes) was not signif-

Table 4. The estimated oxidative (Wo,) and anaerobic (We,p)
components (see Fig. 1) of the total maximal mechanical work
(W) produced during 45s of an 80s test. The exponential
decline of power output (W) with time (f) was described by the
equation We~“, where a is a constant. The total duration (D)
and half time (#,,,) of W,,, are also given
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Fig. 4. The relationship of the 45 s baseline values of mea-
sured mechanical power output (W,s) and that derived from
observations of oxygen intake (Wis) on & pursuit cyclists (O)
and 8 students (@). The measurements of ¥, were converted
to mechanical work assuming an efficiency of 0.21. The line of
identity (—) and regression relationship (-—-) between the two
variables are shown

Table 3. Reproducibility of the 80 s test. Comparison of dupli-
cate measurements performed on separate occasions. Data for
students (n=8). Symbols as for Table 3

WO a
(W)

1039
+231
1019
+204

Wes Wie Wo, Wep D t
&) &I) & &) & )

—0.0359 215 229 8.2
+0.006 £55 £39 2.1
—0.0355 215 228 83
+0.007 +65 +43 2.6

Test 1 14.7 44.4
+2.8 +1.8
14.5 44.4

+2.7 18

10.9
+04
10.9
+0.4

Test 2

Significance: NS

icantly (p>0.1) different between the three
.groups. The respective figures for the students,
sprint and pursuit cyclists were 10.9+0.4s,
10.8+0.6 s and 10.1+£0.9s. The total work per-
formed during the 45 s period was similar in the

GI'Ollp W, a Ws Wiot Wo > Wcap D 2

W) ) & &) &) (s (s)
Sprint 1157 —0.0286 310 28.8 121 16.7 45.1 108
(n=6) +322 £0.006 =£29 +52 £1.2 +49 +0.08 *£0.6
Pursuit 965 —0.0226 346 27.8 138 140 453 101
(n=10) +193 +0.005 =57 +3.5 £20 +£29 +07 =09
Students 1039 —0.0359 215+t** 229* 82** 147 444 109
(n=8)  +231 £0.008 +£55 +39 21 +28 +18 04
Significance: Sprinters v pursuit  * p<0.05

Sprinters v students  * p<0.05; * T+ p<0.001
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Fig. 5. The relationship of maximal anaerobic capacity (Weap)
to maximal average power output (W,..,). (@) students, (O)
pursuit and (A) sprint cyclists

sprint (28.8+5.2 kJ and pursuit (27.8+3.5 kJ cy-
clists, but reduced in the students (22.9+3.9 kJ,
p <0.05). The lower value in students was a reflec-
tion of the reduced “aerobic” (Wls) baseline,
and thus in the total (theoretical) aerobic work
performed (Table 4). The area below the corrected
Wiax/time curve (W.,,) which may be taken to
represent the capacity of short-term anaerobiosis
ranged from 16.7+4.9 kJ in the sprinters to
14.0£2.9 kJ in the pursuit cyclists, and 14.7 £2.8
kJ in the students, and was not significantly
(p>0.1) different between the groups. However,
W.ap Was related to body weight and to estimates
of body muscularity, namely muscle (plus bone)
volume (LV) and thigh cross-sectional area
(CSA).

Weap (k)= —2.85+1.196 LV (L);

r=0.64, n=24 (iii)
Weap (kJ)= —3.16 +0.098 CSA (thigh-cm?);
r=0.74,n=24 (iv)

and thus as one might expect from Fig. 1 and
equation (i) and (ii) to W, (Fig. 5).

Discussion

The mean maximal power output (W,,.,) data for
the students and pursuit cyclists agrees closely
with previous results (Davies et al. 1984) from this
laboratory for young adults, provided account is
taken of body size. In our earlier study (op. cit.),
the mean W,,,, was 1200208 W or 15.9 W kg ™!
body weight; the present figures for the students
and pursuit cyclists are 1019+183 W (13.6 W
kg™") and 9624206 W (14.1 W kg~"). Thus, it
would seem that pursuit cyclists, whose event de-
mands much in terms of aerobic power but little

in terms of short-term anaerobic energy require-
ments, have statistically similar (p > 0.1) W,,,, val-
ues to students and young adults.

In contrast, the sprint cyclists do have a signif-
icantly (p<0.01) greater absolute (12411266 W)
and per kg body weight (17.1 W kg™, see Fig. 2)
Wax, and a higher V,,, (132+3 min~', p<0.001)
and V, (262+8 min~', p<0.001) than the stu-
dents or pursuit cyclists (Table 2). There is an up-
wards displacement of the force/velocity relation-
ship in sprinters. However, if standardisation is
made for P, (Fig. 3) the major part of the differ-
ence in the force/velocity linear regression lines
can be removed, and if W,,, is considered in
terms of either leg muscle (plus bone) volume or
calf cross-sectional area, it is similar in the three
groups of subjects studied. Thus, W,.x would ap-
pear to be a function of size and degree of muscu-
larity and is independent of age over the range
studied (15-25 years). It is only in absolute terms
that W, reflects the degree of specialisation in
the cyclists. Sprint cyclists require a large body
size and (leg) muscle mass commensurate with the
need to develop absolute mechanical power out-
put. Clearly, the dilemma they face is that the me-
chanical work performed to generate velocity is
mainly dissipated in overcoming air resistance,
which will increase with body size due to its effect
on projected area (Ap) (see Davies 1980). It is no-
ticeable that though the sprint cyclists were ex-
tremely muscular, they were also relatively short
in stature (Table 1). This may be the essential
compromise between power generation, Ap, and
optimal performance in sprint cycling. If so, it in-
dicates the need for careful selection and high re-
sistance training (see McDonagh and Davies
1984) in this event. The close associations of W,
and W,,, with body size and indices of muscular-
ity suggest that maximal anaerobic (unlike aero-
bic) power output (see Davies and Sargeant 1975)
cannot be trained independently of muscle mass.

The equations for the relationship of power
output to duration of effort are different from
those of Tornvall (1963), who was essentially,con-
cerned with submaximal effort. In the present ex-
periments, the power and capacity of the anae-
robic mechanical work performed were deter-
mined from the maximal work sustained by each
cyclist for 80 s. In calculating the capacity of me-
chanical work performed, the contribution of oxi-
dative energy sources was removed empirically by
assuming an exponential rise in Vo, with half
time (¢;,,) of 6 s. This choise of a rapid time con-
stant was arbitrary though deliberate. The only
available data for aerobic kinetics in man are
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based on whole body intake (Davies et al. 1972),
where a t,,, of 17 s was found, but the measure-
ments took no account of the oxygen stored
within the body, which is readily available to the
muscles at the immediate onset of work. As
pointed out by Wilkie (1977), the first stages of
the glycolytic Krebs cycle are extremely rapid,
and it therefore seems reasonable to postulate a
more rapid and effective oxidative onset at the
level of the muscle cell. Using the same #,,, of 6 s
as proposed by Wilkie (op. cit.), the capacity of
the anaerobic mechanical work processes in the
students, sprint and pursuit cyclists are 14.7+2.8
kJ (0.20 kJ kg~ 1), 16.7+4.9 kJ (0.23 kJ kg™ ") and
14.0+£2.9 kJ (0.21 kJ kg ') respectively. From the
data of Wilkie (1968) the phosphagen content of
skeletal muscle can be shown to be approximately
27 mmol kg ~'. If we assume that a 70 kg man has
25 kg of muscle, and 1 mol of phosphagen is equi-
valent to 46 kJ, then the energy yield is 31.1 kJ or
0.44 kJ kg~ ' body weight. In well motivated sub-
jects the maximal increase of lactic acid in muscle
is of the order of 23 mmol kg~' (Hermansen
1981). Using the same set of assumptions, and
knowing that 1 mol of lactate is equivalent to 1.5
ATP molecules, then the energy yield from glyco-
Iytic processes is 39.8 kJ or 0.57 kJ kg~' body
weight. Thus, combining these theoretical figures
for energy stored within the muscle with the pres-
ent mean W.,, data for the three groups (0.22 kJ
kg1, the efficiency for the conversion of chemi-
0.22

0.4440.57
i.e. the same value which has been repeatedly
found for the corresponding aerobic processes in
whole body exercise. This observation supports
the view of Margaria (1976) that the efficiency of
the oxidative and anaerobic processes during
whole body exercise are similar, and thus from a
practical viewpoint, when examining the relation-
ship between metabolic cost and performance at
maximal levels of exercise, may be considered to-
gether. This is an important but tentative finding,
clearly further research involving both chemical
and mechanical measurements during supramaxi-
mal exercise in the same individual is necessary
before more definitive conclusions can be
drawn.

cal energy to mechanical work is

Finally it can be seen (Table 3) that the #,,, of
the anaerobic component of the work is approxi-
mately 10.5 s and independent of the physical sta-
tus of the subjects. Although one might regard an
all-out maximal test being performed mainly
anaerobically, in fact of the total mechanical work

produced (27.8+3.5 kJ) by the pursuit cyclists,
13.8£2.0 kJ (44.6%) is accounted for in terms of
aerobic metabolism. The comparable figures for
the students and sprint cyclists were 8.2+2.1 kJ
(35.8%) and 12.1+1.2 kJ (41.9%). Thus, an 80s
all-out test to exhaustion demands a theoretical
36-45% contribution from the aerobic pathways
during the first 45 s. The level of mechanical work
which can be sustained from 45s to end of the
test period is indicative of the endurance status of
the subjects and closely reflects the specialist per-
formance skills of the cyclists, compared with the
students. The pursuit cyclists were able to sustain
34657 W after 45s of work compared with
215£55 W in the students (Table 3). In some stu-
dents subjects, the mechanical power output fell
below the work equivalent of the measured oxy-
gen intake, which would indicate a gross loss of
mechanical efficiency (cf. Coast and Welsh 1985).
It is well known that during brief maximal exer-
cise the rapid utilization of phosphagen and in-
creased production of lactic acid can give rise to
muscle weakness, particularly in sedentary sub-
jects. It has been suggested (Hermansen 1981)
that the fall in muscle pH and increased hydrogen
ion concentration directly affects the muscle force
generation processes by reducing both the rates of
ATP resynthesis and utilization. If this is so, then
present results would suggest that the endurance
trained pursuit cyclists are able either to maintain
their intracellular pH or to offset its effects by
their highly developed capacity for oxygen utili-
zation.
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