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Abstract The aims of the present study were: ®rst, to
assess the interindividual variations of a spontaneously
chosen crank rate (SCCR) in relation to the power de-
veloped during an incremental upper body exercise on
an arm ergometer set at a constant power regime, and
second, to compare heart rate (HR) responses, expired
minute ventilation � _VE) and oxygen consumption � _V O2)
when the pedal rates were chosen spontaneously (TSCCR)
or set at �10% of the freely chosen rates (T+10% and
T)10%, respectively). The mean pedal rate values were
linearly related (P < 0.01) with the power developed
during arm cranking (r = 0.96), although large varia-
tions of pedalling rate strategies were observed between
subjects. Maximal power (MP) and time to exhaustion
values were signi®cantly higher (P < 0.05) during
TSCCR than during T+10% and T)10%. Peak _V O2 values
were signi®cantly higher (P < 0.05) in T+10% than in
TSCCR and T)10%. The increase in HR, _VE, and _V O2

mean values, in relation to the increase in the power
developed, was signi®cantly higher (P < 0.05) when the
pedal rate was set at plus 10% of the SCCR (T�10%)
than in the two other conditions. The ®ndings of the
present study suggest that the use of an electromagnet-
ically braked ergometer, which automatically adjusts the
resistance component to maintain a constant work rate,
should be used in order to achieve the highest MP values

during an incremental upper body exercise. A 10% in-
crease of the SCCR should be used in order to provide
the highest peak _V O2 value.
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Introduction

In cyclical activities such as walking, running, cycling,
and swimming, numerous studies have shown that sub-
jects use a pattern of movement of amplitude: frequency
ratio so as to keep the energy cost at a minimal level
(Cavanagh and Williams 1981; Swaine and Reilly 1983;
Kaneko et al. 1987; Cavanagh and Kram 1989). Con-
trary to the case using walking or running, where cycling
activities on ergocycles have been studied, the sponta-
neously chosen crank rate (SCCR) has not been con-
sidered in relation to the power output. Instead,
researchers have sought mainly to determine the optimal
pedal rate at a given power from imposed frequencies
(Banister and Jackson 1967; Pugh 1974; MacKay and
Banister 1976; Seabury et al. 1977; Hagberg et al. 1981;
Coast and Welch 1985; Marsh and Martin 1995). These
studies did not allow the subjects to choose their own
frequencies as they normally do in everyday sport ac-
tivities. Moreover, the range of imposed rates was often
too high (from 10 up to 30 rpm) compared to the ca-
dences used in cyclical sporting activities.

During the assessment of physical conditioning, tests
are more often designed to use lower body parts than
upper body parts (Sawka et al. 1983; Powers et al. 1984;
Bilodeau et al. 1995). However, an arm-cranking exer-
cise is sometimes the best means of evaluating a group of
sportsmen whose activities imply upper body part
movements. Indeed, the use of an arm-pedalling ergo-
meter is sometimes the only means of soliciting the up-
per-body when a speci®c apparatus cannot easily be
used, such as in rowers (Carey et al. 1974), swimmers
(Bonen et al. 1980) or disabled subjects in wheelchairs
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(Glaser 1989). In addition, arm-cranking exercises are
useful for the physical reconditioning of subjects with
lower body injuries.

The purpose of the present study was twofold: ®rst,
to assess the interindividual variations of a SCCR in
relation to the power developed during an incremental
upper body exercise using an arm ergometer set at a
constant power regime; and second, to compare heart
rate (HR) responses, expired minute ventilation � _VE� and
oxygen consumption ( _V O2) when the pedal rates were
chosen spontaneously or set at �10% of the preferred
rates. It was hypothesized ®rst that the freely chosen
pedal rate using an arm ergometer is independent of the
power developed, and second that the cardiorespiratory
and metabolic responses that occur during an incre-
mental arm-cranking exercise are independent of the
pedal rate.

Material and Methods

Subjects

Twelve male students [mean (SD) age 23.83 (2.85) years] volun-
teered for this study. The means (SD) for height, body mass, arm
length, and maximum oxygen consumption ( _V O2max) with upper
body exercise were 179.92 (4.77) cm, 74.74 (6.98) kg, 78.33
(2.01) cm, and 2.71 (0.32) l á min)1, respectively. All subjects gave
their written informed consent to participate voluntarily in the
study and were submitted to a complete medical examination prior
to the beginning of the experiment. All measurements were carried
out under medical supervision.

Testing procedures:

Arm ergometer tests were conducted on a CybexÒ apparatus
(MET 300) that allows one to pedal under an isokinetic (the pedal
rate is imposed) or constant (the pedal frequency is free) power
regime. The subjects sat in a standard position with the crank-pedal
axle set between 10 and 15 cm above the scapula-humeral joint
level. The hips and knees were attached with straps to the seat
which was set at a distance so that the elbow was at its maximum
stretch capacity minus 20° when the cranks/pedals were horizontal
(Sawka 1986).

Three weeks before the assessments, all subjects went through a
physical conditioning program of eight 20-min sessions that in-
cluded a constant power regime and an isokinetic regime where arm
pedal rates were randomly set at 60, 70, 80, and 90 rpm. Labora-
tory testing procedures included a pre-test and three experimental
tests conducted over a 1-week period. All subjects were given
preliminary instructions on how to complete the di�erent tests and
were allowed to practice. The pre-test consisted of an incremental
graded test and was conducted in order to determine both the
maximal power (MP) and to assign the work at a percentage of MP
in the following tests. Work rate began at 70 W and was increased
by 5 W at each subsequent work stage, each of which lasted 90 s.
The measured MP was recorded as the power at the last completed
stage. All subjects then performed the same incremental graded test
under three pedalling conditions. In these tests, the constant work
rate was increased by 5% of MP at each stage in order to allow
comparisons of metabolic responses between the subjects for the
®rst stage set at 50% of MP and for each stage lasting 90 s. The ®rst
test (TSCCR) was completed at a constant power regime, allowing
the subject to pedal with a SCRR. In the second and third tests, the
ergometer was set at an isokinetic regime and the pedal rate was set
randomly at plus 10% (T+10%) or minus 10% (T±10%) of those
recorded during the ®rst test.

Peak _V O2, _VE and HR measurements

In the pre-test and in the three experimental tests, the subjects wore
a noseclip and breathed through a 100-ml dead space mouthpiece.
_V O2, _VE, and respiratory exchange ratio (R) were measured con-
tinuously using an open circuit system (CPX Medical Graphics, St.
Paul, Minn., USA). A three-lead electrocardiogram (DII, V2, V5)
(Quinton Q 3000, Seattle, Wash., USA) was recorded continuously
during the exercise test and used to determine HR. To ensure that
the _V O2max was reached (Taylor et al. 1955), the subjects were
encouraged to continue for as long as possible, so that a levelling
o� in _V O2 occurred. The test ended at the point of voluntary ex-
haustion. If the subject showed signs of intense e�ort and if his HR
had levelled o� prior to the ®nal exercise intensity, or had reached a
maximal value, or if his R was at least 1.0, peak _V O2 was accepted
as a maximal index. All subjects satis®ed these criteria. Before every
test, the gas meter was calibrated with a Hans Rudolph 5530 3±1
syringe and the analysers were calibrated with air and a 5 (0.03)%
CO2; 12 (0.05)% O2; 83% N2 gas mixture. Instrument outputs were
processed using an on-line IBM PC computer which calculated (in
l á min)1 the _V E and _V O2 (over 30-s intervals using conventional
equations; Jones and Campbell 1982). The mean values were cal-
culated from all of the recorded measurements during the last 30 s
of each stage. In order to compare the results, _V E, _V O2 and HR
values were normalized as a linear function of the percentage of the
MP reached during the three tests.

Statistical analyses

The means (SD) were computed for all of the measured variables.
Simple regressions were used between the power and pedal rate
values registered at each stage. A one-way analysis of variance
(ANOVA) and the Sche�e post hoc test were used to study the
evolution of SCCR in relation to the percentage of MP. Statistical
analyses were also performed using a two-way ANOVA to com-
pare _V O2, _VE, and HR responses under the three pedal rate con-
ditions (TSCCR, T+10%, and T±10%). In all statistical analyses, the
signi®cance threshold was set at P < 0.05.

Results

The mean pedal rate values reported at each stage of
exercise at TSCCR are shown in Fig. 1. The crank rates
used spontaneously by the subjects increased signi®-
cantly (P < 0.01) from 74.4 (8.7) to 81.4 (10.9) rpm.
The freely chosen crank rates were signi®cantly
(P < 0.05) related to the power developed during arm
cranking (r = 0.96), to HR (r = 0.96), to _VE
(r = 0.98), and to _V O2 (r = 0.99). However, large
variations of pedal rate strategies were found between
the subjects. The MP, time to exhaustion, and peak HR,
_VE, and _V O2 values measured at the end of exercise are
given in Table 1. The MP and time to exhaustion values
were signi®cantly higher (P < 0.05) during TSCCR than
during T+10% and T±10%, (Table 1). The peak _V O2

value was signi®cantly higher (P < 0.05) in T+10% than
in TSCCR and T±10%, [2.96 (0.3) vs 2.82 (0.3) and 2.81
(0.4) l á min)1, respectively). No signi®cant di�erences
between the three pedal rates were noticed for peak HR
and peak _VE. The e�ect of the pedal rate on the re-
sponses of _V O2, _VE, and HR, according to the increase
of power output set at a percentage of MP, are presented
in Table 2. The increases of _V O2, _VE, and HR mean
values in relation to the increase in power developed
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were signi®cantly higher (P < 0.05) when the pedal
rates were set at plus 10% of the SCCR than the values
measured during TSCCR. No signi®cant di�erence was
noticed when the pedal rates were set at minus 10%
compared to TSCCR and T+10%.

Discussion

The crank rates that were used spontaneously by the
subjects [from 74.4 (8.7) up to 81.4 (10.9) rpm, corre-
sponding to 65% and 100% of MP, respectively] are
generally higher than those reported in previous studies
(Sawka 1986; Glaser et al. 1980; Sawka et al. 1983;
Powers et al. 1984). Although the imposed pedal rates
ranged from 30 to 90 rpm in those latter studies, most of
the rates were set within the range of 60±70 rpm. The
higher cranking rates recorded in the present study may
be linked to the higher percentage of power developed
(from 65 up to 100% of MP).

These results are in accordance with those of Seabury
et al. (1977), who reported that during bicycle ergome-
try, the increase in energy expenditure observed when
pedalling at a rate slower than the ``most e�cient'' is

more pronounced at high power outputs than at low
power outputs, while similarly, the increase in energy
expenditure in response to pedalling at a rate faster than
``most e�cient'' is less pronounced at high power out-
puts than at low power outputs.

All of the previous studies di�er from ours in that the
crank rates were imposed and did not allow the subjects
to use their own rates according to the developed power
output. Pedal rates in the present study increased sig-
ni®cantly and were related to power output (r = 0.96,
P < 0.01). During an incremental test with imposed
pedal rates, Coast and Welch (1985) showed that the
optimal rate increases according to the power require-
ments. The increase in SCCR in relation to incremental
power output reported in the present study might result
from the need to decrease the arm pressure put on the
cranks/pedals (Faulkner et al. 1971; Coast and Welch
1985; Cavanagh and Sanderson 1986). This increase in
the crank rate might enable subjects to reduce the local
muscular strain which might have caused some of them
to stop the test earlier (Sawka et al. 1983). Moreover, the
muscular strain could be higher when the actions are
performed with the upper limbs than when performed
with the lower limbs. The smaller muscle masses in-
volved in an arm exercise limit the blood ¯ow when
muscular tension is high (Petrofsky et al. 1981; Sawka
et al. 1983), and thus limit oxygen uptake. However, the
increase of pedal rate in relation to power output was
very di�erent from one subject to another. These results
emphasize the interest in using testing procedures in
which pedal rates can be freely chosen. During an ex-
ercise bout with cyclists performing at 80% of _V O2max,
Hagberg et al. (1981) noticed a great variation in the
preferred pedal rate (from 72 up to 102 rpm). Such
di�erences between subjects may be a re¯ection of the
existence of di�erent muscle ®bre types among subjects
(Gollnick et al. 1973; Suzuky 1979), but may also be part
of a strategy linked to a certain background in sports
(Marsh and Martin 1995). Kirby et al. (1989) have
shown that besides the anthropometric, muscular, and
physiological characteristics of the subjects, the freely
chosen pedal rates were also related to HR responses
according to the power output. These authors, as well as
Donville et al. (1993) reported a coupling between car-
diac and locomotor rhythms while subjects exercised at
cadences that are natural to them. In the present study,
HR was signi®cantly related to the SCCR (r = 0.96).

Fig. 1 Evolution of spontaneously chosen crank (SCCR) rate mean
values and standard deviations in relation to the percentage of
maximal power recorded during the test carried out at the SCCR. The
increase signi®cance is illustrated by asterisks (P < 0.05)

Table 1 Peak mean (SD) values of maximal power (MP), time to exhaustion, heart rate (HR), expired minute volume ( _VE), and oxygen
consumption ( _V O2) recorded at the end of the test carried out at the spontaneously chosen pedal rate (TSCCR), or at �10% of the
spontaneously chosen pedal rate (T+10% and T)10% respectively)

n = 12 T)10% TSCCR T+10%

MP (W) 154.1 (16.4) 161.1 (15.9)* 151 (15.8)
Time to exhaustion (s) 847.5 (124) 922.5 (95)* 817.5 (146)
Peak HR (beats á min)1) 186.1 (6.5) 189.6 (4.4) 190.7 (3.5)
Peak _VE (l á min)1) 126.4 (22) 125.2 (17.2) 129.5 (20.6)
Peak _V O2 (l á min)1) 2.81 (0.4) 2.82 (0.3) 2.96 (0.3)*

*Di�erences statistically signi®cant at P < 0.05 from the two other tests
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MP values were signi®cantly higher (P < 0.01) in
TSCCR than in T±10% and T+10%. The rather low vari-
ations in pedal rates (�10%) signi®cantly in¯uenced the
MP performed at the end of the test. These results are in
agreement with those of Cox et al. (1994) and
McNaughton and Thomas (1996), measured during a
test performed with the lower limbs, as well as those of
Sawka et al. (1983), measured during an incremental test
performed with the upper limbs in which the imposed
variations were �20 rpm. MP values [161 (16) W in
TSCCR] were slightly lower than those measured by
Sawka et al. (1983) [169 (7) and 179 (7) W at 50 and
70 rpm, respectively] in a homogeneous group of sub-
jects. Moreover, the time to exhaustion performed in
TSCCR [922 (95) s] was signi®cantly longer than in T±10%
and T+10% [847 (124) and 817 (146) s, respectively] and
con®rm the results observed for variations in MP and
those recently reported by Mc Naughton and Thomas
(1996).

The mean peak HR responses measured during the
three experimental tests (Table 1) were not signi®cantly
di�erent and were close to those reported by Sawka
et al. (1983) during an incremental upper body exercise.
The _VE peak values recorded in T+10% showed a ten-
dency to be higher than in the two other conditions.
Sawka et al. (1983) recorded higher _VE peak values
(P < 0.05) when exercise was performed at 70 rpm than
when performed at 50 rpm. In agreement with Sawka
et al. (1983), the peak _V O2 values recorded in T+10%

were signi®cantly higher (P < 0.05) than the values
measured in TSCCR and T±10%. The use of high crank
rates in the testing procedure might thus be limited by
the shorter duration of the test due to local muscle fa-
tigue (Sawka et al. 1983). This might, however, enable
the subjects to reach their maximal physiological limits
more easily. For exhaustive tests on an ergocycle such
results may lead one to ask the subjects to increase their
crank rates during the few last stages of the test.

Mean values for HR, _VE and _V O2 were signi®cantly
higher in T+10% (P < 0.05) than in TSCCR and T±10%
(Table 2). During rectangular tests, Powers et al. (1984)
have observed the in¯uence of variations in crank rates
ranging from 50 to 90 rpm on the kinetics of the HR, _VE,
and _V O2 responses. These authors reported an increase
in energy cost linked to the increase in pedal rate.
However, the results of the present study are more in
agreement with results reported by Hagberg et al. (1981)
who studied cyclists. By measuring and modelling the
evolutions obtained during an exercise performed at the
preferred pedal rate, Hagberg et al. (1981) showed that
the freely chosen rate is the more economical. The rates
above and below the preferred rate caused _V O2 and _VE
to increase signi®cantly. It must be pointed out, how-
ever, that Hagberg et al. (1981) did not choose to change
the pedal rates starting from the freely chosen pedal rate,
but to impose rates from 60 to 120 rpm, increasing in
steps of 15 rpm. The variations of �10% of the SCCR
imposed in the present study are high enough to cause
signi®cant changes in _V O2 and _VE between the TSCCRT
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and T+10% tests. Only HR values were signi®cantly
lower (P < 0.05) at T±10% in the ®rst two stages (50 and
55% of the MP; Table 2). When the pedal rate decreased
by 20 rpm, Powers et al. (1984) recorded a decrease in
HR, _VE, and _V O2. Hagberg et al. (1981) recorded a
linear increase in HR with increases in pedal rate. As
observed by Seabury et al. (1977), the use of a low pedal
rate entails minimal energy costs during low-power ex-
ercises.

During the pre-test, the mean value of MP was 167
(17) W and was signi®cantly higher than that reported in
TSCCR. The longer duration of exercise during the TSCCR
tests [11.2 (1.7) vs 15.4 (1.5) min] probably caused a
higher muscular strain. Such a local muscular strain is a
feature of the lower stamina of the upper limbs (Davies
and Sargeant 1974). In a recent review, Sawka (1986)
suggested that the combination of power, exercise du-
ration, and crank rate should be carefully chosen to
obtain an optimal evaluation during exhaustive events.
The results of the present study are in agreement with
these recommendations, but they also show that it is
necessary to allow the subjects to use their own rates.
Indeed, variations from minus 10% to plus 10% of the
SCCR cause MP to decrease by 4.3 and 6.9%, respec-
tively. The present results also show that a crank rate
lower than the SCCR results in a greater contribution of
the heart and lungs/breathing apparatus than when
cranking at rates higher than the SCCR. On the con-
trary, using rates that are slightly lower than the freely
chosen rates does not seem to a�ect energy costs sig-
ni®cantly (Hagberg et al. 1981).

In summary, the results of the present experiment
show that the use of an electromagnetically braked er-
gometer, which automatically adjusts the resistance
component to maintain a constant work rate, should be
used in order to achieve the highest MP values during an
incremental aerobic upper body exercise. The relation-
ship between the SCCR and the power output increases
in a linear way, but individual strategies may vary con-
siderably from one person to another. An untrained
individual who is not used to performing upper body
exercises may, however, be asked to increase the crank
rate gradually during an incremental test. A 10% de-
crease in the SCCR does not cause signi®cant di�erences
as far as HR, _VE, and _V O2 are concerned. A 10% in-
crease in the SCCR may be better in order to provide the
highest value of peak _V O2 and seems to be less eco-
nomical at each stage of exercise intensity. Finally, an
increase in the SCCR during the last stages of an
incremental task is advisable in order to elicit the higher
peak levels of HR, _VE, and _V O2. These ®ndings suggest,
as reported in studies on walking (Cavanagh and Wil-
liams 1981), running (Cavanagh and Kram 1989), or
swimming (Swaine and Reilly 1983), that upper body
exercise performed on an ergocycle should be conducted
using the most e�ective freely and spontaneously chosen
pedal rate. The results also indicate, to the bene®t of
coaches, that variations in individual and spontaneous
rhythms during cyclical sport activities in which the

work is mostly performed with the arms can result in
higher energy costs. When only the upper limbs can be
used to achieve the physical reconditioning of injured,
handicapped, or cardiac patients, it seems advisable to
use an ergometer that allows the pedal rates to be set in
order to determine accurately the intensity of power
output.

Acknowledgments The authors would like to thank the subjects for
their co-operation, C. Vandendorpe, M. Rollet, P. Delecluse andM.
Leclercq for medical and technical assistance, and J.L. Vanhee from
Centre de ReÂ eÂ ducation et de ReÂ adaptation Fonctionnelles et SpeÂ -
cialiseÂ es - l'Espoir, Lille Hellemmes, France.

References

Banister EW, Jackson RC (1967) The e�ect of speed and load
changes on oxygen intake for equivalent power outputs during
bicycle ergometry. Int Z Angew Physiol Einschl Arbeitsphysiol
24:284±290

Bilodeau B, Roy B, Boulay MR (1995) Upper-body testing of
cross-country skiers. Med Sci Sports Exerc 27:1557±1562

Bonen A, Wilson BA, Yarkony M, Belcastro AN (1980) Maximal
oxygen uptake during free, tethered and ¯ume swimming. J
Appl Physiol 48:232±235

Carey P, Stensland M, Hartley LH (1974) Comparison of oxygen
uptake during maximal work on the treadmill and the rowing
ergometer. Med Sci Sports 6:101±103

Cavanagh PR, Kram R (1989) Stride length in distance running:
velocity, body dimension and added mass e�ects. Med Sci
Sports Exerc 4:467±479

Cavanagh PR, Sanderson DJ (1986) The biomechanics of cycling:
studies of the pedalling mechanics of elite pursuit riders. Burke
ER (ed) Science of cycling. Human Kinetics Champaign, Ill,
pp 27±30

Cavanagh PR, Williams KR (1981) The e�ect of stride length
variation on oxygen uptake during distance running. Med Sci
Sports Exerc 10:30±35

Coast JR, Welch HG (1985) Linear increase in optimal pedal rate
with increased power output in cycle ergometry Eur J Appl
Physiol 53:339±342

Cox MH, Miles DS, Verde TJ, Nessenthaler G, Heinze J (1994)
In¯uence of pedal frequency on the lactate threshold of elite
cyclists. Med Sci Sports Exerc 26:S67

Davies CTM, Sargeant AJ (1974) Physiological responses to stan-
dardised arm work. Ergonomics 17:41±49

Donville JE, Kirby RL, Doherty TJ, Eastwood BJ, MacLeod DA
(1993) E�ect of cardiac-locomotor coupling on the metabolic
e�ciency of pedalling. Can J Appl Physiol 18:379±391

Faulkner JA, Roberts DE, Elk RL, Conway J (1971) Cardiovas-
cular response to sub maximum and maximum e�ort cycling
and running. J Appl Physiol 30:457±461

Glaser RM (1989) Arm exercise training for wheelchair users. Med
Sci Sports Exerc 21:149±157

Glaser RM, Sawka MN, Brune MF, Wilde SW (1980) Physiolog-
ical responses to maximal e�ort wheelchair and arm crank er-
gometry. J Appl Physiol 48:1060±1064

Gollnick PD, Piehl K, Saltin B (1973) Selective glycogen depletion
pattern in human muscle ®bres after exercise of varying inten-
sity and at varying pedalling rates. J Physiol (Lond) 241: 45±57

Hagberg JM, Mullin JP, Giese MD, Spitzagel E (1981) E�ect of
pedalling rate on sub maximal exercise responses of competitive
cyclists. J Appl Physiol 51:447±451

Jones NL, Campbell EJM (1982) Clinical exercise testing. Saun-
ders, London, pp 235±239

Kaneko M, Matsumoto M, Ito A, Fuchimoto A (1987) Optimum
step frequency in constant speed running. In: Biomechanics
X-B, B. Johnson (ed) Champaign, Il: Human Kinetics, pp 803±
807

432



Kirby RL, Nugent ST, Marlow RW, MacLeod DA, Marble AE
(1989) Coupling of cardiac and locomotor rhythms. J Appl
Physiol 66:323±329

MacKay GA, Banister EW (1976) A comparison of maximum
oxygen uptake determination by bicycle ergometry at various
pedalling frequencies and by treadmill running at various
speeds. Eur J Appl Physiol 35:191±200

Marsh AP, Martin PE (1995) The relationship between cadence
and lower extremity EMG in cyclists and non cyclists. Med Sci
Sports Exerc 27:217±225

McNaughton L, Thomas D (1996) E�ects of di�ering pedalling
speeds on the power-duration relationship of high intensity
cycle ergometry. Int J Sports Med 17:287±292

Petrofsky JS, Phillips CA, Sawka MN, Hanpeter D, Sta�ord D
(1981) Blood ¯ow metabolism during isometric contractions in
cat skeletal muscle. J Appl Physiol 50:493±502

Powers SK, Beadle RE, Mangum M (1984) Exercise e�ciency
during arm ergometry: e�ects of speed and work rate. J Appl
Physiol 56:495±499

Pugh LGCE (1974) The relation of oxygen intake and speed in
competition cycling and comparative observations on the bi-
cycle ergometer. J Physiol (Lond) 241:795±808

Sawka MN, Foley ME, Pimental NA, Toner MM, Pandolf KB
(1983) Determination of maximal aerobic power during upper-
body exercise. J Appl Physiol 54:113±117

Sawka MN (1986) Physiology of upper body exercise. In: Pandolf
KB (ed) Exercise and sport sciences reviews. McMillan, New
York, pp 175±211

Seabury JJ, Adams WC, Ramey MR (1977) In¯uence of pedalling
rate and power output on energy expenditure during bicycle
ergometry. Ergonomics 20:491±498

Suzuky Y (1979) Mechanical e�ciency of fast- and slow-twitch
muscle ®bers in man during cycling. J Appl Physiol 47:263±
267

Swaine I, Reilly T (1983) The freely-chosen swimming stroke rate
in a maximal swim and on a biokinetic swim bench. Med Sci
Sports Exerc 15:370±375

Taylor HL, Buskirk E, Hensche LA (1955) Maximal oxygen intake
as an objective measure of cardio respiratory performance. J
Appl Physiol 8:73±80

433


