
HAL Id: hal-01762731
https://hal-insep.archives-ouvertes.fr/hal-01762731

Submitted on 10 Apr 2018

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Energetically Optimal Cadence vs. Freely-Chosen
Cadence During Cycling : Effect of Exercise Du ration
Christophe Hausswirth, Jeanick Brisswalter, D. Smith, Fabrice Vercruyssen,

Jean-Marc Vallier

To cite this version:
Christophe Hausswirth, Jeanick Brisswalter, D. Smith, Fabrice Vercruyssen, Jean-Marc Vallier. Ener-
getically Optimal Cadence vs. Freely-Chosen Cadence During Cycling : Effect of Exercise Du ration.
International Journal of Sports Medicine, 2000, 21 (1), pp.60 - 64. �hal-01762731�

https://hal-insep.archives-ouvertes.fr/hal-01762731
https://hal.archives-ouvertes.fr


60 Training and Testing 

Energetically Optimal Cadence vs. Freely-Chosen Cadence 
During Cycling: Effect of Exercise Du ration 

j. Brisswalter 1
, C. Hausswirth 2, D. Smith 3 , F. Vercruyssen 4

, J. M. Vallier 5 

1Université de Toulon-Var. France 
1 Laboratoire de Physiologie et Biomécanique. INSEP. P.-uis. France 

1Queensland Academy of Sport Triathlon. Brisbane, Australia 
4 LAPMH. Université de Poitiers, France 
5Service Médical, INSEP, Paris. France 

Brisswalter j, Hausswirth C. Smith D, Vercnryssen F, Vallier JM. 
EnergC't ir.1lly Optimal C.1denre vs. Frl'C'Iy-Chosen C.1dence Dur
ing Cycling: Eflect of Exercise !Juration. lnt J Sports Med 1999; 
20:60-64 

Accepted arter revision: july 19, 1999 

- The purpose of this study was to examine the relationship 
between cadence and oxygen consumption with exercise dura-
tian. Ten triathletes who trained regularly were examined. The 
first test was always a maximal test to determine maximal oxy~ 
gen uptake (VOzmax). The other sessions were composed of six 
submaximal tests representing 80% of the maximal power 
reached with VOzmax (Pmax). During these tests submaximal 
rides with a duration of 30 min were performed. Each test repre-
sented, in a randomised arder, one of the following pedal rates: 
50, 65, Bd, 95,110 rpm and a freely-chosen rate. \/0 2, respiratory 
parameters, and heart rate were monitored continuously. Two 
periods, between the 3rd and the 6th minute and between the 
25th and the 28th minute, were analysed. Results showed that 
when \/02 and heart rate were plotted against cadence, each 
curve could be best described by a parabolic function, whatever 
the period. Furthermore, a significant effect of period was fou nd 
on energetically optimal cadence (70 ± 4.5 vs. 86 ± 6.2 rpm, 
P < 0.05). Only during the second period was no significant dif-
ference found between freely-chosen cadence (83 ± 6.9 rpm} 
and energetically optimal cadence (P > 0.05). ln conclusion, our 
results suggest that during prolonged exercise triathletes 
choose a cadence that is close to the energetically optimal ca-
dence. A change of muscle fibre recruitment pattern with exer-
cise duration and cadence Would explain the shift in energetical-
ly optimal rate towards a higher pedal rate observed at the end 
of exercise. 
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Introduction 

ln long dist<111ce events (e.g. triathlon. marathon. race walk-
ing ... ) the maximal speed th at at hl etes can sustain depends 
.on the capacity of the subject to support the highest fraction. 
ofV02 max and to spend the lowest a mount of metabolic ener-
gy during the who le race 1141. ln this case the energy cost of 
locomotion. defined as the amou nt of energy spent per unit 
distance. contributes significantly ta long duration perform-
ance 14. 7,13,32,37J.It is well-known thal the energycost or lo-
comotion a Iso renects the biomechanical demand associated 
with changes in movement pattern [17,41]. Therefore in arder 
to minimise the energy cost of locomotion. the choîce of a 
particular cadence in cycling or running is classically evoked 
by coaches and researchers. For running or walking the rela-
tionship between movement frequencies and energy cost has 
been widely studied, often suggesting that the performer 
spontaneously adopts the pattern of locomotion leading to 
the lowest energy cost I6.23,24J. This does not appear to be 
the case for cycling. On the one hand the energetically optimal 
cadence ranges from 40 rpm to 80 rpm in trained or untrained 
cyclists 110.11. 16, 17J, but on the ether ha nd observations or cy-
clists often reveal that the freely chosen cadence is significant-
ly higher than the most economical cadence (e.g., 117J). The 
following functional assumptions have been made to expia in 
this apparent connie!: changes in pectalling forcesJ34J, neuro-
muscular activation [30]. or variation in ventilatory param-
eters 120]. However. results remain inconsistent. thus high-
lighting the dirficulty in identirying factors that affect the rela-
tionship between energy cost and cadence [15,28,29]. ln fact 
optimisation principles governing locomotion for cycling are 
probably as nu merous as for other forms of locomotion, and 
th us the adoption of a specifie locomotor pattern cou id be Seen 
as a function of a) the task constraints and b) the constraints of 
the perrormer J25,31J. 

The main constraint occurring during long distance events is 
the exercise duration. Previous studies conducted on mara-
thon runners 171. racewalkers 141. and triathletes Jl8.21,22. 
26] have observed a significailt increase in energy cast of loco-
motion _with exercise duration leading to the adoption of a 
specifie pattern oflocomotion during fatigue [4.22J. A number 
of mechanisms have been hypothesized to account for this in-
crease in energy cast. During modera te to high intensity exer-
cise the hypothesis that \102 rise du ring prolonged exercise is 
related to the recruitment of type- Il muscle fibres îs often sug-
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Optimal Pedal Rate and Exercise Du ration 

Table 1 Characteristics of the subjects 

Age 
(years) 

26±2 

mass 
(kg) 

67.5±3 

height 
(cm) 

178± 3.3 

V02 max 
(ml x kg- 1 x min-1) 

66.4± 3.4 

gested [ 18, 35]. Moreover, during cycling a preferential recruit-
ment of type 1! fibres seems to occur at law (<50 rmp) and at 
high pedal rates ( < 100 rmp) [36[. These observations raise 
two questions, one concerning the effect of fatigue on the 
chai ce of a particular cycling cadence and the other concerning 
the consequences of this choice on the energy cast increase 
with exercise duration. The principal purpose of this study 
was therefore ta investigate whether the relationship between 
energetically optimal and freely-chosen cadence was affected 
by prolonged endurance exercise. A second objective was to 
examine the effect ofpedal rate on Vü2 rise (i.e. energy cast in-
crease) during constant intensity prolonged cyding. 

Materials and Methods 

Subjects 

The subjects were ten triathletes in regular training. The phys-
ica\ characteristics of the subjects are given in Table 1. Before 
participating in this study, subjects were fully informed about 
protocol, and informed consent was obtaîned prior to ali test-
ing. 

Experimental design 

Each subject completed 7 testing sessions during a 3 week 
period without any other training program. Each session was 
separated by a 48 h rest period. An electromagnetically braked 
ergometer, equipped with the triathlete's own pedals and tee-
clips and adjusted to the dimensions of the ir own bicycle, was 
used during ali testing. The first session, performed at freely-
chosen cadence, was used to accustom subjects to the labora-
tory and ta determine Vü1 max (ml x min- 1 x kg-1 ). After 6 min 
at 100 W the power output was increased by 25 W each min-
ute until exhaustion. Vü 2max was attained with a plateau in 
Vo1 , an expiratory ratio of 1.15 or greater and a post blood lac-
tate leve! above 8 mmol x I- 1• The other sessions were com-
posed of a 6 min control ride followed by a 30 min submaximal 
test, a.t 80% of the maxima.! power reached with Vü2 max 
(Pmax)· For each test, after the control ride caused out at the 
preferred cadence, one of the following pedal rates 50, 65, 80, 
95, 110 rpm or a freely-chosen rate was presented in a random 
arder. Cadence, Vü2 , respira tory parameters (VE, RF, RER), and 
heart rate (HR) were monitored continuously. Lactate was 
measured by enzymatic method (Yellow Springs Instruments 
Mode! 24L) from a finger blood sam pie taken at rest and im-
mediately at the end of the exercise. Two periods, between 
the 3rd- 6th and the 25th- 28th min, were analysed. 

Statistical analysis 

Ali data are expressed as mean± 50. Short term variability be-
tween trial tests was analysed, first using repeated measures 
ANOVA on Vü2 , respiratory parameters, heart rate, and ca-
dence recorded during the control rides. Coefficients of varia-

HRmax pmax 
(bpm) (watts) 

187.3±6 376.5 ± 20 
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LAI1lJX 

(mmol x L- 1) 

15.8±2.3 1.21 ± 0.03 

tian (SDjmean x 100) were then calculated for each subject 
[3,5]. Based on previous studies, the relation between cadence 
and Vü2 for each subject was fitted using a polynomial regres-
sion wîth a quadratic mode! ! 10, 11,28, 29]. The minimum 
point of the curve represented the energetical!y optimal ca-
dence. First\y a 2-way MANOVA (period x cadence) was per-
formed using Vü 2 respira tory parameters and heart rate as de-
pendant variables (Statistica ver. 5). A one-way ANOVA was 
performed to analyse the effect of cadence on lactate values re-
corded at the end of each test. For al\ analyses Newman-Keuls 
post hoc test was employed ta determine differences among 
pedal rates. A paired t-test was used to test differences in free-
ly-chosen cadence between the two periods and differences 
between the energetica!ly optimal and freely-chosen cadence. 
For ail the statistical analyses the leve! of significance was set 
at P < 0.05. 

Results 

Maximal test 

The maximal values obtained during the first session are pre-
sented in Table 1. The RER values and peak post-exercise blood 
lactate Jevels CLAmax) indicate the achievement of V01 criteria 
and permitted using a Pmax value. 

Submaximal test 

No significant difference in Vü2 was found. The mean coeffi-
cient of variation for Vü 2 was 2.8±0.4% (P>0.05). Further-
more, the coefficient of variation of freely-chosen cadence 
was sma\1 for ail subjects (mean= 1.8; range: 1.5 -2.3) indicat-
ing that the preferred cadence ofthese triathletes was stable at 
80% p ITIJX" 

Data on cardio-respiratory res panses at different pedal rates 
are presented in Table 2. Analysis of variance showed that Vü2 
and heart rate were different among pedal rates whatever the 
period. When Vü2 was plotted against pedal rate usîng a quad-
ratic mode], mean values of regression coefficients for vo2 dur-
ing the first and the second peri ad were r = 0.90 (range 0.87-
0.96) and r ~ 0.98 (range~ 0.96-0.99 ) respectively (Fig.l ). 

A significant effect of period was found for Vo2 and for energe-
tically optimal cadence. The lowest point of the graph was 
fou nd for the first and the second period at 70 ± 4.5 and 
86 ± 6.2 rpm, respectively {P < 0.05 ). A significant increase in 
oxygen uptake was observed with exercîse duration for ali 
pedal rates except for 95 rpm (P > 0.05). The most important 
rise in Vü2 (D.Vü2 = Vü2 perîod 2-Vü2 period 1) was found at 
110 rpm (t.Vü2 = 4.9 + 0.33 ml x kg- 1 x min-1) while at 95 rpm 
SV02 was equa! to 1.9 + 0.42 ml x kg- 1 x min- 1 (Fig. 2). Further-
more, for the second period blood lactate leve!s and VE values 
were significantly higher at 110 rpm than at the other pedal 
rates ( P < 0.05, F1g. 3 ). 
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Table 2 Mean oxygen uptake (\102), ventilation (VE), heart rate (HR), and lactate concentration (LA) associated with the 5 controlled and the 
freely chosen (FC) cyding cadences 

Cadences (rev x min- 1) 50 60 80 95 110 FC 

Vü 2 (ml x kg-1 x mîn- 1) Period 1 53.1 ± 3 50.2 ± 4.SD 49.8 ±4.5 52.1 ± 3.7b 52.8±4.2 50.4±4.5 

Period 2 56.8 ±4" 55.4±4.7a 53.8±4Jb 54.1 ±5.1 57.6±4.2ab 53.9±4.P 
VE (1 x min-1) Period 1 92.4±10 92.2 ± 9 89.1 ± 8 89.8±11 102± lSb 89.2± 9 

Period 2 111.2±9' 106.8±13a 104.4±1P 106.4±1P 128.9 ± 18ab 107.6±13' 
HR (bpm) Period 1 162± 15 156±11b 157± 16 160±14 167±16b 158± 11 

Period 2 172±1P 170±13J 166±13ab 168± 12' 175±14ab 168±13 
LA (mmol x L- 1) 3.5± 0.8 3.4± 1.2 3.7 ± 0.6 4.1±1.1 5.8 ± 2.3b 3.6±0.9 

• represents significant difference between the two periods 
b represents significant differences with the previous controlled cadence (from Ne'fJman-Keuls post hoc test, p < .05) 

60 

58 Period 2 (25 - 28 min) 

56 

54 Period 1 (3 - 6 min) 

52 

50 

50 65 95 llO 

Pedal rate ( rev.min"1
) 

EOC, 

Fig.1 Group mean responses for steady \/02 as a function of ped~l 
rate be fore and after a 30 min cyding exercise. 
~ EOC 1: mean energetically optimal cadence during the first period, 
..... EOC2: mean enegetical\y optimal cadence during the second period, 
--1 FC1: mean freely-cosen cadence during the first period, 
..... FC2: mean freely-chosen cadence during the second period . 
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Fig. 2 Group mean responses for t:-.V0 2 (V02perlod 2 - Vü2period 1) 
as a function of pedal rate. 
* significant difference between the two perîods (p < 0.05, FC repre-
sents the freely-chosen cadence (respective values for the first and 
the second period: 80±7.1 vs. 83±6.9rpm) . 
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Fig. 3 Group mean responses for steady state ventilation (VE) and 
post exercise lactate concentration (LA) as a function of pedal rate 
during the second period of cycling exercise. 
..... EOC2: energetically optimal cadence during the second period 
..... FC2: the freely-chosen cadence du ring the second period . 

No significant difference in freely-chosen cadence was found 
between the first and the second period (80±7.1 vs. 
83 ± 6.9 rpm, respectively). Moreover, only during the second 
period did the freely-chosen cadence not differ significantly 
from the energetically optimal cadence (P > 0.05). 

Discussion 

The results clearly show the existence of an energetically opti-
mal pedalling rate for a constant power output close to compe-
tition pace in trained triathletes independentofthe duration of 
exercise. Nevertheless, the m6St significant finding of this in-
vestigation was the statistically significant shi ft of the energe-
tically optimal cadence over exercise duration towards a high-
er pedal rate which is doser to the athletes freely-chosen ca-
dence. 

However, the comparison with previous findings must take 
into account the possible effect of severa! factors. On the one 

.... _____ _ 
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ha nd, the validity of the measure of energy cast of the cyciing 
task from \!02 values and the use ofheart rate as an indicatorof 
intensity leve! depends on the assumption that exercise was 
strictly aerobic [14j. In our study carried out on triathletes, 
during the second period the 110 rpm perlai rate appears to be 
a partial anaerobie exercise. Mean blood lactate concentration 
and respiratory exchanges ratio values were 5.8 mmo! x L-1 

and 1.15 respectively, and for this pedal rate the a bave assomp-
tion appears to be violated (Table 2). On the other hand, corn~ 
parison of cadence effects depends on the short term repro-
ducibility of physiological variables between sessions. No 
stat!stîca! variability in physiological parameters or freely-
chosen cadence was found in this study (P > 0.05). This result 
concurs with previous studies and indicates the reproducî-
bility of energy cast measurement in trained subjects [3, 5]. 

To the best of our knowledge the effect of exercise of a duration 
longer than 6 minutes on the cycling economy cadence rela-
tion has not been weil studied. Furthermore, although a lot of 
research has been conducted with trained cyclists, similar 
studies with triathletes are not available [32J. For short-term 
exercise the physiologically optimal cadences observed in our 
first period were within the range classically reported in the 
experimental literature for this power output in trained cy-
clists (e.g. [17]). For a longer period ofwork, since Coast et al. 
[Il) fou nd no difference in optimal pedal rate du ring a 20 min 
ride in five cyclists, the present results suggest that after the 
20th minute a shift of this optimal rate could occur in a homo-
geneous group of triathletes. The differcntiated effect of excr-
cise du ration on optimal cadence between cyclists and triath-
letes could be partly related to an individual's cycling experi-
ence a Iso a.ffecting the choice of a preferred cadence. In general 
studies have indicated that experienced cyclists use pedalling 
frequencies higher than 90 rpm whereas untrained cyclists 
prefer frequencies around 60 rpm. Cycling-experience as weil 
as training or race specificity are thought to affect this adapta-
tion (e.g. [10,15,17]). ln this study the preferred pedalling rate 
of our triathletes at 80 rpm suggests th at this choice could be 
influenced by the specificity of training mode in triathlon [38]. 
Both volume and specificity of training in cycling (triathletes 
vs. cyclîsts) appears to be a discriminant factor of a freely-
chosen cadence and having an effect on the energetically opti-
mal cadence [28). Marsh and Martin [29) reported a training 
volume in cyc!ists of category Il riding 402 km x wk~ 1 (250 
miles x wk-1). whereas Hausswirth et al. [22] reported a train-
ing volume of 155 km x wk-1 (96 miles x wk- 1) for a triathlete 
population specialised in Olympie distance. Moreover, in con-
trast to a cycle race, during the cycling section of a triathlon 
race the triathletes would genera!ly try to minimise their en-
ergy demand in anticipation of the subsequent running sec-
tion. This finding suggests that in trained triathletes the most 
economical pedalling rate could be coincident with the pedal-
ling rate most preferred in prolonged (> 20 min) exercise of 
moderate-high intensîty. However, further comparative stud-
ies between cyclists and triathletes are need ed to test this hy-
pothesis. 

The relationship between energetically optimal and freely-
chosen cadences remain unclear, and severa! studies have sug-
gested th at minimisation of aerobic demand is not a key deter-
minant of preferred cadence selection [28,29,34,40]. Recent 
studies have reported that the preferred pedalling rate of ex-
perienced cyclists was coïncident with a minimisation of neu-

romuscular fatigue and not with a minimisation of aerobic de-
mand [30,39, 40]. At the beginning of exercise our data provide 
support for this hypothesis. During the first period the prefer-
red pedal rate (80 + 7.1 rpm) was significantly higher than the 
energctically optimal cadence (70+4.5 rpm, P<0.05). How-
ever, du ring the test no significant effect of fatigue was ob-
served on preferred pedal rate, and a shi ft of the energetica!ly 
optimal cadence towards the preferred pedal rate was report-
ed. Furthermore our study fou nd a significant effect of cadence 
on V02 rise during exercise. A possible explanation for these 
effects could be related to a change ofworking muscle activity 
pattern with exercise duration. Severa! studies have a iso sug-
gested the important link between a change in motor unit re-
cruitment and the additional increase in Vo2 du ring prolonged 
modera te to high intensity exercise [2, 35]. On the one ha nd, 
prolonged exercise is commonly associated with changes in 
EMG activity pattern and/or changes in fibre recruîtment. 
With exercise duration the use of type 1 fibres is foi!owed by 
recruitment of type Il fibres [2, 9,19, 20,35 ]. However. type Il fi~ 
bre has a lower muscle efficiency (i.e. higher energy phosphate 
produced per oxygen molecule consumed) than type 1 fibre 
[!0,42). Therefore the supplementation of type l by type Il fi-
bres during prolonged exercise would be related to a decrease 
in thermodynamical muscle efficiency leading to an increase 
in energy cast [ 42 ). 

On the other ha nd, du ring prolonged exercise the effect of type 
Il fibre recruitment on Vü2 increase (D. Vü2 ) cou id be enhanced 
by manipulation ofpedal rate. Within this framework Ahlquist 
et al. [ 1] demonstrated during a 30 min ride at 85% of maximal 
aerobic capacity that a 50 rpm cycling rate but not a 100 rpm 
cadence is associated with an increase in the recruitment and 
glycogen dep!etîon of type Il fibres. For cycling exercise at a 
constant force ît is suggested that a preferential recruitment 
of the type JI fibres occurs at low pedal frequencies (<50 rpm) 
and when concentration velocity is high (> 100 rpm) [36,39). 
Furthermore Takaishi et al. [40] indicated that the preferred 
pedalling rate of experienced cyclists (75- 90 rpm) was related 
to a decrease in muscle stress and a preferential recruitment of 
type l fibres. Our results support indirectly the hypothesis of 
muscle fibre recruitment on D.V02. ln our study the lowest pre 
to post trial difference in t,.\/02 was observed at 95 rpm while 
the highest values of D.V0 2 were observed at 65 and 110 rpm 
(Fig.2). This differentia! effect of pedal rate on t>V02 may ex~ 
plain therefore the shift in energetically optima! cadence to-
wards higher pedal rates at the end of the test. 

In conclusion, during a 30 min ride performed at a habituai 
competition pace triathletes choose a cadence that is close to 
the energetically optimal cadence. Our results suggest that 
the change of working muscle activity pattern with excrcise 
durationfand or pedal rate could be related firstly to the 
increase in V02 with time and secondly to the shift in ener-
getically optimal rate towards a higher cadence at the end of 
exercise. 

References 

1 Ah!quist LE, Bassett DRjr, Sufit R, Nag!e FJ, Thomas OP. The effect 
of peda!lîng frequency on glycogen depletion rates in type land 
type Il quadriceps muscle fibres du ring submaximal cycling excr-
cise. Eur J Appl Physiol1992; 65: 360-364 



~)iJ{!i'M lnt J Sports Med 2000; 21 :_:_::_:-_::_:__ _____ _ 

2 Barstow TJ, jones AM, Nguyen PH, Casabury R. Influence of mus-
cle fi ber type and pedal frequency on oxygen uptake kinetics of 
heavy exercise.j Appl Physiol1996; SI: 1642-1650 

3 Becque MD, Ka teh V, Marks C, Dyer R. Reliability and within sub-
ject variabi!ity of VE, \!02, heart rate and blood pressure during 
submaximum cycle ergometry. !nt J Sport Med 1993; 14: 220-
223 

4 Brisswalter J, Fougeron B, Legros P. Effect ofthree hours racewalk 
on energy cast and stricte rate in elite racewa!kers. !nt J Sports 
Med 1996; 17: 182-186 

5 Brisswa\ter J, Legros P. Daily stability in energy cast running, res-
piratory parameters and stricte rate among weil trained middle 
distance runners. lntj Sports Med 1994; 15:238-241 

6 Brisswalter J, Mottet D. Encrgy cast and stricte duration at prefer-
red transition gaît speed between walking and runnîng. Can j 
Appl Physiol1996; 21:471-480 

7 Bruckner JC, Atchou G, Capellî C, Duvalier A. joussellîn E, Rieu M. 
The energy cast of runnîng încrease with distance covered. Eur j 
Appl Physiol1990; 62: 68-72 

8 Clauser F. Effect of physîological training on cardiovascular ad-
justments ta exercise in man. Physîol Rev 1977; 57: 774-815 

9 Citterio G, Sironi S, Piccoli S, Agostini E. Slow ta fast shift in in-
spiratory muscle fibres during heat tachypnea. Respir Physiol 
1983; 51:259-274 

1° CoastjR, Welch HG. Linear increase in optimal pedal rate with in-
creased power output in cycle ergometry. Eur j Appl Physiol 
1985; 53: 339-342 

11 CoastjR, Cox RH, Welch HG. Optimal pedalling rate in prolonged 
bouts of cycle ergometry. Med Sei Sports Exerc 1986; 18: 225-
230 

12 Coyle EF, Sdossis LS, Horowitz JF, Beltz jO. Cycling efficiency is 
re!ated ta percentage of type 1 muscle fibres. Med Sei Sports Exerc 
1992; 24: 782-788 

13 Den gel DR, Flynn MG, Costill DL Determinants of success du ring 
triathlon competition. Res Q Exerc Sport 1989; 60: 234-238 

14 Di Prampero PE. The energy cast of human locomotion on land 
and in water.lntj Sports Med 1986; 7:55-72 

15 Faria JE. Energy expenditure. aerodynamics and medical prob-
lems in cycling. Sports Med 1992; 14:43-63 

16 Gaesser GA, Brooks GA. Muscular efficiency during steady state 
exercise: effect of speed and work rate. J A pp! Physiol 1975; 38: 
1132-1139 

17 Gregor RJ, Broker JP, Ryan MM. The biomechanics of cycling. Exer-
cise and Science Review 1991; 9: 127-168 

18 Guezennec CY, Bigard AX, Vallier JM, Durey A. The energy cast of 
running increase at the end of a triathlon. Eur j Appl Physiol 
1996; 73: 440-445 

19 Go!lnick PD, Pie hl K. Sai tin B. Selective glycogen depletion pattern 
in hu man muscle fibres after exercise of varying intensity and at 
varying pedal rates.] Physiol1974; 214:45-57 

20 Ha gan RD, Weiss SE, Raven PB. Effect of pedal rate on cardiores-
piratory responses during continuous exercise. Med Sei Sports 
Exerc 1992; 24: 1088-1095 

21 Hausswirth C. Bigard AX. Berthelot M, Thomaidis M, Guezennec 
CY. Variability in energy cast of runnîng at the end of a triathlon 
and a marathon. Intj Sports Med 1996; 17:574-581 

22 Hausswirth C, Bîgard AX. Guezennec CY. Rclationships between 
running mechanics and running efficiency at the end of a triath-
lon and a marathon. Intj Sport Med 1997; 18: 1-10 

23 Heg!und NC, Taylor CR. Speed, stricte frequency and energy cast 
per stricte: how do they change with body sîze and gait? j Exp 
Bio!ogy 1988; 138: 301-318 

24 Hait KG. Ha mil! j, Andres RO. Predîcting the minimal energy cast 
of hu man walking. Med Sei Sports Exerc 1991; 25: 491 -498 

25 Kelso JAS, Scholtz jP, Sch6ner G. Dynamics governs switching 
among pattern of coordination in biological movement. Physical 
LettersA 1988:134:8-12 

j. Brisswalter et al. 

26 Kreider RB. Boone T, Thompson WR, Burke S, Cortes CW. Cardio-
vascular and thermal responses of triathlon performance. Med 
Sei Sports Exerc 1988; 20: 385- 390 

27 Laurenson NM, Fulcher KY, Korkia P. Physiological characteristics 
of elite and club leve! female triathletes du ring running. !nt j 
Sports Med 1993; 14: 455-459 

28 Marsh AP, Martin PE. Effect of cycling exercise. aerobic power. 
power output on preferred and most economical cycling caden-
ces. Med Sei Sports Exerc 1997: 29: 1225-1232 

29 Marsh AP, Martin PE. The association between cycling experience 
and preferred and most economical cadences. Med Sei Sports Ex-
erc 1993; 25: 1269-1274 

30 Neptune RR. Hu!l ML A theoretica\ analysis of preferred pedalling 
rate selection in endurance cycling. j Biomech 1999: 32: 409-
415 

31 Newell KM. Kugler PN, Emmerick R, Mc Donald PV. Search strate-
gies in the acquisition of coordination. In: Wa!Jace SA (ed). Per-
spectives on the coordination of movement. Amsterdam, North 
Holland: 1989:85-122 

32 O'Toole ML, Douglas PS. Applied Physiology of Triathlon. Sports 
Med 1995; 19: 251-267 

33 O'Toole ML, Douglas PS, Hiller WDB. Lactate, oxygen uptake and 
cycling performance in triathletes. !nt J Sports Med 1989; 10: 
413-418 

34 Patterson RP, Moreno ML Bicycle pedalling forces as a function of 
pedalling rate and power output. Med Sei Sports Exerc 1990; 22: 
512-516 

Js Poole OC, Richardson RS. Determinants of oxygen uptake: impli-
cations for exercise testing. Sports Med 1997; 24:308-320 

36 Sargeant Aj. Human power output-Determinants of maximum 
performance. In: Marconnet P, Saltin B, Kami P. Poortmans J 
(eds). Hu man Muscu!ar Function du ring Dynamic Exercise. Base!: 
Karger, 1996: 10-20 

37 Sleivert CG, Rowlands S. Physical and physio!ogical factors asso-
ciated with success in the triathlon. Sports Med 1996; 1: 8-18 

38 Tanaka H. Effects of cross-training: transfer to training effects on 
Vo2max between cycling, running and swimming. Sports Med 
1994; 18: 330-339 

39 Takaishi T. Yasuda TY, Ono T, Moritani T. Optimal pedal!ing rate 
estimated from neuromuscular fatigue for cyclists. Med Sei 
Sports Exerc 1996; 28: 1492-1497 

40 Takaishi T. Yamamoto TY, On aT, !toT, Morita niT. Neuromuscular. 
metabolic and kinetic adaptations for skilled pedal!ing perform-
ance in cyclists. Med Sei Sports Exerc 1998; 30:442-449 

41 Williams KR. The relationship between mechanical and physio-
logical energyestimates. Med Sei Sports Exerc 1985; 17: 317-325 

42 Woledge RC. Possible effects of fatigue on muscle efficiency. Acta 
Physiol Scand 1998; 162: 267-273 

Corresponding Author: 

Pr j. Brisswalter 
Université Ergonomie Sportive et Performance 
Université de Toulon-Var 
Avenue de l'Université 
BP 132 
F-83957 La Garde cedex 
France 

Phone: +33 (494)14 2613 
Fax: +33 ( 494)14 22 78 
E-mail: brisswalter@univ-t!n.fr 




