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Abstract The purpose of this study was to investigate
the effect of two cycling velocities on power output
and concomitant metabolic and cardiorespiratory re-
sponses to repeated all-out exercises. Mean power
output (Pm), total work (Wtot), total oxygen con-
sumption (VO2tot) and blood lactate accumulation
(D[La]b) were evaluated in 13 male subjects who per-
formed two series of twelve 5-s bouts of sprint cycling.
Recovery periods of 45-s were allowed between trials.
One series was executed at optimal velocity (Vopt: ve-
locity for greatest power) and the other one at 50%
Vopt (0.5Vopt). Velocities obtained in these conditions
were Vopt=116.6 (4.7) rpm; 0.5Vopt=60.6 (4.9) rpm.
After a phase of adaptation in oxygen uptake in the
first part of the series, the data from the 6th to the 12th
sprint were as follows: Pm, 924.6 (73.9) versus 689.2
(61.8) W; Wtot, 29.95 (4.14) versus 22.04 (3.17) kJ;
VO2tot, 12.80 (1.36) versus 10.58 (1.37) l; D[La]b, 2.72
(1.22) versus 0.64 (0.79) mmol.l)1, respectively
(P<0.001). Both Wtot and VO2tot were consistently
higher at optimal velocity (+21 and +35.8%, re-
spectively). The present findings demonstrate that
during intermittent short-term all-out exercise requir-
ing maximal activation, the energy turnover is not
necessarily maximal. It depends on muscle contraction
velocity. The increase, lower than expected, in meta-
bolic response from 0.5Vopt to Vopt suggests also that
mechanical efficiency is higher at Vopt.

Keywords Blood lactate accumulation Æ Oxygen
uptake Æ Pedalling frequency Æ Supramaximal
exercise Work

Introduction

In a single short-term (<10-s) all-out dynamic cycle ex-
ercise, the maximum capacity of human muscle to gen-
erate power is described by a polynomial power–velocity
relationship (Sargeant et al. 1981; Seck et al. 1995; Arsac
et al. 1996).The power output reaches a maximum value
(Pmax) at optimal velocity (Vopt). Studies performed on an
isokinetic (McCartney et al. 1983) or friction-loaded cycle
ergometer (Linossier et al. 1996) confirmed pedalling rate
to be the major factor governing the amount of work
generated during a single sprint (5-s). The mechanical
output is different for maximal exercises performed at
different velocities; i.e. the closer the velocity is toVopt, the
higher the total amount of work performed. On the other
hand it is commonly accepted that the rate of ATP
resynthesis is maximal during brief ‘‘all-out’’ effort
(Gaitanos et al. 1993). The key question is therefore to
understand how during all-out exercise this variation in
work and power output, which is determined by the me-
chanical conditions of muscle contraction (in terms of
velocity), might be related to a change of metabolic
requirements and hence energy turnover. In studies on
isolated muscles, Hill (1938) established a relationship
between energy consumption and work generated during
maximal contractions. Ferguson et al. (2000, 2001)
recently described the influence of contraction frequency
on total power output and energy cost during volitional
knee extensor exercise of submaximal intensities. Little is
known about the effect of velocity on both mechanical
output and general metabolic and cardiorespiratory
responses to all-out exercise in vivo.

During high-intensity intermittent exercise, short-
term bouts lead to primarily anaerobic energy produc-
tion, whereas recovery processes depend upon aerobic
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energy metabolism in order to resynthesize phospho-
creatine, restore the acid–base balance and recharge
oxygen bound to myoglobin. From a physiological
perspective, the actual oxygen uptake cannot attain a
steady state and is likely to be complex within each
work–recovery cycle. However, during a prolonged se-
ries of maximal sprints interspersed with adequate re-
covery periods, the average oxygen uptake for each
work–recovery cycle ( _VV O2) can stabilize at a constant
submaximal level. For instance, Balsom et al. (1992)
reported an oxygen uptake of 57% of VO2max during
intermittent 15·40-m sprint running (5.6 to 5.8 s) with a
60-s rest period between sprints. It is well established
that the recovery oxygen uptake (i.e. oxygen debt)
markedly overestimates anaerobic energy release
(Bangsbo et al. 1990). Nevertheless, Knuttgen and Saltin
(1972) verified the proportional relationship between
high-energy phosphate depletion during periods of ex-
ercise and oxygen debt. Taking these observations into
consideration, it appears that the magnitude of average
oxygen uptake, associated with the measure of the rate
of lactate accumulation in blood (di Prampero and
Ferretti 1999), should provide an estimate of physio-
logical stress during intermittent exercise, at least with
the aim of comparing two experimental conditions.

The purpose of this study, therefore, was to investi-
gate the effect of two different pedal-crank velocities
(Vopt and 50% of Vopt: 0.5Vopt) on the average _VV O2 and
potential blood lactate accumulation during two series
of 12 repeated cycling sprints, both requiring maximal
involvement of the subjects (i.e. all-out intensity). In
order to control the influences of the relationship be-
tween the duration of work and recovery periods and of
the form of recovery, subjects were submitted to the
same work–recovery duration ratio of 5-s isokinetic
sprints with 45-s of rest at both velocities. This protocol
was designed to obtain a constant level of power and
_VV O2 response and to avoid fatigue in both conditions.
Moreover, a critical issue when studying the relationship
between mechanical output and physiological response
is to take into account the internal power (Widrick et al.
1992; Ferguson et al. 2000, 2001) or the oxygen cost of
internal power (Gaesser and Brooks 1975; Francescato
et al. 1995), in particular when different pedalling fre-
quencies are to be compared. The oxygen cost of internal
power (VO2int), that is defined by these authors as the
oxygen consumed to keep the limbs in motion, was
therefore evaluated at both velocities in order to deter-
mine to what extent it influences _VV O2. Muscle activation
was measured in Vopt and 0.5Vopt conditions by EMG
analysis in vastus lateralis (VL) and biceps femoris (BF)
muscles. The main hypothesis was that different move-
ment frequencies (Vopt, 0.5Vopt) would modify the
amount of energy output (power and work) and conse-
quently would determine the metabolic and cardiovas-
cular response (oxygen consumption, ventilation, heart
rate and blood lactate accumulation) during short-term
all-out exercise. Finally, the possible effect of pedalling
condition on mechanical efficiency was discussed.

Methods

Subjects

A total of 13 male cyclists volunteered to participate in this study.
The test procedures were explained to the subjects before they gave
their informed consent. The experimental design of the study was
approved by the Ethical Committee of the Lyon University Hos-
pital. The mean (SD) age, height and body mass were 25.4
(4.2) years, 176.3 (7.8) cm and 68 (7.1) kg, respectively. Percentage
body fat (Durnin and Rahaman 1967) was 9.5 (1.5)%. Mean
VO2max, measured on a cycle ergometer, was 4.57 (0.49) l.min)1.
All subjects competed in endurance events and their yearly training
distance averaged approximately 10 000 km (including competi-
tion).

Experimental procedures

Each subject performed four tests at the same time of the day and
at least 4 h after a meal. Different test sessions were separated by
3–6 days.

Day 1. Force–velocity measurements and VO2max

After a 5-min warm-up, the subjects were asked to perform three
maximal cycling sprints of 6-s duration, each one separated by at
least 4-min rest. Three friction loads of 0.25, 0.50 and 0.75 N.kg)1

body mass (corresponding to torque of 0.238, 0.477 and
0.717 Nm.kg)1 body mass) were applied to the friction belt. The
friction-loaded cycle ergometer (Monark 818E, Stockholm,
Sweden) is described elsewhere (Arsac et al. 1996). The device was
equipped with a strain gauge (200 N, bandwidth 500 Hz) to mea-
sure the frictional force and with an optical encoder (1969.2 points
per metre of displacement or 11 815 points per pedal revolution) to
record the flywheel displacement. A lever-arm (with weights) was
added to apply the frictional load. Force and displacement signals
were sampled (200 Hz) and stored on a PC via a 12-bit analog-to-
digital interface card (DAS-8, 12 bits, Keithley Metrabyte, Taun-
ton, Mass., USA). First- and second-order derivatives of the
flywheel displacement were calculated to obtain flywheel velocity
and acceleration. The external force produced was calculated as the
sum of frictional force (given by the strain gauge) and force
necessary to accelerate the flywheel (Lakomy 1986). Power, force
recalculated as torque and velocity recalculated as pedalling rate
were averaged for the period of each pedal down-stroke. After
computation, the data from all the sprints were used to draw the
torque– and power–velocity relationships respectively, using a
linear and a second-order polynomial regression (Sargeant et al.
1981; Hintzy et al. 1999). Maximum power (Pmax) was identified as
the apex of the power–velocity relationship. Vopt was the pedalling
rate at which Pmax occurred. The linear torque–velocity relation-
ship was used to calculate optimal torque (TVopt, torque at Vopt),
half the optimal pedalling rate (0.5Vopt) and the torque at 0.5Vopt

(T0.5Vopt). An example of typical data is presented in Fig. 1.
After 10 min rest, VO2max was determined by a continuous

incremental test on the cycle ergometer. Subjects warmed up again
for 5-min at 60–80 W (70 rpm) and then the work rate was in-
creased by 30–50 W (according to training status and endurance
fitness level) every 3-min until exhaustion. Expired gases were
collected during the last 30-s of each stage in Douglas bags through
a low-resistance Hans Rudolph valve 2700 (Kansas City, Mo.,
USA). Subsequent volume determinations were carried out using a
balanced Tissot spirometer. The O2 and CO2 fractions were de-
termined by means of S3A/I Ametek (Pittsburgh, Pa., USA) and
D-Fend Datex (Helsinki, Finland) analysers, respectively. The gas
analysers were calibrated with gas mixtures of compositions de-
termined by the Scholander method. All gas volumes were cor-
rected for STPD conditions. Blood lactate concentrations ([La]b)
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were measured after completion of the exercise. Blood samples
from fingertip were diluted in a haemolizing solution and stored at
5–10�C. The measurements were carried out with a Y.S.I. 2300
lactate analyser (Yellow Spring Instrument, Yellow Springs, Ohio,
USA). The highest _VV O2 measured during exercise was considered
as VO2max, provided the heart rate (HR, which was monitored
throughout the test) was more than 90% of its maximum age-
predicted value, the blood lactate concentration measured at the
end of this period was >9 mmol.l)1 and respiratory exchange ratio
(RER= _VV CO2/ _VV O2) was >1.1. VO2max was attained during the
last cycling period for all subjects.

Days 2 and 3. Submaximal protocol and supramaximal
intermittent exercises

Subjects performed, in random order, two sessions at pedalling
rates of Vopt and 0.5Vopt. Each session consisted of a submaximal
incremental exercise, followed by a 30-min recovery period and
then a further supramaximal intermittent exercise bout (Fig. 2).
After a period of at least 3 days the exercise protocol was repeated
using the alternative pedalling rate.

During submaximal cycling, each subject performed five con-
tinuous 4-min stages at power rates corresponding to 15, 30, 40, 50
and 60% of maximal aerobic power (MAP) at constant velocity
(Vopt or 0.5Vopt). Expired gases were collected during the last 30-s
of each stage and the _VV O2–power output relationships fit to a linear
function (Gaesser and Brooks 1975; Francescato et al. 1995;
Ferguson et al. 2000, 2001; Martin et al. 2002). The Y-intercept of
these linear regressions was used to determine VO2int, which
corresponded to the oxygen cost of moving the legs at both target
velocities including resting _VV O2 (VO2int, at Vopt and 0.5Vopt). Blood
lactate concentrations were measured at rest (LaS1) and after
(LaS2) the submaximal exercise with the previously described
method.

After 30-min of recovery, the subjects performed a series of 12
repeated 5-s sprints on the cycle ergometer interspersed by 45-s rest
periods. The individual friction loads (TVopt, T0.5Vopt) were deter-
mined by preliminary F–V tests: based on the linear torque–velocity
relationship (Fig. 1), these values were determined in order to allow
subjects to attain both target cycling rates: Vopt and 0.5Vopt. Before
the first sprint, subjects pedalled until the flywheel turned at the
predetermined velocity corresponding to the pedalling rate Vopt or
0.5Vopt (no friction load: lever arm off). During the series, the
friction load was applied (lever arm on) at the beginning of
the sprint and was taken off at the end. During the 45-s rest periods
the low residual internal friction force and the high inertia of the
flywheel allowed an almost constant flywheel velocity. This pro-
tocol avoided the acceleration phase and made it possible to
maintain an almost constant pedalling rate during the maximal
effort. The mechanical variables were recorded for each bout.
Considering the progressive adaptation of V _VV O2 at the onset of the
series, expired gases were collected only during the last six sprints
with six Douglas bags (one bag for the 5-s sprint plus the 45-s rest).
During this period, all ventilatory variables were measured and
averaged over 50-s. Blood lactate measurements were performed
before the first sprint and immediately after the 6th and 12th
sprints (La0, La6, La12). Heart rate was monitored throughout the
test in order to check the steady state of the cardiac response
averaged for each work–recovery cycle. After the completion of 12
consecutive sprints of each session, subjects stopped pedalling and
were asked to indicate the central rate of perceived exertion (RPE)
for sensations involving the cardiorespiratory system and the local
feeling of strain in the thighs (Hagen et al. 1993). The degree of
subjective cardiorespiratory perception of the effort was assessed
using the unmodified 15-grade (from 6 to 20) Borg RPE scale.
Local RPE used the Borg’s category-ratio scale from 0 to 10 (CR-
10 scale), which appeared more appropriate to estimate the
perception of exertion for the legs during each maximal repetitive
cycling effort. Moreover, using two different scales prevented the
subjects selecting the same number for both the local assessment
and the central assessments.

Fig. 1 Torque (open circles) and power–velocity (filled circles)
relationships of a subject, fitted by values obtained from three
sprints of 6-s duration. Determination of maximal power (Pmax),
optimal cycling rate (Vopt), half optimal cycling rate (0.5Vopt) and
corresponding torques (TVopt and T0.5Vopt)

Fig. 2 The testing protocol is
composed of 12 5-s sprints with
45-s of recovery between each
trial. Subjects performed a
submaximal cycling exercise at
15, 30, 40, 50 and 60% of their
maximal aerobic power (MAP)
before repeated sprints. Six
Douglas bags (S1 to S6), each
for one sprint and the
corresponding rest period.
LaS1, LaS2, La0, La6, La12:
blood lactate samples
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Day 4. EMG measurement

Another session was organized to evaluate the activation of themain
knee-extensor and knee-flexor muscles (VL and BF), during supra-
maximal cycling at Vopt and 0.5Vopt. The main purpose of this ad-
ditional session was to check for uncontrolled variation in EMG
signals on recordings made on two different days. After a 10-min
warm-up, subjects performed two series of three 5-s sprints inter-
spersed with a 45-s rest at both Vopt and 0.5Vopt (in randomly as-
signed order). EMG signals from the VL and BF muscles were
recorded via bipolar Ag-AgCl surface electrodes (interelectrode
distance 1.2 cm), including an amplifier (gain 600) and a band-pass
filter (6–600 Hz) (Biochip, Elmatek, Crolles, France) fixed longitu-
dinally over themuscle belly. RawEMGreadings were electronically
root mean squared (RMS) with a time averaging period of 25 ms
(536AJ, Analog Devise, Norwood, Mass., USA), converted from
analogical to digital, and stored on another desktop computer at the
same sampling frequency as the mechanical data (200 Hz). Accord-
ing to Hautier et al. (2000), the activation levels of VL and BF were
determined by measuring the mean values of the EMGRMS signals
between the onset of activation and the end of each burst. The mean
EMGRMSwere calculated from all the bursts provided by the three
sprints performed at the same velocity (15 to 30 EMG bursts).

Statistics

All data were analysed with Statview software and are expressed as
means (SD). Linear (torque–velocity and _VV O2–power) and polyno-
mial (power–velocity) regression models were fitted by the least-
squares method. One-way analysis of variance (ANOVA) with
repeated measures was employed to test the effect of sprint time (5-s)
on the values of torque, velocity and power per down-stroke at both
velocities. A two-factor (cycling rate · sprint repetition) ANOVA
with repeatedmeasures on the second factorwas used to test themain
effects of cycling rate and condition time throughout the repeated
sprints on the physiological variables (ventilation: _VV E, _VV O2, HR,
[La]b) as well as the mechanical variables averaged for each sprint
(power: Pm, velocity: Vm). The same analysis was used for EMG
RMS results at each velocity. When significant F ratios were found,
themeans were compared using a Tukey’s post-hoc test. Since values
of perceptual responses are discontinuous, the differences between
Vopt and 0.5Vopt measurements were evaluated by use of the Wilco-
xon signed rank test for paired samples. The P<0.05 level was used
for all tests of statistical significance.

Results

F–V test

Mean torque, cycling rate and power values atVopt and
0.5Vopt obtained from individual torque- and power–
velocity relationships are presented in Table 1.

Oxygen cost of internal work

Oxygen uptake increased linearly with mechanical power
at Vopt and 0.5Vopt (Fig. 3). The regression coefficients
averaged 0.991 (0.007) for both cycling rate conditions.
Mean values of VO2int were significantly higher at Vopt

than at 0.5Vopt [1.068 (0.205) l.min)1 versus 0.365
(0.061) l.min)1, respectively; P<0.001]. These values
represented 23.4 and 8% of VO2max respectively. Post-
exercise LaS2 were 3.51 (1.21) mmol.l)1 at Vopt and 1.82
(0.47) mmol.l)1 at 0.5Vopt.

Mechanical data

Figure 4 shows a typical cycling rate, torque and power
time course obtained for one subject during two 5-s
sprints at Vopt and at 0.5Vopt. Mean cycling rate and
power values for each 5-s sprint (Pm, Vm) at Vopt and
0.5Vopt are presented in Table 2. Pm measured at 0.5Vopt

during sprints 1 and 2 were significantly lower than
those measured in the subsequent sprints (P<0.05), but
no differences were found from the third to the last
sprint. At Vopt, Vm and Pm data did not show a signif-
icant sprint repetition effect. The mean values of cycling
velocity and power produced throughout the set of 12
sprints at Vopt [116.6 (4.7) rpm; 924.6 (73.9) W] and at
0.5Vopt [60.6 (4.9) rpm; 689.2 (61.8) W] were not sig-
nificantly different from those expected from Table 1
(NS). The sum of work produced during the last six
sprints (Wtot) was significantly higher by 35.8% in the
set performed at Vopt compared to the set at 0.5Vopt

(P<0.001; Fig. 5).

Metabolic variables

Figure 6 shows average _VV O2, _VV E and HR responses for
each work–recovery period obtained in the last 5-min of
both series (from sprint 7 to sprint 12). The repeated-
measures ANOVA on HR did not show a significant

Table 1 Mean values (SD) for cycling rate, torque and power at
both the pedalling velocity for maximal power (Vopt) and 50% of
that value (0.5Vopt) determined by the F–V test (n=13)

Mechanical variables Conditions

Vopt 0.5Vopt

Cycling rate (rpm) 118 (5) 59 (2.5)***

Torque (N.m) 76.9 (11.6) 115.5 (17.9)***

Power (W) 948 (133) 712.5 (101)***

***Significantly different from Vopt (P<0.001)

Fig. 3 Typical relationships between oxygen uptake ( _VV O2) and
power output of a subject during the incremental submaximal
exercise test at Vopt (filled circles) and at 0.5Vopt (open circles). The
linear regression for _VV O2–power relationship is calculated from all
data (15, 30, 40, 50 and 60% of MAP)
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sprint number effect at the two pedalling frequencies;
mean values on the last six sprints were 156
(12) beats.min)1 for Vopt and 145 (18) beats.min)1 for
0.5Vopt (P<0.001). No differences were found in _VV O2

and _VV E from the 7th to the 11th sprint, but a slight
unexplained decrease was observed in the 12th sprint at
Vopt and 0.5Vopt (P<0.05). As the value of this decrease
was low (�4%) and appeared at both velocities, and
considering that there was no clear general trend for
_VV O2 to increase or to decrease with sprint repetition, the
_VV O2 of sprint 12 was taken into account to calculate the
total cumulated O2 consumption during the last six
sprints (VO2tot). Data showed that Vopt condition
resulted in a significantly higher VO2tot by 21% com-
pared to 0.5Vopt (P<0.001; Fig. 5). The mean values of

_VV O2 at Vopt [2.56 (0.27) l.min)1] and 0.5Vopt [2.11
(0.28) l.min)1] represented approximately 56% and 46%
of the subjects’ VO2max respectively (P<0.001; Fig. 6).

Blood lactate concentrations during the series of
sprint are presented in Fig. 7. [La]b measured at Vopt

increased significantly (P<0.001) from rest (La0) to the
end of the 6th sprint (La6) and from La6 to the end of
the last sprint (La12). Similarly, blood lactate con-
centration measured at 0.5Vopt increased significantly
from La0 to La6 (P<0.01) and from La6 to La12
(P<0.05). La0 was not significantly different at Vopt and
0.5Vopt. La6 and La12 were significantly higher at Vopt

compared to 0.5Vopt (P<0.001). Additionally, blood
lactate accumulation during the last six sprints (D[La]b,
Fig. 5) was significantly higher at Vopt compared to
0.5Vopt (P<0.001).

RPE and EMG results

Mean activation levels of the VL and BF muscles were
not different from one down-stroke to another during
the sprints at both cycling rates. No significant differ-
ences were found in EMG RMS values of VL and BF
between Vopt [514.3 (170.1) mV; 296 (79) mV] and
0.5Vopt [501.1 (187.1) mV; 314,4 (84.2) mV]. No signif-
icant Vopt to 0.5Vopt differences were found in RPE re-
sponse [13.92 (2.64) versus 12.54 (1.9), respectively].
Similarly, CR-10 did not differ significantly between
cycling rate conditions [3.85 (1.86) versus 3.96 (2.11) at
Vopt and 0.5Vopt, respectively].

Discussion

Isokinetic intermittent protocol

The present paper describes a method which allowed
subjects to produce constant pedal-crank velocity and
power output during short-term maximal efforts on a
friction-loaded cycle ergometer. The variation in pedal-
crank velocity over the 5-s period of each sprint was
lower than 5 rpm, which is close to the value of 4%
obtained on an isokinetic ergometer (Beelen and
Sargeant 1993). Except for variations within the pedal
down-strokes (range 2–8 rpm), this protocol nearly

Fig. 4 Typical example of velocity–time (a), torque–time (b) and
power–time (c) curves obtained for a subject during two sprints
performed at Vopt (filled squares) and 0.5Vopt (open squares)

Table 2 Mean values of velocity and power produced during 12 repeated sprints at Vopt and 0.5Vopt (against friction loads corresponding
to TVopt and T0.5Vopt respectively)

No. of sprint

1 2 3 4 5 6 7 8 9 10 11 12

Cycling rate (rpm) Vopt
a 116.0 115.1 117.3 118.2 116.4 116.4 115.1 117.7 117.2 116.3 117.1 116.6

0.5Vopt 58.1b 59.5 62.0 62.5 62.7 60.2 61.8 61.8 60.5 59.3 59.0 59.4
Power (W) Vopt

a 933.7 930.9 941 931.7 921.5 923.5 905.8 922.5 918.5 919 921.2 925.5
0.5Vopt 651.9b 670.8b 695.2 707.5 708.8 690.7 700.8 699.6 691.7 690.7 675.5 687.7

aAll Vopt variables are significantly different compared to 0.5Vopt, P<0.001
bP<0.05 fromother sprint values
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reproduced isokinetic conditions. This original utiliza-
tion of a friction-loaded ergometer was the necessary
condition for examining the influence of pedalling fre-
quency on mechanical and concomitant physiological
variables during all-out exercise. Similarly, power output
remained constant during the 5-s of each sprint at
0.5Vopt and declined slightly at the fifth second at Vopt

(�91% of the maximal value). This confirms the findings
of previous studies from Sargeant et al. (1981),
McCartney et al. (1983) and Beelen and Sargeant (1991),
in which different time courses of power were observed
at different cycling rates with a greater and more rapid
decrease at the highest velocity. However, the mean
cycling rate and power in the 5-s period of each repeated
sprint at Vopt and 0.5Vopt remained similar to the pre-
determined maximal values obtained from the F–V test
(Table 1). As a consequence, this result suggests that

during the first 4-s of a single all-out cycling bout, only
the variations in velocity and force can explain the ob-
served increases or decreases in power output. Thus,
metabolic stores (including CP stores) should no longer
be considered as a limiting factor of power production
during this period.

Performance was maintained over the series of
sprints, at both target velocities, except for the first and
second sprint at 0.5Vopt (Table 2). This demonstrates
that short-term all-out intermittent cycling (5-s/45-s) did
not induce muscle fatigue (defined as the failure to
maintain a required or expected power output; Edwards
1983), under the two pedalling conditions of our
experiments. Gaitanos et al. (1993) and Hautier et al.
(1998) observed that maximal intermittent exercises of
6-s and 5-s duration with 30-s and 25-s rest intervals led
to 26.6% and 17.9% reductions in mean power respec-
tively. It appears that a 45-s recovery interval would be
sufficient to resynthesize metabolic stores, especially in
endurance-trained subjects with predominantly fatigue-
resistant muscle fibres. However, the final 9.18 mmol.l)1

[La]b observed at Vopt might account for an uncom-
pleted recovery resulting in impaired performance if the
series of maximal exercises were prolonged beyond 12
sprints. Additionally, it is noteworthy that during the
last six sprints oxygen uptake averaged for each work–
recovery cycle (50-s) was constant and accompanied the
constant power output at both cycling rates (Fig. 6).
Associated with the absence of variation in mean heart

Fig. 5 Total work output
(Wtot), total oxygen
consumption (VO2tot) and blood
lactate accumulation (D[La]b)
during the final six sprints for
two different pedalling rates
(Vopt, 0.5Vopt).

***Significantly
different from Vopt (P<0.001)

Fig. 6 Mean time course for oxygen uptake per minute ( _VV O2),
pulmonary ventilation ( _VV E) and peak heart rate (HR) during the
final six sprints performed at Vopt and at 0.5Vopt.

*Significantly
different from the other sprints (P<0.05)

Fig. 7 Blood lactate concentrations at rest (La0), and immediately
after the 6th sprint (La6) and the 12th sprint (La12) in both
pedalling conditions (Vopt and 0.5Vopt).

***Significantly different
from Vopt (P<0.001)
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rate throughout the same period, this stability of the
mean physiological responses enabled us to calculate
the total O2 consumption (VO2tot) and to relate it to the
mechanical conditions of muscle contraction (velocity
and power).

Influence of velocity on the energy turnover

It was hypothesized that although both exercises corre-
sponded to maximal efforts, the energy output and the
oxygen uptake should increase with increased speed (up
to Vopt). Wtot and VO2tot measured at Vopt were re-
spectively 35.8% and 21% higher than those measured
at 0.5Vopt. Moreover, as [La]b reflects the balance be-
tween lactate production and removal and recovery pe-
riods are similar in both conditions, the greater D[La]b
observed at Vopt (Fig. 5) suggests that different rates of
glycolysis were operating during the two series of re-
peated sprints. The fact that more work was delivered at
Vopt is surely not surprising considering levels of power
output and the absence of fatigue. However, the parallel
influence of pedalling condition on energy demand re-
mained to be interpreted in such maximal exercise.
Previous studies done on isolated frog muscle (Fenn
1923; Wilkie 1968) indicated that the energy output
(heat + work) of contracting muscle is a function of the
imposed load (‘‘Fenn effect’’). Since free energy is pro-
portional to the heat and the work produced during a
maximal contraction, the greater work performed at
Vopt may be responsible for greater total O2 consump-
tion and blood lactate accumulation. However, in the
present study, other factors could contribute to the
elevation of physiological responses.

We measured EMG activity, in order to verify that
muscle activation was at a constant level in each velocity
condition. EMG RMS of agonist and antagonist mus-
cles (VL and BF) were similar in both conditions. This is
line with the fact that the mean Pm values developed at
both velocities were not significantly different from the
maximal values obtained during F–V tests. These results
confirm that the subjects performed maximal effort.
According to Perrin (1993) and Sargeant (1996), such
all-out exercise requires maximal or near-maximal re-
cruitment of both type I and type II muscle fibres, in-
dependently of velocity. In addition it was observed that
the local thigh muscle perception (CR-10) and the cen-
tral perceived exertion (RPE) were similar in both con-
ditions, i.e. subjects were equally involved at Vopt and
0.5Vopt. It is therefore unlikely that the increase in
VO2tot (extra _VV O2tot: 2.22 l) and blood lactate accumu-
lation at Vopt were due to differences in fibre type re-
cruitment and/or subjects’ involvement.

Moreover, when comparing the two pedalling condi-
tions it seems important to study the proportion to which
internal power is altered. At 60 rpm, Gaesser and Brooks
(1975) and Francescato et al. (1995) measured VO2int

values close to that obtained here at 0.5Vopt (�60 rpm).
Similarly, the mean value obtained at Vopt (�117 rpm)

was close to that measured at 120 rpm by Beelen and
Sargeant (1993). As a consequence, VO2int measured at
Vopt was almost three times higher than that measured at
0.5Vopt (P<0.001). During the last six bouts of 5-s, total
VO2int represented 0.534 and 0.183 l at Vopt and 0.5Vopt

respectively. This large difference of 0.351 l corresponded
to almost 16% of the extra VO2tot observed at Vopt. It
must be noted that VO2int assessments take into account
the fact that a twofold higher number of relaxation–con-
traction cycles atVopt might be responsible for an increase
in energy consumption byCa2+pumping (Bergström and
Hultman 1988; Ferguson et al. 2001).

Finally, the following question may be addressed:
what fraction of extra VO2tot may be caused by the in-
crease in _VV O2 consumed by the respiratory muscles and
by the trunk and arm muscles? The energy demand of
the respiratory musculature increases as a function of the
rise in _VV E. In this study, using the equation of Coast et al.
(1993), the difference observed in _VV E between Vopt

and 0.5Vopt (�24 l.min)1) might have resulted in a
0.226 l higher O2 consumption in respiratory muscles at
Vopt during the period of the final six sprints (VO2resp).
This parameter therefore represented slightly less than
10% of the extra VO2tot. The influence of movements of
the trunk and upper limbs in both experimental condi-
tions is more open to discussion. On the one hand Beelen
and Sargeant (1993) and Francescato et al. (1995)
explained that this energy consumption may be slightly
larger at the higher pedalling frequencies. On the other
hand it could be greater when higher levels of force are
developed, i.e. at the lower cycling rate (Marzorati et al.
2000). The present data do not allow a quantitative
analysis of this factor.

In conclusion, taking into account the effect of
components discussed above (VO2int, VO2resp), extra
VO2tot that could be attributed to the increase of Wtot

passes from 21% to 17%. However, subtracting resting
VO2 (Altman and Ditmer 1968; Du Bois and Du Bois
1916) and including a lactate O2 equivalent of 3.30 ml
O2.kg

)1 per mmol.L)1 increase in [La]b (Margaria et al.
1971), extra VO2tot amounts to 24.1%.

Hypothesis about mechanical efficiency

It is worth noting that, between 0.5Vopt and Vopt, extra
VO2tot remains consistently lower than the increase of
Wtot. This mismatch between the increase in mechanical
work and the increase in metabolic requirement from
0.5Vopt to Vopt suggests that there is an increase in ap-
parent mechanical efficiency. This is line with the work
of Lodder et al. (1991), who states that during repeated
contractions of the rat extensor digitorum longus muscle
mechanical efficiency exhibits a velocity-dependent pat-
tern that may have the same shape as the power–velocity
curve. Concerning cycling exercise, Sargeant and
Rademaker (1996) and Sargeant (1999) proposed also a
general form of the efficiency/velocity relationships for
type I and type II muscle fibres. By reference to this
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model, all muscle fibres are maximally activated during
sprint cycling, and the contribution of type II fibres to
the total power output and their mechanical efficiency
are both higher at Vopt. Thus efficiency would be
improved at ‘‘optimum’’ pedal speed (Vopt) as it was
recently speculated by Bogdanis et al. (1996, 1998).

In conclusion, a method was employed to obtain two
constant levels of power production in relation to two
different pedalling velocities during brief all-out inter-
mittent exercises performed on a cycle ergometer. Both
work production and oxygen uptake remained signifi-
cantly higher at Vopt (38.5% and 21%, respectively)
compared with 0.5Vopt. The present study showed that
during this type of exercise, themetabolic strain, based on
_VV O2 and D[La]b, is higher when exercise is performed at
optimal velocity. This confirms the hypothesis that despite
similar maximal activation of agonist and antagonist
muscles, the rate of energy turnover during repeated all-
out exercises is not a fixed value. In fact the latter ismainly
dependent on mechanical conditions of muscle contrac-
tion. However, the non-proportional increase in me-
chanical and physiological variables points out that
efficiency is higher at Vopt. In the light of the present
findings, further studies are needed to investigate the in-
fluence of a higher pedalling velocity (i.e. lower power
output), which enables dissociation of the effect of cycling
velocity from the effect of power output on physiological
responses.
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