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Abstract The aim of the present study was to examine
the physiological and mechanical factors which may be
concerned in the increase in energy cost during running
in a fatigued state. A group of 15 trained triathletes ran
on a treadmill at velocities corresponding to their per-
sonal records over 3000m [mean 4.53 (SD 0.28) m á s)1]
until they felt exhausted. The energy cost of running
(CR) was quanti®ed from the net O2 uptake and the
elevation of blood lactate concentration. Gas exchange
was measured over 1 min ®rstly during the 3rd±4th min
and secondly during the last minute of the run. Blood
samples were collected before and after the completion
of the run. Mechanical changes of the centre of mass
were quanti®ed using a kinematic arm. A signi®cant
mean increase [6.9 (SD 3.5)%, P < 0.001] in CR from a
mean of 4.4 (SD 0.4) J á kg)1 á m)1 to a mean of 4.7 (SD
0.4) J á kg)1 á m)1 was observed. The increase in the O2

demand of the respiratory muscles estimated from the
increase in ventilation accounted for a considerable
proportion [mean 25.2 (SD 10.4)%] of the increase in
CR. A mean increase [17.0 (SD 26.0)%, P < 0.05] in the
mechanical cost (CM) from a mean of 2.36 (SD 0.23)
J á kg)1 á m)1 to a mean of 2.74 (SD 0.55) J á kg)1 á m)1

was also noted. A signi®cant correlation was found be-
tween CR and CM in the non-fatigued state (r � 0.68,
P < 0.01), but not in the fatigued state (r � 0.25, NS).
Furthermore, no correlations were found between the
changes (from non-fatigued to fatigued state) in CR and
the changes in CM suggesting that the increase in CR is
not solely dependent on the external work done per unit
of distance. Since step frequency decreased slightly in the
fatigued state, the internal work would have tended to
decrease slightly which would not be compatible with an
increase in CR. A stepwise regressions showed that the

changes in CR were linked (r � 0.77, P < 0.01) to the
changes in the variability of step frequency and in the
variability of potential cost suggesting that a large pro-
portion of the increase in CR was due to an increase in
the step variability. The underlying mechanisms of the
relationship between CR and step variability remains
unclear.
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Introduction

Several studies have been conducted to establish possible
relationships between energy cost of running (CR) and
running mechanics (Martin et al. 1993; Shorten et al.
1981; Williams 1985, 1990; Williams and Cavanagh
1987). However, it has seemed very di�cult to ®nd
consistent relationships between CR and biomechanical
variables (Morgan et al. 1990; Williams 1985). For in-
stance, the di�erences in running economy between
good and elite runners that have been reported (Cava-
nagh et al. 1977) could not be directly attributed to
di�erences in the mechanical parameters measured.

In the fatigued state, an increase in CR has been
found when compared to the non-fatigued state (e.g.
Brueckner et al. 1991). It has been shown that during
heavy exercise, oxygen uptake ( _V O2) does not achieve a
steady state but continues to rise for several minutes
until exercise is ended, or exhaustion ensues (Barstow
and MoleÂ 1991; Poole et al. 1991). The mechanisms of
this slow component of _V O2 kinetics (i.e. increase in CR)
are still under discussion. One of the proposed expla-
nations has been a rise in energy demand of the respi-
ratory muscles due to an hyperventilation in the fatigued
state (Poole et al. 1991). However, to the best of our
knowledge no quantitative information has been pre-
sented. It also seems reasonable to assume that an in-
crease in energy expenditure in the fatigued state may be
due in part to an increase in the mechanical work per
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unit of distance. However, no relationship between CR

and the mechanical cost of running (CM) has been
demonstrated in the fatigued state.

An increase in CR could also be explained by a re-
duced ability to store and mechanical energy in running.
In the fatigued state, a change in muscle sti�ness char-
acteristics (Nicol et al. 1996) and, hence a decline in the
amount of mechanical energy stored and has been hy-
pothesised by Komi et al. (1986). This hypothesis has
been supported by a greater decline in force after the
initial peak force of the impact (Komi et al. 1986; Nicol
et al. 1991) and an increase in stride length, support to
¯ight time ratio (Buckalew et al. 1985) during or after
exhausting running compared to the non-fatigued state.
An inaccurate control of step frequency in the fatigued
state could also result in a reduced energy recoil and in
an increased CR. In the non-fatigued state, the existence
of an optimal step frequency in terms of energy cost has
been shown (Cavagna et al. 1991; Kaneko 1987; Taylor
1985). To summarise, the increase in CR with fatigue
could be due to the combined action of both physio-
logical and mechanical parameters.

Recently, a kinematic arm (KA) method allowing fast
and extensive measurements of mechanical parameters
during treadmill running, has been developed (Belli et al.
1992, 1993). Using this new method, relationships be-
tween CR and CM have been found in normal as well as
in loaded conditions (Belli 1996; Bourdin et al. 1995).
However, the KA apparatus has not been used in the
fatigued state. The aim of the present study was to ex-
amine the physiological and mechanical factors which
may be involved in the increase in energy cost during
treadmill running to exhaustion.

Methods

Subjects and protocols

A group of 15 healthy triathletes, mean age [26.6 (SD 3.1) years],
body mass [71.9 (SD 2.4) kg], height [1.78 (SD 0.04) m], gave
written informed consent to participate in this study after all the
procedures and possible risks and bene®ts of participation had
been explained to them. The experiment protocol was reviewed and
approved by the Human Ethics Committee of BesancË on. The best
running performances of the subjects over 3000 m, expressed as
percentages of the average velocity calculated for the world record,
varied from to 80%.

During the three ®rst visits in the laboratory, the subjects ran on
a treadmill (Gymrol 2500, Tecmachine, AndreÂ zieux-BoutheÂ on,
France) for a total of three sessions of 10-min duration at 3.5
m á s)1 and ®ve sessions at velocities corresponding to those cal-
culated for their personal record over 3000 m [v3000, mean 4.7 (SD
0.3) m á s)1]. This allowed the subjects to become familiar with
treadmill running. During the fourth visit, after a warm up of
10 min at 3.5 m á s)1, the subjects ran to exhaustion at v3000. The
subjects were cooled by a fan facing them.

Physiological measurement

Gas exchange was monitored continuously throughout the ex-
hausting exercise. Ventilation � _V E�, CO2 production and _V O2 were
recorded breath-by-breath with an automatic gas analyser (CPX

analyser±Medical Graphics Corporation- MSE, Strasbourg,
France) and averaged for every minute. A calibration procedure
was completed before each test using certi®ed commercial gas
preparations. Blood samples were obtained from the antecubital
vein (vena mediana cubiti) before, immediately after and 3 min after
the completion of the exhausting run. As the blood lactate con-
centrations ([La)]b) decreased during this 3 min of passive recov-
ery, only [La)]b taken immediately at the end of this exercise was
retained. The [La)]b were measured with a lactate analyser (LA-640
Kontron, Roche Bioelectronics, Basel, Switzerland). During the
exhausting run at v3000 a non-negligible amount of adenosinetri-
phosphate could have been synthesised from anaerobic metabo-
lism. Consequently, as proposed by di Prampero et al. (1993) the
quanti®cation of the CR (expressed in joules per kilogram per
metre), took into account both aerobic (CAER) and anaerobic
compounds (CANA):

CR � CAER � CANA

The aerobic energy supply was evaluated from the elevation of _V O2

above basal metabolic rate:

CAER � � _V O2 ÿ 0:083� � EO2
� v3000�ÿ1

where _V O2 is expressed in millilitres per kilogram per second, 0.083
ml á kg)1 is the y-intercept of the _V O2-treadmill velocity relation-
ship that has been established by Medbù et al. (1988) in young male
adults, EO2

(21.3 J á mlOÿ12 ) is the energy equivalent of 1 mlO2 at a
respiratory exchange ratio (R) of 1 [during the exhausting run, the
mean value of R was 0.99 (SD 0.04)%], and v3000* is the mean
velocity during contact phase.

The anaerobic energy supply was evaluated from the elevation
of [La)]b during the exercise (D[La)]b):

CANA � D�Laÿ�b � ELa � EO2
� Dÿ1

where ELa is the O2 equivalent (3 mlO2 á mmol)1 á l)1, Margaria
et al. 1971; di Prampero et al. 1993) of D [La)]b and D is the dis-
tance (in metres) covered during the exhausting run. In order that
the mechanics and the energy cost of running should not be altered,
no blood samples were collected during the exhausting exercise.
Based on [Laÿ]b that has been measured during an exhausting
exercise of 13-min duration (Roston et al. 1987), D[Laÿ]b at 4 min
was estimated to be 0.25% of D[La)]b at the end of exercise.

The work of breathing (WB, in kilograms per metre per minute)
corresponding to _V E (in litre per minute) was estimated from the
equation that has been proposed by Coast et al. (1993):

WB � 0:251ÿ 0:0382 � _V E � 0:00176 � _V E
2

Finally, the _V O2 of the respiratory muscles ( _V O2RM, in millilitres
per minute was evaluated as has been suggested by Coast et al.
(1993):

_V O2RM � 34:9� 7:45 � WB:

Mechanical measurements

The mechanical changes were determined using KA. It consisted of
four light rigid bars linked by three joints. At each joint, an optical
encoder measured the angle between the adjacent segments. It was
then possible to compute the instantaneous displacement of the end
of KA (the moving end) relative to the ®xed end (reference end).
The moving end of KA was linked to the subject by a belt fastened
around his waist while the reference end was ®xed to the ceiling.
During running, the measurement errors have been shown to be
equivalent to or lower than errors of tracking systems or to ®lm/
video analysis (Belli et al. 1993). The displacement of the treadmill
belt was measured during the contact phase using an extra optical
encoder ®xed to a wheel mounted on the treadmill belt with an
accuracy of 0.1 mm. The velocity of the treadmill was obtained by
a 1st order digital derivation of the displacement signal.

As has been done in previous studies (e.g. Belli et al. 1995), the
contact between the foot and the treadmill belt was clearly deter-
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mined by a sudden decrease in the treadmill velocity signal. This
latter parameter was used to identify the step period. Treadmill and
KA encoder signals were collected, at the 4th min and at the end of
the exhausting exercise. The signals were recorded on a personal
computer (Victor 486 SX33) through a 12-bit data-conversion
system especially designed for that purpose. According to the rec-
ommendations of Belli et al. (1995), the sampling duration and
frequency were 16 s and 100 Hz, respectively (corresponding to
48 � 4 steps). A 0-phase lag 4th-order Butterworth low pass dig-
ital ®lter with cut-o� frequencies of 10 Hz was applied on the KA
data. Assuming that the waist movements were a reasonable ap-
proximation of centre of mass (CG) displacements as has been
proposed by Fenn (1930) and based on trigonometric equations
that have been described in detail by Belli et al. (1992), the position
of CG was computed.

In the previous studies of Cavagna et al. (1964, 1991) Wpot and
Wkin (expressed in joules per step) have been described as the
positive potential energy changes and the positive kinetic energy
changes computed for each step, respectively:

Wpot � mb g hmax ÿ hmin� �

Wkin � 0:5Mb vmax2 ÿ vmin2�
ÿ

where mb is the body mass (in kilograms), g is the acceleration due
to gravity (9.81 m á s)2), hmax and hmin are the maximal and min-
imal heights of CG (in metres), respectively, vmax and vmin are the
maximal and the minimal horizontal velocities of CG (in metres per
second), respectively.

It has been shown that in fast running the potential and kinetic
energies do not interchange (Cavagna et al. 1976), and the work
due to lateral displacements is negligible (Cavagna et al. 1964), thus
the external positive work (Wext) was calculated as:

Wext � Wpot � Wkin

Mechanical, kinetic and potential costs �CM; Ckin; Cpot � were equal
esternal, kinetic and potential powers divided by the mean velocity
of CG during contact, respectively. In addition, the hmin of CG was
determined.

Statistics

Two sources of intra-individual variability were distinguished:

1. The coe�cient of asymmetry between left and right lower limbs
(ASYX, as a percentage) was determined as follows:

ASYX �
�������������������������������������������������
�XL ÿ X �2 � �XR ÿ X �2

2

s
� Xÿ1 � 100

where XL is the mean step value of the left lower limb, XR is the
mean step value of the right lower limb, and X is the mean of
XL and XR.

2. The coe�cient of variability (CVX, percentage) independent of
ASYX was calculated as follows:

CVX �
����������������������������������������������������������������Pi�n

i�1�XL ÿ XL�2 � �XR ÿ XR�2
nÿ 1

s
� X

ÿ1 � 100

where n is the number of measured steps.

The variables studied were compared in the fatigued and non-fa-
tigued states using a bilateral paired Student's t-test. Linear corre-
lationwas used to assess the relationship betweenCR and (1)CM, and
(2) the variability in step frequency. Signi®cance was determined
from the correlation coe�cient.A stepwise regressionwas performed
to identify the possible mechanical determinant of (1) the changes in
CR between non fatigated to fatigated states (2) CR in the non-fa-
tigued state and (3)CR in the fatigued state. TheCRwas the y variable
and the mechanical parameters presented in Table 2 were the x
variables. For all tests, signi®cance was declared at P<0.05.

Results

An example of variations in potential and kinetic
energies of CG, during four consecutive steps, in the
non-fatigued state, is given for subject 1 in Fig. 1. The
mean time to exhaustion during the treadmill run, at
a mean velocity of 4.53 (SD 0.28) m á s)1, was 758
(SD 210) s.

Non-fatigued vs fatigued states

Physiological variables

A signi®cant mean increase [6.9 (SD 3.5)%, P < 0:001]
in CR from a mean of 4.4 (SD 0.4) J á kg)1 á m)1 [0.21
(SD 0.02) mlO2 á kg)1 á m)1] to a mean of 4.7 (SD
0.4) J á kg)1 á m)1 was observed. The mean proportions
of the anaerobic component in CR were 2.8 (SD 0.7)%
and 3.6 (SD 1.5)% in the non-fatigued and fatigued
states, respectively. The mean _V E increased [19.7 (SD
7.0)%, P < 0:001] from a mean of 112.8 (SD
13.9) l á min)1 to a mean of 135.1 (SD 16.2) l á min)1

corresponding to a mean increase in _V O2 of the respi-
ratory musculature of 66.9 (SD 27.0) mlO2 á min)1. The
mean O2 demands of the respiratory muscles represented
4.3 (SD 0.5)% and 5.6 (SD 0.8)% of CR in the non-
fatigued and fatigued states, respectively. The mean
[La)]b increased �P < 0:001� from a pre-exercise value of
2.6 (SD 0.7) mmol á l)1 to 11.0 (SD 2.3) mmol á l)1 in
the fatigued state (Table 1).

Mechanical variables

Detailed analysis of mechanical parameters, in the fa-
tigued and non-fatigued state is presented in Table 2. A
signi®cant mean increase in CM [17.0 (SD 26.0)%,
P < 0:05) from a mean of 2.36 (SD 0.23) J á kg)1 á m)1

to a mean of 2.74 (SD 0.55) J á kg)1 á m)1 was noted.
The mean _W kin increased signi®cantly [21.0 (SD 34.4)%,

Fig. 1 Example of the changes in kinetic (dashed line) and potential
(solid line) energies for subject 1, in the non-fatigued state. For clarity,
only four steps are shown. The vertical lines indicate the beginning of
the contact between the foot and the treadmill belt
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P < 0:05] from a mean of 1.89 (SD 0.23) J á kg)1 á m)1

to 2.26 (SD 0.57) J á kg)1 á m)1; while mean Cpot re-
mained unchanged [0.47 (SD 0.06) J á kg)1 á m)1 vs 0.48
(SD 0.07) J á kg)1 á m)1]. For CM, mean variability and
asymmetry increased from 6.7 (SD 1.7)% to 8.8 (SD
3.1)% �P < 0:05�, and from 4.4 (SD 4.8)% to 8.1 (SD
9.6)% �P > 0:05�, respectively. A signi®cant mean de-
crease [1.8 (SD 2.6)%, P < 0:05] in step frequency from
a mean of 3.05 (SD 0.11) Hz to a mean of 3.00 (SD
0.13) Hz was observed. For this parameter, mean vari-
ability increased [19.3 (SD 27.8)%, P < 0:05] from a
mean of 2.80 (SD 0.50)% to a mean of 3.29 (SD 0.78)%.

Relationship between CR and mechanical parameters

A signi®cant correlation between CR and CM was found
(r � 0.68, P < 0:01; Fig. 2) in the non-fatigued state;
while, only a non-signi®cant (r � 0.25, NS; Fig. 2)
tendency was noted in the fatigued state. Signi®cant
correlations between CR and the variability in step fre-
quency were found, in the non-fatigued (r � 0.69,
P < 0:01) and fatigued states (r � 0.58, P < 0:05,
Fig. 2).

In the non-fatigued state, the mechanical variables
retained in the stepwise regression were (1) the vari-

Table 1 Physiological variables in the non-fatigued and fatigued states and mean changes. _V O2 O2 Uptake, [La
)]b blood lactate con-

centration, CR energy cost of running (aerobic + anaerobic component), _VE minute ventilation

Variable Non-fatigued state Fatigued state Mean change

Mean SD Mean SD Mean SD

_V O2 (ml á kg)1 á min)1) 59.7 4.03 62.7 3.8 5.0% 1.8% ***
[La)]b (mmol á l)1) 2.6 0.7 11.0 2.3 347.3% 145.9% ***
CR (J á kg)1 á m)1) 4.4 0.4 4.7 0.4 6.9% 3.5% ***
_VE (ml á kg)1 á min)1) 112.8 13.9 135.1 16.2 19.7% 7.0% ***

*** P < 0:001 for paired Student's t-test

Table 2 Mechanical variables in the non-fatigued and fatigued
states and mean changes. hmin minimal height of the centre of
mass, SF step frequency, CVSF variability of SF independent of
asymmetry between left and right lower limbs, ASYSF asymmetry
SF between left and right lower limbs, Ckin kinetic cost of running,

CVCkin
variability of Ckin, Cpot potential cost of running, CVCpot

variability of Cpot, CM mechanical cost of running, CVCM varia-
bility of CM independent of asymmetry between left and right lower
limbs, ASYCM asymmetry between left and lower limbs

Variables Non-fatigued state Fatigued state Mean change

Mean SD Mean SD Mean SD

hmin (m) 1.06 0.05 1.04 0.08 )1.8% 6.9
SF (Hz) 3.05 0.11 3.00 0.13 * )1.8% 2.6
CVSF (%) 2.80 0.50 3.29 0.78 * 19.3% 27.8
ASYSF (%) 1.97 1.55 2.09 1.65 149.3% 358.6
Ckin (J á kg)1 á m)1) 1.89 0.23 2.26 0.57 * 21.0% 34.4
CVCkin

(%) 8.74 2.14 10.76 2.56 * 28.2% 41.4
Cpot (J á kg)1 á m)1) 0.47 0.06 0.48 0.07 2.3% 12.9
CVCpot

(%) 7.49 1.19 9.89 4.10 * 31.4% 46.8
CM (J á kg

)1 á m)1) 2.36 0.23 2.74 0.55 * 17.0% 26.0
CVCM

(%) 6.69 1.67 8.77 3.06 * 38.4% 62.8
ASYCM (%) 4.43 4.75 8.13 9.61 338.7% 791.8

* P < 0:05, ** P < 0:01 for paired Student's t-test

Fig. 2 Correlations between the energy cost of running and (i) the
variability in step frequency (variability independent of that due to
asymmetry) and (ii) the mechanical cost of running in non-fatigued
and fatigued states
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ability in the step frequency and (2) CM (Table 3). In the
fatigued state, the mechanical variables retained were (1)
variability in step frequency and (2) the hmin of CG
(Table 3).

Changes in CR and changes in mechanical parameters

No correlation was found between the changes in CR

and the changes in CM. The mechanical variables re-
tained in the stepwise regression were (1) the variability
in the step frequency and (2) the variability in the po-
tential cost (Table 4).

Discussion

The values of CR and CM in the non-fatigued state were
greater than those that have been reported in previous
studies using similar methods (Bourdin et al. 1995; di
Prampero et al. 1993; Lacour et al. 1990). This di�erence
is probably due to the facts that in the present study:

1. The running velocity was evaluated from the mean
velocity of CG during contact, and

2. The value of the energy equivalent of 1 mlO2 was
higher than in previous studies.

Because treadmill velocity arti®cially increases during
the ¯ight phase compared to real locomotion, the mean
velocity during the whole of the step has been shown to
be greater than that determined during contact (Lacour
1996). As R reached 1 in the present study, the value of

the energy equivalent utilised (21.3 J á mlO2
)1) was

higher than in previous studies (e.g. 20.9 J á mlO2
)1,

corresponding to R � 0.96; Bourdin et al. 1995; di
Prampero et al. 1993).

In the non-fatigued state, the relationship obtained
between CR and CM agreed with that reported by
Bourdin et al. (1995). It con®rmed that the lack of re-
lationship mentioned in other studies (e.g. Morgan et al.
1990) was probably due to the limited number of steps
analysed with respect to the variability of the mechanical
parameters in running (Belli et al. 1995). The amplitude
of the increase in CR found in the present study was
similar to that reported after an experimental marathon
(Brueckner et al. 1991), and during a triathlon run
completed at racing pace compared to a 10 000 m run
(Guezennec et al. 1996).

Respiratory muscle _V O2

It has been suggested that the increase in energy ex-
penditure of the respiratory muscles could explain the
CR increase (Poole et al. 1991). The work of breathing
increases any time that ventilation is increased. The
energy demand is enlarged as well. Based on the equa-
tions that have been proposed by Coast et al. (1993), the
increase in respiratory muscle _V O2 evaluated from the
increase in _V E found in the present study explained a
considerable proportion [mean 25.2 (SD 10.4)%] of the
increase in CR. It has been reported (Guezennec et al.
1996) that a triathlon run elicited a signi®cantly higher
_V E and CR 16.2% and 7.1%, respectively, compared to a
10 000 m run. The increase in respiratory muscle _V O2

recalculated from these data, would explain about 10%
of the CR increase. This smaller proportion compared
with that found in the present study could be due to the
lower mean exercise intensity sustained over 10,000m
(Guezennec et al. 1996) than over 10,000 m (present
study).

One of the physiological mechanisms of the increase
in CR due to the rise in _V E could reside in the change in
oxygen di�usion across the alveolar-capillary membrane
that has been observed during heavy exercise in trained
athletes (Caillaud et al. 1995). It has been shown that the
change of pulmonary di�usion is mainly due to an

Table 3 Summary of the stepwise regression between energy cost of running (y variable) and mechanical variables (x variables given in
Table 2) in the non-fatigued (A) and in fatigued state (B) CVSF Variability in step frequency (variability independent of asymmetry), CM

mechanical cost of running, hmin minimal height of the centre of mass

Step no. Variable entered
removed

r r2 Increase in r2 P

A. Non-fatigued state
1 CVSF (%) 0.69 0.49 0.45
2 CM (J á kg)1 á m)1) 0.85 0.72 0.71 <0.01

B. Fatigued state

1 CVSF (%) 0.58 0.32 0.28
2 hmin (m) 0.73 0.52 0.44 <0.01

Table 4 Summary of stepwise regression between changes in en-
ergy cost of running (y variable) and changes in mechanical vari-
ables (x variables given in Table 2). The changes were normalised
with respect to the non-fatigued state values. CVSF Variability in
step frequency (variability independent of asymmetry), CVCpot

variability in the potential cost

Step
no.

Variable entered
removed

r r2 Increase
in r2

P

Non-fatigued state
1 CVSF (%) 0.64 0.42 0.37
2 CVCpot

(%) 0.77 0.59 0.53 <0.01
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increase in blood pressure resulting in lesions of vessel
walls and in the leakage of plasma into the space sepa-
rating the vessels from the alveolar membrane (Caillaud
et al. 1995).

Mechanical cost of running

A second possible explanation of the CR increase is an
increase in the mechanical work per unit of distance. In
the fatigued state, both CR and CM increased. However,
the fact that ®rstly no correlation could be found be-
tween the changes in CR and the changes in CM and that
secondly in the fatigued state, only a tendency was noted
in the relationship between CR and CM would indicate
that running economy is not solely dependent on the
external work done per unit of distance. When respira-
tory muscle _V O2 was subtracted from CR, the relation-
ship between CR and CM, in the fatigued state, was
slightly enhanced but remained non-signi®cant.

Other parameters linked to muscle fatigue may ob-
scure the relationship between running economy and CM

in these particular conditions. One could argue that a
change in the internal mechanical work could also ex-
plain the increase in CR. For a given running velocity,
internal work has been found to increase as a function of
step frequency (Cavagna et al. 1991). In the present
study, the small variation ()1.8%) in step frequency
found between the non-fatigued and fatigued states
would indicate that the change in the internal work was
negligible. Furthermore, since step frequency decreased
slightly in the fatigued state, the internal work would
tend to decrease slightly which is not compatible with an
increase in CR.

Step variability and regulation of lower limb sti�ness

Step variability in running is an interesting phenomenon
that demonstrates consistent relationships with CR. The
results of the present study con®rm the relationship
between CR and step variability observed by Belli et al.
(1995).

It may be proposed that an inaccurate control of step
frequency could explain the increase in CR. As has been
mentioned in animal locomotion (Taylor 1985), and in
human running (Cavagna et al. 1991; Dalleau et al. in
press) step frequency has to be controlled very accu-
rately to match the optimal step frequency. This step
frequency has been shown to optimise leg sti�ness and
thus energy expenditure at a given velocity (Cavagna
et al. 1991; Kaneko 1987; Taylor 1985). According to
Komi et al. (1992), an inability to control accurately leg
sti�ness could decrease the e�ciency of the storage and
recoil of energy.

Because high variability is not favourable for main-
taining an optimal step frequency, the increase in step
frequency variability observed in the fatigued condition
and the relationship between the changes in step vari-

ability and the changes in CR could partly explain the
increase in CR. However, such de®ciency between opti-
mal and freely chosen step frequency should result in a
decreased muscle e�ciency (see Kaneko 1987). In the
present study, the CM displayed a more marked increase
than CR, indicating an increase of the external e�ciency
(CM á Cÿ1R ). Although this increase was not signi®cant, it
seems that other mechanisms responsible for the in-
crease of both CR and external e�ciency could be in-
volved. It is worth noting that during contact the height
of CG tended to decrease mean [2 (SD 7) cm] with fa-
tigue. Furthermore, in the fatigued condition, the step-
wise regression showed a relationship between CR and
hmin. It could then be hypothesised that when fatigued,
the subjects of the present study were running seated
trying to compensate for their lower active sti�ness by
stretching their leg extensors. However, further studies
have to be conducted to elucidate the underlying
mechanisms of the relationship between CR and me-
chanical changes occurring with fatigue.

Conclusion

Both physiological and biomechanical variables appear
to a�ect the energy cost in the fatigued state. The in-
crease in _V O2 of respiratory muscles explained about
25% of the increase in CR in the fatigued state. The
external mechanical work could partly explain the in-
crease in CR. The results further suggest that the increase
in CR could also have been due to an increase of step
variability and to a modi®ed stretch of the leg extensor
muscles.

Acknowledgements The authors wish to express their thanks to Dr
V. Buchet, M. Groetz, Dr F. Guillaume, Dr J. Callier for their
technical assistance and to the subjects for their cooperation.

References

Barstow TJ, MoleÂ PA (1991) Linear and non linear characteristics
of oxygen uptake kinetics during heavy exercise. J Appl Physiol
71:2099±2106

Belli A (1996) Measurement of mechanical factors of running ef-
®ciency. In Marconnet P, Saltin B, Komi P, Poortmans J (eds)
Human muscular function during dynamic exercise. Karger,
Basel, pp 57±70

Belli A, Rey S, Bonnefoy R, Lacour JR (1992) A simple device for
kinematic measurements of human movement. Ergonomics
35:177±186

Belli A, Avela J, Komi PV (1993) Mechanical energy assessment
with di�erent methods during running. Int J Sports Med
14:252±256

Belli A, Lacour JR, Komi PV, Candau R, Denis C (1995) Me-
chanical step variability during treadmill running. Eur J Appl
Physiol 70:310±330

Bourdin M, Belli A, Arsac LM, Bosco C, Lacour JR (1995) E�ect
of vertical loading on energy cost and kinematics of running in
trained male subjects. J Appl Physiol 79:2078±2085

Brueckner JC, Atchou G, Capelli C, Duvallet A, Barrault D,
Jousselin E, Rieu M, di Prampero PE (1991) The energy cost of
running increases with the distance covered. Eur J Appl Physiol
62:385±389

484



Buckalew DP, Barlow DA, Fischer JW, Richards JG (1985) Bio-
mechanical pro®le of elite woman marathoners. Int J Sport
Biomech 1:330±347

Caillaud C, Serre-Cousine O, Anselme F, Capdevilla X, PreÂ faut C
(1995) Computerized tomography and pulmonary di�using
capacity in highly trained athletes after performing a triathlon.
J Appl Physiol 79:1226±1232

Cavagna GA, Saibene FP, Margaria R (1964) Mechanical work in
running. J Appl Physiol 19:249±256

Cavagna GA, Thys H, Zamboni A (1976) The sources of esternal
work in level walking and running. J Physiol 262: 369±657

Cavagna GA, Willems PA, Franzetti P, Detrembleur C (1991) The
two power limits conditioning step frequency in human run-
ning. J Physiol 437:95±108

Cavanagh PR, Pollock ML, Landa J (1977) A biomechanical
comparison of elite and good distance runners. In: Annuals of
the New York Academy of Sciences. The marathon: physiolo-
gical epidemiological and psychological studies 301:328±345

Coast JR, Rasmussen SA, Krause KM, O'kroy JA, Loy RA,
Rhodes J (1993) Ventilatory work and oxygen consumption
during exercise and hyperventilation. J Appl Physiol 74:793±
798

Dalleau G, Belli A, Bourdin M, Lacour JR, Energy cost and spring
mass model in human running. Eur J Appl Physiol (in press)

di Prampero PE, Capelli C, Paglioro P, Antonutto G, Girardis M,
Zamparo P, Soule RG (1993) Energetics of best performances
in middle-distances running. J Appl Physiol 74:2318±2324

Fenn WO (1930) Work against the gravity and work due to velocity
changes in running. Am J Physiol 93:433±462

Guezennec CY, Vallier JM, Bigard AX, Durey A (1996) Increase in
energy cost of running at the end of a triathlon. Eur J Appl
Physiol 73:440±445

Kaneko M (1987) Optimum step frequency in constant speed
running. In: Jonsson B (ed) Human kinetics, Champaign, Ill.,
pp 803±807

Komi PV, HyvaÈ rinen T, Gollhofer A, Mero A (1986) Man-shoes-
surface interaction. Special problems during marathon running.
Acta Univ Oulu 179:69±72

Komi PV, Nicol C, Marconnet P (1992) Neuromuscular fatigue
during repeated stretch-shortening cycle exercises. In: Mar-
connet P, Saltin B, Komi P, Poortmans J (eds) Human mus-
cular function during dynamic exercise, vol 34. [Med Sport Sci],
Karger, Basel, pp 172±181

Lacour JR (1996) In¯uence of body dimensions, sex and training
on the energy cost of running. In: Marconnet P, Saltin B, Komi
P, Poortmans J (eds), Human muscular function during dy-

namic exercise. Vol 41. [Med Sport Sci], Karger, Basel, pp 32±
43

Lacour JR, Bouvat E, BartheÂ leÂ my JC (1990) Post-competition
blood lactate concentrations as indicators of anaerobic energy
expenditure during 400-m and 800-m races. Eur J Appl Physiol
61:172±176

Martin PE, Heise GD, Morgan DW (1993) Interrelationships be-
tween mechanical power, energy transfers, and walking and
running economy. Med Sci Sports Exer 25:508±515

Margaria R, Aghemo P, Sassi H (1971) Lactic acid production in
supramaximal exercise. P¯uÈ ger Arch 326:152±161

Medbù JI, Mohn AC, Tabata I, Bahr R, Vaage O, Sejersted OM
(1988). Anaerobic capacity determined by maximal accumu-
lated O2 de®cit. J Appl Physiol 64:50±60

Morgan DW, Martin PE, Baldini FD, Krahenbuhl GS (1990)
E�ects of a prolonged maximal run on running economy and
running mechanics. Med Sci Sports Exerc 22:834±840

Nicol C, Komi PV, Marconnet P (1991) E�ect of marathon fatigue
on running kinematics and economy. Scand J Med Sci Sports
1:195±204

Nicol C, Komi PV, Horita T, KyroÈ lainen H, Talka TES (1996)
Reduced stretch-re¯ex sensitivity after exhausting stretch-
shortening cycle exercise. Eur J Appl Physiol 72:401±409

Poole DC, Scha�artzik W, Knight DR, Derion T, et al (1991)
Contribution of exercising legs to the slow component of oxy-
gen uptake kinetics in humans. J Appl Physiol 71:1245±1253

Roston WL, Whipp BJ, Davis JA, Cunningham DA, E�ros RM,
Wasserman K (1987) Oxygen uptake kinetics and lactate con-
centration during exercise in human. Am Rev Respir Dis
135:1080±1084

Shorten MR, Wootton SA, Williams C (1981) Mechanical energy
changes and the oxygen cost of running. Eng Med 10:213±
217

Taylor CR (1985) Force development during sustained locomotion:
a determinant of gait, speed and metabolic power. J Exp Biol
115:253±262

Williams KR (1985) The relationship between mechanical and
physiological energy estimates. Med Sci Sports Exerc 17:317±
325

Williams KR (1990) Relationships between distance running bio-
mechanics and running economy. In: PR Cavanagh (ed) Bio-
mechanics of distance running. Human Kinetics, Champain,
Ill., pp 271±305

Williams KR, Cavanagh PR (1987) Relationship between distance
running mechanics, running economy and performance. J Appl
Physiol 63:1236±1245

485


