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I. Changes in muscle force and stiffness characteristics 

Nicol C, Komi PV, Marconnet P. Fatigue effects of marathon running 
on neuromuscular performance. I. Changes in muscle force and stiffness 
characteristics. 
Scand J Med Sci Sports 1991: 1: 10-17. 

Nine experienced endurance runners performed individual marathon 
runs that involved several tests of neuromuscular performance before, 
during and after the marathon. The tests were performed with special 
force platform and dynamometer techniques. The results showed an 
overall decrease in performance from the marathon. The maximal sprint 
velocity decreased parabolically during the marathon, reaching the final 
value of 84% of the pre-marathon one. Similarly, the other test results 
after marathon indicated that maximal isometric knee extension torque 
was 78%, the performance in a special rebound test (drop jump) 84% 
and the 5-jump performance 92% of the pre-marathon values. These 
reductions were accompanied by alteration in the ground reaction force 
curves in the sprint and jump tests, suggesting reduced tolerance to 
stretch load as well as loss in the recoil characteristics of the muscles. 

Repeated strech-shortening cycle (SSC) exercises 
induce fatigue that is likely to affect force produc- 
tion both in isometric and dynamic type perform- 
ances. In fact, force reduction has been demon- 
strated in prolonged exercises of primarily aerobic 
type such as 85-km skiing race (1) or marathon 
running (2) as well as in shorter periods of in- 
tensive repetition with the arm muscles (3). Be- 
cause of the successive stretching loads, the de- 
creased performance may result partly from alter- 
ations in stiffness regulation. Thus, repeated and 
fatiguing SSC efforts may modify neuromuscular 
behavior so that, depending on the test load, the 
regulation either increases the muscle stiffness or 
favors damping mechanisms. These changes may 
be specifically reflected by disturbances in the in- 
teraction person-(shoe)-surface. To investigate fur- 
ther the effects and adaptations induced by this 
type of fatigue, we examined the short-term influ- 
ences of a marathon race. The run was performed 
individually in a research situation, simulating as 
closely as possible a real competitive race. The 
parameters covered several aspects of neuromus- 
cular functioning. This report deals primarily with 
the force production measured by the dynamom- 
eter and force platform techniques. 
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Material and methods 
Subjects 
One woman and 8 men volunteered for this study. 
They all had experience in regional-level competi- 
tion in marathon and/or triathlon. The range of 
their personal best times of the season was from 2 
h and 30 min to 3 h. Table 1 presents the sport 
specialty and the physical characteristics of the 
subjects. 

Experimental design 
The experimental design comprised 2 testing ses- 
sions, day 1 and day 2, separated by a period of 4 
days (Table 2). The present report deals primarily 
with the tests indicated by an asterisk in Table 2. 

Day 2 was the actual running and testing day 
after a control and learning session (day 1). Force 
production was measured through jumping and 
strength tests. Both were performed immediately 
before marathon and repeated so that the jumping 
tests were taken immediately and the strength tests 
40 min after the marathon. One sprint running was 
performed at the beginning and after every 10 km. 

Because of the complexity of the measurements, 
the race had to be run individually. Thus, the 
average marathon speed was chosen for each run- 
ner on the basis of his or her actual training state 
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Marathon neuromuscular fatigue - I 

Laboratory 
tests 

Tests on the 
track 

Table 1. Physical characteristics of the subjects 

Subject Specialty Sex Age Weight Height 
(years) (kg) (cml 

Okm lOkm 20 km 30km 42km 

l-r DDT ll DDT l-r TT DT 
ProgMax 'IsomMax 3SP 'Isom- 3SP 3SP 'IsomMax 

Endurance Max Endurance 

FPT FPT FPT FPT FPT FPT FPT FPT 
'CMJ 'CMJ MR MR MR MR MR 'SP 
'DJ 'DJ 'SP *SP 'SP 'CMJ 
'5J '5J 'DJ 

'SP '5J 

marathon 
marathon 
marathon 
marathon 
marathon 
triathlon 
triathlon 
triathlon 
triathlon 

M 32 59.0 171 
M 34 66.7 180 
M 29 65.0 174 
M 31 58.9 168 
M 32 58.7 179 
M 35 12.8 175 
M 31 74.6 188 
M 28 93.0 190 
F 20 53.4 168 

Mean 30.2 66.9 177 
(+SO] li4.4) (+12) (is) 

and last competitive performance. During the mar- 
athon, the selected speed was continuously shown 
by a cyclist pacing the runner. In a real competi- 
tion situation, however, the levels of motivation 
performance and consequently fatigue might have 
been higher. 

Testing and measurement 
The maximal isometric torque of the left knee 
extensors was measured with a special knee exten- 
sion dynamometer (David Rehab System). The 
knee and hip joints were respectively at 120" and 
110". 

When the subject sat on the dynamometer, spe- 
cial care was taken to align the knee flexion-exten- 
sion axis with the lever axis of the dynamometer. 

Table 2. Chronologic presentation of the tests performed on day 1 and 2 

The correct position was obtained for each subject 
by adjusting the lengths of the seat and leg lever. A 
counterweight was also individually adjusted at the 
opposite extremity of the leg lever to compensate 
for the weight of the leg. The position was secured 
with 3 belts set around the hips and the left thigh 
and ankle. The measurements were written down 
to secure the same position in the postmarathon 
test. 

On day 1, the subjects performed a series of 3 
trials separated by 30 s, from which the first effort 
was submaximal (80%) and the other 2 maximal. 
On day 2, a single trial was performed immediately 
before marathon and repeated 40 min after the 
race. The maximal contractions were performed as 
quickly as possible on the experimenter's com- 
mand. The subjects were instructed to maintain 
their maximal effort until the auditory signal given 
3 s after the initial command. 

The forces exerted on the leg lever were de- 
tected by strain gauges set in the lever itself. The 
obtained torque signals were recorded onto a mag- 
netic tape (Racal store 14). The torque levels 
reached were read from a graphic plotter (Ser- 
votrace) that was set in parallel with the magnetic 
tape recorder. The maximal torque value of each 
runner on day 1 was used to control whether the 
subject performed maximally in the pre-marathon 
trial. The latter test was limited to 1 maximal ac- 
tion only, to avoid possible risk. This was also the 
wish of the subjects. 

The maximal sprint and 5-jump tests were per- 
formed over a special 7.40-m force platform sys- 

Day 2 
(4 days before marathon) I Before marathon , During marathon , After marathon 

?-f treadmill tests ProgMax 
DOT David dynamometer tests 3P 
FPT force platform tests ilsomMax 

Endurance 
'CMJ 
'DJ 
'5J 
'SP 
MS 

progressive and maximal 
3 successive speeds 
maximal isometric torque 
isometric endurance 
counter movement jump 
drop jump 
5 forward jump series 
maximal sprint 
marathon speed running 

i i  tests included in this report) 
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Fig. I .  Schematic description of the force platform and time- 
measuring device (photocells). 

tem (Fig. 1). The system consisted of 7 individual 
force plates, 2 Kistler-type (0.60 X 1.20 m) and 5 
strain gauge-type (0.60 x 1.00 m) connected in 
series, covered with a tartan mat and levelled with 
the stadium track. Each force plate registered both 
vertical (Fz) and horizontal (Fy) as well as lateral 
(Fx) components of the ground reaction force. 
From these, only Fz and Fy signals were stored on 
a magnetic tape recorder (Racal 14) for further 
analysis with a microcomputer system (Victor-Si- 
nus). To get adequate conversion rates, the mini- 
mum sampling in the analysis was set at 500 &. 

The maximal sprints were measured after 20 m 
of acceleration before the force plates. This should 
have ensured that the maximal speed was reached 
before the long force platform. The subjects were 
asked to maintain the maximal speed all along the 
10 recorded meters, which extended over the force 
plates. 

The battery of jumping tests included 2 different 
vertical jumps: counter movement jumps (CUT) 
and drop jumps (DJ), followed by a 5-forward- 
jump series (5J). In CMJ trials, the subjects started 
from an erect standing position on a Kistler force 
plate and jumped vertically after a preparatory 
counter movement. In DJ trials, each vertical 
jump was preceded by a drop on a Kistler force 
plate from a height of 50 cm. The subjects were 
asked to jump upwards after the first impact with- 
out any delay on the force plate. Following the 
procedures in the study of Komi & Bosco (4) for 
CMJ and DJ tests, they were instructed to keep 
their hands on the hips throughout the entire 
movement. In addition, the hip extension was min- 
imized in both tests. This was primarily done to 
measure the performance of the leg extensor mus- 
cles. To minimize lateral and horizontal displace- 
ments during the jumps, the subjects were also 

asked to take off and land in the same place and 
position, 

In the 5J test, the subject started from a standing 
position and tried to cover the longest distance by 
performing a series of 5 forward jumps with al- 
ternative left and right leg contacts. 

Data processing 

The torque signal recorded during. the maximal 
isometric tests was digitized with a sampling fre- 
quency of 1 kHz. The torque-time curve of every 
trial was smoothed 8 times (4 returns) by the run- 
ning averaging of every 20 successive points. The 
smoothing did not shift the signal, but took the 
high frequency noise away. The maximal torque 
was then measured for the first 2500 ms after the 
start of the tension recording. For quantitative 
analysis of the torque-time response, the first 1900 
ms were integrated and averaged, for 19 successive 
100-ms periods. The time needed to reach succes- 
sively the torque levels of lo%, 20%, 30% ... 
100% of the maximal torque developed before and 
after marathon by each subject was also deter- 
mined. The individual values were then averaged 
at the selected relative torque levels for a pre-post 
marathon comparison. 

Every sprint over the force platform system in- 
cluded 2-3 contacts. The vertical and horizontal 
force signals were first digitized with a sampling 
frequency of 1250 Hz. Two successive contacts 
were always summed for analysis using a trigger 
signal of + 25 mV of the early force recording. The 
obtained individual force-time curves were then 
filtered with the cut-off frequency at 60 Hz. The 
horizontal force-time record was used to separate 
both Fz and Fy components into braking and push- 
off phases. 

The integrals of both force-time curves were 
calculated for the whole contact duration and for 
its respective braking and push-off periods. This 
computation gave the net impulse for each period, 
which was then divided by the respective contact 
time to obtain the average force (F). 

To compare the form of the Fz and Fx force-time 
curves at various measurement points during the 
marathon, a group-averaging technique was em- 
ployed. In this procedure, the Fz and Fy force-time 
curves were respectively summed using a trigger 
signal set as previously. 

The 5J records included also 2-3 contacts on the 
force platform. In this case, the Fz and Fy signals 
were sampled at a 2 kHz frequency and both force- 
time curves of 2 successive ground contacts were 
respectively summed. The methods used to sum 
together the curves and to integrate the different 
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Fig. 2. Relative changes in the before-after marathon compari- 
son of the maximal running, jumping and isometric perform- 
ances. Sprint: 10 m sprint after 20 m acceleration. Five jump: 
5-jump series. Drop jump: drop jump from a 50 cm height. 
CM-jump: counter movement jump. Isom Torque: isometric 
torque of the left knee extensor muscles. *P<0.05; 
**P<O.Ol ***P<0.001 in before-after marathon comparison. 

periods were the same as those described above for 
the sprint analysis. 

Both CUT and DJ tests included 2 trials. In each 
case, the jump with the longest flight was selected 
and sampled at 500 Hz. The flight time (t) allowed 
the calculation of the height of rise of the center of 
gravity. The representative force-time curve for 
the group was obtained by summation using a trig- 
ger signal set at the exact rise of the force re- 
cording. 

Ordinary statistical procedures were employed 
to calculate mean, standard deviation and paired 
two-tailed t-test values. Linear and nonlinear re- 
gression analysis was also performed in some 

WERAGE 
TORPUE 
INm) 
500 r 

MAX. ISOM. 

- + T  

0 '  I 
.5 1 1.5 2 

TIME ( 5 )  

Fig. 3A. Group-averaged torque-time curves recorded before 
(-) and after (--) marathon. The curves are significantly 
(PeO.01) different beginning at 0.2 s. 

Marathon neuromuscular fatigue - I 

cases. The level of statistical significance was set at 
P < 0.05. 

Results 
In 4 parameters of 5, the post-marathon values for 
maximal performance were significantly lower 
than the pre-marathon ones (Fig. 2). The sprint 
velocity was reduced by as much as 15.7 f 10% 
(P<O.Ol) from 9.3 k 2 to 7.9 f 1.5 ms-'. Simi- 
larly, the 5-J performance decreased by 8.3 k 
4.7% (P<O.Ol) from 10.2 k 1.1 to 9.4 k 0.8 m. In 
the DJ test, the height of rise of the center of 
gravity decreased by 16 f 18.4% (P<O.O5.) from 
28.6 5 3 to 23.7 k 7 cm. The CMJ performances 
did not change significantly. In the test of maximal 
isometric strength, the maximal torque value de- 
clined greatly by 22.3 k 14% (P<O.OOl) from 
416.4 k 104 to 330.2 k 115 Nm. 

The 22% decrease of the maximal isometric 
torque production (Fig. 2) was associated with a 
significant change in the shape of the torque-time 
curve. After marathon, the subjects needed signif- 
icantly more time than before to reach the respec- 
tive levels of 80% and 90% of their actual maximal 
isometric torque (Fig. 3a).There were no intraindi- 
vidual differences in the time needed before and 
after marathon to reach the maximal torque level 
(100%). However, when expressed in absolute 
value, the post-marathon average torque remained 
always reduced compared with the pre-marathon 
one at either P<O.Ol or P<O.OOl after the first 100 
ms of the contraction (Fig. 3b). 

The maximal sprint velocity decreased parabol- 
ically (P<O.001) during the marathon (Fig. 4). The 
final post-marathon velocity was 84.3 k 10% 

TORQUE 
% 

" 
.5 1 1.5 2 

Fig. 3B. Before and after marathon recordings of the average 
torque-time curves of the isometric knee extension torques in 
the relative scale. **P<O.Ol between the times to reach 80% 
torque level; *P<0.05 between the times to reach 90% torque 
level. 

TIME ( 5 )  
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Fig. 4. Relative change of the average maximal velocity of the 
sprint performed before marathon and repeated every 10 km 
during the marathon. The mean values were obtained from the 
individual ones already expressed as a percentage of the pre- 
marathon performance (before = 100%). --- : averaged 
curve for the 9 runners: -: averaged curve for 8 of the 
runners. **P<O.Ol between 2 different moments of sprint test 
along the marathon race. 

(RO.01) of the pre-marathon one. Especially sig- 
nificant (RO.01) was the reduction after the 20th 
kilometer (Fig. 4). 

When the Fz and Fx records of the successive 
sprints performed during the course of the mara- 
thon were compared with the pre-marathon ones, 
the following significant changes were noticed: 

The average vertical force of the braking phase 
was lower in the sprints recorded at 30 km and at 
40 km, decreasing from 1776 f 391.4 kN to (re- 
spectively) 1479.5 f 298.6 kN (P<0.05) and 
15622340.4 kN (RO.01). In the tests during the 
marathon, the average horizontal force of the 

( m i l  TOTAL CONTACT 

57-, , , 
-c- 

0 10 20 30 62 (kml 

Fig. 6. Duration (mean 2 SD) of the different ground contact 
phases (braking, push-off and total) of the sprint runs during 
the marathon. *P<0.05; **P<O.Ol between the values mea- 
sured in the pre-marathon test and along the race. 

push-off phase progressively declined from 206.5 
k 46.3 kN as follows: 20 km: 182.3 f 46.5 kN 
(P<O.Ol); 30 km: 178.1 f 50.5 kN ( R 0 . 0 5 ) ;  and 
42 km: 174 f 58.8 kN (P<O.OOl) (Fig. 5). 

A detailed time analysis of the ground contacts 
revealed statistically significant increases in the to- 
tal contact time as well as in the respective braking 
and push-off phases (Fig. 6). The changes were 
especially large for the push-off phase. 

The reduced performance in 5J reflected various 
decreases in the Fz force components (Fig. 7). The 
vertical force impulse declined from 377 k 126 to 
318 f 119 N.s (RO.01) (Fig. 8). The reductions in 
the impact peak and maximal force values were 
from 3040 & 832 to 2107 2 594 N (P<O.Ol) and 
from 2552 & 575 to 1813 f 532 N (RO.01) respec- 
tively (Fig. 8). A great decrease was noticed in the 
average vertical force from 1461 f 334 to 1274 f 
342 N (P<O.OOl). A specific reduction occurred in 
the braking phase of the contact from 1815 f 413 
to 1460 k 440 N (P<O.OOl) (Fig. 9). 

SPRINT 

5 -JUMP TEST 

' looms ' 
Fig. 5. Group-averaged vertical (Fz) and horizontal (Fy) 
ground reaction force curves of 2 successive sprint contacts 
recorded before and after marathon. 

- BEFORE --- AFTER r 

c---------l 
100 mr 

Fig. 7. Group-averaged vertical (Fz) and horizontal (Fy) 
ground reaction force curves recorded before (-) and after 
marathon (--) in the 5-jump test. 
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Fig. 8. Before-after marathon companion of the Fz impulse 
(total contact and braking phase) and Fz peak value (at impact 
and during the rest of the contact) of the 5-jump test. 
**P<O.Ol. 

The lower rise of the center of gravity in the 
drop jump resulted from a shorter flight duration, 
which changed from 482.30 k 25 to 436 k 63 ms 
(P<0.05). The qualitative comparison of the 
groupaveraged force-time curves recorded before 
and after marathon shows both higher force impact 
peak and successive decrease in force (Fig. 10). 

Discussion 
This marathon race reduced the maximal force and 
slowed the rate of force development. This has 
already been observed in fatigue loads with iso- 
metric (9, concentric (6) and eccentric actions (7) 
as well as in SSC-type fatiguing exercises (3). After 
a prolonged cross-country skiing race (5-9 h) a 
10% reduction in maximal isometric force was as- 
sociated with a 22% slowing of the maximal rate of 
force development (1). In a marathon study (8), 
the immediate post-race level of the maximal peak 
torque was 64.5% of the pre-marathon one. The 
reduced strength performance continued 1 d after 
the marathon and the recovery did not take place 
before the following 5-7 d. 

It may be attractive to explain the loss of force 
production capacity by the simple terms of “cen- 
tral” and “peripheral” fatigue. These types of fa- 
tigue mechanisms have been differentiated (9-1 1). 
This study was not, however, designed to examine 
these phenomena specifically. At present, it is 
speculated that both of these mechanisms oper- 
ated, but the discussion focuses on the peripheral 
one (at muscle level), which is thought to have 
dominated. 

The running and jumping tests used here cause 
muscles to function primarily in SSC. The mara- 
thon running modified SSC performance (Fig. 2), 
which is known to depend on the use of stored 
elastic energy of the eccentric phase and also to be 
under the possible influence of stretch reflex po- 
tentiation (12,13). Since the degree of potentiation 
depends on the ability to tolerate and use stretch 

AVERAGE 
Fz (kN1 5-JUMP TEST 

G 
BRAKING 
PHPSE 

PUSH OFF 
PHASE 

TOTAL 
CONTACT 

Fig. 9. Changes in the before-after marathon comparison of 
the group-averaged vertical force (Fz) of the respective brak- 
ing and push-off phases as well as total contact period in 
5-jump test. **P<O.Ol, ***P<O.OOl. 

loads, it seems of special interest to examine the 
possible alterations induced by the marathon in the 
characteristics of the ground-reaction force curves 
of the different performances. 

In such a situation, Komi et al. (2) previously 
observed that the capacity to tolerate impact forces 
appeared to deteriorate by the repetitive impact 
loads of the marathon run. Both sprint and 5J 
performances after marathon had a significantly 
decreased average vertical force in the braking 
phase. This reduced tolerance was seen in the av- 
erage curves by a fast drop in the vertical force 
observed after the impact peak in both sprint (Fig. 
4) and 5J (Fig. 7) as well as in DJ tests (Fig. 10). 
Gollhofer et al. (3) suggested that, in the fatigued 
state, the high initial force peaks are less absorbed 
by the tendomuscular system. The reduced damp- 
ing observed in 5J performance is therefore note- 

DJ 5 0 c m  

y ‘*.,, BEFORE 

H 
1OOms 

Fig. 10. Group-averaged (mean k SD) Fz curves of the before 
and after marathon drop-jump test. 
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worthy, although the impact force peak appeared 
significantly decreased after marathon (Fig. 10). 
These observations suggest possible changes in the 
muscle stiffness characteristics and, therefore, in 
the amount of storage of elastic energy of the 
braking phase. 

An impairment of good recoil is then expected 
to occur in the final push-off phase of the SSC. 
Indications of this can be seen in the sprint re- 
cordings, in which the reduced average vertical 
force of the bracking phase (at 20 and 30 km) was 
followed in the push-off phase by a decrease of the 
average horizontal force. Concomitantly, both 
braking and push-off phase durations of the con- 
tact times were longer than in the pre-marathon 
sprint test. In this connection, it would have been 
of interest to examine how the transfer from the 
braking to the push-off phase occurred. To be effi- 
cient, the transition between these 2 phases needs 
to be short, since too long a coupling time results 
in a loss of the stored elastic energy by dissipation 
as heat (14). It is therefore possible that the repeti- 
tive stretch loads of marathon running cause the 
transition time from stretch to shortening to be- 
come longer, with subsequent reduction in storage 
of elastic energy. The final action would then be 
reduced potentiation of performance in the SSC 
cycle. In accordance with this, the observed longer 
push-off phase in the sprint suggests an unsuccess- 
ful attempt to compensate for the lost elastic po- 
tential. 

Another type of compensatory mechanism of 
fatigue could be seen in the DJ test. A higher 
average (NS) impact force peak was observed in 
the post-marathon DJ record than in the pre-mara- 
thon record (Fig. 10). This may have resulted from 
increased muscle stiffness before contact to com- 
pensate for a loss of contractile capacity under 
stretch. Such a mechanism may happen if more 
motor units become active during the preparatory 
phase. The level of the impact force peak has been 
found to correlate well with the preactivation in 
the gastrocnemius muscle (15). The function of the 
preactivation would be to buffer high initial impact 
load and to trigger an adequate segmental reflex 
activity to adjust the muscle stiffness. This regu- 
lation could be specifically used in DJ since the 
time before impact is relatively long. As previously 
discussed, however, high-impact loads become 
more difficult to tolerate when muscular fatigue 
progresses. Thus, the deteriorated impact damping 
induced by the repetitive submaximal stretch loads 
of the marathon run could not be sufficiently com- 
pensated to preserve the pre-marathon perform- 
ance. 

If we assume that the observed deterioration of 
the tolerance to stretch loads is caused by a lower 

capacity to generate forces, this could result partly 
from a slower turnover of the cross-bridges. Pro- 
longed submaximal exercises are known to induce 
reduction in the release and uptake of Ca++ by the 
sarcoplasmic reticulum (SR) (16,17). In this exper- 
iment, this hypothesis is supported by the slowing 
of the rate of force development noticed in the 
post-marathon maximal isometric strength test. 

Another plausible factor for the lost potential 
would be an altered reflex regulation. As discussed 
by Gollhofer et al. (18), this could include changes 
in la-afferent sensitivity, in a-y linkage, or in the 
Golgi tendon organ inhibition. Referring with cau- 
tion to observations from animal studies, possible 
increased Ia and I1 afferent sensitivity (19,20) as 
well as an inexcitability of the tendon organ end- 
ings (20) may be speculated to occur during long- 
term exercise. Such mechanisms would provide 
increased excitation of the alpha motoneurons and 
favor increased stiffness. This could, however, 
make the fatigue progress faster, with a subse- 
quent decline in firing frequency and contractile 
tension (21). This latter phenomenon might sup- 
port our observations of reduced impact damping 
(in DJ, sprint and 5J) and of lover average braking 
force (in 5J and in sprint) after marathon. It could 
also be assumed that facilitative actions may pro- 
vide compensation until a certain level of muscular 
fatigue, after which the regulatory actions become 
inhibitory. The reduced impact damping may sug- 
gest that the sensitivity of the Golgi tendon organ 
could have increased, providing a greater inhib- 
itory influence to protect the neuromuscular sys- 
tem. During exhaustive SSC repetitions with the 
arms, Gollhofer et al. (18) observed that SSC fa- 
tigue affected EMG responses when espectially 
high stretch loads (falls) were used. They sug- 
gested an inhibitory mechanism occurring in over- 
load conditions. In this experiment, similar mecha- 
nisms may have occurred in the DJ situation. This 
test appears suitable to examine the progress of 
fatigue because the absolute stretch load is fixed, 
provided that the jumping technique remains the 
same. 

In conclusion, marathon running resulted in an 
expected reduction of maximal force production in 
both isometric and dynamic situations. The partic- 
ular investigation of the ground reaction force 
changes showed a reduced ability to sustain stretch 
loads. This suggests that the fatigue occurred pri- 
marily in the force generation across the cross- 
bridges, resulting in an altered muscle stiffness and 
a reduced efficiency, with a concomitant loss of 
elastic energy potential. Our observations empha- 
size, furthermore, the plasticity of the fatigue-com- 
pensatory mechanisms. Muscular behavior was 
seen to be modified depending on the test load and 
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adjusted during the successive pre-, braking and 
push-off phases of the ground contact. 
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