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Abstract The present study was designed to investigate
interactions between running economy and mechanics
before, during, and after an individually run marathon.
Seven experienced triathletes performed a 5-min submaximal running test on a treadmill at an individual
constant marathon speed. Heart rate was monitored and
the expired respiratory gas was analyzed. Blood samples
were drawn to analyze serum creatine kinase activity
(S-CK), skeletal troponin I (sTnI), and blood lactate
(B-La). A video analysis was performed (200 frames á s)1)
to investigate running mechanics. A kinematic arm was
used to determine the external work of each subject. The
results of the present study demonstrate that after the
marathon, a standardized 5-min submaximal running
test resulted in an increase in oxygen consumption,
ventilation, and heart rate (P < 0.05), with a simultaneous decrease in the oxygen dierence (%) between
inspired and expired air, and respiratory exchange ratio
(P < 0.05). B-La did not change during the marathon,
while sTnI and S-CK values increased (P < 0.05),
peaking 2 h and 2 days after the marathon, respectively.
With regard to the running kinematics, a minor increase
in stride frequency and a similar decrease in stride length
were observed (P < 0.01). These results demonstrate
clearly that weakened running economy cannot be explained by changes in running mechanics. Therefore, it is
suggested that the increased physiological loading is due
to several mechanisms: increased utilization of fat as an
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energy substrate, increased demands of body temperature regulation, and possible muscle damage.
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damage á Catecholamines á Troponin

Introduction
Since the pioneering work of Fenn (1923), many attempts have been made to characterize the economy and
eciency of animal and human locomotion. Margaria
et al. (1963a) measured the oxygen consumption in
successive knee ¯exion exercises with a variable interval
time between ¯exion and extension of the lower limbs.
The eciency was greater when the shortening of the
muscle immediately followed the stretching. Taylor et al.
(1982) have shown that the big red kangaroo becomes
more economical as the speed of hopping increases.
Therefore, it is possible that implanted mechanical
energy may be temporarily stored in the series of elastic
components of active muscle, for utilization in a subsequent muscle action (Asmussen and Bonde-Petersen
1974).
Numerous factors in¯uence the economy and eciency of running, such as age (e.g., Daniels et al. 1978),
gender (e.g., Bransford and Howley 1977), air resistance
(e.g., Costill and Fox 1969), body temperature (e.g.,
Rowell et al. 1969), body mass (e.g., Cureton et al. 1978;
Bergh et al. 1991), maximal aerobic power (e.g. Mayhew
1977), and muscle ®ber distribution (e.g. Bosco et al.
1987). In addition, values of mechanical eciency are
aected by the methods used to measure and calculate
the mechanical work and energy expenditure (e.g.,
Cavagna et al. 1965; Margaria et al. 1963b; Margaria
1968; Asmussen and Bonde-Petersen 1974; Cavagna and
Kaneko 1977; Kaneko et al. 1981; Ito et al. 1983).
Most of these studies have been performed under
non-fatiguing conditions, and with the primary interest
being the physiological aspects of running economy or
eciency. One might, however, expect that changes in
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running mechanics have substantial in¯uence on metabolic energy cost, and vice versa. However, only a few
attempts have been made to characterize the interaction
between running economy and running mechanics in
fatiguing conditions (Williams et al. 1987). In our
laboratory, Nicol et al. (1991a) observed that marathon
running reduces the maximal sprint performance by
16%, the maximal knee extension torque by 22%, and
the maximal drop jump performance by 16%. These
impairments in maximal performance were associated
with a reduction in the neural input to the muscle and a
deterioration in the eciency of the contractile function
(Nicol et al. 1991b). Furthermore, during submaximal
constant-speed running, the electromyographic (EMG)
activity of the leg extensor muscles is increased due to
marathon-induced fatigue (Komi et al. 1986).
In natural human locomotion, the neuromuscular
system is acting simultaneously with many other physiological functions. Therefore, the present study was
designed to examine how changes in running economy
can be characterized by combining biomechanical and
physiological factors both during and in recovery from a
marathon run.

investigate the relative load of the marathon run. In the maximal
test, the treadmill speed (1° inclination) was increased from
9 km á h)1 by steps of 1 km á h)1 every 3 min until 15 km á h)1 was
reached. After that the inclination was increased by 1° every 3 min
without increasing the speed. Respiratory variables were analyzed
continuously (Sensor Medics, Vmax 229, Yorba Linda, Calif.,
USA), and after every 3 min, blood samples were taken from a
®ngertip for analyzing blood lactate (B-La). The mean maximal
lactate concentration at the end of the test was 6.25 (1.48)
mmol á l)1.
Metabolic measurements
Heart rate was monitored (Polar Sport Tester, Kempele, Finland)
throughout the experiment, while the expired respiratory gases
were analyzed (Sensor Medics) only during the treadmill tests. To
calculate the energy expenditure, an energy equivalent of
20202 J á l)1 oxygen was applied when respiratory exchange ratio
(R) was 0.82. Changes of 0.01 in R caused 50 J changes in
energy expenditure (McArdle et al. 1996, p 147). Before and after
the marathon, as well as during the recovery period, blood samples
were drawn from the ulnar vein for analyzing serum creatine kinase
(S-CK), plasma skeletal troponin I (sTnI), blood hemoglobin and
hematocrit as well as plasma catecholamines: epinephrine (E) and
norepinephrine (NE). For determination of B-La, blood samples
were taken from the ®ngertip before and after the marathon.
Kinematic measurements

Methods
Subjects
Seven experienced triathletes (one woman and six men) volunteered
to run a marathon. Their mean (SD) age was 29 (5) years, their
body mass ranged from 82.0 (11.2) kg to 79.3 (10.6) kg (before and
after the marathon, respectively), and their height was 1.82
(0.07) m. Their training included running an average 160
(21) km á month)1, and their personal records for running a
marathon race varied from 2.45 to 3.20 h. The subjects were fully
informed about the procedures and of all possible risks involved in
this study. The study was approved by the University Ethical
Committee.
Procedure
The experimental design included dierent repeated tests before,
during, and after the marathon, which was run individually because
of the complexity of the measurements. A marathon speed was
chosen for each runner on the basis of her or his actual training
state, and a taper was individually introduced before the run. For
preventing the in¯uences of warm-up on the measurements, the
subjects performed an individually standardized warm-up before
each test. One week before the marathon the subjects performed a
5-min submaximal running test on a treadmill at their individual
constant speed [3.82 (0.33) m á s)1]. This speed was utilized in all
testing conditions: at the beginning, after 13 km, after 26 km
running, at the end of the marathon, 2 h after, 2 days after, 4 days
after and 6 days after the marathon. A cyclist continuously paced
the marathon run at the preselected running speed. The marathon
was run along a circular route with a relatively constant gradient,
and environmental conditions were fairly stable (temperature
+10 °C, and relative humidity 70%) for all subjects. During the
marathon, the runners were allowed to drink and eat according to
their own experience. They drank 2.2 (0.9) l of sport drinks and
they ate small amounts of carbohydrates during the run.
The maximal oxygen uptake of the subjects [5.26 (0.93) l á min)1;
65.0 (7.6) ml á kg)1 á min)1] was tested on the treadmill several
weeks after the marathon run. These tests were performed to

While the subjects were on the treadmill, their running was
recorded by a video camera (NAC, HSV-200, Japan), which was
located 10 m away to the right side of the midpoint of the running
lane. The camera was set at a height of 1.2 m above the ground.
The operating rate was 200 frames á s)1, and the shutter speed was
set to 1/1000 s to ensure sharp images of running. The camera view,
which was calibrated using a 3.0 ´ 2.0 m calibration frame, was set
to cover 3.0 m of running space. The frame was parallel with the
performance lane and at the midway of the optical axis of the
camera.
The speed of the treadmill was measured by means of an optical
encoder. The external work of the subjects was determined by a
kinematic arm, which is a device used for the three-dimensional
recording of human movement (Belli et al. 1992). This device
consists of four rigid bars that are linked together by three joints
equipped with optical transducers. One end of the kinematic arm
was connected to a ®xed reference point, while the other end, which
was ®xed to the back of the subject and near the center of the
gravity of the whole body, could move freely in the three spatial
directions. For more details of this method see Belli et al. (1992).
The kinematic measurements were recorded at two intervals of 20 s
during the submaximal test.
Blood analysis
In addition to conventional analysis of blood hemoglobin and hematocrit, the percentage changes in the volumes of blood, plasma,
and red cells were calculated according to the method of Dill and
Costill (1974). B-La was analyzed using an enzymatic method
(Biochemica Boehringer, Mannheim, Germany), and S-CK was
analyzed using a commercial test kit (Biochemica Boehringer). sTnI
is the inhibitory protein of the protein-tropomyosin complex,
which regulates the interaction of actin and myosin in striated
muscles. Two optimal pairs of high-anity monoclonal antibodies
were selected to determine the concentrations of both sTnI and the
cardiac isoform of troponin I (cTnI) by using two independent
immunoenzymetric assays. One assay detects all TnI isoforms,
while the other assay is speci®c only for cTnI. A more detailed
description of this method has been published elsewhere (Larue
et al. 1993; Rama et al. 1996; Sorichter et al. 1997).
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The blood samples required for the determination of plasma
catecholamine concentration were centrifuged at 2100 g and 3 °C
with an anti-oxidant solution containing ethyleneglycoltetraacetic
acid and reduced glutathione. The plasma was removed and frozen
at )80 °C. Catecholamines from 500 ll plasma were extracted into
30 mg Al2O3 in 3 ml of tris-HCL buer (pH 8.65) in 5-ml conical
test tubes. 3,4±Dihydroxybenzylamide hydrobromide (Sigma, St.
Louis, Mo., USA) was used as an internal standard to correct for
absolute recovery variations in catecholamines. After washing four
times with 2 ml H2O, the catecholamines were eluted into 100 ll of
0.2 M HCLO4 solution. Catecholamines in the eluates (50 ll) were
measured by high-pressure liquid chromatography with an electrochemical detector (Esa Coulochem Multi-Electrode, model 5100 A).
An ESA Catecholamine HR-80 column (C-18 reversed phase column, 80 ´ 4.0 mm, 3 lm) was used for the analysis of NE and E,
and methanol-phosphate buer, pH 2.2 (ESA Cat-A-Phase reagent)
was used as the mobile phase. The ¯ow rate was 0.6 ml á min)1.
For calibration purposes, known catecholamine standards were
treated in the same way as samples, and the peak height ratios
(relative to the peak height of the internal standard) of unknown
catecholamines were compared to those of synthetic standards
(D-2500 Chromato-Integrator, Merck Hitachi, Japan). The detection limit of catecholamine standards in the described method was
about 0.2 nmol á l)1, and the inter-assay coecient of variation was
4±6%.
Delayed-onset muscle soreness of the leg muscles was evaluated
by a questionnaire. All of the subjects completed the questionnaire
daily, with the perceived leg soreness rated on a ®ve-point scale
ranging from 0 (no pain) to 5 (very painful).
Statistics
A multivariate analysis of variance for repeated measurements was
utilized to test the main eects of experimental conditions on selected variables. When signi®cant F-values were found, a post hoc
test was applied to determine the speci®c condition means that
dier from one another. Mean and standard deviation (SD) were
calculated by conditions. Finally, Pearson's correlation analysis
was utilized to study relationships between the changes in dierent
variables.

Results
The results of the treadmill tests (see Fig. 1) demonstrate
that oxygen consumption [43.3 (4.1) ml á kg)1 á min)1 vs
50.1 (5.9) ml á kg)1 á min)1], energy expenditure [876
(84) J á kg)1 á min)1 vs 996 (122) J á kg)1 á min)1], ventilation [83.4 (12.8) l á min)1 vs 103.4 (13.0) l á min)1],
and heart rate [145 (8) beats á min)1 vs 166 (9)
beats á min)1] increased (P < 0.05) during the marathon run. Simultaneously, R [0.82 (0.03) vs 0.75 (0.03),
P < 0.05] and the amount of oxygen extracted for any
volume of air exhaled [true O2%; 5.21 (0.48) vs 4.68
(0.35), P < 0.05] decreased. The recovery follow-up
revealed that the true O2% had already returned to
baseline levels 2 h after the marathon, while it took 4±
6 days for the other above-mentioned variables to recover to the premarathon level.
Plasma volume and B-La [2.2 (0.3) mmol á l)1 vs 2.7
(0.6) mmol á l)1] did not change statistically signi®cantly
[6.3 (7.5)%] during the marathon. In the follow-up tests,
the plasma volume increased [7.3 (7.7)%, P < 0.05]
until 2 days after the marathon, while B-La was fairly
constant, varying from 1.6 to 2.0 mmol á l)1. Figure 2

Fig. 1 Mean (SD) oxygen uptake (V_ O2 ), energy expenditure and
respiratory exchange ratio during dierent experimental periods:
7 days before the marathon ()7d ), during the marathon (Marathon,
hatched bars), 2 h after the marathon (+2h), and 2, 4 and 6 days after
the marathon (+2d, +4d and +6d, respectively). *P < 0.05

demonstrates that S-CK and sTnI values increased,
peaking 2 days [1147 (520) U á l)1] and 2 h [164.3
(74.8) ng á ml)1] after the marathon, respectively.
S-CK-activity recovered within 6 days, while sTnI concentrations had recovered almost fully by 2 days postmarathon. The perceived muscle soreness developed
during the marathon [4 (1)] and remained elevated until
the 5th day.
Both NE and E peaked after the marathon, being
71.1% and 72.3%, respectively, higher as compared to
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Fig. 2 Mean (SD) creatine
kinase activity, skeletal troponin, norepinephrine and epinephrine values before,
immediately after, and at various other time intervals after
the marathon run. *P < 0.05

the values measured before the marathon. Their followup values recovered to close to the premarathon values
within 2 h (Fig. 2).
In submaximal running kinematics, only minor
changes were observed during the experimental period.
Mean stride frequency increased from 2.85 (0.15) Hz to
2.97 (0.14) Hz (P < 0.01), while stride length shortened
(P < 0.01). The other kinematic parameters were fairly
constant throughout the conditions. Mean contact time
(246±264 ms), external mechanical work, and power
were maintained at a quite constant level in every test
situation. Angular displacements (Fig. 3) and velocities
were also quite stable in every condition.

Discussion
The main ®ndings of the present study demonstrate
that oxygen consumption, ventilation, and heart rate
increased during the marathon, while true O2% and R
decreased simultaneously. Plasma volume and B-La did
not change during the marathon while S-CK and sTnI
values increased, peaking 2 days and 2 h after the marathon, respectively. Plasma E and NE concentrations
were signi®cantly increased immediately after the marathon. In running kinematics, only minor changes were
observed in the tests that were submaximal and close to
the marathon running speed.
Muscle damage
During marathon running the muscles are under substantial strain that may lead to muscle damage (Hikida
et al. 1983; Warhol et al. 1985). This may be due to two
dierent mechanisms (Ebbeling and Clarckson 1989).
The ®rst is based on increased levels of metabolites in

muscles (Newham et al. 1983). In the present study, the
B-La level was, however, quite constant. The other
mechanism of muscle damage addresses the mechanical
disruption of the muscle cell (Armstrong et al. 1983).
Thus in the present study, the increased levels of the
indirect markers of muscle damage, S-CK and sTnI,
immediately after the marathon, were probably caused
by disruption of the muscle cell membrane.
CK activity is the most frequently used marker of
muscle damage. Twenty-four hours after the end of the
marathon, the total CK value has been demonstrated in
other studies to increase to 414% (Nuviala et al. 1992).
This value is similar to that obtained in the present study
(Fig. 2). However, CK does not enter the circulation
directly, but passes to the lymph system via the interstitial ¯uid (Lindena et al. 1979). The peak value of CK
activity is, therefore, usually seen 2±4 days after the
strenuous exercise. In the present study, the peak value
of S-CK was reached in 2 days, and it was maintained at
an elevated level for up to 4 days after the marathon
run. S-CK activity returned to initial levels 6 days after
the marathon, by which time the symptoms of muscle
soreness had disappeared. The rate of in¯ux and the
clearance rate of the enzyme by the reticulo-endothelial
system determines the speed at which the CK value in
the blood returns to its baseline level (Komulainen
1994).
In evaluating the quantity of muscle damage and its
timing, more interest has been focused on the contractile
proteins, such as myosin heavy chain (MHC) fragment
concentrations (Mair et al. 1992). MHC also shows a
delayed increase after exercise-induced muscle damage
(Mair et al. 1995), which causes diculties in formulating an early diagnosis. Therefore, sTnI has been used
as an early and skeletal-muscle-speci®c marker for
exercise-induced muscle damage (Sorichter et al. 1997).
In the present study, sTnI concentration was increased
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or inhibition of intereneurons in the oligosynaptic
pathways (Duchateau and Hainaut 1993). In both cases,
this could result in a reduced neural drive to the muscle.
Further support for the marathon-run-induced impairment in the contractile properties of the skeletal
muscle was found by studying changes in the same
subjects' maximal performance, as reported previously
(Pullinen et al. 1997; Avela et al. 1999). Maximal isometric force and the maximal rate of force production of
the plantar ¯exor and knee extensor muscles decreased
by 30% during the marathon, in both voluntary and
electrically stimulated (low-frequency fatigue) conditions. These changes are not only due to the metabolic
cost of the exercise, but also to exercise-induced muscle
damage. In addition, it seems that the increased muscle
damage has a positive correlation with the increased
oxygen uptake (KyroÈlaÈinen et al. 1998). In other words,
the muscle damage may partly explain the weakened
running economy among the subjects in the present
study.
Role of the autonomic nervous system
The autonomic nervous system regulates body temperature and controls the functions of the cardiovascular
and endocrine systems. The autonomic impulses are
transmitted to the body through two major subdivisions
called the sympathetic and parasympathetic systems, of
which nerve endings secrete the synaptic transmitter
substances, acetylcholine or NE. Another part of the
sympathetic nervous system is the adrenal medulla,
which secretes the catecholamine hormones, E and NE.
In the present study, the concentrations of these catecholamines in the plasma increased drastically during
the marathon run.
Figure 4 demonstrates that the higher the increase in
NE, the lower the change in the true O2% induced by

Fig. 3 Angular displacements of the hip, knee and ankle joints during
the contact phase, at the beginning of the marathon (thick black line),
at the end of the marathon (dashed black line) and after the 7-day
recovery period (thin black line)

immediately after the marathon, suggesting acute
disruption in the cytoskeletal structure and contractile
apparatus (Sorichter et al. 1997).
In the case of muscle damage, biochemical substances, such as bradykinins and prostaglandins are
known to be released, and these can stimulate the
spontaneous discharge of the group III and IV mechanoreceptors and nociceptors (Kniki et al. 1978;
Rotto and Kaufman 1988). It is known that these muscle
aerents have a powerful input to inhibitory interneurons (Cleland et al. 1982), the stimulation of which
could lead to presynaptic inhibition of the Ia terminals

Fig. 4 The relationship between the changes in norepinephrine and
the changes in the true oxygen dierence (the amount of oxygen
extracted for any volume of air exhaled)
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the marathon run. This suggests that NE, as a powerful
stimulator of lipolysis in adipose tissue, has a role in the
utilization of fat as an energy substrate. Therefore, free
fatty acids and glycerol values have been demonstrated
to increase continuously during marathon running. On
the other hand, blood glucose concentration has been
shown to increase and to peak at approximately 1 h, but
then to decrease over time, remaining at or above resting
levels (O'Brien et al. 1993).
In the present study, the increased utilization of fat
toward the end of the marathon could be assessed by
looking at the values of R. Thus, it is possible that the
change in energy substrates from glycogen to fat could
also explain the changes in NE concentration. The increased concentration of E due to the marathon running
may be interpreted to emphasize its importance as a
primary stimulator of glycogenolysis and lipolysis. The
role of E might be more important at the beginning of
the marathon, while NE may play a major role at the
end of it. Thus, adaptations of fuel homeostasis may
contribute to the maintenance of physical performance
after prolonged exercise (Tuominen et al. 1996).
In addition to the changes in fuel utilization, an increase in the internal temperature regulation might also
aect the running economy during a marathon run.
After the marathon run, the mean rectal temperature of
30 recreational runners was shown to reach 38.9 °C
(Noakes et al. 1991). Increased internal body temperature has been demonstrated to increase oxygen uptake
(Saltin and Hermansen 1966) and, therefore, to weaken
running economy. This might also be the case in the
present study, although the body temperature was not
measured.
Thermal stress could, together with elevated levels of
circulating catecholamines, cause increased action of the
respiratory muscles and hyperventilation and, therefore,
further demands for oxygen uptake. In the present study
this phenomenon can be seen in the form of increased
ventilation (19%), which was greater in magnitude than
the respective increase in oxygen uptake (7%). These
®ndings are in agreement with the study of Guezennec
et al. (1996).
Neuromuscular failure
Much to our surprise, running kinematics changed only
slightly during the marathon run, as well as during the
recovery period. Contact times, angular displacements
and velocities, vertical displacements of the center of
gravity of the whole body, mechanical cost and external
mechanical energy (potential and kinetic) did not dier
between the tests. Despite rather constant mean values,
the interindividual variability was quite large. This is in
agreement with earlier studies (e.g., Buckalew et al.
1985; Williams et al. 1987). On the other hand, Nicol
et al. (1991c) observed some signi®cant biomechanical
changes induced by a marathon run: the knee joint was
more ¯exed at heel strike, and the hip extension range

and the hip extension velocity were increased. In the
present study, the only signi®cant changes in the running
kinematics were an increased stride frequency and
shortened stride length. It is possible that the increased
stride frequency may have increased the amount of
muscle activity by shortening the duration of relaxation.
Thus, increased muscle activity could weaken running
economy. However, due to the weakened neuromuscular
performance it is not economical to maintain initial
stride frequency and length. Therefore, the observed
changes are probably an attempt to compensate for the
impaired neuromuscular function.
The relationship between running kinematics and
running economy seems to be controversial. According
to Williams and Cavanagh (1987), running economy is
the sum of the in¯uence of many variables. However, it
appears that no single kinematic variable can fully
explain the decrease in running eciency (Hausswirth
et al. 1997) or in running economy (Williams et al. 1987;
Nicol et al. 1991c). Thus, one could conclude that
individual changes in running kinematics, as measured
at marathon-running speed, could only partially explain
the drastically weakened running economy.
It should be obvious, however, that during longlasting submaximal running, decreased neuromuscular
performance could be compensated for. Therefore,
changes in the running mechanics during fatiguing
submaximal conditions should be dierent to those
measured in maximal eort. In an earlier study, Nicol
et al. (1991c) found a clear reduction in maximal
sprinting speed as well as in tolerance to high stretch
load (drop jump test). In the present study, the maximal
isometric force and its rate of production was clearly
decreased. Figure 5 is an example from this same project, reported previously by Avela et al. (1999), demonstrating clear changes in ground reaction forces and
EMGs of the leg extensor muscles during maximal
stretch-shortening cycle (SSC) exercises before and after
a marathon run. These maximal SSC exercises demonstrated an increased peak force reduction after an initial
impact peak due to marathon running. This took place
in parallel with a decline in the EMG activity of the
measured muscles. Interestingly, the short-latency re¯ex
component was signi®cantly reduced, as also shown in
Fig. 5. This reduction might be due to muscle damage,
as discussed earlier. These results suggest further that in
maximal SSC conditions, the tolerance of the leg extensor muscles to high-impact loads and, therefore, the
ability to perform powerful muscle actions, were impaired. These ®ndings emphasize strongly that high
loading/velocity conditions should be utilized to examine the biomechanical/physiological responses of the
marathon run.
The weakened function of the neuromuscular system
seems to have in¯uence on the running economy.
Unfortunately, in the present study the EMGs were not
measured during the marathon. However, it has been
demonstrated that the EMG patterns change considerably in association with relatively small changes in the
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volume, which was observed in the 2 days following the
marathon run, may be attributable to both a protein
shift toward the intravascular space and to renal retention of Na+ (Pastene et al. 1996).
In conclusion, the results of this study demonstrate
clearly that weakened running economy cannot be
explained by minor changes in submaximal running
mechanics. Therefore, the increased physiological loading that occurs during the marathon run may be due to
several mechanisms: increased utilization of fat as an
energy substrate, increased demands of body temperature regulation, increased neural input to the muscle,
and the acute eects of muscle damage. The results
further emphasize that instead of using conventional
submaximal running tests, the high-intensity loading/
velocity test should be utilized to observe the true
weakening of the neuromuscular function that results
from performing a marathon run.

Fig. 5 The average electromyogram patterns of the vastus lateralis
(VL) and soleus (SOL) muscles, and the vertical ground reaction force
recorded before (Pre-marathon) and after (Post-marathon) a marathon
run (taken from Avela et al. 1999). *P < 0.05 and **P < 0.01

ground reaction forces measured at marathon speed
(Komi et al. 1986). Thus, at the end of the marathon,
greater neural input to the muscle was required to produce the same resultant force in the push-o phase of the
ground contact. Due to the linear relationship between
EMG levels and oxygen uptake (Bigland-Ritchie and
Woods 1974), it can be concluded that increased neural
input to the muscle during the marathon run causes
higher demands of oxygen uptake and, therefore,
weakened running economy.
Other factors
Many hematological changes have been observed in
subjects during marathon races. Hemolysis in endurance
exercise may be related to structural changes in red
blood cell membrane skeletal proteins (Jordan et al.
1998). Changes in plasma volume, plasma protein, osmolality, and Na+ electrolyte concentration may be
non-signi®cant, while K+, and plasma concentrations of
renin and aldosterone increase (Pastene et al. 1996). In
the present study, plasma volume decreased individually
during the marathon run, while the changes in mean
values were unaltered [)6.2 (7.5)%]. Pastene et al. (1996)
have interpreted this ®nding to indicate that water production and decomplexing of water linked to muscle and
liver glycogen could have compensated for a great part
of the water loss. The signi®cant increase in plasma

Acknowledgements The authors would like to express their gratitude to Ms. Marja-Liisa Romppanen, Ms. Pirkko Puttonen, Ms.
Ursula Salonen, Ms. Sirpa Roivas and Mr. Markku Ruuskanen for
their technical assistance during the measurements and data analysis. We would like to thank Professor Daniel Rama (Sano®
Recherch, Montpellier, France) for analyzing sTnI levels. This
study was supported by grant no. 171/722/96 from the Ministry of
Education, Finland. Finally, the authors declare that the experiments comply with the current laws in Finland.

References
Armstrong RB, Ogilvie RW, Schwane JA (1983) Eccentric exerciseinduced injury to rat skeletal muscle. J Appl Physiol 54: 80±93
Asmussen E, Bonde-Petersen F (1974) Apparent eciency and
storage of elastic energy in human muscles during exercise. Acta
Physiol Scand 92: 537±545
Avela J, KyroÈlaÈinen H, Komi PV, Rama D (1999) Reduced re¯ex
sensitivity persists several days after long-lasting stretch-shortening cycle exercise. J Appl Physiol 86: 1292±1300
Belli A, Rey S, Bonnefoy R, Lacour J-L (1992) A simple device for
kinematic measurements of human movement. Ergonomics 35:
177±186
Bergh U, SjoÈdin B, Forsberg A, Svedenhagen J (1991) The relationship between body mass and oxygen uptake during running
in humans. Med Sci Sports Exerc 23: 205±211
Bigland-Ritchie B, Woods JJ (1974) Integrated EMG and oxygen
uptake during dynamic contractions of human muscles. J Appl
Physiol 36: 475±479
Bosco C, Montanari G, Ribacchi R, Giovenali P, Latteri F, Iachelli
G, Faina M, Colli R, Dal Monte A, La Rosa M, Cortili G,
Saibene F (1987) Relationship between the eciency of muscular work during jumping and energetics of running. Eur J
Appl Physiol 56: 138±143
Bransford DR, Howley ET (1977) Oxygen cost of running in
trained and untrained men and women. Med Sci Sports 9: 41±
44
Buckalew DP, Barlow DA, Fischer JW, Richards JG (1985) Biomechanical pro®le of elite women marathoners. Int J Sport
Biomech 1: 330±347
Cavagna GA, Kaneko M (1977) Mechanical work and eciency in
level walking and running. J Physiol (Lond) 268: 467±481
Cavagna GA, Saibene FB, Margaria R (1965) Eect of negative
work on the amount of positive work performed by an isolated
muscle. J Appl Physiol 20: 157±158
Cleland C, Rymer W, Edwards F (1982) Force-sensitive interneurons in the spinal cord of the cat. Science 217: 652±655

304
Costill DL, Fox EL (1969) Energetics of marathon running. Med
Sci Sports 1: 81±86
Cureton KJ, Sparkling PB, Evans BW, Johnson SM, Kong UD,
Purvis JW (1978) Eect of experimental alterations in excess
weight on aerobic capacity and distance running performance.
Med Sci Sports Exerc 10: 194±199
Daniels JT, Yarbrough RA, Foster C (1978) Changes in VO2max
and running performance with training. Eur J Appl Physiol 39:
249±254
Dill DB, Costill DL (1974) Calculation of percentage changes in
volumes of blood, plasma, and red cells in dehydration. J Appl
Physiol 37: 247±248
Duchateau J, Hainaut K (1993) Behaviour of short and long latency
re¯exes in fatigued human muscles. J Physiol (Lond) 471: 787±799
Ebbeling CB, Clarckson PM (1989). Exercise-induced muscle
damage and adaptation. Sports Med 7: 207±234
Fenn WO (1923) A quantitative comparison between the energy
liberated and the work performed by the isolated sartorius
muscle of the frog. J Physiol (Lond) 58: 175±203
Guezennec CY, Vallier JM, Bigard AX, Durey A (1996) Increase in
the energy cost of running at the end of a triathlon. Eur J Appl
Physiol 73: 440±445
Hausswirth C, Bigard AX, Guezennec CY (1997) Relationships
between running mechanics and energy cost of running at the
end of a triathlon and a marathon. Int J Sports Med 18: 330±339
Hikida RS, Staron RS, Hagerman RC, Sherman WM, Costill DL
(1983) Muscle ®ber necrosis associated with human marathon
runners. J Neurol Sci 59: 185±203
Ito A, Komi PV, SjoÈdin B, Bosco C, Karlsson J (1983) Mechanical
eciency of positive work in running at dierent speeds. Med
Sci Sports Exerc 15: 299±308
Jordan J, Kiernan W, Merker HJ, Wenzel M, Beneke R (1998) Red
cell membrane skeletal changes in marathon runners. Int J
Sports Med 19: 16±19
Kaneko M, Ito A, Fuchimoto T, Toyooka J (1981) Mechanical
work and eciency of young distance runners during level
running. In: Morecki A (ed) Biomechanics VII-B. University
Park Press, Baltimore, pp 234±240
Kniki KD, Mense S, Schmidt RF (1978) Responses of group IV
aerent units from skeletal muscle to stretch, contraction and
chemical stimulation. Exp Brain Res 31: 511±522
Komi PV, HyvaÈrinen T, Gollhofer A, Mero A (1986) Man-shoesurface: special problems during marathon running. Acta Univ
Oul A 179: 69±72
Komulainen J (1994) Muscle water content and serum creatine
activity in exercise-induced damage. In: Reports of physical
culture and health. LIKES, Research Center for Physical Culture and Health. JyvaÈskylaÈ, Finland
KyroÈlaÈinen H, Takala TES, Komi PV (1998) Muscle damage induced by stretch-shortening cycle exercise. Med Sci Sports
Exerc 30: 415±420
Larue C, Calzolari C, Bertinchant JP, Leclercq F, Grolleau R, Pau
B (1993) Cardiac-speci®c immunoenzymometric assay of troponin I in the early phase of acute myocardial infarction. Clin
Chem 39: 972±979
Lindena J, Kupper W, Friedel R, Trauschold I (1979) Lymphatic
transport of cellular enzymes from the muscle into the intravascular compartment. Enzyme 24: 120±131
Mair J, Koller A, Artner-Dworzak E, Haid C, Wicke K, Judmaier
W, Puschendorf B (1992) Eects of exercise on plasma myosin
heavy chain fragments and MRI of skeletal muscle. J Appl
Physiol 72: 656±663
Mair J, Mayr M, MuÈller E, Koller A, Haid E, Artner-Dworzak E,
Calzolari C, Larue C, Puschendorf B (1995) Rapid adaptation
to eccentric exercise-induced muscle damage. Int J Sports Med
16: 354±358
Margaria R (1968) Positive and negative work performance and
their eciences in human locomotion. Int Z Angew Physiol 25:
339±351
Margaria R, Cavagna GA, Saibene FP (1963a) PossibilitaÁ di
sfruttamento dell'elasticitaÁ del muscolo contratto durante lÂesercisio muscolare. Boll Soc Ital Biol Sper 34: 1815±1816

Margaria R, Cerretelli P, Aghemo P, Sassi J (1963b) Energy cost of
running. J Appl Physiol 18: 367±370
Mayhew JL (1977) Oxygen cost and energy expenditure of running
in trained runners. Br J Sports Med 11: 116±121
McArdle WD, Katch FI, Katch VL (1996) Exercise physiology.
energy, nutrition, and human performance, 4th edn. Williams
and Wilkins, Baltimore, Maryland, USA
Newham DJ, McPhail G, Mills KR, Edwards RHT (1983) Ultrastructural changes after concentric and eccentric contractions of
human muscle. J Neurol Sci 61: 109±122
Nicol C, Komi PV, Marconnet P (1991a) Fatigue eects of marathon running on neuromuscular performance. I. Changes in
muscle force and stiness characteristics. Scand J Med Sci
Sports 1: 10±17
Nicol C, Komi PV, Marconnet P (1991b) Fatigue eects of marathon running on neuromuscular performance. II. Changes in
force, integrated electromyographic activity and endurance capacity. Scand J Med Sci Sports 1: 18±24
Nicol C, Komi PV, Marconnet P (1991c) Eects of marathon fatigue on running kinematics and economy. Scand J Med Sci
Sports 1: 195±204
Noakes TD, Myburgh KH, du Plessis J, Lang L, Lambert M, van
der Riet C, Schall R (1991) Metabolic rate, not percent dehydration, predicts rectal temperature in marathon runners. Med
Sci Sports Exerc 23: 443±449
Nuviala RJ, Roda L, Lapieza MG, Boned B, Giner A (1992) Serum
enzyme activities at rest and after a marathon race. J Sports
Med Phys Fitness 32: 180±186
OÂBrien MJ, Viguie CA, Mazzeo RS, Brooks GA (1993) Carbohydrate dependence during marathon running. Med Sci Sports
Exerc 25: 1009±1017
Pastene J, Germain M, Alleward AM, Gharib C, Lacour JR (1996)
Water balance during and after marathon running. Eur J Appl
Physiol 73: 49±55
Pullinen T, Leynaert M, Komi PV (1997) Neuromuscular function
after marathon. In: Book of abstracts. XVIth Congress of the
International Society of Biomechanics, Tokyo, Japan
Rama D, Margaritis I, Orsetti A, Marconnet P, Gros P, Larue C,
Trinquier S, Pau B, Calzolari C (1996) Troponin I immunoenzymometric assays for the detection of muscle damage.
Application to the monitoring of a triathlon. Clin Chem 42: 2033±
2035
Rotto DM, Kaufman MP (1988) Eect of metabolic products of
muscular contraction on discharge of group III and IV aerents. J Appl Physiol 64: 2306±2313
Rowell LB, Brengelmann GL, Murray JA, Kraning KK, Kusumi F
(1969) Human metabolic response to hyperthermia during mild
to maximal exercise. J Appl Physiol 26: 395±402
Saltin B, Hermansen L (1966) Esophageal, rectal and muscle
temperature during exercise. J Appl Physiol 21: 1757
Sorichter S, Mair J, Koller A, Gebert W, Rama D, Calzolari C,
Atrner-Dworzak E, Puschendorf B (1997) Skeletal troponin I as a
marker of exercise-induced muscle damage. J Appl Physiol 84:
1076±1082
Taylor CR, Heglund NC, Maloiy GMO (1982) Energetics and
mechanics of terrestrial locomotion. I. Metabolic energy consumption as a function of speed and body size in birds and
mammals. J Exp Biol 97: 1±21
Tuominen JA, Ebeling P, Bourey R, Koranyi R, Lamminen A,
Rapola J, Sane T, Vuorinen-Markkola H, Koivisto VA (1996)
Postmarathon paradox: insulin resistance in the face of glycogen depletion. Am J Physiol 270: E336±E343
Warhol MJ, Siegel AJ, Evans WJ, Silverman LM (1985) Skeletal
muscle injury and repair in marathon runners after competition.
Am J Pathol 118: 331±339
Williams K, Cavanagh P (1987) Relationship between distance
running mechanics, running economy, and performance. J Appl
Physiol 63: 1236±1245
Williams KR, Cavanagh PR, Zi JL (1987) Biomechanical
studies of female distance runners. Int J Sports Med Suppl 8:
107±118

