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ABSTRACT 
 
 
Vuorimaa, Timo 
Neuromuscular, hormonal and oxidative stress responses to endurance running 
exercises in well-trained runners 
Jyväskylä: University of Jyväskylä, 2007, 94 p. 
(Studies in Physical Education and Health, 
ISSN 0356-1070; 121) 
ISBN 978-951-39-2759-2 (PDF), 978-951-39-2740-0 (nid.) 
Diss. 
 
The aim of this study was to investigate to which type of running exercises well trained 
endurance runners respond more favourably with regard to acute neuromuscular and 
endocrinological responses and exercise-induced oxidative stress. It was hypothesized 
that these responses depend on the type of running exercise and relate to the physical 
characteristics. Altogether nine different running exercises and a long walking exercise 
were performed by a total of 88 male athletes. An intermittent exercise consisting of 
progressive 20 s runs decreased vertical jump performance in middle distance runners 
(MID), but improved it in marathon runners (MAR). An 18 – 24 min exhaustive test 
run, a 40 min intermittent run (IR) and a 40 min tempo run (TR), led to significant 
acute improvements in the vertical jump and half squat performance, simultaneously 
with a decrease in activation of the knee extensor muscles in well-trained endurance 
runners. The TR – induced improvement in half squat power correlated positively with 
the velocity associated with maximal oxygen uptake (VO2max) while the corresponding 
correlation in the case of IR was negative. IR resulted in a higher acute serum 
testosterone response and TR in a higher serum cortisol response in MID compared to 
MAR. The TR - induced increase in the molar ratio of serum testosterone to cortisol 
was the greater the higher the runners´ VO2max. Serum antioxidant capacity was shown 
to increase after three different endurance exercises of long duration in trained 
endurance athletes. An unexpected acute decrease in the moderately oxidized LDL was 
found after a low intensity 6h walking exercise but not after a 31-km intensive run or 
after a competitive marathon run. On the basis of the present results, it is likely that 
after intensive running the use of a different coordination strategy counteracts strength 
loss and even improves power in extension exercises performed vertically with both 
legs in well-trained endurance runners. It is also likely, that marathon runners respond 
more favourably to intensive continuous type of running with regard to acute leg 
extension power and hormonal changes while middle distance runners respond better 
to intermittent type of running. The present findings further suggest that, in well-
trained endurance athletes, an acute exercise of long duration and low intensity may 
not increase oxidized LDL-cholesterol and thus not cause oxidative stress.  
 
Key words: Endurance running exercises, well-trained runners, testosterone, cortisol, 
muscle power, muscle activation, oxidative stress, antioxidants 
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IR an intermittent run  
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the runs. 

LDL low-density lipoproteins 
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MART  maximal anaerobic running test 
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MID  middle distance runners 
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P mechanical power during a dynamic exercise and 

expressed in watts (W) 
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1 INTRODUCTION 
 
 
In endurance running technique does not limit performance to the same extent 
as in many other sports and high intensity can be maintained over long 
distances without obvious changes in technique. Therefore, physiological and 
biomechanical responses to endurance running exercises, to running induced 
fatigue, and to running training have inspired sport scientists, and have been 
studied extensively during the past decades. Most of the early studies 
concentrated on the behavior of the circulatory and respiratory systems (e.g. 
Hill and Lupton 1923) and on the limitations of energy production processes 
during different types of running exercises (e.g. Åstrand et al. 1960a,b and 
Christensen et al. 1960). Later, considerable attention has also been paid to 
changes in the neuromuscular system during and after running performances 
(e.g. Nicol et al. 1991a,b, Paavolainen et al. 1999b,c) and training (e.g. 
Paavolainen et al. 1999a).  It has been shown, that especially in middle distance 
running, both central factors related to oxygen uptake, and muscle power 
factors related to various neuromuscular and anaerobic characteristics, limit the 
performance in well-trained athletes (Noakes et al. 1990, Rusko et al. 1993, 
Paavolainen et al. 1999c). 

In order to improve the quality and specificity of training methods, it is 
important to understand both the responses to acute exercises and to training in 
a particular sport. It is well known that training programs of elite endurance 
runners usually consist of an early “aerobic base” component, complemented 
by high-intensity interval training sessions nearer to the competitive season 
(Laursen and Jenkins 2002). “Aerobic base” and marathon type of running 
performance have traditionally been trained mostly using continuous type 
submaximal running exercises, while high-intensity interval exercises have 
mostly been used to sharpen the performance of runners specialized for middle 
distances (Hawley et al. 1997). Since the early studies of Åstrand et al. (1960a,b) 
and Christensen et al. (1960), it is known that by working intermittently the 
target distance can be run faster than when compared to working continuously. 
This is associated with the use of myoglobin oxygen and phosphocreatine stores 
and their rapid recharging during the recovery periods (Åstrand 1992). On the 
other hand, running the same distance continuously is more strenuous but, at 
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the same, may be a greater training stimulus than running it intermittently. It 
has been suggested that during fast continuous running greater physiological 
strain associates with the inability of the circulatory and respiratory systems to 
provide oxygen sufficiently fast to fuel energy production in the active muscles 
concomitantly with the increased rate of lactate production (Åstrand 1992). 
Recently, this “cardiovascular / anaerobic model” has, however, been 
questioned and changes in prolonged running performance has been explained 
by regulative changes at the central nervous system level (“central governor 
model”) or changes in the muscle contractile functions (“muscle power model”) 
(Noakes 2001).  However, by using intermittent running it is possible to run 
longer at the target power output, e.g. at the velocity associated with VO2max 
(Billat et al.2000).  

A meta-analysis completed by Londeree (1997) has shown that continuous 
type of training may fail to elicit further performance improvements in already 
highly trained athletes and that some trained athletes tend to respond better to 
high-intensity interval type of training.  Therefore, exercise scientists have 
recently paid special attention to examining the physiological mechanisms 
behind high-intensity interval training sessions (e.g. James and Doust 1998, 
1999, Billat et al. 1999b).  It is well known that a single endurance running 
session could lead to a favourable performance development, if it sufficiently 
loads the respiratory and oxygen transport system concomitantly with acute 
positive physiological and neuromuscular responses. Exercise-induced acute 
anabolic activity and / or a shift to a more anabolic hormone environment have 
been considered as an example of a positive physiological response (e.g. 
Schwarz and Kinderman 1990, Häkkinen and Pakarinen 1993). It has been 
shown that after high intensity running remarkable exercise induced increases 
in serum concentrations of both testosterone (e.g. Kuoppasalmi et al 1976, 1980, 
Slowinska-Lisowska and Majda 2002) and cortisol (Kuoppasalmi et al 1976, 
1980, Kargotich et al. 1997) may take place and that they depend on the nature 
of the performed exercise (Galbo 1981).  

Although high rates of oxygen delivery to fuel energy production in the 
active muscle mass may be considered necessary in developing endurance 
running performance it may, at least in some circumstances, also cause 
unfavourable physiological changes. There is strong evidence, that when large 
amounts of oxygen are inhaled into the human body, increased release of pro-
oxidants may cause oxidative stress (Davies et al. 1982, Jenkins 1988) and harm 
various biological structures (Del Maestro 1980, Davies et al. 1982). The 
magnitude of this damage is suspected to relate to the intensity and duration of 
the exercise and the capacity of the antioxidant defence system of the athlete 
(Davies et al. 1982, Halliwell 1994, Haramäki and Packer 1994, Kujala et al. 
1996). 

Endurance running exercises also produce acute changes in muscular 
performance. The magnitude of these changes, usually a decrease in 
performance, related with muscle fatigue, has been shown to depend on the 
type of exercise performed (Viitasalo et al. 1982, Häkkinen 1993, Lepers et al. 
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2000a, Millet and Lepers 2004). A dramatic strength loss in the leg muscles has 
been demonstrated during running exercise of long duration (e.g. Nicol et al 
1991a). However, under some circumstances, e.g. after warming up and after 
short intense repetitions, intra-and inter-muscular factors like muscle twitch 
potentiation (Rassier and McIntosch 2000) and coactivation of synergist muscles 
(Gandevia 2001) may effect muscle strength output in the opposite direction. 
There is also some evidence that the acute effects of a running exercise on the 
performance of leg muscles depends on the physical characteristics and training 
history of the athlete. Lower and higher calibre male distance runners have 
differences in their muscular responses to a 10 km time trial (Paavolainen et al. 
1999b) and different muscular performance responses to intensive intermittent 
exercise have been documented between long distance and short distance 
runners (Paavolainen et al. 1994).  

Although much specific scientific data are available about the running 
exercise-induced changes in oxygen dependent metabolism, endocrinology, 
neuromuscular functions and oxidative stress, there is a lack of studies where 
all these parameters have been taken into consideration. The aim of the present 
series of studies was to examine the benefits of different types of endurance 
running exercises from an endocrine, neuromuscular and oxidative stress 
response view point, in well-trained marathon and middle-distance runners. It 
was hypothesized that the acute exercise-induced changes in muscular and 
physiological functions are related to the type of running exercise and to the 
physical characteristics and / or training background of an athlete. 



 

 

   

 

 
 
 
 
 
 
 
 
 
 
 
2 REVIEW OF THE LITERATURE 
 
 
2.1  Energy delivery in endurance running 
 
 
2.1.1 Energy delivery in middle and long distances is based on oxygen-

dependent metabolism 
 
According to the “Cardiovascular / Anaerobic model”, named and criticized by 
Noakes (2001), the performance capacity of human muscles is dependent on the 
continuous delivery of energy in the form of ATP. The utilization and 
production of ATP are delicately balanced, although in athletic performances 
the energy needs of the working muscles may increase dramatically, e.g. during 
middle distance running over 1000-fold in a couple of seconds (Newsholme 
1978, Bangsbo et al. 1990). 

The most important biochemical processes producing ATP in human cells 
are oxygen independent glycolysis of carbohydrates and the aerobic metabolic 
pathways for the metabolism of carbohydrates and free fatty acids (the citric 
acid cycle, beta-oxidation and the respiratory chain). The relative importance of 
these processes differs from tissue to tissue and depends on the functional and 
nutritional state of the body. The choice of fuel (carbohydrates vs. free fatty 
acids) and the amount needed depend on the type and duration of muscle work 
(Newsholme 1976, Bangsbo et al. 1990). 

It is well known that in prolonged athletic performances such as middle 
and long distance running ATP is produced mostly by oxygen-dependent 
metabolism in the mitochondria and that the performance is related to a great 
extent on the oxygen supply to these organs (e.g. Bassett and Howley 1997).  On 
the basis of the early findings of Hill and Lupton (1923), it was long accepted 
that oxygen consumption rises as an exponential function of running speed and 
that anaerobic metabolism begins after the athlete achieves either the absolute 
VO2max or an individual VO2 plateau at a certain running speed. Later, the role 
of oxygen-depended metabolism in prolonged exercises has been more 
critically discussed (e.g. Noakes 2001). On one hand, it is well documented that 
hypoxia develops in active muscles during an intensive exercise and causes 
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fatigue. Based on that, and agreeing with Hill and Lupton (1923), many 
scientists have suggested that it is the VO2max, which mainly limits the 
performance in prolonged muscle work as endurance running (Costill et al. 
1973, Foster et al. 1978, Davies and Thomson 1979, Joyner 1991, Basset and 
Howley 1997). On the other hand, and especially in the case of endurance 
running, it is suggested that the maximum achieved work rate rather than the 
VO2max is the best predictor of running potential (Scrimgeour et al. 1986, Lacour 
et al. 1990, Padilla et al. 1992, Yoshida et al. 1993, Grant et al. 1997). Recently, it 
has been shown that the lowest velocity by which VO2max can be achieved (the 
velocity associated with VO2max) and further the time to exhaustion at this 
velocity are good predictors of performance in elite long distance runners (Billat 
et al. 1994, 1996, 1999). Especially on longer distances and in athletes with 
similar VO2max values, the fractional utilization of VO2max (%VO2max) and/or the 
lactate or respiratory compensation (ventilatory) thresholds measured in the 
laboratory (Costill et al. 1973, Farrell et al. 1979, Aunola and Rusko 1986), are 
suggested to relate with prolonged running performance (Costill et al. 1973, 
Farrell et al. 1979, Kumagai et al. 1982, Tanaka and Matsuura 1984, Noakes et al. 
1990). Further, factors related with running economy have been linked to 
endurance running performance (Conley and Krahenbuhl 1980, Morgan et al. 
1989a) especially in high level runners and with similar VO2max values.  
 
2.1.2 VO2max and endurance running performance 
  
Based on the facts that oxygen-dependent metabolism delivers most of the 
needed energy in endurance running and that VO2max, measured in the 
laboratory, is a good indicator of aerobic work capacity, many running studies 
have propagated the idea that VO2max can predict how well any endurance 
runner will perform on the road or track (e.g. Costill 1967, Costill et al. 1973, 
Davies and Thompson 1979, Foster 1983, Bassett and Howley 1997, 2000). 
However, all these studies have looked at groups of athletes with quite different 
abilities, including the high level and the low level runners. Such an approach 
will, according to Noakes (2001), deliver only predictable results – slow runners 
achieve low VO2max values and fast runners higher VO2max values. In a 
homogeneous group of well-trained endurance runners, only low correlations 
between VO2max and endurance running performance are documented (Daniels 
et al. 1978, Conley and Krahenbuhl 1980, Noakes 1988, Morgan et al. 1989, 
Noakes et al. 1990). Therefore, VO2max seems not to be a sensitive predictor of 
endurance running performance when groups of athletes with similar 
endurance running results are studied (Costill and Winrow 1970a,b, Pollock 
1977, Conley and Krahenbuhl 1980, Noakes et al. 1990, Abe et al. 1998).  

Even the whole idea that intensive running exercises will cause hypoxia 
and that this hypoxia leads to fatigue and therefore limits endurance running 
performance has been questioned (Noakes 1988, 1998, 2001). The evidence for 
this criticism is based on the fact, that the plateau phenomenon and oxygen 
transport, as a limiting factor for VO2max (Hill and Lupton 1923, Basset and 
Howley 1997), have never really been proved (Noakes 1988, 1998).  Recently, it 
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has been more intensively suggested that neural activation have an important 
role as a determinant of endurance performance and VO2max. (Paavolainen et al. 
1999c, Noakes 2001). This hypothesis is based on the idea that an inability to 
properly activate the appropriate muscles or a failure in some excitation-
contraction process within the recruited fibers could limit running performance 
and thus prevent a runner to reach a high VO2 level (Noakes 2001).  According 
to some earlier studies (e.g. Mainwood and Renaud 1985, Green and Patla 1992) 
an increased H+ ion concentration could be the factor which may impair the 
contractile properties of the muscles during intensive exercising. Noakes (1988) 
presents that endurance running performance may not only be limited by 
central factors related to oxygen uptake, but also by a so called muscle power 
factor. Muscle power in this regard is linked to neuromuscular characteristics 
but not fully defined (Rusko et al. 1993, Rusko and Nummela 1996, Paavolainen 
et al. 1999c). 

It is hypothesized that a combination of heart and skeletal muscle factors, 
other than only the central cardiovascular and respiratory factors related to 
oxygen transport and utilization and/or factors regulating oxygen use by the 
active muscles alone, determine athletic potential in endurance running (Green 
and Patla 1992, Liefeldt et al. 1992, Noakes 1998, 1997). This suggestion is based 
on the fact that skeletal muscle function during intensive endurance exercise 
appears to be regulated and limited by different preventive reasons (Noakes 
1997). First, to prevent the development of muscle ATP depletion, which may 
cause irreversible skeletal muscle rigor (Lewis and Haller 1986, Spriet et al. 
1987). Second, to prevent cerebral hypoxia during exercise at altitude (Green et 
al. 1989, Kayser et al. 1994). Third, to prevent a catastrophic fall in blood 
pressure (Rowell et al. 1986), which could reduce perfusion of the diseased 
coronary arteries in chronic heart failure.  

 
2.1.3 Best runners are economical  

 
It is well known that there may be differences in the amount of oxygen athletes 
actually require when running at the same speeds and that these differences in 
running economy could be an important factor explaining differences in 
running performance in athletes with similar VO2max values (Costill and 
Winrow 1970b, Daniels 1974, Noakes 1988). It has been reported that in trained 
athletes running economy (VO2 at same submaximal running velocity) can 
differ by as much as 30% (Sjodin and Svedenhag 1985, Daniels and Daniels 
1992), which usually is far more than the documented difference in their best 
running results (Costill and Windrow 1970a, Daniels and Daniels 1992). 

It is documented that some of the very best athletes consume the least 
oxygen at the same submaximal running velocities near to the competition 
velocity, and thus seem to be the most economical endurance runners (Noakes 
1988, 2001). This finding is supported e.g. by Conley and Krahenbuhl (1980). 
They studied endurance runners whose best 10-km times were between 30,5 
and 33,5 min, and found that the runners who used the least oxygen at 
submaximal running speeds (14.5, 16.1 and 17.7 km . h-1), and were therefore 
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the most economical, had the fastest 10-km times. The high VO2max (above 67 ml 
. kg-1. min-1) only seemed to be a factor, which helped them to reach the high 
level performances not the factor controlling success in the 10-km race. This 
kind of finding may also be interpreted in a somewhat different way. To join 
the elite group of runners, the athlete needs a superior and efficient heart, 
which is able to achieve a high cardiac output at the maximum test to 
exhaustion (Noakes 2001). The high work rate demands a high rate of oxygen 
consumption that is interpreted as high VO2max. But, the exact VO2max value, 
that each athlete achieves (whether in laboratory or during racing), will be 
determined by his or her running economy, and it is independent of the exact 
peak work rate that is achieved (Noakes 1988). At the same maximal work rate, 
uneconomical runners (e.g. when the runner gets older) will have higher 
VO2max values, and economical runners will have lower values. Therefore, it 
could be concluded that the real predictor of performance is actually the 
achieved maximal work rate (running speed), and not the VO2max measured at 
that work rate (Noakes 2001).  

 
 

2.2  Neuromuscular characteristics and muscle power in 
endurance running 
 
 

2.2.1 Muscle activation and muscle power 
 

In middle distance running and during the final sprint in longer distances the 
running power exceeds maximal aerobic running velocity (Billat et al. 1995) 
and, in addition to loading aerobic pathways maximally, a large amount of 
energy is produced by anaerobic metabolism (e.g. Di Prampero et al. 1993). 
Especially in these situations, running performance may be limited by the 
neuromuscular characteristics and changes in neuromuscular functions 
(Noakes 1988, Green and Patla 1992). Inside the muscle fibers, disturbances in 
functions of sarcolemma and sarcoplasmic reticulum as well as regulatory and 
contractile proteins could theoretically regulate maximal endurance running 
performance (Green and Patla 1992). It has been shown that an exercise-induced 
inability to sustain calcium release from the sarcoplasmic reticulum would lead 
to lower activation levels and consequently to less force production. In 
addition, a prolongation of time required to remove the calcium from the 
cytosol would prolong the dissociation of the actin and myosin and result in a 
delay in the relaxation of the muscle during the recovery phase (Tate et al. 1991, 
Allen et al. 1992, Green and Patla 1992, Green 1997).  

It is well known, that the force output of muscle contraction depends on 
muscular, neural and mechanical factors (Komi 1986, Enoka 1988a, Green 1997). 
The myofibril cross-section area is related to maximal muscle strength so that 
larger muscles, as a result of an increase in fiber size, are able to produce greater 
force output than muscles with a small cross-sectional area (e.g. Sale et al. 1987). 
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However, a poor correlation exists between training-induced increases in 
strength and muscle size (Enoka 1988a) because strength performance is 
determined not only by quantity of the involved muscles but also by the ability 
of the nervous system to appropriately activate the muscles (Enoka 1988b, 
Häkkinen et al. 2000). Increased muscle activity (that more motor units have 
been recruited and/or motor units are firing at higher rates) can be observed as 
an increase in the integrated electromyographic activity (IEMG) (Enoka 1988, 
Häkkinen et al. 2000).  In addition to voluntary neural control, changes in reflex 
potentiation may affect to the muscle activation and muscle power during an 
athletic performance (Häkkinen and Komi 1983). 

During an athletic performance the velocity of action, type of action, and 
movement pattern could affect motor unit recruitment within a muscle (Sale 
1991). The power output and the efficiency of human performance are also 
related to elasticity and stretch reflexes in muscles and tendons (e.g. Komi 1984, 
1991, Enoka 1988b). It has been suggested that especially in fast running the 
nervous system plays an important role in regulating muscle stiffness and 
utilization of muscle elasticity during stretch-shortening actions (Aura and 
Komi 1986, Kyröläinen et al. 2005). 

 
2.2.2 Muscle structure 

 
The capacity to sprint and long distance running performances is suggested to 
be, at least partly, of genetic origin and dependant on individual differences in 
muscle structure (Abe et al. 2000) and relative proportions of fast- (FT) and 
slow- (ST) twitch fibers in the runners’ muscles (Komi et al. 1977, Komi and 
Karlsson 1979). Sprinters tend to have larger muscles with longer muscle 
fascicle lengths, which are a measure of the number of sarcomeres stacked end 
to end (in series) in their muscles (Abe et al. 2000). Especially African-American 
sprinters also seem to have a different muscle shape with greater muscle 
thickness in the upper parts of their muscles near where they originate from the 
skeleton (Abe et al. 1999, 2000). The pennation angle, which is a measure of the 
angle at which the muscle fibers insert into the tendons, is also less in sprinters 
than in distance runners (Abe et al. 2000).  

It is well known that endurance athletes have a higher proportion of ST 
fibers in their active muscle groups than sprint athletes (e.g. Gollnick et al. 1972, 
Costill et al. 1976). Muscles composed of greater percentage of FT fibers have 
greater muscle strength, a shorter electromechanical delay, a higher contraction 
velocity and shorter relaxation times compared to ST type muscles (e.g. 
Viitasalo and Komi 1981, Komi 1984). ST fibers have a longer cross-bridge cycle 
time and may therefore be able to better utilize long and slow stretches (Bosco 
et al. 1982). On the other hand, it is documented that some black African 
distance runners who perform best at distances from 5 to 42 km have more 
similar muscle fiber composition as found in white middle distance runners 
racing at distances up to 3 km (Weston et al. 1999). However, the black African 
runners seem to have a good resistance to fatigue and they are documented to 
be more economical, at least at high running velocities, than white runners 
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(Weston et al. 2000). Therefore, one possible explanation is that the fast twitch 
fibers of the black runners are fundamentally different from those of the white 
middle-distance runners and are characterized by extreme fatigue resistance 
(Noakes 2001).    

 
2.2.3 Running mechanics 

 
Distance running performance and running economy at different running 
velocities may also be influenced by stride characteristics and running 
kinematics such as; stride length and rate, ground contact times, ground 
reaction forces, joint and segment angles and movements of the trunk and arms 
(Williams 1985, Williams and Cavanagh 1987, Andersson 1996). Although it is 
suggested that the performance in distance running is related to a weighted 
sum of the influences of many kinetic and kinematic variables, the most 
relevant biomechanical factors of the running performance in elite distance 
runners are still unknown (Williams and Cavanagh 1987, Andersson 1996). It 
has been shown (Cavanagh and Williams 1982) that runners appear to choose 
the individual stride length at which they are most economical – that is, at 
which their oxygen uptake is the least for that particular running speed. When 
forced to take either shorter or longer strides but to maintain the same running 
pace, they become less economical and require an increased oxygen uptake.  

 
2.2.4 Development of muscle fatigue 

 
An acute decrease in force generating capacity during the exercise-induced 
development of fatigue has been well demonstrated and it is linked to both 
metabolic and neural changes (e.g. Moritani et al. 1990, Nicol et al. 1991a, 
Paavolainen et al. 1999b). In exercises of long duration, such as long distance 
running, two types of fatigue have been suggested to impair the neuromuscular 
performance (Gibson and Edwards 1985, Asmussen 1979). It can be of 
peripheral origin and related to an impairment of the function of the peripheral 
nerves, neuromuscular junction transmission, electrical activity of muscle fibers 
or failure of sarcolemma and sarcoplasmic reticulum in the excitation and 
contraction processes (Edwards 1981, Gibson and Edwards 1985, Green 1997). 
Central causes of fatigue include motivation, impaired signal transmission 
down the spinal cord and impaired recruitment of motor neurons (Asmussen 
1979, Gibson and Edwards 1985, Green 1997).   

Repeated stretch-shortening cycles during prolonged fatiguing exercises 
have been shown to decrease force production by reducing neural input to the 
muscle and the efficiency of the contractile mechanism (Gollhofer et al. 1987a,b, 
Moritani et al. 1990, Nicol et al. 1991a,b, Nummela et al. 1994). Paavolainen et 
al. (1999b) found that a 10 km test run led to a significant reduction in force 
production and velocity in a maximal 20 m run immediately after the 10 km test 
both in high and low caliber runners. Similar findings have been shown after a 
marathon race, where maximal sprint velocity and ground reaction forces 
decreased and ground contact times increased, suggesting a reduced tolerance 
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to stretch load as well as a loss in the recoil characteristics of the muscles (Nicol 
et al. 1991a). Because the ability to store and use elastic energy is affected by the 
velocity of the pre-stretch action, the coupling-time, velocity of stretch and 
muscle stiffness, the fatigue related failure in stiffness characteristics and longer 
transition time between the braking and propulsion phases could reduce the 
storage of elastic energy during the braking phase and thus reduce running 
efficiency (Dietz et al. 1979, Bosco et al. 1981, Komi 1984, Enoka 1988a, Nicol et 
al. 1991a). Although some fatigue-induced changes in neuromuscular functions 
have been observed after strenuous prolonged runs submaximal running does 
not necessarily result in marked changes in running kinematics during or after 
the exercise (Williams et al. 1991).  

 
 

2.3  Definition and characteristics of endurance running exercises 
 

 
2.3.1 Exercise models 

 
In training of endurance running performance several different exercise models 
at different intensities have been used successfully although they are not based 
on scientific findings and documented in scientific publications.  The successful 
training usually is a mixture of slow continuous type of exercises and of faster 
intermittent type of exercises. Daniels (1998) has presented a model of the six 
training intensities that he considers most effective in enhancing running 
performance: 1) easy / long pace (continuous runs at an intensity of about 70% 
VO2max), 2) marathon pace (continuous runs at a marathon pace), 3) threshold 
pace (continuous runs or long repetitions at an intensity of about 88-90% 
VO2max), 4) interval pace (intermittent runs at the speed that can be maintained 
for 10 to 15 minutes in a race situation), 5) repetition pace (intermittent runs 
faster than VO2max pace), 6) rest.  

Pfitzinger and Douglas (1999) have provided another approach to the 
training of serious distance runners and described five components of training: 
1) Short, fast speed work to improve “leg turnover and running form”. 2) 
Longer repetitions of 2 to 6 minutes at 3- to 5-km race pace to improve the 
VO2max. 3) Tempo runs of 20 to 40 minutes at 10-mile (16km) race pace to 
increase the lactate threshold. 4) Long runs to build endurance. 5) Easy recovery 
runs to allow a maximum effort on the hard training days.   

Burfoot and Billing (1985) present that optimum training is achieved by 
including regular runs at three different intensities. First, long runs at intensities 
between 56% and 75% VO2max, which correspond to the pace below that at 
which a runner runs the marathon. The purpose of these runs is to improve 
running efficiency.  Second, they prescribe a once-a-week run of 5 to 10 km at 
85% VO2max to shift the lactate turnpoint to a higher percentage VO2max. This 
exercise intensity corresponds to the speed an athlete can maintain during races 
of 10 to 21 km. It is not necessary to run the 5 to 10km of this session 
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continuously. Rather the authors suggest that this type of running exercise 
should be run on the track or road as series of repeat runs of 2 to 3km.  Finally, 
Burfoot and Billing (1985) suggest once-a-week a running exercise performed at 
an intensity eliciting VO2max. This intensity corresponds to the speed at which 
an athlete can run a 3 km race. They suggest 3 to 6 x 800m or 8 to 12 x 400m for 
a competitive runner.  
 
2.3.2 Continuous versus intermittent exercises 

 
In scientific studies, running exercises are usually classified into continuous and 
intermittent exercise models (Laursen and Jenkins 2002). Continuous exercises 
are usually performed at submaximal velocities / intensities under the lactate 
threshold (anaerobic threshold) while intermittent runs are performed at higher 
velocities / intensities (Daniels and Scardina 1984, Billat et al. 2000, Laursen and 
Jenkins 2002).  

The training programs undertaken by highly trained endurance runners 
usually consist of an early “aerobic base” component, complemented by high 
intensity intermittent training sessions nearer to the competitive season 
(Laursen and Jenkins 2002). The “aerobic base” training consists mainly 
submaximal (continuous) running exercises and only a minimal amount of high 
intensity intermittent runs (Laursen and Jenkins 2002).  

For highly trained athletes it is problematic that most scientific advice on 
training principles is based on studies completed with previously untrained or 
recreationally active individuals (Laursen and Jenkins 2002).  It has consistently 
been shown that submaximal endurance training in previously untrained 
individuals will increase plasma volume (Green et al. 1987,1990), oxygen 
delivery to exercising muscles (Green et al. 1990, 1991a), and utilization of 
oxygen by the working muscles (Green et al. 1991b, 1992,). However, changes in 
these variables do not occur when already highly trained athletes increase the 
volume of their submaximal training (Costill et al. 1988, Henriksson 1992). It 
has even been suggested, that there is a critical VO2max value at a level of 60 ml . 
kg-1. min-1. Once an individual has reached this level, endurance performance is 
not improved by a further increase in submaximal (continuous) training 
volume (Londeree 1997). 

Changes in VO2 during typical middle distance (intermittent) exercises 
have been shown to depend on different intermittent work and rest 
modifications, although the subjects have seldom been well-trained athletes 
(Åstrand et al. 1960a, Christensen et al. 1960, Lindsay et al. 1996, Tabata et al. 
1997). With regard to muscle power factors, corresponding changes between 
different intermittent exercise modifications have not been well documented. 
However, it has been suggested that especially the performance of trained 
middle distance runners may benefit from fast intermittent exercises (Daniels et 
al. 1978, Gullstrand and Lawrence 1987, Noakes et al. 1990) 
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2.3.3 Modifications of intermittent exercises 
 

Recently, the running velocity associated with VO2max, which corresponds to the 
velocity of a 3000-5000 m race, has been described to be a suitable training 
intensity for middle distance running (Hill and Rowell 1997). It may be 
considered especially effective, provided that the skeletal muscle contractility, 
running efficiency and oxygen delivery could be maintained at high level 
(Hultman and Spriet 1986, Noakes 2001). 

One of the oldest studies (Christensen et al. 1960) of intermittent muscle 
work has shown that at the intensities exceeding the maximal oxygen uptake, 
intermittent exercises can be performed without blood lactate accumulation and 
muscle fatigue if the duration of the exercise bouts are not longer than 30 
seconds. This is possible through unloading of myoglobin oxygen and 
phosphocreatine stores and their rapid recharging during the recovery periods 
(Åstrand 1992). If the duration of high intensity exercise bouts (and rest 
periods) is lengthened the physiological strain will increase and the desired 
exercise can only be accomplished at a great effort (Åstrand et al. 1960a). When 
the intensity of intermittent exercises does not exceed maximal aerobic power 
(3000-5000m competitive pace) the physiological strain will be lower and 
obviously at least 60 second exercise bouts could be run with a moderate effort 
and without remarkable muscle fatigue and decrease in muscular performance 
(Billat 2001, Laursen and Jenkins 2002).    

Despite the fact that coaches have long used high intensity intermittent 
exercises to improve the performance of their elite endurance athletes (Hawley 
et al. 1997), exercise scientists have only recently sought to understand the 
physiological mechanisms behind the practice (Laursen and Jenkins 2002). As 
stated earlier by Åstrand and Rohdahl (1986) and later by Billat (2001) it is an 
important, but still unsolved question, which type of training is most effective: 
to maintain a level representing 80-90% of the VO2max for 30-50 minutes, or, to 
exercise at the level of about 100% of the VO2 capacity for 10-20 minutes? In 
addition to the longitudinal studies focusing on this question, it is important to 
determine the acute metabolic response solicited by the different interval 
training protocols used by trainers (Daniels et al. 1986).  

In middle distance running, the role of cardiorespiratory fitness should be 
examined critically. Even if optimal improvement in cardiorespiratory fitness is 
thought to occur from training at an intensity corresponding to 90 to 100% of 
VO2max, this central factor of performance (Åstrand and Rodahl 1986) is not the 
only one to induce improvement in running performance. Consequently, time 
spent at VO2max is not the only parameter to be taken into account to judge the 
efficiency of a certain pattern of interval training, when trying to improve 
performance in middle distance running (Billat 2001). 
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2.4  Muscle activation and muscle performance responses to 
endurance running exercises 

 
 
2.4.1 Exercise-induced strength loss  

 
Different types of intensive or prolonged physical exercises produce acute 
changes in muscular performance. The magnitude of these changes, usually a 
decrease in performance, related to different types of fatigue, differs according 
to the types of contraction involved, the muscle groups tested and the exercise 
duration / intensity (Viitasalo et al. 1982, Kraemer et al. 1990, Häkkinen 1993, 
Lepers et al. 2000a, Millet and Lepers 2004, Izquierdo et al. 2006). After an 
exercise of long duration, isometric strength loss has been reported to increase 
in a non-linear way with the exercise duration (Nicol et al. 1990a,b, Lepers et al. 
2000b, Millet et al. 2002, Millet et al. 2003, Millet and Lepers 2004, Place et al. 
2004) and the strength loss seems to be lower in concentric than in isometric or 
eccentric contractions (Lepers 2000b, Millet and Lepers 2004).   

The role of central fatigue in neuromuscular perturbation has been studied 
using the twitch interpolation technique, the ratio of the EMG signal during 
maximal voluntary contraction normalized to the M-wave amplitude or the 
comparison of forces achieved with voluntary and electrically-evoked 
contraction (Millet and Lepers 2004). In addition, peripheral fatigue has been 
studied by measuring changes in muscle performances associated with changes 
in various physiological parameters. This has been done to find out to what 
extent the strength loss results from a decreased neural input to the muscles, 
and / or, to a failure in the contractile mechanism of the working muscles 
(Lepers et al. 2000a,b, Rassier and MacIntosh 2000, Gandevia 2001, McIntosh 
and Rassier 2002, Place et al. 2004).  

 
2.4.2 Counteracting exercise-induced strength loss 

 
While a dramatic strength loss of leg muscles has been demonstrated during 
exercises of long duration by many authors, it is also known that under some 
circumstances intra- and inter-muscle factors like muscle twitch potentiation 
(Rassier and MacIntosh 2000) and coactivation of synergist muscles (Gandevia 
2001) may at least partly counteract strength loss during a prolonged exercise. 
A brief period of repetitive stimulation is known to result in enhanced 
contractile response of a muscle (Rassier and MacIntosh 2000), while 
coactivation synergism is assumed to occur predominantly under conditions of 
high load and increases with the duration of exercise (Sirin and Patala 1987).  
There is also some evidence that the acute effects of a running exercise on the 
performance of leg muscles depend on the physical characteristics and training 
history of the athlete. The muscular performance responses to intensive 
intermittent exercise are different in long distance runners compared to runners 
adjusted to shorter distances (Paavolainen et al. 1994). Lower and higher calibre 
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male distance runners also seem to have differences in their muscular responses 
to a 10 km time trial (Paavolainen et al. 1999b).  

It is also well known, that fatigue is delayed in an intermittent compared 
to a continuous type of exercise. Long distance runners have been 
demonstrated to double the total distance covered at the velocity associated 
with maximal oxygen consumption in intermittent running (2 min running 
bouts / 2 min rest) compared with continuous running at the same velocity 
(Billat 2001). This is possible through the unloading of myoglobin oxygen and 
phosphocreatine stores and their rapid recharging during the recovery periods 
(Åstrand 1992). Besides the metabolic differences, the repeated running bouts of 
short duration obviously also effects muscular performance differently 
compared to a prolonged continuous running exercise. During the initial phases 
of a progressive and intermittent anaerobic running tests (Paavolainen et al. 
1994) counter movement jumping performance has been shown to remain 
unchanged or even to improve although after prolonged running of long 
duration it has been reported to decrease by about 10 % (Lepers et al. 2000b).  

 
 

2.5  Effects of physical exercise on adrenal and testicular functions 
 
 

2.5.1 Acute adrenal and testicular responses to different type of endurance 
running exercises 
 

It is well known that hard physical training sessions induce remarkable acute 
hormonal responses on the pituitary-testicular axis (testosterone, LH, FSH) and 
adrenal cortex (cortisol) (Sutton et al. 1973, Galbo et al. 1977, Galbo 1981, 
Schmid et al. 1982). The hormonal secretion involved in these endocrine organs 
has been studied during and immediately after single bouts of exercise in 
numerous strength and endurance training protocols (e.g. Schwarz and 
Kinderman 1990, Jensen et al. 1991, Häkkinen and Pakarinen 1993, Vasankari et 
al. 1993a,b, Kenefick et al. 1998). An exercise-induced shift in the hormonal 
environment towards an anabolic or catabolic direction, has been evaluated by 
comparing the changes in serum testosterone and other anabolic hormones, e.g. 
dehydroepiandrosterone (DHEAS), to the changes in serum cortisol (Kenefick 
et al. 1998, Gorostiaga et al. 2004, Daly et al. 2005, Tremblay et al. 2005). 

In the case of low intensity and continuous type of running, the ratios of 
anabolic hormones to cortisol has been reported to depend on the exercise time: 
after 40-min of running the ratio is greater compared to the pre-exercise level 
while beyond 80 min of running there is a shift to a catabolic hormonal 
environment (Tremblay et al. 2005). After high intensity running remarkable 
exercise-induced increases in the serum concentrations of both cortisol (e.g. 
Kargotich et al. 1997) and testosterone (e.g. Slowinska-Lisowska and Majda 
2002) have been documented and been shown to depend on the exercise 
intensity (Galbo 1981).   
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The concentration of serum cortisol has been shown to increase at the 
work loads exceeding 50-60% of VO2max and the increase is documented to be 
due to increased secretion of the hormone (Galbo 1981). At work intensities 
below 50% VO2max, the cortisol concentration in serum usually decreases 
because the rate of removal of cortisol from plasma is higher during exercise 
than at rest, while the secretion rate at low work loads tends to be lower than at 
rest (Galbo 1981). Serum cortisol concentration especially seems to respond 
differently to anaerobic compared to aerobic exercises (Kindermann et al. 1982, 
Hackney et al. 1995), but also depends on various other types of stress factors 
(Berson and Yallow 1968). 

The concentration of serum testosterone has been shown to increase 
during high intensity exercises, defined as an exercise intensity exceeding 80% 
of VO2max (Sutton et al. 1973, Schmid et al. 1982, Slowinska-Lisowska and Majda 
2002) while short term exercises performed at intensities lower than 35% VO2mx 
seem not to affect serum testosterone (Sutton et al. 1973, Galbo et al. 1977, 
Tremblay et al. 2005). The change in the serum testosterone concentration 
during exercise can be caused by a change in the production rate, altered 
binding or changed clearance (Cumming et al. 1989). During short term 
exercise, the increase in serum testosterone concentration is not usually 
associated with a preceding LH spike (Cumming et al. 1986). Therefore, it has 
been suggested that several nonendocrine mechanisms, including increased 
activation of sympathetic nervous system (Sutton et al. 1974), could lead to an 
exercise-induced increase in serum testosterone concentration (Cumming et al. 
1989). A decreased plasma volume is one possible explanation to the increased 
testosterone concentration during exercise (Galbo et al. 1977, Kindermann et al. 
1982). Reduced metabolic clearance may also increase the testosterone levels 
during exercise (Jensen et al. 1991). However, other steroid hormones, e.g. 
androstenedione and dehydroepiandrosterone have been shown to increase 25 
to 30 min after the start of the testosterone rise during exercise (Cumming et al. 
1986) and this difference in the time responses suggests that also other 
mechanisms are involved as far as testosterone is concerned.   

During intensive exercises of long duration (more than 2h) serum 
testosterone has usually been shown to decrease (e.g. Morville et al. 1979, 
Schmid et al. 1982, Tremblay et al. 2005). At the same, the concentration of 
serum gonadotropins has either been reported to be unchanged (e.g. Terjung 
1979, Galbo 1981) or decreased, provided that the duration of intense exercise is 
long and sufficient analysis methods are used (Vasankari et al. 1993a,b). It has 
been concluded that in the case of prolonged exercises of long duration and 
high intensity, the exercise-induced decrease in circulating testosterone may, at 
least partly, be caused by regulative changes within the hypothalamic-pituitary 
axis (Vasankari et al. 1993a,b)     
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2.5.2 Individual variation in adrenal and testicular responses 
  

It is suggested that the activity of the pituitary-adrenocortical system during 
short-term intensive exercise may be affected differently in subjects of high and 
low level of physical fitness (Kuoppasalmi et al. 1976) and depending on the 
training background of athletes, hard endurance type exercises may have 
different effects on circulating anabolic and catabolic hormones. A prolonged 
exercise has been shown to increase both serum testosterone and cortisol, in 
subjects of high and low work capacities (Sutton 1978), although large inter-
individual variability may exist in the exercise-induced responses of both 
hormones (Viru et al. 1992). After prolonged exercises serum cortisol 
concentration has been shown to increase more in non-athletes compared to 
conditioned male athletes (Mathur et al. 1986, Vasankari et al. 1993a). Some 
evidence also suggests that a hard endurance type exercise may result in serum 
testosterone concentration to behave differently in the less-fit subjects than in 
the trained subjects (Remes et al. 1985, Vasankari et al. 1993a). On the basis of 
this, it is suggested that the activity of the pituitary-adrenocortical system may 
be a good indicator of the effort expended during intensive prolonged exercise 
(Kuoppasalmi et al. 1980).   

It is well known that both elite middle distance runners and marathon 
runners run high mileages in their daily training, but have adjusted differently 
to fast intermittent or slow continuous types of running exercises (Noakes 
2001). Due to different training background and / or genetic differences middle 
distance runners are faster and have more developed anaerobic capacity 
compared to marathon runners who have more developed aerobic capacity 
(Noakes 2001, Arrese et al. 2005). It has also been shown that the capability of 
the neuromuscular system to produce force rapidly during prolonged running 
is related to the physical characteristics / performance level of the runners 
(Paavolainen et al. 1999b). It is obvious that, besides the differences in muscular 
responses, these types of running exercises also stimulate the endocrine system 
and the hormonal secretion involved in the pituitary-testicular axis 
(testosterone, LH, FSH) and adrenal cortex (cortisol) differently in middle 
distance runners when compared to marathon runners.   

  
2.6  Exercise induced acute oxidative stress and antioxidant 

defence 
 
 

2.6.1 Free radicals and oxidative damage 
 

During acute physical exercise large amounts of oxygen are inhaled into the 
human body.  Oxygen consumption in the working peripheral skeletal muscle 
tissue may increase even 20-fold during intensive endurance exercising (Brooks 
and Fahey 1984). It is well known that prolonged aerobic training has many 
positive effects on human cardiorespiratory function and lipid metabolism, e.g. 
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a reduction in the level of plasma triglyceride and an increase in the level of 
HDL cholesterol (Durstine and Haskell 1994). However, there is also strong 
evidence that the pro-oxidants released during a single bout of heavy and 
exhausting exercise may cause oxidative stress (Davies et al. 1982, Jenkins 1988) 
and harm various biological structures (Dillard et al. 1978, Del Maestro 1980, 
Davies et al. 1982, Brooks and Fahey 1984).  

The magnitude of oxidative damage may be related to the power of the 
pro-oxidant attack (intensity and duration of physical exercise) and the capacity 
of the individual exerciser’s antioxidant defence system (Davies et al. 1982, 
Halliwell 1994, Haramäki and Packer 1994, Kujala et al. 1995). It has been 
suggested that oxidative stress associated with exercise is better tolerated by 
trained subjects working at moderate intensity and not to exhaustion (Alessio 
1993). Direct measurement of free radical signals can be made by electron spin 
resonance and indirect measures include e.g. mitochondrial membrane damage, 
conjugated dienes, hydroperoxides, thiobarbituric acid reactive substances, 
short chain hydrocarbons, and oxidized nucleosides (Alessio 1993).  

 
2.6.2 Methods of measuring exercise-induced oxidative stress and antioxidant 

defence 
 

The oxidative damage sustained by lipoproteins has been measured by a 
number of methods (Slater 1985). Serum diene conjugation has been found to be 
a useful method to estimate the level of lipid peroxidation (Vasankari et al. 
1995). It measures the early events of lipid peroxidation and might, therefore, be 
less sensitive to the numerous compensatory antioxidative mechanisms that 
occur in the organism and are a problem in some other measurements (e.g. 
thiobarbituric acid reactive material and fluorecent chromolipids); these 
methods measure end products of lipid peroxidation rather than the early 
phases of the process. However, all these commonly used analytical methods 
have some limitations and the main analytical question is unresolved. In 
addition to the influences of methodology, exercise intensity, training, 
nutritional status, and delayed-onset of lipid peroxidation after exercise might 
be responsible for inconsistency of results (Davies et al. 1982, Haramäki and 
Packer 1994, Ji 1995). 

A prolonged exercise program also seems to enhance the antioxidant 
defences of the human body (Halliwell 1994, Haramäki and Packer 1994), which 
have been reflected by changes in serum and LDL antioxidant potential 
(Vasankari et al. 1998).  Contradictory findings have been reported in top soccer 
and basketball players by elevated titers of autoantibodies against oxidized 
LDL (Pincemail et al. 2000). 

 
2.6.3 Oxidized LDL as an indicator of exercise-induced oxidative stress 

 
Oxidative modification of LDL plays a special role in oxidative stress studies, 
because oxidized LDL is strongly associated with atherosclerosis, including 
coronary artery diseases (Steinberg 1994, Witztum 1994). It has been found that 
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several years of intensive physical training (Kujala et al. 1996) as well as a 10-
month exercise program (Vasankari et al. 1998) is associated with reduced 
oxidized LDL, reflected by low levels of baseline LDL diene conjugation (LDL-
BDC). 

There is only limited information on the effects of a single bout of 
prolonged exercise on LDL oxidation. It is not known whether the low LDL-
BDC in veteran endurance athletes that has been demonstrated in the study of 
Kujala et al. (1996) is caused by a single endurance exercise.  It is known that a 
single bout of ultra-endurance exercise reduces the susceptibility of lipids to 
peroxidation (Ginsburg et al. 1996). It is also known that a short period of 
submaximal exercise (i.e. < 70% VO2max), but not maximal exercise of the same 
duration, reduce free radical generation and lipid peroxidation as evaluated by 
plasma malonaldehyde formation (Lovlin et al. 1987). This fragmentary 
information suggests that there are positive lipid and lipoprotein changes 
associated with acute bouts of exercise and that these changes seem, at least 
partly, to be connected to the duration and intensity of the exercise. During 
prolonged exercises carbohydrate ingestion is commonly used to prevent 
depletion of muscle glycogen and possible muscle fatigue associated to it. 
However, contradictory findings have been presented about the role of 
carbohydrate ingestion in preventing the possible exercise induced oxidative 
stress (Mooradian et al. 1994, Vasankari et al. 1998). 



 

 

   

 

 
 
 
 
 
 
 
 
 
 
 
3 THE PURPOSE OF THE STUDY 
 
 
The present series of studies investigated acute neuromuscular, hormonal and 
oxidative stress responses to different type of endurance running exercises in 
well-trained athletes.  In order to find out whether the endurance runners have 
specific responses to different exercises with regard to intensity, duration and 
model, ten different endurance running exercises were studied. It was 
hypothesized that the acute exercise-induced changes in muscular and 
physiological functions are related to the type of running exercise and to the 
physical characteristics and/or training background of an athlete. 
 
Special attention was given to providing answers to the following questions: 
 

1) Does physiological strain and the aerobic energy released vary when the 
duration of running and recovery bouts is changed in an intermittent run 
of the same duration and intensity (II)? 

  
2) What is the effect of a single maximal or submaximal endurance running 

exercise on muscle power and muscle activation in extension exercises 
performed vertically with both legs? 

 
a) Are acute muscle activation (III) and muscle performance (I, II, III) 

responses specific to the type of intermittent (I, II, III) and 
continuous (III) running in well-trained endurance runners? 

 
b) Do an intensive continuous run (III) and three different variations 

of intensive intermittent runs (I, II, III) have different acute effects 
on leg extension performances and muscle activation in athletes 
with different training backgrounds? 

 
3) Do acute serum testosterone and cortisol responses differ between 

intermittent and continuous type of hard running exercises and between 
well-trained middle distance and marathon runners (IV)? 
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4) Does a single endurance running exercise of long duration cause acute 
oxidative stress in well-trained athletes? 

  
a) What are the acute effects of an endurance exercise of a long 

duration on oxidation of lipids and antioxidant functions in LDL 
and serum (V, VI)? 

     
b) Is the exercise-induced oxidative stress and changes in antioxidant 

defense different after an intensive 31-42-km run compared to a 
low intensity walking exercise of long duration (V, VI)? 



 

 

   

 

 
 
 
 
 
 
 
 
 
 
 
4 MATERIAL AND METHODS 
 
 
4.1  Subjects 
 
A total of 88 male competitive and keep-fit runners volunteered as subjects for 
this study.  The training background of the subjects were as follows: 5 were 
competitive sprinters engaged in regular sprint training (I), 26 were competitive 
middle distance runners engaged in middle distance type of training (I, II, III, 
IV), 25 were competitive marathon runners engaged in marathon type of 
training (I, III, IV, V), and 32 physically active keep-fit runners (V, VI). In 
studies III and IV, 20 of the subjects (10 middle distance runners and 10 
marathon runners) were the same. Some characteristics of the subjects are 
summarized in table 1. 
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TABLE 1  Mean (+ SD) age, height, body weight and VO2max of the subject groups. Ranges 
of the personal best results in different events are also shown. 

 

  
No medication was taken by the subjects, which would have been expected to 
affect physical performance.  All procedures were performed in accordance 
with the Declaration of Helsinki on the use of human subjects.  After provision 
of written and oral information regarding the possible risks and discomforts of 
the study all subjects gave their written consent before participation. 
 
 
4.2  Study designs 
 
 
The experimental designs of the present studies comprised ten different type of 
maximal and submaximal endurance running exercises to study acute 
neuromuscular, hormonal and oxidative stress responses in well trained 

Study / subjects (n) Age Height  Body weight VO2max Personal best
(years) (cm) (kg) (ml.kg-1.min-1) (h:min.sec)

STUDY I
Marathon runners (6) 27.8 + 3.4 179 + 5 64.9 + 3.3 73.2 + 3.4 42.2km: 2:17.00 - 2:24.00

Middle distance 24.1 + 2.5 184 + 4 72.0 + 2.6 63.0 + 2.7 800m: 1.47,00 - 1.52,00
runners (5)
Sprinters (5) 24.9 + 2.6 183 + 5 78.8 + 2.0 60.4 + 2.2 100m: 10,9 - 11,6

STUDY II
Middle distance  
runners (10) 22.0 + 3.2 178 + 5 66.7 + 7.6 69.4 + 5.1 5000m: 14.16,2 - 15.18,2

STUDY III
Middle distance and
marathon runners (22) 24.3 + 3.7 179 + 3.6 65.4 + 4.2 74.2 + 4.4 5000m: 13.28,2 - 15.32,0 

STUDY IV
Marathon runners (10) 28.0 + 4.4 176 + 7 61.1 + 4.6 75.7 + 3.6 42,2km: 2:15.02 - 2:30.25 

Middle distance 21.2 + 2.0 181 + 3 68.8 + 4.6 70.4 + 5.3 800m: 1.48,5 - 1.56,5
runners (10)

STUDY V
Marathon runners (8) 31.3 + 3.2 173 + 5 60.4 + 3.4 - 42,2km: 2:12:00 - 3:37:00

Keep-fit marathon 39.0 + 8.8 178 + 6 73.1 + 11.5 - 42,2km: 2:23.00 - 4:50:00
runners (22)

STUDY VI
Endurance athletes (10) 23.3 + 3.4 1772 + 6 75.4 + 4.1 - 12min run: 3150 - 3650m
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endurance runners. The experimental protocols and primary measurements 
performed in studies I-VI are summarized in table 2. 
 
(I)  
Three groups of competitive runners (6 marathon runners, 5 middle distance 
runners, and 5 sprinters) performed three modifications of the maximal 
anaerobic running test (MART) in a random order with 1 week between the 
tests.  One week before the first MART modification the following performance 
determinants were measured:  Maximal 20-m running speed with a flying start 
(V20m max) on an indoor track, maximal vertical jumping height (CMJmax) on 
a contact mat and maximal oxygen uptake (VO2max) on a treadmill.  

The MART tests consisted of n sets of 1 .20-s (= MART1), 3 .20-s (=MART3) 
and 5 .20-s (=MART5) runs on a treadmill with a 40-s recovery between the 
repetitions and 100-s recovery between the sets. 
 
(II) 
A group of 10 well-trained male middle distance runners first performed a 
pretest consisting of a velocity-incremented treadmill test to exhaustion to 
determine the maximal oxygen uptake (VO2max) and the velocity associated 
with VO2max (vVO2max). After that, in order to compare aerobic and anaerobic 
energy release and muscular performance in different interval exercises, they 
performed two intermittent running exercises (IR60 and IR120) on a treadmill, at 
intervals of one week, in random order. The pretest and intermittent exercises 
were done at the same time of the day for each subject and were preceded by 
three days without strenuous exercise and a 5-km warm-up run. The IR60 
exercise consisted of 14 bouts of 60-second runs at vVO2max with 60-seconds rest 
between the runs. Correspondingly, the IR120 test consisted of 7 bouts of 120-
second run at vVO2max with 120-second rest between the runs. 
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TABLE 2 Summary of the exercise protocols and measurements during and after the 
experimental endurance running exercises 

 
 
 
 

VO2max

Velocity associated with 
VO2max

Mechanical power in half 
squats EMG

From 50% 
up to 100%

18-24 minn x 2 min, 
progressive 
intensity until 
exhaustion 

I, II, III, 
IV

Maximal 
VO2max test 
run

fast walking

a) 31 km training 
run 
b) 42,2 km 
marathon race

40 min constant 
velocity training 
run

7 x 2 min/2 min 
recovery

10 x 2 min / 2 min 
recovery

14 x 1 min/1 min 
recovery

a) n x 20 s/100 s 
recovery, 
progressive 
intensity until 
exhaustion
b) n x 3 x 20 s/100 s 
recovery, 
progressive 
intensity until 
exhaustion

Exercise 
description

6 h

1h 50min

2h 42min-
5h 10min

40 min

28 min

40 min

28 min

18-30 min

42-54 min

Total 
duration

Maximal vertical jumps
Blood lactate
Oxygen deficit 
Maximal vertical jumps 
Mechanical power in half 
squats EMG
Serum testosterone, 
cortisol, LH and FSH 
concentrations

100%

100%

II

III, IV

Intermittent 
running 
exercise 
consisted of 
2 min 
repetitions

LDL oxidation
Serum antioxidant 
concentrations
Serum antioxidant 
capacity

LDL oxidation
Serum antioxidants
Serum antioxidant 

capacity

Maximal vertical jumps 
Mechanical power in half 
squats EMG
Serum testosterone, 
cortisol, LH and FSH 
concentrations

Maximal vertical jumps
Blood lactate
Oxygen deficit

Maximal vertical jumps
Blood lactate
Maximal running power

Primary measurements 
during and after the 
exercises

VI

V

III, IV

II

I

Original 
paper

Intensity 
(% 
vVO2max)

Exercise type 

35-45%Continuous 
walking 
exercise

70-85%
80%

Continuous 
running 
exercise

80%Continuous 
running 
exercise

100%Intermittent 
running 
exercise 
consisted of 
1 min 
repetitions

From 60% 
up to 190%

From 60% 
up to 155%

Maximal 
intermittent 
running test 
consisted of 
20 s repetitions

VO2max

Velocity associated with 
VO2max

Mechanical power in half 
squats EMG

From 50% 
up to 100%

18-24 minn x 2 min, 
progressive 
intensity until 
exhaustion 

I, II, III, 
IV

Maximal 
VO2max test 
run

fast walking

a) 31 km training 
run 
b) 42,2 km 
marathon race

40 min constant 
velocity training 
run

7 x 2 min/2 min 
recovery

10 x 2 min / 2 min 
recovery

14 x 1 min/1 min 
recovery

a) n x 20 s/100 s 
recovery, 
progressive 
intensity until 
exhaustion
b) n x 3 x 20 s/100 s 
recovery, 
progressive 
intensity until 
exhaustion

Exercise 
description

6 h

1h 50min

2h 42min-
5h 10min

40 min

28 min

40 min

28 min

18-30 min

42-54 min

Total 
duration

Maximal vertical jumps
Blood lactate
Oxygen deficit 
Maximal vertical jumps 
Mechanical power in half 
squats EMG
Serum testosterone, 
cortisol, LH and FSH 
concentrations

100%

100%

II

III, IV

Intermittent 
running 
exercise 
consisted of 
2 min 
repetitions

LDL oxidation
Serum antioxidant 
concentrations
Serum antioxidant 
capacity

LDL oxidation
Serum antioxidants
Serum antioxidant 

capacity

Maximal vertical jumps 
Mechanical power in half 
squats EMG
Serum testosterone, 
cortisol, LH and FSH 
concentrations

Maximal vertical jumps
Blood lactate
Oxygen deficit

Maximal vertical jumps
Blood lactate
Maximal running power

Primary measurements 
during and after the 
exercises

VI

V

III, IV

II

I

Original 
paper

Intensity 
(% 
vVO2max)

Exercise type 

35-45%Continuous 
walking 
exercise

70-85%
80%

Continuous 
running 
exercise

80%Continuous 
running 
exercise

100%Intermittent 
running 
exercise 
consisted of 
1 min 
repetitions

From 60% 
up to 190%

From 60% 
up to 155%

Maximal 
intermittent 
running test 
consisted of 
20 s repetitions
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Before the intermittent runs and after 4th, 8th, 12th and 14th running bout 
during IR60 and after 2nd, 4th, 6th and 7th bout during IR120 as well as 3, 5 and 10 
min after both exercises fingertip blood samples were taken to determine blood 
lactate concentration and three maximal counter movement jumps within 20 
seconds were performed on a contact mat (Newtest Co., Oulu, Finland) beside 
the treadmill to determine maximal vertical jump height. During the IRs oxygen 
uptake and heart rate was recorded. The fingertip blood samples were taken 
immediately after stopping the treadmill and the vertical jumps were 
performed 15-35 s after the runs.  
 
(III, IV) 
Eleven middle distance runners (MID) and eleven marathon runners (MAR) 
performed three different running exercises on a treadmill on three different 
days separated by 7 days and performed at the same time of day (in the 
morning at 08 00 – 10 00h after a light breakfast at 06 00h). First, the maximal 
oxygen uptake (VO2max) and the velocity associated with VO2max (vVO2max) were 
determined in a maximal test run (MR). One week after this, two non – 
exhaustive exercise runs were performed in a random order at an interval of 
one week. These exercises were selected as representative of continuous and 
intermittent types of intensive running used in training: a 40-min tempo run at 
a velocity corresponding to 80% vVO2max  (TR) and a 40-min intermittent run (2 
min run and 2 min rest, during which slow walking beside the treadmill was 
allowed) at the velocity corresponding to 100% vVO2max (IR).  The total running 
distance completed in TR was 10666 + 600 m and 10133 + 733 m and in IR 6666 
+ 300 m and 6333 + 367 m in MAR and MID, respectively.  

On the MR day, after measuring body height and weight and after a 
standard 40-min pre-competitive warm-up, maximal vertical jumping height 
(CMJ), mechanical half squat power (P), and maximal 20-m sprinting speed 
(v20mmax) were determined before the MR. Thereafter, jumping tests and 
mechanical power tests together with recording of electromyographic (EMG) 
activity of leg muscles were performed before and at least 1 min after each of 
the three exercises. In addition, finger tip and venous blood samples for lactate 
and serum hormone analyses were drawn before, (at rest), after 20 min of 
running, immediately after (between jumping and mechanical power tests) and 
10 min and 90 min after TR and IR (figure 1). 
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FIGURE 1  Chronological presentation of drawing the blood samples for serum 

testosterone (T) and cortisol (C) analyses, performing the vertical jumps for 
determining the vertical jumping height (CMJ), and performing the half squats 
for determining the mechanical power (P) and recording the electromyographic 
activity of leg muscles (EMG) before and after the maximal VO2max test run 
(MR), tempo run (TR) and intermittent run (IR)  

 
(V) 
In trial I, a group of eight healthy male competitive endurance runners ran a 
total of 31-km test run. The test run consisted of 3 km warming up (HR 125 
beats /min, blood lactate 1.6 mM), 4 km at a speed of 18 km /h (HR 162 beats 
/min, blood lactate 3.0 mM), 20 km at a speed of 15 km/h (HR 144 beats /min, 
blood lactate 2.2 mM), 4 km at a speed of 18 km/h (HR 167 beats /min, blood 
lactate 4.0 mM). The days preceding the test, the subjects consumed a normal 
Finnish diet without special vitamin supplementation or carbohydrate loading.  
On the day of the study, the subjects had a light mixed breakfast without 
caffeine drinks. During the run, the subjects were only allowed to drink water.  

In trial II, a group of 22 male keep-fit marathon runners ran an 
international marathon race, Paavo Nurmi marathon. No special dietary 
restriction preceded the marathon. Eating and drinking was allowed during the 
run.  

In both trials, antecubital venous blood samples were taken before 
warming up and immediately after the run. Serum was separated by 
centrifugation, after which it was stored at -70°C until analysed.  

 
(VI) 
Ten endurance athletes, experienced at long distance running, orienteering, and 
cross country skiing exercises (3 to 7 years experience), performed twice, in a 
randomised order, a 2-day walk exercise protocol separated by an interval of 14 
days. The 2-day exercise consisted of a 6h fast walk on both consecutive days.  

During the 6h walk the subjects drank 6 cl . kg-1  of water which contained 
either saccharose (CHO trial) or sweetened placebo (PLA trial). During the 
study the physical training was standardized and the subjects consumed a 
normal Finnish diet without any vitamin supplementation or carbohydrate 
loading. Laboratory and performance tests were carried out before (beginning 
at 07.00h) and after the 6h walk on the first and second exercise day (PRE, POST 

CMJ MR CMJ
P/EMG P/EMG

T CMJ TR T T CMJ T T
C P/EMG C C P/EMG C C

T CMJ IR IR IR IR IR T IR IR IR IR IR T CMJ T T
C P/EMG C C P/EMG C C

20 min 20 min 10 min 80 min
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1, POST 2 and POST 3). On both consecutive exercise days the walk exercise 
began at 09.30h.        

 
 

4.3 Measurements and analyses 
 
 

4.3.1 Maximal aerobic power test (I, II, III, IV) 
 

For determining VO2max (I, II, III and IV) and vVO2max (II, III and IV) the subjects 
performed a maximal run, which consisted of a velocity-incremented 
continuous treadmill run at 1° slope until exhaustion. The duration of each 
stage of the test was two minutes; the initial 2-min stage was run at a velocity of 
10 km . h-1 and thereafter the velocity was increased by 1 km . h-1 for each 
consecutive stage until exhaustion. Oxygen uptake during the test was 
measured by an automated Oxygon Sigma gas analyzer (Mijnhard, the 
Netherlands) and VO2max was defined as the highest 60-s VO2 during the test. 
Vmax was the treadmill velocity at which the subject first attained VO2max (Billat 
et al. 1995). This was either the velocity of the last 2-min stage or the previous 2-
min velocity, if VO2 was higher at this stage. If the value of VO2 at the two last 
stages was the same, the mean of these two velocities was accepted as Vmax 
(Lindsay et al. 1996). The reliability of this protocol has been confirmed by Billat 
et al. (1994a,b, 1996).  

Fingertip blood samples were taken immediately after each stage and 5 
minutes after exhaustion. The blood lactate concentrations (bLa) in these 
samples were analyzed by a standard enzymatic method (Boehringer, 
Mannheim, Germany). The highest bLa value was recorded as the bLamax. 

 
4.3.2 Maximal anaerobic power test (I) 

 
Maximal and submaximal running power was determined in three different 
maximal anaerobic running test (MART) modifications. In each MART 
modification, the first set of the 20-s runs was performed at 3,0 m . s-1 with a 4° 
slope.  Thereafter, the speed was increased gradually by 0.38 m . s-1 for each set 
of the runs until exhaustion and the inclination was kept constant at 4º. The 
submaximal and maximal running power in each MART test was expressed as 
the oxygen demand of the runs using the formula of American College of 
Sports Medicine (1):  VO2 (ml . kg-1. min-1)  = 12 . v (m . s-1) + 54 . g(frac) . v(m . s-1) 
+ 3.5 where VO2 is oxygen demand, v is the speed of the treadmill and g is the 
slope of the treadmill expressed as the tangent of the angle with the horizontal. 
A 5-s acceleration phase was not included in the running time. 

To determine blood lactate concentration, fingertip blood samples were 
taken at rest, 40 s after each set of runs and 5 and 10 min after exhaustion.          
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The maximal running power (Pmax) was calculated from the last completed 
set of 20-s runs and from the exhaustion time of the following faster set of the 
runs (Rusko et al. 1993).   

 
4.3.3 Determining accumulated oxygen deficit (II) 

 
For determining the accumulated oxygen deficit (AOD), oxygen uptake and the 
related variables were measured by the same method as in the maximal aerobic 
power test. Breath-by-breath VO2 data were averaged in 15-s intervals and the 
highest 15-s values of each exercise bout (VO2peak) was recorded for further 
calculations. 

Also, the heart rate (HR) of the subjects was monitored during the runs by 
the same method as in the maximal aerobic power test and the highest 5-s 
values of each exercise bout were recorded as peak exercise heart rates (HRpeak). 

The relative aerobic and anaerobic energy release of the IR-exercises was 
calculated by the accumulated oxygen deficit method (Medbo et al. 1988, 
Medbo and Tabata 1989, Tabata et al. 1997). The individual oxygen demand 
during the IRs at Vmax was extrapolated from the linear regression function of 
the oxygen demand versus running velocity relationships established during 
the pretest (Gastin et al. 1995, Tabata et al. 1997). The oxygen deficit of 
individual single running bouts was the difference between the oxygen demand 
and the oxygen uptake during each run. Finally, the accumulated oxygen deficit 
(AOD) was calculated as the average of the individual oxygen deficits.  

 
4.3.4 Maximal vertical jump tests (I, II, III) 

 
For determination of maximal vertical jumping height (CMJ) three maximal 
counter movement jumps on a contact mat (Newtest Co., Oulu, Finland) were 
performed within 20 seconds. The jump height was calculated in meters 
according to the formula: H = g . t2 . 8-1, where t is the recorded flight time in 
seconds and g is the acceleration due to gravity (9.81 m . s-2). To avoid 
immeasurable work, horizontal and lateral displacements were minimized, and 
the hands were kept on the hips throughout the test.  During the CMJ the 
angular displacement of the knee was standardized so that the subjects were 
required to bend their knees to approximately 90°. The average of the two 
highest jumps was taken as the CMJ.  

 
4.3.5 Mechanical power and EMG in half squats (III) 

 
In study III, approximately 30 s after the CMJ the subjects started maximal 
vertical half squat exercises on a Smith machine (guided horizontal barbell) 
with additional loads of 35% of the subject’s one-repetition maximum 
additional load (1RM) with both legs. Ten repetitions were made at intervals of 
3 s between the repetitions. Before the VO2max test a set of ten repetitions was 
performed twice; the recovery time allowed between the sets was 2 min.  Since 
the results of the first half squat performance in each set usually are rather 
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variable, the averages of the last nine repetitions were used for statistical 
analysis, as has been recommended by Bosco et al. (1995, 2000). During the test, 
vertical displacement of the load was monitored with a sensor (encoder) device 
(Muscle Lab – Bosco System, Ergotest Technology, Langensund, Norway) 
connected to a PC. When the loads were moved by the subjects, a signal was 
transmitted by the sensor at every 3 mm of displacement and it was possible to 
calculate the average mechanical power (P) of each repetition from the start of 
the half squat movement (the moment when the velocity started to increase) 
until the end of the half squat movement (the moment when the velocity 
reached zero again). Since it has been shown, that P is the most sensitive 
parameter among all the mechanical variables that can be studied with this 
system, the average mechanical power was used for further calculations and 
statistical analysis (Bosco et al. 1995). 

To determine the power and EMG changes during the set of the ten half 
squats, a measure of the relative fatigue / change (Δ%) was calculated using the 
formula: Δ% = (R7+R8+R9 – R2+R3+R4) / (R7+R8+R9) * 100, where R is the 
result of a single repetition. 

EMG activity from the vastus medialis, vastus lateralis, lateral part of 
gastrocnemius and biceps femoris muscles of the right lower extremity were 
recorded during the half squat performances; bipolar surface electrodes (inter-
electrode distance 1.2 cm) fixed longitudinally over the marked muscle belly 
were used. An amplifier (gain x 600, input impedance 2 GΩ, common-mode 
rejection ratio 100 dB, band –pass filter 6-1500 Hz; Biochip Grenoble, France) 
was used. The MuscleLab encoder converted the amplified EMG raw signal to 
an average (root mean-square) (rms) signal via its built-in hardware circuit 
network (frequency response 450 kHz, averaging constant 100 ms, total error 
+0.5%). The EMGrms was expressed as a function of time (μV). Since the 
EMGrms signals were used in association with the biomechanical parameters 
measured with MuscleLab, they were sampled simultaneously at 100 Hz. The 
subjects wore a skin suit to prevent the cables from swinging and causing 
movement artifacts. A personal computer was used to collect and store the data. 
The EMGrms values from the same nine repetitions as in the case of mechanical 
P recordings and from each of the four muscles, the summed EMGrms of the 
leg extensors (vastus medialis and vastus lateralis) and the summed EMGrms of 
all the four muscles were used for statistical analysis (Bosco and Viitasalo 1982, 
Viitasalo and Bosco 1992).  

The means (and SD) of the mechanical P in the two successive half squat 
trials performed before MR were 825 (143) W in trial 1 and 820 (126) W in trial 2. 
The corresponding EMGs (sum of the four muscles) were 786 (159) µV and 775 
(151) µV. The reproducibility of both variables was high, r = 0.96 (P < 0.001). 
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4.3.6 Serum hormone analyses (IV) 
 

Serum testosterone (S-testosterone) and cortisol (S-cortisol) were measured by 
RIA kits purchased from Farmos Diagnostica (Turku and Oulunsalo, Finland). 
Serum luteinizing hormone (S-LH) and follicle-stimulating hormone (S-FSH) 
were measured by time-resolved immunofluorometry (Delfia hLH for LH and 
Delfia hFSH for FSH) provided by Wallac Oy (Turku, Finland). The intra- and 
interassay coefficients of variation of the individual RIA and 
immunofluorometric assay methods were below 5% and 9% within the 
reference ranges, respectively. All samples from the same subjects were 
analyzed in duplicate in the same assay run. The reference ranges reported for 
men were as follows: testosterone, 9-38 nmol/L; LH, 1.0-8.4 IU/L; FSH, 1.0-10.5 
IU/L; and cortisol, 150-650 nmol/L at 0800-0900 h.  

 
4.3.7 Maximal and submaximal 1000m running performance (VI) 

 
The performance measurements in study VI consisted of three 1000 m runs on a 
200 m indoor track with 5 min of recovery between the repetitions. The 
velocities in the first and second 1000 m runs were 12 and 15 km . h-1, 
respectively, and the velocity was controlled by an electric light - system 
(Smedic Corp., Heinola, Finland). The third 1000m run was to be run as fast as 
possible and the mean velocity (Vmax 1000m) was used for further calculations.  
Fingertip blood samples were taken two minutes after each run and the blood 
lactate concentrations (bLa) were analyzed by a standard enzymatic method 
(Boehringer, Mannheim, Germany).  

 
4.3.8 Lipid and lipoprotein analyses (V, VI) 

 
Serum total and HDL cholesterol and triglyceride concentrations were 
determined at the laboratory of the Turku University Central Hospital on an 
automatic enzymatic analyzer (Hitachi 917 automatic analyser, Hitachi Ltd, 
Tokyo, Japan). The following reagents were used: CHOD-PAP for Cholesterol, 
HDL-C plus for HDL and GPO-PAP for triglycerides (Boehringer Mannheim, 
Germany). 

Baseline LDL conjugated dienes (LDL-BDC) were determined by a 
validated method (Ahotupa et al. 1996, 1998, 1999), after serum low density 
lipoproteins had been isolated by heparin precipitation (Weiland and Seidel 
1983). Lipids were extracted from the LDL samples (100 μl) with chloroform-
methanol (2:1), dried under nitrogen, then redissolved in cyclohexane and 
analyzed spectrophotometrically at 234 nm. For LDL baseline conjugated 
dienes, the CV for the within-assay precision (20 determinations from the same 
sample) was 4.4%; the CV for the between-assay precision was 4.5% over a 3-
month period (Ahotupa et al. 1996). 

The antioxidant potential of serum (S-TRAP) and LDL samples (LDL-
TRAP) was assessed in vitro by their potency to resist ABAP-induced 
peroxidation (total peroxyl radical trapping antioxidant potential) (Ahotupa 
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1996). The peroxyl radical trapping capacity was defined by the half-peak time 
point. Trolox served as a standard radical scavenger. For antioxidant potential, 
the CV for the within-assay precision (20 determinations of the same sample) 
was 8.1%; the CV for the between-assay precision was 8.7% over a 3-month 
period (Ahotupa et al. 1996). 

Serum concentrations of α-tocopherol, γ-tocopherol, β-carotene, and 
ubiquinol-10 were analyzed by standard HPLC procedures with UV-detection 
(Milne et al. 1986, Takada et al. 1985). In the case of of α-tocopherol and γ-
tocopherol, the ratio to serum lipids (cholesterol + triglyceride) was also 
calculated (Thurnam et al. 1986). 

 
 

4.4  Statistical methods 
 
 

Statistical analyses were done by the SPSS for windows Statistical Software, 
version 9.0. Means, standard deviations, and coefficients of correlation were 
calculated by standard methods. In study I, comparisons between the different 
groups and different test modifications were made by using a one-way analysis 
of variance and Scheffe method. In study II, the statistical differences between 
the means of the two exercise protocols were tested by multiple analysis of 
variance (MANOVA) and in case of significant difference by univariate F-tests.  

For all performance, neuromuscular and hormone variables in studies III 
and IV, a two-way analysis of variance (trial x time) with repeated 
measurements was used to detect significant differences across the different 
exercises. In the cases of significant exercise x time and group x time (study IV) 
response interactions, differences between the exercises and between the 
groups (study IV) were analysed using paired and unpaired t-tests. In study III, 
for analysing the differences between average values of repetitions 2-4 and 7-9 
during the sets of ten half squat repetitions, matched–paired t-tests were 
performed.  

In study V, the statistical differences between the samples taken before 
and after exercises, in both trials, were analysed by the paired Student’s t-test.  

In study VI, a one-way ANOVA with four repeated measures over the 
exercise time was used to examine the time responses within the both trials. In 
case of a significant time effect within the trial, the post-exercise samples were 
compared with the pre-exercise sample by using a paired t-test. A two-way 
ANOVA with four repeated measures over the exercise time and two repeated 
measures over the treatment was used to examine the differences between the 
treatments (time x treatment interactions). Statistical significance for all 
analyses and comparisons was accepted at P<0.05.   



 

 

   

 

 
 
 
 
 
 
 
 
 
 

5 RESULTS 
 
 

5.1 Blood lactate accumulation and oxygen uptake in endurance 
running exercises (I, II, III, IV, V) 
 
 

5.1.1 Blood lactate responses to intermittent and continuous running (I, II, III, 
IV, V) 

 
After MART1 (n x 1 x 20-s / 100s recovery) middle distance runners and 
sprinters had more than two times higher peak blood lactate than marathon 
runners (12.9 + 0.6 and 14.8 + 1.8 vs. 6.3 + 1.8 mM, P<0.001). In marathon 
runners, but not in middle distance runners or sprinters, the peak blood lactate 
was higher the more runs each MART set contained (P<0.001). (Table 3) (I)     

The peak blood lactate concentration after the intermittent run of 7 x 120-s 
/ 120-s recovery (IR120) was higher than after the intermittent run of 14 x 60-s / 
60-s recovery (IR60) (8.8 + 3.6 mM vs. 4.8 + 1.1 mM, P<0.01) and almost the same 
as after the VO2max test run (8.0 + 2.4) in the well-trained middle distance 
runners (table 3). (II) 

In study III, the VO2max test run raised blood lactate concentration to 10.5 + 
2.1 mM in the well -trained middle distance runners. After TR and IR it was 
significantly (P<0.001 in both) lower (3.8 + 1.6 and 6.6 + 1.7 mM, respectively), 
and lower in TR compared to IR (P<0.001)  (table 3). 

In study IV, blood lactate concentrations were lower after the 40-min TR 
(3.6 + 0.6 mM and 4.4 + 2.3 mM) than and after the 40-min IR (7.2 + 0.3 mM and 
6.7 + 1.5 mM) in marathon runners (P<0.001) and middle distance runners 
(P<0.05), respectively, but no significant differences between the groups were 
found.  Both training sessions were rated as hard or very hard on the Borg scale. 
MAR rated IR harder than TR (17.0 + 0.5 vs. 16.1 + 0.7, P<0.05) whereas MID 
rated TR harder than IR (17.7 + 0.7 vs. 16.4 + 1.0, P<0.01.  

During the 31-km test run (3 km warming up, 4 km at a speed of 18 km 
/h, 20 km at a aped of 15 km /h, 4 km at a speed of 18 km /h) the mean heart 
rate and blood lactate concentration in well-trained long distance runners were 
as follows: after 3 km, 125 beats /min and 1.6 mM; after 7 km, 162 beats /min 



 

 

45 

 

and 3.0 mM; after 27 km, 144 beats /min and 2.2 mM; after 31 km, 167 beats 
/min and 4.0 mM, respectively. (V) 
 
TABLE 3 Post-exercise blood lactate levels and counter movement jump (CMJ) 

responses to different types of running exercises  
 

 
 

 

Exercise Subjects Running Duration Blood lactate CMJ (cm) CMJ
(article) (n) intensity of running post pre response

(% vVO2max) (total time) (mM) (timing)

VO2max test MDR and LDR from 50 18-24 min 10.5 + 2.1 33.2 + 5.0 5% increase
 (III) (20) to 100% (18-24 min) (b.e.) **

Tempo run MDR and LDR 80 % 40 min 3.8 + 1.6 30.9 + 5.7 14% increase
(III) (20) (40 min) (b.e.) **

Intermittent run MDR and LDR 100 % 20 min 6.6 + 1.7 31.3 + 5.5 9% increase
10 x 2 min (III) (20) (40 min) (b.e.) **

MART1 MAR from 60 3-4 min 6.3 + 1.8 28.0 + 0.9 no significant
n x 1 x 20-s (I) (6) to 130% (18-22 min) (after 1st rep) changes

MART1 MDR from 65 4-5 min 12.9 + 0.6 41.9 + 2.5 no significant
n x 1 x 20-s (I) (5) to 170% (26-30 min) (after 1st rep) changes

MART1 SPR from 70 4-5 min 14.8 + 1.8 50.2 + 3.2 10% decrease
n x 1 x 20-s (I) (5) to 190% (24-30 min) (after 1st rep) **

MART3 MAR from 60 9-10 min 8.5 + 1.6 28.2 + 0.8 6% increase
n x 3 x 20-s (I) (6) to 130% (42-46 min) (after 1st set) **

MART3 MDR from 65 10-12 min 12.7 + 1.0 42.1 + 2.0 8% decrease
n x 3 x 20-s (I) (5) to 145% (46-54 min) (after 1st set) **

MART3 SPR from 70 9-11 min 13.0 + 2.8 51.5 + 3.0 no significant 
n x 3 x 20-s (I) (5) to 155% (40-52 min) (after 1st set) changes

Intermittent run MDR 100 % 14 min 4.8 + 1.1 38.1 + 3.4 no significant
14 x 1 min (II) (10) (28 min) (after 7min) changes

Intermittent run MDR 100 % 14 min 8.8 + 3.6 37.7 + 4.1 no significant 
7 x 2min (II) (10) (28 min) (after 7min) changes

** P < 0.01
SPR = sprint runners, MDR = middle distance runners, LDR = long distance runners, MAR = marathon 
runners. 
b.e. = before exercise, rep = repetition
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5.1.2 VO2 responses to intermittent running at the velocity associated with 
VO2max (II) 

 
Figure 2 shows the oxygen demand and the means of oxygen uptake during 
IR60 and IR120 exercises. The peak oxygen uptake in IR120 increased to the level 
of VO2max from the second repetition while the corresponding oxygen uptakes 
in IR60 remained at a 12% lower level (P<0.001).  

 

 
FIGURE 2  The oxygen demand and the mean values of oxygen uptake during IR60 and 

IR120 exercises (n=10). 
 

Although the oxygen demand in both exercises was similar, the relative aerobic 
energy release in IR120 was significantly higher than in IR60 (P<0.001). On the 
other hand, during the first 60 seconds in IR120, the relative aerobic energy 
release was lower than in IR60 (P<0.001). (Figure 3) 

The total 28-minute VO2 in both intermittent exercises was similar while 
the sum VO2 during the runs (14-min) was lower in IR60 than in IR120 (678 + 53.0 
vs. 787 + 58.0 ml . kg-1, P<0.001) and the sum VO2 during the recovery (14-min) 
was correspondingly higher (538 + 31.0 vs. 432 + 30.5 ml . kg-1,  P<0.001). 

The training intensity indicators bLa, VO2peak and HRpeak did not correlate 
with each other either with regard to absolute or relative values within the two 
intermittent exercises IR60 and IR120.   
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FIGURE 3 The relative aerobic energy release (mean + SD) measured by accumulated 

oxygen deficit method in IR60 and IR120 exercises, n=10.  
***P < 0.001; difference between the relative aerobic energy in IR60 and IR120. 
¤¤¤P < 0.001; difference between the relative aerobic energy release during 
the first 60 seconds in IR60 and IR120. 

  
 

5.2 Effects of maximal and submaximal running exercises on 
muscle power and muscle activation (I, II, III) 
 
 

5.2.1 Exercise-induced acute changes in maximal vertical jumping 
performance (I, II, III) 
 

The resting level of maximal vertical jump height (CMJ) varied greatly between 
the runners specialized to different running events. In study I, it was less than 
30 cm in marathon runners (MAR) and more than 10 and 20 cm higher in 
middle distance runners (MDR) and sprinters (SPR), respectively (ANOVA 
group effect P=0.001). The CMJ responses to repeated 20-s runs at increasing 
intensity until exhaustion (MART) were different in MDR and SPR compared to 
MAR. A significant increase in CMJ during MART1 (n x 1 x 20-s / 100-s 
recovery) and MART3 (n x 3 x 20-s / 40-s recovery between the repetitions and 
100-s recovery between the sets) was observed in MAR (P<0.01, in both) while a 
significant decrease was found during MART1 in SPR (P<0.01) and during 
MART3 in MDR (P<0.01). (Table 3). 

In study III, three different running exercises caused CMJ to increase in 
well-trained middle- and long distance runners. After an exhaustive VO2max test 
run (MR), a 40-min tempo run at an intensity of 80% vVO2max (TR) and an 
intermittent run of 10 x 2 min with 2 min recovery at an intensity of 100% 
vVO2max (IR) CMJ increased by 5%, 14% and 9% (P<0.001, in all, respectively 
(table 3). In each of these exercises, the exercise-induced improvement in CMJ 
correlated negatively with the resting level of CMJ (r = -.63, r = -.51 and r = -.54, 
P<0.01, n = 20, respectively) and with the maximal 20-m sprinting speed (r = -
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.57, r = -.58 and r = -.56, P<0.01, n = 20, respectively).  After MR the increase in 
CMJ correlated negatively with the increase in blood lactate level (r = -0.59, n = 
22, P<0.01), while after IR the correlation between CMJ and blood lactate 
increase was positive (r = 0.62, n = 20, P<0.01) and after TR no significant 
correlation was found. In addition to this, in MR the improvement in CMJ 
correlated positively with the training volume (P<0.001) and vVO2max (P<0.05), 
and negatively with the half squat1RM (P<0.01). 

In the study II, during the 28-min intermittent runs of 14 x 1 min with 1 
min recovery and 7 x 2 min with 2 min recovery at an intensity of 100% 
vVO2max, CMJ was unchanged in well-trained middle distance runners. 
However, in these cases, the resting level of CMJ was not measured. The first 
CMJ measurement was done not before 7 minutes of exercising (table 3).  

 
 

5.2.2 Effects of intermittent and continuous runs on muscle activation nd 
mechanical power in half squats (III) 
 

In study III, each of the three exercises, MR, TR and IR, led to a significant acute 
decrease in the EMGrms of the knee extensor muscles (ANOVA time effect 
without trial * time interaction, P=0.001 for vastus medialis and vastus lateralis) 
and the sum of the four leg muscles´ EMGrms (ANOVA trial * time interaction, 
P=0.021) registered in a set of ten half squats with the 35 % 1 RM additional 
load. At the same time mechanical P was improved (ANOVA time effect 
without trial * time interaction, P=0.001) and the ratio between EMGrms and P 
decreased (ANOVA trial * time interaction, P=0.009). The reduction after TR 
(20.1 + 9.5 %) was significantly greater (P<0.05) than the relative decrease after 
MR (9.0 + 8.9 %). The corresponding decrease after IR (15.0 + 8.3 %) did not 
differ from the decrease after MR. (Table 4).  

The decrease in EMGrms was not related to the change in P after TR.  
However, in the case of MR and IR, the greater was the increase in P the lesser 
the decrease in EMGrms (r = 0.50 and r = 0.47, n = 16, P<0.05, respectively). 
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TABLE 4  Responses of EMGrms and mechanical power in half squats (P) to the 
maximal VO2max test run (MR), 40 min tempo run at an intensity of 80% 
vVO2max (TR) and intermittent run 10 x 2 min / 2 min recovery at an 
intensity of 100% vVO2max (IR) in middle and long distance runners. 

 

 
In addition to the changes in mean mechanical power and EMGrms in the set of 
the ten half squat repetitions, some intra-set changes were also found in study 
III. In the pre-exercise measurements, the half squat power in the single 
repetitions remained at the same level during the whole set of the ten 
repetitions (a non-significant change in ÎP%) while ÎEMGrms% and the 
ÎEMGrms: P% increased by 4-6 %-units (P<0.05). After the exhaustive MR ÎP% 
and ÎEMGrms% decreased during the set of the ten repetitions by 3 and 4,5 % -
units (P<0.05 for both). Corresponding changes were not found after the non-
exhaustive TR and IR exercise. (Figures 4 a-c).   

The exercise-induced acute improvement in the half squat power 
performance was related differently to the maximal running performance of the 
subjects in TR compared to IR. In TR the change in mechanical P correlated 
positively with vVO2max (r = .43, P<0.05, n = 20), while in IR the correlation was 
negative (r = -.43, P<0.05, n = 20). 

 
 
 
 
 
 
 
 

Response Response Response Response Response Response Response
Exercise EMGrms ga EMGrms vm EMGrms vl EMGrms bf EMGrms S   P EMGrms:P 

(n=16) (n=16) (n=16) (n=16) (n=16) (n=20) (n=16)

MR no significant 11% 11% no significant 8 % 2% 9 %
changes decrease *** decrease *** changes decrease ** increase * decrease **

TR no significant 21% 23% no significant 17 % 4 % 20 %
changes decrease *** decrease *** changes decrease *** increase ** decrease ***

IR no significant 11% 17% no significant 12 % 3 % 15 %
changes decrease ** decrease *** changes decrease *** increase ** decrease ***

* P < 0.05; ** P < 0.01; *** P < 0.001
ga = gastrocnemius
vm = vastus medialis
vl = vastus lateralis
bf = biceps femoris
EMGrms S = EMGrms ga + EMGrms vm + EMGrms vl + EMGrms bf
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FIGURE 4  Intra-set changes (Î%) of the mechanical P (a), EMGrms (b), and EMGrms: P 
(c). Î% = (R7+R8+R9 – R2+R3+R4) / (R7+R8+R9) * 100, where R is the result 
of a single repetition. 
*P < 0.05 and **P < 0.01; difference between R7+R8+R9 and R2+R3+R4 
¤P < 0.05; difference between pre-exercise and post-exercise measurements   
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5.2.3 Maximal anaerobic running power in different intermittent running test 
modifications  (I) 
 
 

In study I, the anaerobic running power (Pmax) in the maximal anaerobic 
running power test (MART) changed differently between MAR, MID and SPR 
when the number of repetitions in a set was increased. In MART1 (n x 1 x 20-s / 
100-s recovery between the sets) marathon runners had a lower maximal 
anaerobic running power than middle distance runners or sprinters (97.8 + 5.4 
vs. 121.0 + 4.4 vs. 119.2 + 5.4 ml . kg-1 . min-1, P<0.001) while in MART3 (n x 3 x 
20-s / 40-s recovery between the repetitions and 100-s recovery between the 
sets) no significant differences were found between the groups.  In marathon 
runners, no difference was found in the anaerobic running power between 
MART1 and MART3, while in middle distance runners and sprinters it was 
higher in MART1 than in MART3 (P<0.001) (figure 5). 

 

     
FIGURE 5 Anaerobic running power in MART1 (n x 1 x 20-s / 100-s recovery between 

the sets) and MART3 (n x 3 x 20-s / 40-s recovery between the repetitions and 
100-s recovery between the sets) in marathon runners (MAR), middle distance 
runners (MID), and sprinters (SPR). 
***P < 0.001; Difference between the groups 
¤¤¤P < 0.001; Difference between MART1 and  MART3 

 
Middle distance runners and sprinters were able to do significantly more work 
above their maximal aerobic running power (VO2max) than marathon runners in 
both MATR1 and MART3. In MART1, the power difference between the 
maximal anaerobic power and VO2max was over two times greater in middle 
distance runners and sprinters compared to marathon runners (50.9 + 3.2 and 
57.0 + 6.0 vs. 23.8 + 6.1 ml . kg-1 . min-1, P<0.001 in both, respectively).  In each 
group, the power difference was higher the smaller the number of runs in each 
set (P<0.01). 
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In MART1, maximal anaerobic running power correlated positively with 
the maximal 20-m running speed (r = .87, P<0.001, n = 16) and maximal vertical 
jump height (r = .72, P < 0.01, n=16) and negatively with VO2max (r = -.82, 
P<0.01, n = 16).  In MART3, no significant correlations were found.  (I) 

 
5.2.4 Acute effects of 6 h low intensity exercising on submaximal and 

maximal 1000 m running (VI) 
 

The 6h low intensity walking exercise caused maximal 1000-m running velocity 
(Vmax 1000m) to decrease from 5.08 ± 0.35 to 4.88 ± 0.37 m . s-1 ( P<0.01). 
Correspondingly, bLamax 1000m decreased from 11.83 ± 1.91 to 9.36 ± 2.82 mM 
(P<0.05).  Thereafter, in the second exercise day both Vmax 1000m and bLamax 1000m 
remained unchanged.  The blood lactate concentration measured after the 
submaximal 1000-m runs was not affected by the 6-h walking either during the 
first or second exercise day.  

 
 

5.3 Acute serum hormone responses to intermittent and 
continuous running exercises (IV)   

 
 
5.3.1 Differences in cortisol and testosterone responses between middle 

distance and marathon runners (IV) 
 

In study IV, both a 40-min “tempo run” (TR) and a 40-min intermittent run (IR) 
caused serum testosterone and cortisol to increase significantly in the well-
trained middle distance (MID) and marathon runners (MAR). No changes were 
found in serum LH or FSH concentrations. S-testosterone response to IR and s-
cortisol response to TR was different between MID and MAR (ANOVA time x 
group interaction P=0.046 and P=0.016, respectively).  

After IR s-testosterone increased from 23.8 + 9.2 nmol/l up to 29.5 + 10.5 
nmol/l in MAR (P<0.001) and from 23.7 + 5.5 nmol/l up to 35.6 + 10.5 nmol/l 
in MID (P<0.001) (table 5). The IR-induced s-testosterone increase was the 
higher the higher blood lactate concentration the runner was able to achieve 
after the maximal running test (r = 0.46, P<0.05, n = 20). 90 min after the end of 
IR, s-testosterone decreased back to the pre-exercise level in MID (20.0 + 4.6 
nmol/l) and below the pre-exercise level in MAR (17.7 + 6.2 nmol/l, P<0.01) 
(table 5). After TR, s-testosterone increased similarly in MAR and MID (from 
20.7 + 8.2 nmol/l up to 30.1 + 10.9 nmol/l, P<0.001 and from 25.1 + 7.5 nmol/l 
up to 34.9 + 10.0 nmol/l, P<0.001, respectively) and decreased back to the pre-
exercise level in 90 min (table 5).  

S-cortisol increased in TR from the pre-exercise level 366 + 103 nmol/l up 
to 487 + 119 nmol/l in MAR (P<0.001) and from 371 + 98 nmol/l up to 628 + 110 
nmol/l in MID (P<0.001) (table 5). The increase was higher the lower the 
runner´s VO2max (r = -0.62, P<0.01, n = 20) and the faster the runner in 20-m 
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running test (r = 0.45, P<0.05, n = 20) and the higher his maximal vertical jump 
(r = 0.47, P<0.05, n = 20). Further, it increased more as the running training the 
runner had performed during the last year before the study dereased(r = -0.46, 
P<0.05, n = 20). S-cortisol decreased back to the pre-exercise level 90 min after 
the end of TR in MAR (378 + 85 nmol/l), but was still elevated in MID (468 + 91 
nmol/l, P< 0.01) (table 5). After IR, s-cortisol increased similarly in MAR and 
MID (from 397 + 59 nmol/l up to 561 + 85 nmol/l, P<0.001 and from 366 + 82 
nmol/l up to 498 + 151 nmol/l, P<0.001, respectively).  It decreased back to the 
pre-exercise level in 90 min in both groups. (Table 5). 

The molar ratio of testosterone / cortisol behaved differently between the 
two exercises and the two groups (ANOVA time x exercise x group interaction, 
P=0.047). After 20 min of exercising in TR it was elevated in marathon runners 
(P<0.01) but not in middle distance runners. The increase after TR was higher 
the higher runner´s VO2max (r =0.57, P<0.01, n = 20). 

 
5.3.2 Time course in exercise-induced serum cortisol and testosterone changes 

(IV) 
 

Serum cortisol concentration, expressed as a mean of both groups (n=20), 
behaved differently between the two exercises (time x exercise interaction, 
P=0.008). After the first 20 min of exercising it increased by 17% in IR (P<0.05) 
but was unchanged in TR. After 40 minutes of exercising, it was elevated by 
30% in IR (P<0.001) and by 23% in TR (P<0.01). Ten minutes after the end of 
exercise, s-cortisol levels still increased and were 39% and 51% and above the 
pre-exercise level in IR and TR (P<0.001 in both), respectively. In the case of TR, 
90 minutes after the end of exercise it was still 16% (P<0.05) higher than the pre-
exercise level, but in the case of IR s-cortisol decreased back to pre-exercise level 
by 90 minutes. At the same, s-testosterone behaved similarly during the both 
exercises. The only difference was found 90 min after the end of exercise when 
s-testosterone decreased back to the pre-exercise level in the case of TR, but 20% 
under the pre-exercise level in the case of IR (P<0.001).  
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TABLE 5 Acute hormonal responses to continuous running (TR = 40 min continuous 
run) and intermittent running (IR = intermittent run, 10 x 2 min with 2 min 
recovery) in marathon (MAR) and middle distance (MID) runners 

 

 
 
5.4 Lipid and lipoprotein responses to prolonged exercise (V, VI) 

 
 

The baseline diene conjugation of LDL (LDL-BDC) remained unchanged during 
the 31-km run and the marathon (V) but decreased by 17% (P<0.01) after the 6-h 
walking (VI) (table 6). During the 2-day walking exercise protocol the total 
decrease in LDL-BDC was 25% (ANOVA time effect P=0.001). 

 
 
 
 

TR IR

Running intensity 80% 100%
(% vVO2max) 

Duration of running 40 min 20 min 
(total time) (40 min) (40 min)

Subjects (n) MAR (10) MID (10) MAR (10) MID (10)

Testosterone 45% increase 39% increase 24% increase ¤ 50% increase 
response 1 min after E*** 1 min after E*** 1 min after E*** 1 min after E***

26% decrease 
90 min after E

LH no sig. changes no sig. changes no sig. changes no sig. changes
response

FSH no sig. changes no sig. changes no sig. changes no sig. changes
respose

Cortisol 33% increase ¤ 69% increase 41% increase 36% increase 
response 10 min after E*** 10 min after E*** 10 min after E*** 10 min after E***

26% increase 
90 min after E**

E = exercise
Difference between MAR and MID; ¤P < 0.05
Difference between pre and post exercise measurements; **P < 0.01, ***P < 0.001
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TABLE 6 Acute LDL-DC, S-TRAP and S-α-tocopherol responses to prolonged exercise 
 

 
Serum triglycerides, serum total cholesterol and LDL-cholesterol decreased also 
during the walking exercise. The reduction of triglyceride concentration during 
the 2-day PLA trial was 22% (P=0.001), of total cholesterol 3% (P=0.017), and of 
LDL-cholesterol 14% (P=0.045). At the same time, HDL cholesterol rose by 9% 
(P=0.001).  

S-TRAP increased during the 31-km run, during the marathon and during 
the 2-day walking exercise by 22% (P=0.001), 16% (P=0.001) and 22% (P=0.018), 
respectively. LDL-TRAP was not affected by the exercises while the ratio of 
LDL-TRAP to LDL-cholesterol rose during the 2-day walking protocol by 15% 
(P=0.034). The serum concentration of α-tocopherol rose during the 31-km run 
(by 29%, P=0.011) and during the marathon (by 7%, P=0.031) but not during the 
2-day walking exercise. No changes were seen in the serum concentrations of 
ubiquinol, retinol (in study V) and β-carotene (in study VI). The serum 
concentration of γ-tocopherol decreased during the 2-day exercise by 20% 
(P=0.049), while the ratio to serum lipids was unchanged (Table 6).  

Study V Study V Study VI

Subjects keep-fit  competitive endurance
marathon runners long distance runners athletes
(n = 22) (n = 8) (n = 10) 

Exercise Mode running running walking
Duration  2h 42min  - 5h10min 2h 6h
Distance 42,2km 31km 38-40km
Intensity marathon race hard exercise run ligher than running
(% vVO2max) (80%) (70-85%) (35-45%)

Response LDL-BDC no significant no significant 17% decrease**
changes changes

S-TRAP 16% increase** 22% increase ** 14% increase*

S-α-tocopherol 7% increse* 29% increase* no significant
changes

*P < 0.05
**P < 0.01



 

 

   

 

 
 
 
 
 
 
 
 
 
 
 
6 DISCUSSION 

 
 

6.1 Energy release in intermittent running exercises 
 
 

The relative aerobic energy release, determined by the accumulated oxygen 
deficit (AOD) method, was high during the 28-min intermittent running 
exercises. It was over 70% in IR60 and over 80% in IR120. Previous studies have 
shown, in line with the present findings, that during short maximal muscle 
work decreasing the intensity from supramaximal to maximal capacity (100 % 
VO2max) and concomitantly prolonging the duration of muscle work increases 
the relative aerobic energy release (Hermansen and Medbo 1984, Medbo and 
Tabata 1986, Withers et al. 1991, Gastin and Lawson 1994). It has been 
documented, that in 800 and 1500-m maximal runs, in which the calculated 
running intensities were 110% and 102% VO2max, respectively, the relative 
aerobic energy release determined by the AOD method were 70% and 83% 
(Spencer and Gastin 2001). These AODs were approximately the same as 
recorded in IR60 and IR120 in the present study. 

Changing the duration of high intensity muscle work may influence the 
metabolic responses in several ways. The shorter the duration, the greater is the 
proportion of total energy produced from the intracellular phosphocreatine 
stores (Hermansen and Medbo 1984, Hirvonen et al. 1987, Nummela and Rusko 
1995) and the more oxygen is delivered from the myoglobin bound oxygen 
stores for aerobic metabolism (Åstrand et al. 1960a,b, Christensen et al. 1960). 
Prolonging the duration of runs at Vmax may cause opposite changes. In the 
present study, the peak oxygen uptake, the sum oxygen consumption and the 
relative aerobic energy release during the runs and the accumulated blood 
lactate increased when the duration of running bouts was doubled. 

The findings of the present study also confirm that in well-trained runners 
reducing the duration of the recovery periods in connection with intermittent 
training has the same effect on AOD and relative aerobic energy release as 
prolonging the runs. The mean AOD of IR60 was significantly smaller (relative 
aerobic energy release was higher) than the mean AOD of the first 60 seconds in 
120-s runs after 120-s recovery in IR120 (Figure 3). If the running bouts of 60-s 
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duration were performed with 120-s recovery, with AOD obviously being 
enhanced, relative aerobic energy release would be decreased even more.  

In both 28-min intermittent exercises, the recovery periods between the 
runs were complete rest. By using active recovery, e.g. running at the intensity 
of 50% VO2max, like in a recent interval training study (Billat et al. 1999b), the 
AODs of the present IRs would have decreased because the initial VO2 level at 
the end of the recovery period affects the AOD of the next run. In this study, the 
recovery VO2 at the end of 120-s recovery bouts (IR120) was significantly lower 
and the first minute AOD during 120-s runs significantly higher than the 
corresponding values before and during the 60-s runs (Figure 3). 

The subjects performed the 28-min running exercises intermittently 
whereas the original AOD method was used for determining the total AOD in 
single maximal or submaximal performances (Gastin 1994, Medbo et al. 1988, 
Medbo and Tabata 1989, Spencer and Gastin 2001). This may, at least partly, 
have increased the aerobic energy release, because it has been indicated that the 
rate of lactate accumulation and the anaerobic energy release tend to decrease 
when the same exercise bout is repeated (Spriet et al. 1989, 1990, Bangsbo et al. 
1992a,b,).  Our results also support the recent findings of a relatively small AOD 
and high aerobic energy release found during high-intensity intermittent 
running and bicycling (Nummela and Rusko 1995, Tabata et al. 1997). 

The physical characteristics of the present subjects may also have affected 
the measured AOD values during the intermittent exercises.  Our subjects were 
well-trained middle distance runners, and previous studies (Nummela and 
Rusko 1995, Cooper and Barstow 1996) have shown that endurance athletes 
with a high percentage of ST muscle fibers do have a smaller AOD if 
performing the same high-intensity exercise when compared to sprinters and 
athletes with a high percentage of FT fibers. 

During IR60 a greater proportion of total oxygen was consumed during 
recovery and evidently used for recharging the myoglobin bound oxygen stores 
and for the resynthesis of phosphocreatine (Åstrand et al. 1992). The 
significantly lower peak oxygen consumption, peak heart rate and blood lactate 
level during IR60 in comparison to IR120 suggests that a 60 second recovery time 
after a 60 second run is enough for these processes to assist intermittent running 
at Vmax.  

During IR120 blood lactate accumulated similarly as in the VO2max test, and 
the aerobic energy releasing system was taxed maximally during the second 
half of each 120-s repetition except for the first repetition. Previous studies 
indicate that the high blood lactate level during prolonged aerobic-anaerobic 
muscle work may have, on one hand, a negative and, on the other hand, a 
positive influence on performance. High blood lactate is known to reflect a 
decreased muscle pH -level and to relate with a concomitant fall in force output 
of muscle contraction (Kavinsky and Meyer 1977, Chasiotis 1983, Mainwood 
and Renaud 1985, Hultman and Spriet 1986), although the exercise induced fall 
in force output is suggested to result mainly from the regulation of the central 
nervous system (Noakes 2001). Especially during intermittent muscle work, a 
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relatively high blood lactate level (up to 10mM) may also indicate effective 
“lactate shuttle” and high lactate consumption in working skeletal muscles 
which, in fact, may enhance muscular performance (Brooks 1986, 1991). In the 
present study there were no differences in the striding or in the vertical jump 
height, either during or between the exercises despite the significantly higher 
bLa accumulation during IR120 than during IR60. Our findings in studies I and 
III suggest that the ability to maintain or even improve the muscular power 
performance and to tolerate fatigue during and immediately after high-
intensity intermittent running seems to be typical especially for well-trained 
middle and long distance runners. Rusko et al. (1993) have reported that during 
intermittent running consisting of 20-s repetitions CMJ of middle distance 
runners does not decrease until blood lactate level is about 10 mM. 

 
 

6.2 Muscle power and muscle activation responses to intermittent 
and continuous running 
 
 

It was a somewhat unexpected finding that an intensive 40-min running 
exercise resulted in an acute improvement in the power performance of the 
lower extremities in well-trained long distance runners. An acute improvement 
was observed in two different vertical leg extension exercises, counter 
movement jumps and half squats, performed immediately after the exercise. 
The acute improvement in the power performance took place after both, a 
continuous and an intermittent running exercise. The present findings are quite 
surprising, since prolonged running has usually been shown to induce acute 
neuromuscular perturbation and strength loss in working muscles (Davies and 
Thompson 1986, Nicol et al. 1991b, Paavolainen et al.1999b, Lepers et al. 2000b, 
Millet et al. 2002, 2003). 

The improved power performance in the half squats was associated with a 
decrease in the EMG activity of leg extensor muscles. This was also an 
unexpected finding, since an acute reduction in EMG activity is usually 
associated with muscle fatigue and a decrease in muscle strength (Bigland-
Ritchie 1983, Häkkinen and Komi 1986, Nicol et al. 1991b, Häkkinen 1993, 
Strojnik and Komi 2000). In the present study, the only evidence of muscle 
fatigue was observed during the set of the ten half squats performed after MR; 
both ∆mechanical P% and ∆EMGrms% (a relative change within the set) 
decreased compared to the values before MR (Figure 4). Muscle fatigue 
associated reduction in surface EMG has been documented to result from 
decreased neural activity at the central level or from depression of the action 
potential transport in peripheral neuromuscular function (Asmussen 1979, 
Bigland-Ritchie et al. 1983, Gandevia 1998, Gandevia 2001). Since surface EMG 
in this study was not normalized by the maximal M-wave for the same muscle, 
it was not known whether the decreases in EMG activity were explained by 
changes of action potentials propagation along the sarcolemma or if neural 
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input reaching the neuromuscular junction was decreased after the three 
exercises. Furthermore, to what extent the intra-set reduction in �mechanical 
P% is associated with a running-induced reduction in neural activity at the 
central level and / or to a depression of the action potential transport in 
peripheral neuromuscular function and / or to a depletion of ATP and CP 
stores is difficult to establish (Hirvonen et al. 1992, Millet and Lepers 2004). 
Anyway, the present data confirms that a running exercise-induced fatigue may 
be highly specific in well-trained long distance runners.  Even an exhaustive 
running exercise does not reduce the vertical jumping and half squat 
performance in athletes who are used to prolonged and exhaustive runs but not 
to explosive types of performances.  Under these conditions fatigue does not 
take place until during the last 3-4 half squat repetitions of the 10 repetitions.   

A decrease in EMG activity measured on the surface of the knee extensor 
muscles may also result from exercise-induced increase in coactivation between 
the muscles of the lower extremities (Psek and Cafarelli 1993, Enoka 1994). 
During fatiguing tasks EMG may appear to rotate within and between muscles 
(Gandevia 2001). The latter effect presumably reflects an attempt to use a 
different mechanical or muscle strategy to perform the same task (Clark and 
Carter 1985, Gandevia 2001). In the present study we investigated EMG changes 
on the surface of the agonist muscles vastus medialis and lateralis and 
gastrocnemius, as well as of the antagonist muscle biceps femoris, which in a 
multi joint action, e.g. the half squat, also acts as a synergist muscle.  It is 
obvious that after the intensive runs a different coordination strategy between 
the agonist and synergist muscles was used in the leg extension exercises, since 
EMG activities on the surfaces of vastus medialis and lateralis decreased, while 
no significant change on the surface of biceps femoris was found (Table 3). This 
new coordination strategy may have maintained or even improved the leg 
extension power performances of the high calibre long distance runners in the 
present study, although under some circumstances, e.g. after a prolonged 
exercise the increased coactivation of synergist muscles has also been connected 
to the strength loss in the active muscles (Psek and Cafarelli 1993, Millet and 
Lepers 2004).  

The exercise-induced changes in the muscular performances were of 
similar quantity after the continuous type and intermittent type of the non-
exhaustive running exercises. However, some differences were found in the 
ratio between EMGrms and P, which has been used as a parameter of 
neuromuscular efficiency in these types of muscle actions (Bosco et al. 2000). 
The decrease in EMGrms: P ratio was greater after TR (but not after IR) when 
compared to MR. This may partly result from greater changes in coordination 
strategy after TR than after IR. 

It has also been shown that the contractile mechanisms of a muscle, 
especially the series elastic component, may be altered during an exercise 
(Vigreux et al. 1980) and it is assumed that the contractile response of a muscle 
depends to a great extent on the exercise activation (Rassier and MacIntosh 
2000). A brief period of repetitive stimulation results in enhanced contractile 
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response (potentiation) while continued stimulation results in impairment or 
attenuated response (fatigue) (Rassier and MacIntosh 2000). Further, 
counteracting fatigue by increasing twitch tension is not necessarily associated 
with enhanced neuromuscular function (Millet and Lepers 2004). Exercise-
induced increase in muscle temperature may also have affected on the power 
output and efficiency in the present study. However, it is obvious that the 
neuromuscular performance has not been changed differently between TR and 
IR and between different types of runners because the warming up procedure 
and the duration of intensive exercising was equal in both exercises. According 
to these findings and since neuromuscular functions in the present study were 
evaluated only by using surface EMG, the improved power performance may 
not be explained by an enhanced contractile response of the muscles.   

 
 

6.3.  Acute effects of running exercises on maximal vertical 
jumping 

 
 
An acute improvement in maximal vertical jumping height (CMJ) was found 
immediately after the VO2max test run, after two different submaximal running 
exercises of 40 min duration, and after the first phases of the longer maximal 
anaerobic running test modification (MART3) in well-trained endurance 
runners.  However, CMJ decreased after the short anaerobic running test 
modification (MART1) in sprinters and during MART3 in middle distance 
runners. In addition, in study II, CMJ did not change during the last phases of 
the submaximal intermittent exercises, of 28 min duration, in well-trained 
middle distance runners. (Table 3). The difference between the findings in 
studies II and III may be explained mostly because of the timing of the CMJ 
measurements. In study II, CMJ was not measured before the exercise, as in 
study III, but only 5-6 minutes after the start of the exercise. On the basis of 
these findings, it is obvious that the running-induced acute changes in CMJ 
depends on the training background of the runners and the intensity and 
duration of the exercise   
 An exercise-induced acute improvement in jumping performance, as well 
as in half squat performance, is quite a surprising finding considering the 
conventional fatigue–associated impairment in neuromuscular performance of 
leg muscles (MacIntosh and Rassier 2002, Millet and Lepers 2004), e.g. a 
decreased jumping performance after prolonged exercises (Ferretti et al. 1987, 
Millet et al. 2000).  Enhancement of strength in the leg extensor muscles is 
known to follow adaptation to training, e.g., after several weeks of heavy 
resistance training (Häkkinen et al. 1985, Aagaard et al. 2002). This type of 
adaptation has been attributed to improvement in neuromuscular behaviour 
caused by the increasing activity of the higher motor centers (Aagaard 2003), 
and by changes in the interaction between neuromotoric, hypertrophic and 
mechanical factors and the function of the stretch-shortening cycle (Komi 1986, 
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Aagaard et al. 2001). On the other hand, the acute decrease in muscular strength 
is suggested to depend upon the type of muscular contraction, with a greater 
loss occurring in eccentric and isometric actions than in concentric ones, but is 
independent of the angular velocity of the movement (Lepers et al. 2000b). In 
the present study, the fact that the improved performance was demonstrated 
both in the maximal half squats starting from the static position and maximal 
vertical jumps with a counter movement suggests that the improved muscular 
power performance is not only associated with better use of the stretch-
shortening cycle but also with other neuromuscular mechanisms. However, 
CMJ tended to increase more (10-12%) than the mechanical P in half squats (3-
4%) and increased also in MR, while the half squat performance remained 
unchanged. Although it is tentative to compare the exercise-induced changes in 
half squats with additional load to the changes in CMJ without any additional 
load, the results suggest that the increased utilization of elastic energy may, at 
least partly, explain the acute exercise-induced improvement in the power 
performance of the lower extremities. The decreased surface EMG of leg 
extensor muscles also supports this assumption. 

 
 

6.4  Factors relating with running-induced acute changes in power 
performance 
 
 

In the VO2max test run the improvement in CMJ correlated negatively with the 
accumulation of lactate in blood, but in the submaximal intermittent run the 
correlation was positive. During the submaximal tempo run the blood lactate 
increased only slightly and no relationship between blood lactate increase and 
CMJ improvement was found. Correspondingly, CMJ performance in marathon 
runners improved during the early phases of MART3 but not during MART1 
where blood lactate increased less. A similar tendency was not found in middle 
distance or sprint runners who achieved the same maximal blood lactate level 
in both MART modifications. Thus, in non-exhaustive intermittent running, an 
increment of the exercise intensity, the concentration of blood lactate and 
possibly also the increased muscle temperature seem to be associated with 
improved rather than impaired explosive strength output of long distance 
runners. Recently, Lattier et al. (2004) reported slightly decreased isometric 
maximal voluntary contraction values after repeated high intensity uphill runs 
with high blood lactate levels. That was suggested to be due to significant 
alteration in excitation-contracting coupling failure and it was concluded that 
this type of exercise, of shorter duration but of higher blood lactate response as 
in the present study, does not induce significant central fatigue or changes at 
the crossbridge level (Lattier et al. 2004).  

The acute improvement in mechanical P correlated significantly with the 
maximal running performance of the subjects. Surprisingly, this correlation was 
positive in TR but negative in IR suggesting that the higher caliber long 
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distance runners may obtain more neuromuscular benefit and/or resist fatigue 
more efficiently during continuous type of running exercises. A possible 
explanation for this may be related to the differences in the training background 
of the subjects and their adaptation to different types of running exercises. In 
the present study, the higher the yearly training volume of the runners the 
better their performances in MR (r = 0.66; P<0.001). It is obvious, that the higher 
caliber long-distance runners resist fatigue and produce power more efficiently 
not only after maximal but also after continuous type of prolonged running; 
high calibre long distance runners have previously been reported to resist 
neuromuscular perturbation during a 10-km time trial better than low calibre 
runners (Paavolainen et al. 1999b). Consequently, the lower caliber long 
distance runners (by vVO2max) in the present study may have been better 
adapted to intermittent and fast running exercise of the IR type and / or they 
may have become more easily fatigued during TR compared to the higher 
caliber and the more trained runners. This finding suggests that in training long 
distance runners who have good endurance but poor explosive strength output, 
as in our marathon runners, tempo runs (continuous type of running) would be 
preferred instead of interval runs, with regard to the ability to produce strength 
after a single exercise. 

 
 

6.5 Factors underlying running power in maximal anaerobic 
interval run   
 
 

The results of the present study are in agreement with the findings of Rusko et 
al. (1993), which showed that anaerobic running power in the shorter MART 
modification (n x 1x 20 s) is affected by the same factors as the sprint running 
performance. In the present study, this was supported by the correlation 
analyses, which showed that the maximal sprinting speed and CMJ, but not the 
VO2max, correlated positively with the maximal anaerobic running power in 
MART1. Furthermore, the sprinters and the middle distance runners attained 
significantly higher power values than the marathon runners in MART1. In the 
400 m run the estimated oxygen demand is about 120 ml . kg-1 . min-1 (ACSM 
1986, Noakes 1988) as was the Pmax of the 400m runners in the study of Rusko et 
al. (1993) and of the sprinters and middle distance runners in the present study. 

In MART1 the sprinters were not able to reach higher Pmax than the middle 
distance runners, suggesting that the limiting factors in this test may not be 
exactly the same as in 100 and 200-m sprinting. The sprinters have well-
developed force-velocity characteristics and alactic power of leg muscles (good 
results in sprinting and jumping tests) while the lactic power and capacity as 
well as the ability to resist fatigue are well-developed in middle-distance 
runners (Denis et al. 1992). According to Noakes (2001) the high maximal 
running power of middle distance runners in MART1 could be explained by the 
muscle power model and /or by the central governor model. The previous 
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predicts that changes in exercise performance may result from increased muscle 
contractile function caused by biochemical adaptations in muscle. This may 
increase force production or the rate of sarcomere shortening, or both, 
independent of changes in neural recruitment by the brain. The latter 
emphasize the inhibitive role of central nervous system in strenuous physical 
exercises. On the base of this theory, “the central governor” may have 
prevented, especially in the case of sprinters, the recruitment of additional 
muscle fibres necessary to further increase the work output in the end of 
MART1.  

The large number of 20-s runs and counter movement jumps obviously 
had more detrimental effect on the Pmax in sprinters compared with middle-
distance runners who have better aerobic capacity and lactate removal (Dennis 
et al. 1992, Paavolainen et al. 1994). Therefore, shorter than 20-s runs should be 
used if the main interest is to test alactic and neuromuscular components of 
maximal anaerobic power in runners trained both for short and long distances. 
According to Christensen (1960) and Åstrand et al. (1960a) the interval work 
becomes more alactic by shortening the 20-s repetitions when the intensity level 
is greater than 100% VO2max, such as in the MART. In order to decrease the 
effects of fatigue on the Pmax, the recovery period between the runs can also be 
prolonged (e.g. from 40 up to 100 s). 

The Pmax in each group was lower as the number of runs per set increased 
in the MART protocol. However, while middle distance and sprint runners 
attained almost the same peak blood lactate in each of the test modifications, 
marathon runners could not reach as high values in the MART1 as in MART3 
and MART5. According to Noakes (2001) this shows that it was the marathon 
runners´ inability to recruit fast twich muscle fibers that produced the low 
power output in MART1. Due to this and the fact that the marathon runners 
were unable to sprint fast and to obtain high performance in CMJ, it is obvious 
that the factors, which limited the maximal anaerobic running power of 
marathon runners, were associated with the function of the neuromuscular 
system and especially in the MART1. Despite this, the marathon runners 
attained the highest Pmax in MART1. Thus, the only reason to recommend the 
longer modifications of the MART for marathon runners is associated with 
blood lactate accumulation. In testing the maximal anaerobic running power, 
marathon runners were able to accumulate higher lactate as the number of runs 
per set increased in the MART protocol. There are also several arguments why 
the longer MART modifications may not be useful for short distance runners. 
First, the sprinters could not perform MART5 at all. Second, both middle 
distance runners and sprinters had a significantly higher Pmax in the MART1 
than in the other test modifications. Moreover, the sprinters and the middle 
distance runners could not accumulate more blood lactate in MART3 and 
MART5 than in MART1. 

Explosive strength of the leg muscles of the sprinters was superior over 
the middle-distance and marathon runners. Bosco et al. (1987) and Mero et al. 
(1990) have suggested that a 10-cm difference in CMJ (such as in the present 



 

 

64 

 

study) affects the maximal running speed by increasing the ability to move the 
legs fast and to use longer strides. In the present MART study (I) and in one 
previous study, (Paavolainen et al. 1994) CMJ decreased in runners specialized 
for shorter distances but was at exhaustion still higher in the sprinters and 
middle-distance runners than in the marathon runners. Therefore, the 
decreased ability of the neuromuscular system to produce explosive strength 
due to fatigue cannot be the only reason for exhaustion in the sprinters and 
middle distance runners. After the longer MART modifications their Pmax did 
not differ significantly from the Pmax of the marathon runners. Other reasons for 
exhaustion could be central fatigue (Paavolainen et al. 1994) that is in 
connection with a limited ability to release anaerobic energy (Noakes 2001). The 
latter possibility is supported by the similar peak blood lactate in the different 
MART modifications in sprinters and middle-distance runners. 

 
 

6.6 Different adrenal and testicular responses to continuous and 
intermittent runs between marathon and middle distance 
runners 
 
 

The present results showed that the acute exercise-induced testosterone and 
cortisol responses were partly different in high level endurance runners who 
had event specific differences in their physical characteristics and training 
background. Marathon runners had lower cortisol response to intensive 
continuous running compared to middle distance runners while middle 
distance runners had higher testosterone response to intensive intermittent 
running compared to marathon runners. Previously, differences in serum 
cortisol and testosterone responses to acute prolonged exercise have been 
documented between endurance athletes and non-athletes (e.g. Vasankari et al. 
1993a) and between high and low level endurance athletes (Snegovskaya and 
Viru 1993). Based on the present results, an acute shift to a more anabolic and 
less catabolic hormone environment within the body results from continuous 
type running exercise in marathon runners and intermittent type running 
exercise in middle distance runners. These differences in acute hormone 
responses are obviously due to differences in the subjects’ genetic background 
and / or adaptation to marathon type (aerobic) or middle distance type 
(anaerobic) of training. 

The endocrinological responses to intensive continuous and intermittent 
running were studied by changes in serum testosterone, LH, FSH and cortisol 
concentrations and in the molar ratio of testosterone to cortisol in 20 well-
trained middle and long distance runners. Because testosterone is the main 
anabolic hormone and cortisol is the main stress /catabolic hormone, the molar 
ratio of testosterone to cortisol was used to evaluate if two exercises were a 
different anabolic or catabolic stimuli for athletes (Kenefick et al. 1998). In the 
present study, changes in plasma volume were not measured and thus, the 
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absolute changes in the measured hormone concentrations may be 
overestimated. However, the total exercise time was only 40 min of duration 
and no changes in the body weight were found after the exercises. Thus, the 
possible decrease in the plasma volume may have been minimal in both 
exercises. In addition to this, the total exercise time during both exercises was 
equal so that the comparisons between the groups could also be conducted 
without major influences of the possible plasma volume changes. 

After the first 20 min of exercising s-cortisol remained at the pre-exercise 
level in TR while in IR it was elevated by 17%. Thereafter, s-cortisol increased 
also in TR reaching, immediately after 40 min of exercising, the same level as 
after IR. S-testosterone increased similarly in both exercises. Tremblay et al. 
(2005) reported partly similar testosterone and cortisol changes after continuous 
type runs at 50% of VO2max. At that intensity, exercise duration had an 
independent effect on the hormonal responses; longer duration was necessary 
to stimulate increased levels of testosterone, DHEAS (dehydroepiandrosterone 
sulfate) and cortisol. Beyond 80 min of running there was a shift to a more 
catabolic hormonal environment. In TR, which was performed at an intensity of 
80% vVO2max, the duration of 20 minutes was enough to increase the 
concentration of serum testosterone but not cortisol. However, it is possible that 
the concentration of serum cortisol may also have increased after 20 minutes if 
the exercise was stopped at that point. Serum cortisol concentration continued 
to increase after 40 minutes, during the first ten minutes of recovery (Table 5) 
similarly as it has been shown to behave after exhaustive running at the 
ventilatory threshold (85 min) in trained runners (Daly et al. 2005) and for 
example after heavy-resistance exercise protocols (Kraemer et al. 1993). The 
differences in the serum cortisol concentrations after 20 and 40 minutes of 
exercising between TR and IR suggests that in continuous type of running the 
duration of exercise is the stress factor, which induces elevated levels of s-
cortisol. 

The present study agrees with previous ones that exercise intensity has an 
affect on the endocrine responses to acute prolonged exercise (Kindermann et 
al. 1982, Snegovskaya and Viru 1993, Duclos et al. 1996, Tremblay 2005). In 
continuous (aerobic) type of running the shift to more catabolic hormonal 
environment seems to take place earlier if the intensity is higher. In the present 
study, 40 min of running at 80% of vVO2max resulted in a shift to more catabolic 
hormonal environment (increase in serum cortisol concentration) compared to 
the hormonal environment after 20 min of running. A similar tendency is not 
found when running at 50% of VO2max (Galbo 1981) or it is found not earlier 
than after 120 min of running (Tremblay et al. 2005). Previously, a single bout of 
anaerobic running (leading to exhaustion within 1.5 min) has been shown to 
increase serum cortisol concentration more compared to 50 min of aerobic 
running at the 4mM blood lactate level (Kindermann et al. 1982). In the present 
study, the 40-min IR, which was performed at an intensity of 100%, did not 
increase serum cortisol concentration more but did it earlier compared to TR, 
which was performed at an intensity of 80% vVO2max. The total time but not the 
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total work output of TR and IR were equated resulting in similar subjective 
strain (RPE) measured at the end of the 40-min exercises. If the total work 
output were to be equated, the serum cortisol response to the more intense IR 
might have been greater compared to TR, as in a previous study where the 
effects of equal anaerobic (110% VO2max) and aerobic (65% VO2max) total work 
outputs on the cortisol response was studied (Hackney et al. 1995). 

Exercise induced acute increases in serum testosterone concentration have 
been suggested to be caused by the influence of increased circulation in the 
testicles, activation of the sympathetic nervous system, increased lactate 
accumulation and / or luteinizing hormone concentrations (Eik-Nes 1969, 
Jezova and Vigas 1981, Fahrner and Hackney 1998). In the present study, the 
exercise-induced rise of testosterone took place without any change in LH or 
FSH suggesting that the acute rise in serum testosterone levels was not of 
pituitary origin. On the contrary, the exercise-induced decrease in serum 
testosterone has been found after prolonged exercise and it has been concluded 
to be caused by reduced hypothalamus-pituitary stimuli (Vasankari et al. 
1993b). During short-term intense exercise, as IR in the present study, the 
circulating testosterone level is probably influenced by the sympathetic nervous 
system or by circulating catecholamines (Sutton and Lazarus 1974, Jezova and 
Vigas 1981). After IR, serum testosterone increased more in middle distance 
runners compared to marathon runners and a positive correlation between the 
change in serum testosterone concentration after IR and the maximal blood 
lactate concentration achieved after the exhaustive VO2max test run was found. 
However, no difference in post-IR blood lactate concentration was found 
between middle distance and marathon runners, and neither any correlation 
between the serum testosterone and blood lactate increases after IR.  Hence, 
after intense intermittent type running, some physical characteristics, e.g. high 
maximal lactic energy producing capacity but not the blood lactate 
accumulation during the exercise, seems to be connectted with the high serum 
testosterone increase. The individual differences in physical characteristics may 
be either of genetic origin or developed as adaptation to training. 

In the present study, the intensive continuous running induced serum 
cortisol to increase more in middle distance runners compared to marathon 
runners. In addition to this, the increase in serum cortisol concentration 
correlated positively with the runners´ maximal running speed and maximal 
explosive strength (maximal vertical jump) but negatively with VO2max as well 
as with the total running training amount during the last year before the study. 
A positive correlation was also found between the runners´ VO2max and the TR-
induced change in the molar ratio of testosterone to cortisol. These findings 
suggest that in hard continuous type of running cortisol secretion is stimulated 
more in endurance runners who have done less (endurance) running training 
and have a low VO2max, but are fast and have a high level of explosive strength.   

High-level middle distance runners and marathon runners both do, at 
least in some training periods, high mileages in their daily training and are 
supposedly well adapted to many different types of long distance running 
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exercises. However, their training also includes some basic differences. Middle 
distance runners do more sprint and muscle power training and fast 
intermittent running exercises. In the present study (III, IV) the proportion of 
intermittent running was about 8.5% in middle distance runners and only 4.5% 
in marathon runners. This is intentional because intermittent runs at a velocity 
that yields maximal oxygen uptake have been suggested to be especially 
effective for enhancing middle distance running performance (e.g. Hill and 
Rowell 1997). Marathon runners prefer slower continuous type of running and 
have higher VO2max and decreased maximal running speed and explosive 
strength as shown in study I. High running mileage and adaptation to 
marathon type of training and related training-induced changes in physical 
performance, e.g. high VO2max, seem to explain, at least partly, the differences in 
exercise-induced serum cortisol changes in hard continuous running.  Because 
marathon runners had lower cortisol response to TR, when compared to middle 
distance runners, together with a high testosterone response, it may be argued 
that they use TR-type of exercises in their training. Correspondingly, it may be 
favourable that middle distance runners use IR-type of exercises in their 
training, because their testosterone response to IR was higher compared to 
marathon runners. These suggestions are supported by the findings of study III 
that TR-type of exercise induces acute positive changes in muscular 
performance especially in runners who have a high vVO2max (mostly marathon 
and long distance runners) and IR-type of exercise in runners who have lower 
vVO2max (mostly middle distance runners).  

Although cortisol is the main catabolic hormone and elevated serum 
cortisol levels may indicate a shift to a more catabolic hormone environment, 
unfavourable catabolism may not have existed in the present study, even in 
MID after TR. After both types of exercises, serum testosterone concentration 
increased in line with cortisol in both groups and the ratio of testosterone to 
cortisol did not decrease when compared to the pre-exercise level. In addition 
to this, the increase in serum cortisol, in both groups after both exercises, was of 
the same amount as reported earlier after prolonged exercise of well-trained 
athletes (Kuoppasalmi et al. 1980, Vasankari et al. 1991). Furthermore, it should 
be noted that the exercise response of adrenal cortex activity may also be 
triggered by the central motor command and the responses may be further 
supported by positive feedback influences from proprio- and metaboreceptors 
in muscles (Kjaer 1992). In our earlier study (Vuorimaa et al. 1999) we showed 
that, despite the well documented acute changes in serum hormone 
concentrations, a single IR type of intensive running exercise does not induce 
changes in serum cortisol and testosterone of well-trained runners during 
recovery over 3 days. In less fit or untrained subjects, hard prolonged exercises 
have led to decreased levels of serum testosterone (Vasankari et al. 1993a,b). 
Thus, in spite of the higher cortisol response, TR type of continuous running 
exercises may be favourable for middle distance runners when training-induced 
improvement in performance is expected. Similarly, the total hormone response 
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to IR in marathon runners was great, which is a mark of altering the 
homeostasis and may result in a good training effect.   

 
 
6.7 Acute lipid and lipoprotein responses to prolonged exercise 

 
 

It has been shown in earlier studies that under some circumstances intensive 
endurance exercises and increased release of pro-oxidants may cause oxidative 
stress, e.g. oxidation of circulating lipids (Davies et al. 1982, Jenkins 1988). In the 
present study prolonged and low intensity walking with trained men, 
decreased the level of conjugated dienes extracted from LDL (LDL-BDC), which 
are a determinant of circulating oxidized LDL (Ahotupa et al. 1996, 1998, 1999). 
LDL oxidation seemed to decrease already during the first day of walking. 
Since oxidized LDL is a risk factor for cardiovascular disease (Steinberg 1994, 
Witztum 1994), this change may be beneficial. This finding indicates that the 
positive changes in the concentrations of the conventional lipids after 
prolonged exercise also occur in the concentration of oxidized LDL, measured 
“in vivo”. Our finding is in accordance with previous observations according to 
which several years of endurance training (Kujala et al. 1996) and a training 
period of 10 months (Vasankari et al. 1998) result in a reduction of the 
concentration of moderately oxidized LDL. Further, a single bout of ultra-
endurance exercise reduced the susceptibility of LDL to peroxidation “in vitro” 
in well-trained triathletes (Ginsburg et al. 1996). Contradictory findings have, 
however, also been reported: increased serum autoantibodies against oxidized 
LDL have been recorded in specific athlete groups like professional basketball 
and football players (Pincemail et al. 2000).  

In study VI, the lack of a non-exercise control group lead us to speculate 
that the reduced LDL oxidation, as well as the differences in other variables, 
may partly be caused by factors other than the exercise.  However, since in 
study VI, the results of the baseline measurements of the two trials did not 
differ, and the results of both trials were comparable, a true exercise effect is 
rather obvious. 

In study V, acute exercise induced no changes in LDL oxidation. The 
difference between studies V and VI may be explained by the difference in the 
intensity and nature of the exercise. The exercise in study VI was of long 
duration but the intensity of the walking was low, around 50% VO2max, as 
judged on the basis of the exercise heart rate. This is lower than the subjects had 
used in their daily training before study VI and also lower than in study V, in 
which the exercise used was running and which resulted in no change in LDL 
oxidation. Nor did the exercise schedule in study VI include intermittent fast 
and anaerobic working sessions, which is the case for basketball and football 
players (Pincemail et al. 2000). The present walking exercise reduced the 
subjects´ ability to run 1000 m as fast as possible while the submaximal running 
ability (on the basis of blood lactate level in submaximal running) did not 
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change. This indicates that the physiological strain of our prolonged exercise 
protocol, consisting of two consecutive days, causes fatigue in the running 
muscles, but is not exhausting for trained men. In study V, the exercises were 
more strenuous and/or led to exhaustion. 

The degree of LDL oxidation may be associated with the levels of 
malonaldehyde in the plasma, since increased levels have also been said to 
reflect exercise-induced oxidative stress (Jenkins 1988). The decreased 
concentration of oxidized LDL in study VI on low intensity exercise is 
supported by an earlier study (Lovlin et al. 1987), which showed that plasma 
levels of malonaldehyde were dependent on exercise intensity.  In that study, 
the plasma malonaldehyde levels rose when the subjects performed at maximal 
intensity (100% VO2max), was unchanged at exercise of short duration at an 
intensity of 70% VO2max, and sank at an intensity of 40% VO2max. Obviously, the 
exercise performed at an intensity of 40% VO2max, which comes close to the 
walk exercise performed at an intensity of 50% VO2max in the present study, is 
light enough to avoid such oxidative stress, which increases both the levels of 
plasma malonaldehyde and LDL oxidation.   

A good training background may also be one reason for the lack of an 
acute LDL oxidation response to the 2-day exercise protocol in study VI.  The 
subjects were well trained for the exercise in this study. They had a training 
history of endurance sports, and during the last 9 weeks before the study they 
had prepared especially well for the walking exercise of long duration.  Regular 
participation in intensive physical exercise training is associated with reduced 
levels of circulating oxidized LDL, which is reflected by enhanced LDL diene 
conjugation (Kujala et al. 1996). Also, experimental studies show that physical 
training and adaptation to muscle work of long duration may alter the response 
of lipid peroxidation to exercise in humans (Viinikka et al. 1984, Alessio and 
Goldfarb 1988, Krezchmar et al. 1992) and in vitro at least in rat muscle 
(Salminen and Vihko 1983). 

In study VI, the finding of an exercise-associated increase in serum 
antioxidant potential (S-TRAP), but not in the antioxidant capacity of LDL 
(LDL-TRAP), accords with study V where S-TRAP, but not LDL-TRAP, 
increased in subjects who ran 31 km and 42 km. However, in study VI, the 
increase in S-TRAP can not be explained directly by an effect of a single 
antioxidant, like α-tocopherol in study V, because not any of the measured 
serum antioxidant concentrations increased during the 2-day walking exercise. 
It is obvious that the extremely long duration of exercise (12h in two days) has 
led to the increased antioxidant consumption in working tissues, and caused 
the decrease in serum γ-tocopherol and the absence of the acute increase in 
circulating antioxidants seen in exercise of shorter duration (Pincemail et al. 
1988). Further, the 2-day exercise-induced remarkable decrease in serum lipids 
may have been the reason why the α-tocopherol: serum lipids ratio increased 
(Thurnam et al. 1986). However, some other factors, like elevated levels of 
plasma proteins (e.g. uric acid, albumin, bilirubin, ceruloplasmin, transferritin 
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and haptoglobulin) may have led to the exercise-induced increase in S-TRAP 
(Davies et al. 1982, Haramäki and Packer 1994). 

Carbohydrate ingestion during the 2-day exercise protocol had no further 
effect on the antioxidant capacity nor on the plasma lipid and lipoprotein levels. 
Rather, the increase in serum antioxidant capacity was somewhat lower in the 
trial where the subjects received carbohydrate. This is not what one would 
expect on the basis of earlier studies, which have implied that carbohydrate 
ingestion strengthens the antioxidant defence system during heavy exercise 
training  (Vasankari et al. 1998, Mooradian et al. 1994). The 2-day exercise was 
performed at low intensity and our subjects were healthy and well trained.  
Carbohydrates may enhance antioxidant capacity more in situations where the 
subjects are not adapted to exercises of long duration and not pre-protected 
against exercise-induced lipid oxidation and oxidative stress.  



 

 

  

 

 
 
 
 
 
 
 
 
 
 
 
 

7  PRIMARY FINDINGS AND CONCLUSIONS 
 
 

The main findings and conclusions of the present study can be summarized as 
follows: 

 
1)  Blood lactate accumulation and oxygen uptake during intermittent 

running 
 

The physiological strain, as evidenced by blood lactate accumulation, oxygen 
consumption and heart rate, increased significantly when the duration of 
running bouts was doubled from 1 to 2 min (with 1 and 2 min recovery, 
respectively) in a 28-min intermittent exercises performed at the velocity 
associated with VO2max (vVO2max). The aerobic energy release, determined by 
the accumulated oxygen deficit method, increased from about 70% to 82%. This 
is about the same level as documented in 800 and 1500-m races, respectively. 

 
2)  Muscle power and muscle activation responses to single ndurance 

running exercises 
 

a) Three different endurance running exercises led to a significant acute 
improvement in the vertical jumping and half squat performance in elite 
middle and long distance runners.  The only evidence of muscle fatigue was 
found, when the maximal test induced an acute decrease in mechanical power, 
expressed as a relative change within the set of half squats. The capacity to 
produce power with both legs was improved, although a reduction in the EMG 
activity of leg extensor muscles took place. An acute improvement in power 
performance was observed after continuous and intermittent type of running 
exercises in both jumping and half squat performances. It is likely, that after 
these types of intensive running in elite endurance runners, the use of a 
different coordination strategy counteracts strength loss and even improves 
power in extension exercises performed vertically with both legs.  
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b) Intermittent running consisting of n x 3 x 20-s repetitions, improved vertical 
jumping performance in marathon runners but decreased vertical jumping 
performance in middle distance runners. The improvement in the half squat 
power after the intensive continuous type of running correlated positively with 
the vVO2max of the well-trained endurance runners. The corresponding 
correlation in the case of the 40-min intermittent running exercise was negative. 
On the basis of these findings, it is likely, that runners with different training 
backgrounds have differences in their muscular responses between different 
type of intermittent running and between continuous and intermittent running. 
These differences could result from adaptation to different type of training.  
Middle distance runners are obviously better adapted to intermittent running 
where the explosive muscle contractions and performance in different power 
performance tasks could be better maintained. Marathon runners are obviously 
similarly adapted, either genetically or as a result of training, to continuous 
type of running exercises. Measuring maximal vertical jump height on a contact 
mat may be a useful and simple way to follow the acute neuromuscular 
responses to endurance running exercises. However, it should be noted that 
these changes do not necessarily reflect the neuromuscular changes and fatigue 
in running action.  

 
3)  Acute endocrinological responses to intermittent and continuous 

running in middle distance and marathon runners 
 

The TR and IR exercise protocols, both of which were rated as hard or very hard 
on the Borg scale, led to greater acute testosterone and cortisol responses in 
both middle distance and marathon runners.  The continuous type of running 
increased serum cortisol later than the intermittent type of running.  Serum 
testosterone response to IR and serum cortisol response to TR were higher in 
middle distance runners compared to marathon runners. The tempo running – 
induced increase in serum cortisol was the lower the higher the runners´ 
VO2max. Further, the change in the ratio of testosterone to cortisol after TR 
correlated positively with the VO2max of the runners and after IR it correlated 
positively with the maximal blood lactate measured after the exhaustive test 
run. On the basis of these findings, testosterone and cortisol responses to 
continuous versus intermittent running are specific regarding the training 
background and physical characteristics of the runner.  Runners who have high 
aerobic capacity seem to have higher acute anabolic response to intensive 
tempo running whereas runners who have high anaerobic capacity seem to 
have similar response to intensive intermittent running.   

 
4)  Acute oxidative stress response to endurance running exercises of long 

duration 
  

a) The antioxidant capacity (S-TRAP) was shown to increase immediately after 
three different endurance exercises of long duration in trained endurance 
athletes. This paradoxical exercise-associated increase in S-TRAP is, at least 
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partly, explained by a simultaneous increase in the serum concentration of α-
tocopherol after an intensive 31-42-km run, but not after a 2-day walking 
exercise at low intensity.  

 
b) An unexpected acute decrease in the oxidative stress marker, LDL-BDC, was 
found after a low intensity 6h walking exercise but not after a 31-km intensive 
run or after a competitive marathon run. This shows that an endurance exercise 
of unusually long duration and low intensity may decrease the concentration of 
moderately oxidized LDL and increase serum antioxidant potential in athletes 
adapted to exercises of long duration. These findings also imply that similar 
exercise-induced beneficial changes, as seen in the conventional lipid risk 
factors of atherosclerosis, also take place in circulating moderately oxidized 
LDL. 

 
5)  Training recommendations for middle and long distance runners 
 
The results of this study emphasize the importance of individuality in 
programming the training of middle and long distance runners.  It is useful to 
recognize the differences in training background and physical performance 
when selecting running exercise models, which would result in expected 
muscular and hormonal responses. It seems that the runners who are fast and 
specialized to middle distances will have more favourable acute neuromuscular 
and hormonal responses to fast intermittent running compared to intensive 
continuous running.  On the contrary, the marathon type of runners, who have 
high maximal aerobic power, seem to respond better to continuous type of 
running.  Thus, at least during a short period of time, e.g. when preparing to 
important competitions, middle distance runners may benefit more from 
intermittent running exercises and marathon runners more from continuous 
type of exercises.  On the other hand, during a long period of time, e.g. during a 
basic training period, there may also be a need to train by another way. This 
means that middle distance runners should try to adapt for longer continuous 
type of running and marathon runners for faster intermittent type of running. 
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YHTEENVETO 
 
 

Neuromuskulaariset, hormonaaliset ja hapettumisstressiin liittyvät vasteet 
kestävyysjuoksuharjoituksiin hyvin harjoitelleilla juoksijoilla 
 
Kun pyritään kehittämään kilpaurheilussa käytettäviä harjoitusmenetelmiä, on 
tärkeää tuntea sekä lajissa käytettävien pääharjoitusten että harjoittelujaksojen 
aikaansaamat muutokset urheilijan elimistössä. Kestävyysjuoksussa yksi har-
joittelun pääelementtejä on matalatehoinen kestojuoksuharjoittelu, jota paino-
tetaan kaikilla kestävyysjuoksijoilla peruskuntoharjoittelussa ja maratonjuok-
sijoilla läpi koko harjoituskauden. Kestävyysjuoksuharjoittelun toinen pääele-
mentti on kovatehoisempi intervalliharjoittelu, jota erityisesti keskimatkojen 
juoksijat painottavat kilpailuun valmistavssa harjoittelussa.  

Tässä tutkimuksessa tutkittiin eri tyyppisten, kesto- ja intervalliperi-
aatteella toteutettujen, kestävyysjuoksuharjoitusten vaikutuksia tarkastelemalla 
hyvin harjoitelleiden urheilijoiden hermolihasjärjestelmään, hormonieritykseen 
ja oksidatiiviseen stressiin liittyviä akuutteja muutoksia. Tavoitteena oli 
selvittää ovatko jalkalihasten voimantuottotehossa ja seerumin hormonipitoi-
suuksissa tapahtuvat akuutit harjoitusperäiset muutokset erilaisia kesto- ja 
intervalliperiaatteella suoritettavissa kestävyysjuoksuharjoituksissa ja riippu-
vatko muutokset juoksijan fyysisistä ominaisuuksista ja harjoitustaustasta. 
Lisäksi pyrittiin selvittämään aikaansaako pitkäkestoinen kestävyysharjoitus 
hyvin harjoitelleilla urheilijoilla oksidatiivistä stressiä ja onko akuutti 
oksidatiivinen stressi yhteydessä harjoitusten tehoon.  

Tutkimukseen osallistui kaikkiaan 88 mieskestävyysurheilijaa. Akuutteja 
harjoitusvasteita tutkittiin kaikkiaan yhdeksässä eri juoksusuorituksessa ja 
yhdessä pitkässä kävelysuorituksessa. Juoksusuorituksista lyhin ja nopein oli 20 
s toistoista 100 s palautuksella koostunut nousujohteinen intervallijuoksu ja 
pisin 42,2 km:n maratonjuoksukilpailu. Harjoitusten aikaansaamia välittömiä 
voimantuottokyvyn muutoksia mitattiin ennen ja jälkeen harjoitusten suorite-
tuin vertikaalisuuntaisin kontaktimattohypyin ja lisäpainon kanssa suoritetuin 
puolikyykkysarjoin. Puolikyykyissä seurattiin myös lihasaktiivisuutta pinta 
EMG - mittauksin neljästä eri alaraajan lihasryhmästä. Intervalli- ja kestoharjoi-
tuksen aikaansaamia endokrinologisia muutoksia seurattiin mittaamalla 
seerumin testosteroni-, LH-, FSH- ja kortisoli pitoisuuksia ennen harjoitusta, 
harjoitusten puolessa välin ja välittömästi harjoitusten jälkeen. Oksidatiivisen 
stressin ilmenimistä ja antioksidanttipuolustusta seurattiin mittaamalla 
lipoproteiineissa tapahtuvia hapettumismuutoksia ja seerumin antioksidantti-
pitoisuuksissa ja kokonaisantioksidanttikapasiteetissa (S-TRAP) tapahtuvia 
muutoksia.  

Sekä intervalli- että kestoperiaatteella toteutettujen juoksuharjoitusten 
jälkeen suoritetuissa puolikyykkysarjoissa reiden ojentajalihasten lihasaktii-
visuuden havaittiin laskevan, samalla kun kyykkysuorituksista mitattu 
voimantuottoteho ja kontaktimattohyppyjen nousukorkeus parani. Muutokset 
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olivat osittain erilaisia keskimatkoille ja pitkille juoksumatkoille erikoistuneilla 
juoksijoilla. Nousujohteisista 3 x 20 s sarjoista koostuva intervallijuoksu paransi 
maksimaalista vertikaalista kevennyshyppyä maratonjuoksijoilla, mutta ko. 
suoritus heikkeni keskimatkanjuoksijoilla. Kansainvälisen tason ja kansallisen 
kärkitason keskimatkanjuoksijoista ja maratonjuoksijoista koostuvassa 
ryhmässä kolme erityyppistä juoksumattoharjoitusta, 40 min kovavauhtinen 
intervallijuoksu, 40 min kovavauhtinen kestojuoksu ja nousujohteinen noin 20 
min kestoinen testijuoksu, paransivat kaikki vertikaalihyppysuoritusta ja 
voimantuottotehoa lisäpainoin suoritetuissa puolikyykyissä. Samanaikaisesti 
reiden etuosan lihasten, vastus medialis ja vastus lateralis, lihasaktiivisuus 
laski. Kestojuoksun aikaansaama voimantuottotehon parantuminen korreloi 
positiivisesti juoksijoiden maksimaalisen aerobisen juoksunopeuden (nopeus, 
jolla nousujohteisessa maksimaalinen hapenottokyky saavutetaan) kanssa. 
Subjektiiviselta kuormitukseltaan yhtä raskaaksi koetun intervalliharjoituksen 
yhteydessä vastaava korrelaatio oli negatiivinen. Tulokset osoittavat, että hyvin 
harjoitelleilla kestävyysjuoksijoilla kovien juoksuharjoitusten aikana voi 
tapahtua muutoksia jalkalihasten koordinaatiostrategiassa. Muutokset voivat 
ehkäistä voimantuottokyvyn heikkenemistä ja johtaa jopa suorituskyvyn 
paranemiseen nopeata voimantuottoa vaativissa jalkaliikkeissä. Näin näyttäisi 
voivan tapahtua ainakin, mikäli suoritettavat liikkeet ovat vertikaalisuun-
taisissa ja ei-juoksunomaisia. 

Kestoltaan 40 min mittainen intervalliharjoitus ja samanmittainen 
kestoharjoitus nostivat sekä seerumin testosteroni- että kortisolipitoisuutta. 
Intervalliharjoituksen aikaansaama seerumin testosteronitason nousu ja 
toisaalta kestoharjoituksen aikaansaama kortisolin nousu oli suurempi 
keskimatkanjuoksijoilla kuin maratonjuoksijoilla. Kestoharjoituksen jälkeen 
mitattu testosteronin ja kortisolin molaarisuhteen muutos korreloi positiivisesti 
juoksijan maksimaaliseen hapenottokykyyn.  

Kolme erityyppistä pitkää kestävyyssuoritusta, kuuden tunnin kävely-
suoritus, 31 km:n kova juoksuharjoitus ja maratonjuoksukilpailu, aikaansaivat 
kaikki hyvin harjoitelleiden kestävyysurheilijoiden seerumin antioksidantti-
kapasiteetin akuuttia kasvua. Molempien pitkien kestävyysjuoksusuoritusten 
jälkeen hapettuneen LDL:n määrä pysyi suorituksia edeltävällä tasolla ja jopa 
odottamattomasti laski kuuden tunnin matalatehoisen kävelysuorituksen 
jälkeen.  

Tämän tutkimuksen tulokset korostavat urheilijan harjoitustaustan ja 
yksilöllisten ominaisuuksien tunnistamisen tärkeyttä suunniteltaessa akuuttien 
voimantuotto- ja hormonimuutosten kannalta mahdollisimman hyödyllistä 
kestävyysharjoittelua. Näyttää siltä, että jalkalihasten voimantuottokyvyn ja 
seerumin hormonimuutosten perusteella keskimatkoille erikoistuneet nopeat 
juoksijat reagoivat akuutisti paremmin nopearytmiseen intervallijuoksuun ja 
pitkille juoksumatkoille erikoistuneet kestävämmät juoksijat puolestaan 
akuutisti paremmin hidasrytmiseen kestojuoksuun. Ainakin lyhyellä aika-
välillä, esim. kilpailukaudella ennen pääkilpailuja, tuntuisi tämän vuoksi 
tarkoituksenmukaiselta, että mailerityyppinen (nopea) juoksija harjoittelisi 
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intervallivoittoisesti ja maratontyyppinen (hidas) juoksija kestovoittoisesti. 
Toisaalta, pidemmällä aikavälillä, esim. peruskuntokauden aikana, lienee 
tarpeellista totuttautua myös harjoituksiin, jotka erityisesti kuormittavat 
hermolihasjärjestelmää ja hormoniaineenvaihduntaa, mutta eivät aikaansaa 
yhtä positiivia, jalkojen voimantuottoon ja hormonimuutoksiin liittyviä, 
akuutteja harjoitusvasteita.  

Tämän tutkimuksen perusteella näyttää myös siltä, että mikäli kestävyys-
urheilija on hyväkuntoinen ja tottunut pitkäkestoisiin kestävyysharjoituksiin, 
hän pystyy vahvan antioksidanttikapasiteettinsa avulla vastustamaan akuuttia 
oksidatiivista stressiä, jota yleensä ilmenee kestävyystyyppisten kuormitusten 
yhteydessä. Hyvin harjoitellet urheilijat näyttävät kykenevän vastustamaan 
oksidatiivista stressiä ainakin kestoltaan pitkissä mutta urheilijan suoritus-
kykyyn nähden matalatehoisissa harjoituksissa. 
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