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ABSTRACT

Kyroldinen, Heikki

Neuromuscular function among power- and endurance-trained athletes.
Jyvaskyla: University of Jyvaskyla, 1995, 82 p

(Studies in Sport, Physical Education and Health,

ISSN 0356-1070

ISBN 951-34-0507-9

Diss.

The present study was planned to demonstrate possible differences in
neuromuscular function and mechanical efficiency (ME) between power- and
endurance-trained athletes during natural locomotion. Reflex and voluntary
functions were studied in isolated conditions and in the maximal and
submaximal stretch-shortening cycle (SSC) exercises (jumping and running). In
the reflex conditions, the endurance group was more responsive to mechanical
stimuli because of obvious dominance of the slow twitch fibers. In the maximal
voluntary conditions for knee extensors and plantarflexors, the power athletes
produced higher forces with higher rates of force production. However, the
respective EMG-time curve did not differ between the subject groups
suggesting that the observed differences are primarily of structural origin. In
the maximal jumping exercises, the power athletes were also able to produce
high preactivation of leg extensor muscles and successive high and smooth
eccentric activity. Additionally in the concentric phase of the take-off, they
showed rapid EMG recovery. In the submaximal jumping and running, ME
was quite similar in all conditions among both subject groups. This might be
due to the endurance athletes having more developed oxidative metabolic
functions, whereas the power group demonstrated better neuromuscular
function. In other words, higher ME could physiologically be achieved by
improved economy of the performance or by the better utilization of elasticity.
It is therefore suggested that the training background and/or the inherited
structures cause differences between the athletic groups in neuromuscular
function and in muscle metabolism. However, in many cases these differences
were more individual and, therefore, there appeared no influence on ME in
group analysis.

Key words: stretch-shortening cycle, mechanical efficiency, stretch reflex,
electromyography, muscle strength, jumping, running
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1 INTRODUCTION

In most human motions the skeletal muscles are acting through a stretch-
shortening cycle (SSC) (Norman and Komi 1979): the eccentric muscular work
is followed by the concentric one, and the performance of the muscle during
the eccentric phase influences the subsequent concentric action (Cavagna et al.
1965; Komi 1984). The focus of the present series of studies was to investigate
SSC related neuromuscular performance of athletes. As an introduction to the
existing biomechanical and physiological basis of the problem, a short review
of the historical development is given in the following paragraphs.

Marey and Demeny wrote in 1885 as follows: "If we perform two
successive vertical jumps exerting each time our maximal effort, it always
happens that the second jump is higher than the first one. The storage of work
in the tense muscles gives to it, since beginning of the second jump, a very high
elastic force which on the contrary was developed only gradually by the muscle
during the first jump". Over a hundred years later their observations have been
used to evaluate the contribution of elastic energy in jumping (Asmussen and
Bonde-Petersen 1974; Cavagna 1977). However, the utilization of muscular
elasticity in human motion has been studied since 1923 by Fenn. He observed
(1930) that the muscles are unable to keep the energy stored during negative
work, but waste it as heat. Later this finding was confirmed by Elftman (1944).

In the beginning of this century, Hoffman (1918) studied reflexes of
animals in an isolated condition and introduced the monosynaptic stretch
reflex. He utilized EMG for the recordings of the reflexes and described the
monosynaptic pathway as the simplest spinal feedback system. The first
physiological stretches applied to intact human muscles to study stretch reflex
were probably performed by Hammond in 1954. He showed that a sudden
stretch of upper limb muscles resulted in two distinct periods of EMG activity
at rest. The first electrophysiological recordings during movement were
performed by Engberg and Lundberg (1969), and by Grillner (1972) who
studied central programming in cats.
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In natural human locomotion, the neuromuscular system is acting
simultaneously with many other physiological functions. Therefore,
biomechanics and exercise physiology have been combined in many studies for
obtaining more knowledge about human movement. Since Dickson (1929), who
studied how the efficiency of bicycle pedalling was affected by speed and load,
many scientists have been interested in the economy of human movement (e.g.
Abbott and Aubert 1952; Henry and De Moor 1950; Christensen et al. 1960;
Banister and Jackson 1967; Margaria 1968, Whipp and Wasserman 1969). In
general, it can be described as mechanical efficiency (ME), which is the amount
of the work done related to the net energy expended.

In the present study neuromuscular function and ME were studied
during natural SSC exercises (jumping and running) among power- and
endurance-trained athletes. The muscle action is continuously regulated by the
neural system. Therefore, electromyography (EMG) was recorded during
maximal and submaximal exercises as well as in isolated reflex and voluntary
conditions. In the analysis, the muscle activity patterns and the integrated EMG
(IEMG) were utilized together with other biomechanical and physiological
parameters to interpret the ME results. Additional information is given in the
review of literature. It consists of the motor control of human movement, as
well as the utilization of muscle elasticity and mechanical efficiency in natural
human locomotion.



2 REVIEW OF THE LITERATURE

21 Motor control of human movement

2.1.1 Motor control theories

The servo control of human movement has been presented in many theories.
Historically the first was Merton’s hypothesis (1953) regarding the use of the
fusimotor neurons as the primary initiator of muscle contraction. It suggests
that the main output of motor command centres are the gamma rather than the
alpha motoneurons, and the movement is always preceded by a burst of
spindle afferent activity as a result of such fusimotor activity. Later this theory
has been disputed. Granit (1975) hypothesized that the alpha and gamma
motoneurons are activated simultaneously by the same command signal
(alpha-gamma coactivation). The weakness of this theory is that when the
intrafusal and extrafusal fibre are acting simultaneously, there will be no
change in the state of activity of the spindle afferents and no feedback.

Houk (1979) stated that the spindle feedback is used in concert with the
negative feedback from Golgi tendon organs to stabilize the stiffness of the
muscle; it is the tendomuscular force related to the change of its length (Nichols
and Houk 1976). Houk’s analysis is based on the three major components: 1) a
muscular component is purely mechanical, 2) a length-feedback component is
mediated by the single pathway and consists of a facilitation of motor output
that tends to increase force, and 3) a force-feedback component is mediated by
the tendon organ pathway and consists of an inhibition of motor output that
tends to decrease the force (Houk 1974).

In SSC-exercises, these proprioceptive reflexes are functioning
simultaneously with the voluntary neural system. However, their role
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distributions are not well-known. Therefore, further studies are needed to
clarify effects of the reflexes on physical performance.

2.12 The role of the central nervous system (CNS)

The central nervous system (CNS) can produce organized motor programs
without the assistance of sensory feedback. Thus, there is a neural pattern
generator residing within the CNS that serves to produce the basic motor
program (Wilson 1972). However, sensory information can modify central
programs so that the output of the CNS is adaptive to the particular needs of
the task. In other words, afferent information influences the central pattern and,
conversely, the central pattern generator selects the appropriate afferent
information.

Stein (1978) has summarized the principles of motor control as follows:
"1) There are command neurons that activate the pattern generator. 2) The
pattern generator is composed of a set of local control centres. 3) There are
neurons within these centres that coordinate muscular synergies and generate
timing signals. 4) Co-ordination among the centres can be produced by
centrally derived signals, sensory-derived signals, or both. 5) Sensory signals
can measure motor performance and be utilized to improve performance. 6)
The pattern and/or the command signals can adjust the properties of sensory
pathways during the movement".

2.1.3 Proprioceptive reflex system

In reactive SSC-exercises, such as sprint running and jumping, the fast motor
control of human movement is essential for powerful performance. Before the
ground contact the extensor muscles are activated under central motor program
(Melvill-Jones and Watt 1971; Dietz et al. 1979). The presence and timing of
preactivity depend on foot position and on the expectancy of the moment of
ground contact. However, in some movements the programmed EMG pattern
might be generated on a spinal and/or a brain stem level (Dietz 1992). During
the initial ground contact , reflexes from the muscle spindles and tendon organs
are thought to play an important role in adjustments to external disturbances.
On the whole, many spinal pathways have been identified: Ia excitatory
pathways from the muscle spindle's primary endings, pathways of reciprocal Ia
inhibition, the circuitry of the recurrent inhibition through Renshaw cells, and
the pathways fed by Ib fibre from the Golgi tendon organs (Matthews 1969). If
the stretch of the muscle is moderate, it influences the potential of the stretch
reflex via Ia-afferent from the muscle spindle (Prochazka et al. 1977), of which
primary and secondary endings are more sensitive to small amplitude
displacements compared to the larger ones (Matthews and Stein 1969). The
pathways that are fed by Ib-afferent fibres from the Golgi tendon organ
contribute to the force attainment of limb muscles according to the
requirements of a movement (Schomburg 1990).
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The primary purpose of the proprioceptive reflex system is to mediate
feedback information from the muscles, joints and associated tissues in order to
adjust the motor program to irregular movements. Thus, muscle function is
continuously regulated by the neural system. Preactivity before the ground
contact prepares the neuromuscular system for the eccentric phase (stretching
phase) of the muscle action. Therefore, preactivation appears to be a
preparatory requirement, both for the enhancement of EMG activity during the
eccentric phase of the take-off, and for the timing of muscular action with
respect to the ground contact (Moritani et al. 1991). This leads us back to the
term tendomuscular stiffness, which can be regulated by the motor servo
systems as described earlier. However, the origin of nerve regulators is not
well-known.

The investigation of motor control has been focused, to a large extent,
on studies of reflex EMG elicited by muscle stretch or electrical stimulation.
The short latency stretch reflex (short-latency component) is the monosynaptic
reflex mediated by Ia-afferent from the muscle spindle (Lee and Tatton 1975;
Jaeger et al. 1982), while the following components (long latency components)
may result from different sources of reflex activity: secondary ending activity
(Matthews 1984), cutaneous afferent (Darton et al. 1985), long-loop, and
transcortical pathways (Phillips 1969; Melvill-Jones and Watt 1971; Marsden et
al. 1976). Supraspinal centres may regulate the gain of spinal stretch reflexes
and motoneuron excitability during a cyclic movement; according to the
demands of force and speed of the motor activity (Moritani et al. 1991).
Different latency times of reflexes allows us to conclude that the reflex
functions are acting segmentally. However, in voluntary landing the
segmented EMG pattern has been suggested to be produced by a central
program and any influence of afferent input is little or non-existing (Dyhre-
Poulsen et al. 1991).

214 The effect of motor unit type on its recruitment

The muscle fibre distribution affects the motor function of human movement.
The motor unit type has been demonstrated to be a critical factor controlling
motor unit recruitment in heterogeneous muscles (Sypert and Munson 1981).
The small ST-fibre, which has lower thresholds than FT-fibre, would be
recruited first (Calancie and Bawa 1985). Burke (1968) reported that many ST
and fatigue-resistant fast twitch (FT,) units were spontaneously active and
were recruited easily with muscle stretch. These same units have been
suggested to be very active in movements which involve significant support
from the spindle afferent feedback (Burke and Edgerton 1975). In addition, the
factors that determine recruitment order are closely related with axonal
velocity (Clamann and Henneman 1976; Bawa et al. 1984). In general, the
increased motoneuron facilitation and/or the strength of the torque shift causes
the EMG to respond with shorter latency (Calancie and Bawa 1985).
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2.2  Muscle elasticity and human performance

Elasticity in muscles and tendons play an important role in enhancing both the
effectiveness and the efficiency of human performance (Komi, 1984). Stretching
an active muscle results in the storage of elastic energy. It can be utilized when
the concentric muscular action follows the stretch immediately (the eccentric
action) (Cavagna et al. 1965). Classical models (Fenn and Marsh 1935; Hill 1938)
describe the behaviour of muscles in three functional components. The
contractile and force generating component is characterized by force-velocity
and force-length relationships (e.g. Hill 1938; Wilkie 1950). The series elastic
component (SEC) and parallel elastic component (PEC) represent elastic
structures according to their geometrical relationship with the contractile
component. Tendons, along with connective tissues within the contractile
proteins, are a major part of the SEC, while the PEC consists of muscle fascia,
connective tissue, and sarcolemma. These tissues are passive elastic structures
in this three component model of muscle, while cross-bridges and myofibrils
are the active components of the SEC. However, it also suggested that the cross-
bridges themselves are elastic structures. Especially, the instantaneous elasticity
induced by changing the length of the muscle fibre, or at least the greater part
of it, might be in the cross-bridges (Huxley and Simmons 1971; Rack and
Westbury 1974).

The performance enhancement of the SSC is believed to be due to
elastic behaviour of muscle (Komi, 1984). The stretching of activated muscle
(eccentric phase) may increase force output in the subsequent shortening
(concentric) phase of the muscle. The ability of the muscle to store and utilize
the elastic energy is dependent on the stretching velocity, the muscle length
(Cavagna et al. 1965), as well as the force attained at the end of the prestretch
and the coupling time between the eccentric and concentric phases of the
performance (Bosco et al. 1981). A short and rapid stretch with a short coupling
time and a high force at the end of prestretch creates a good precondition for
utilizing tendomuscular elasticity (Cavagna et al. 1968; Bosco et al. 1982ab). The
force attained at the end of the stretching period depends, however, on the
amplitude and the velocity of the stretch. During stretching three types of
mechanisms may exist in order to explain simultaneous force enhancement: 1)
an increase in the number of attached cross-bridges (Colomo et al. 1986), 2) an
increase in the force developed by each cross-bridge (Sugi and Tsuchiya 1981),
and 3) a recruitment of additional force-bearing elements (Edman et al. 1978).

The phenomenon of elasticity is therefore related to the mechanical
structure of the tendomuscular system and to muscle fibre distribution.
Subjects with more fast twitch (FT) fibres benefit more from the rapid stretch
with small amplitude than their slow type counterparts. On the other hand,
slow twitch (ST) fibres have a longer cross-bridge cycle time (Goldspink 1978)
which allows them to utilize better long and slow stretches (Bosco et al. 1980).

In-vivo tendon force measurements in humans have given further
information about force-length and force-velocity curves during natural
locomotion (e.g. Komi et al. 1987; Komi et al. 1992; Fukashiro et al. 1993). In
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running, the changes in force-length curve have demonstrated a very sharp
increase in force during the stretching phase, which was characterized by a
small change in muscle-tendon length. Simultaneously, high potential could be
seen in the stretching phase (eccentric action) of the force-velocity curves (Komi
1992). Angular velocity-moment curves have also been used to demonstrate
increased performance caused by elastic potential which can be observed as
increased power (Huijing 1992). Thus these findings give further information
about understanding elasticity and its utilization during the subsequent
shortening phase of the muscle.

Special training can modify the tendomuscular elasticity, especially the
elastic properties of connective tissue (Suominen et al. 1980, Woo et al. 1981). In
the skeletal muscle, these adaptations are manifested by increased tensile
strength and stiffness, with the effect being greater in slow contracting muscles
compared to fast contracting ones (Kovanen et al. 1984). The stiff material
properties in the slow muscle (e.g. soleus) are caused by the relatively high
amount of collagen. It is suggested therefore that this kind of collagenous and
stiff muscle benefits more the functioning via muscle spindles (Kovanen, 1989),
the number of which is higher in slow than in fast muscles (Botterman et al.,
1978). However, the mechanisms responsible for the adaptive changes of
connective tissues are not clearly understood (Zernicke and Loitz, 1992). In
addition, during natural locomotion, elasticity is under motor control all the
time. The training has been shown to influence the neural input to the muscle
(e.g. Hakkinen and Komi 1986; Kyrdldinen et al. 1991). However, there are still
many unknown processes of how the tendomuscular system itself and the
neuromuscular functions adapt to the different kinds of training.

23  Mechanical efficiency (ME) in human locomotion

2.3.1 Methods to calculate ME

ME describes the amount of the work done as a proportion of the energy
expenditure. The determination of the mechanical work varies enormously in
the literature. The total mechanical work can be divided into two components:
1) external work is the sum of the work required to accelerate the centre of
gravity of the whole body and the work done against the gravity, and 2) the
internal work is done when moving the limbs around the centre of gravity of
the body. However, the methods of defining these two parts of mechanical
work have varied. In most cases film analysis was employed to define
mechanical work in walking and running (Norman et al. 1976; Cavagna and
Kaneko 1977; Pierrynowski et al. 1980; Ito et al. 1983). In calculations the
human body has been treated in rigid segmenw (Winter 1979; Aleshinsky
1986a-e). The film analysis was also used with simultaneously measured force
signals for determining the mechanical work (Kaneko et al. 1981). Forces have
been time integrated to obtain velocities and positions (Cavagna et al. 1975;
Bosco et al. 1981; Kram and Powell 1989). In addition, force measurements
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given by a special sledge dynamometer have been combined to the distance the
sledge moved to obtain the mechanical work (Kaneko et al. 1984; Aura and
Komi 1986ab, Kyroldinen et al. 1990).

The energy expenditure has usually been measured indirectly from the
analysis of CO, - and O, -concentrations in expired air by a manually operated
chemical analyser (e.g. Scholander 1947) or by more sophisticated automatic
systems.

23.2 Earlier findings

After Fenn (1923), many scientists have been interested in the efficiency and/or
economy of animal and human locomotion. Margaria et al. (1963a) measured
the oxygen consumption in successive knee bending exercises with a variable
interval time between flexion and extension of lower limbs. The efficiency was
greater when the shortening was immediately followed by the stretching of the
muscle. Taylor et al. (1982) have shown that the big red kangaroo becomes
more economical as the speed of hopping increases. Bosco et al. (1982a) have
demonstrated that ME increases during jumping with higher angular velocities
of the knee joint. Therefore, it is possible that implanted mechanical energy
may be temporarily stored in the series of elastic components of active muscle
for utilization in a subsequent muscle action (Asmussen and Bonde-Petersen
1974). With a good utilization of elastic energy, metabolic demands of muscles
may decrease and, subsequently, ME may increase. Training, at least power
type strength training, can improve the recoil characteristics of muscles causing
increased ME (Kyréldinen et al. 1991).

In jumping, the averaged net ME was 38.7 % in the conditions where
the amplitude of knee bending in the braking phase was small (Aura and Komi
1986b). The respective value for jumping with large knee bending was 30.1 %,
and without any prestretch of knee extensor muscles the net ME was 19.7 %. In
SSC-exercises measured on a sledge apparatus the net ME of positive work was
35.5 £ 6.9 % (Aura and Komi 1986b). This value increased with increased
prestretch intensity when the work due to elasticity also increased. However, a
recent study indicated that it is not correct to use energy expenditure values of
pure negative work in the negative phase of SSC-exercises. In pure negative
work EMGs have been much lower than in comparable eccentric phases of SSC
exercise. Higher EMG values during SSC exercise would imply higher energy
expenditure, while the same mechanical work was being done in both cases.
Therefore, the true ME of the eccentric phase in SSC exercise is somewhat
different from that of the isolated eccentric exercises. Therefore, the total ME
values in SSC exercises have been used in further studies. Its value has been
demonstrated to increase due to the power type strength training when the test
stretch load was high enough (from 39.5 + 4.6 % to 46.1 + 5.0 %, p < 0.01)
(Kyroldinen et al. 1991). At the same time the displacements of knee and ankle
joints as well as muscle activation started earlier. In addition, the training may
have modified the reflex control of the eccentric phase during take-off, leading
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to obviously more optimal tendomuscular stiffness characteristics in the
braking phase (Kyroldinen et al. 1991).

In running, the values of efficiency have varied enormously (from 19 %
to 80 %) depending on the methods used to measure and calculate the
mechanical work and energy expenditure (e.g. Cavagna et al. 1965; Margaria
1963b, 1968; Pugh 1971; Asmussen and Bonde-Petersen 1974; Norman et al.
1976; Cavagna and Kaneko 1977; Cavagna 1978; Kaneko et al. 1981; Ito et al.
1983). In addition, various other physiological and environmental factors such
as age (e.g. Daniels et al. 1978; Krahenbuhl and Pangrazi 1983), sex (e.g.
Bransford and Howley 1977), air resistance (e.g. Costill and Fox 1969; Pugh
1970; Pugh 1971), body temperature (e.g. Rowell et al. 1969), body weight (e.g.
Cureton et al. 1978; Karen et al. 1981; Bergh et al. 1991), maximal aerobic power
(e.g. Mayhew 1977), and muscle fibre distribution (e.g. Bosco et al. 1987) have
been noticed to influence running efficiency/economy. Thus, numerous
investigations have been published in the physiological aspects of running
efficiency/economy. Less research is, however, available concerning how the
descriptors of running mechanics affect efficiency/economy. Nevertheless, it
has been suggested that biomechanical factors may account for a substantial
portion of variations of running efficiency. As compared to a less succesful
runner, a faster endurance runner is characterized by less vertical oscillation
(Gregor and Kirkendall 1978), longer strides (Hoshikawa et al. 1971; Cavanagh
and Williams 1982), less change in velocity during the ground contact (Kaneko
et al. 1985), and lower first peak in the vertical component of the ground
reaction force associated with a tendency to have smaller anteroposterior peak
forces (Williams and Cavanagh 1987). Despite these observations the
interaction between the biomechanical and physiological factors is not well-
known.

The efficiency/economy of human movement have also been studied in
other sport events such as cycling (e.g. Dickson 1929; Henry and De Moor 1950;
Christensen et al. 1960; Banister and Jackson 1967; Whipp and Wasserman 1969;
Suzuki 1979; Gaesser and Brooks 1975; Bosco et al. 1980) and rowing (e.g. di
Prampero et al. 1971; Connors 1974; Cunningham et al. 1975; Hagerman et al.
1978; Secher 1983; Steinacker et al. 1986). On the whole, several cross-sectional
studies have been published to determine the efficiency and economy of
human locomotion. However, there are not many answers to the following
questions: why the efficiency differs between and within the subjects according
to the intensity of movement?



3 THE PURPOSE OF THE STUDY

The available knowledge of efficiency/economy of human locomotion is quite
extensive. Several studies have also been published in the area of motor control
and efficiency of human movement. However, there exist only a few studies
combining these research areas. In other words, biomechanical and
physiological data have not crossed each other in this respect. In addition,
many studies have been done with students or untrained people who are
unfamiliar with the movements under research. Therefore, to generalize of
those results is difficult. The intensity of a performance has also varied largely
in different studies causing difficulty in interpreting the results. Therefore, in
the present series of experiments both the training background of subjects and
the intensity of performances have been taken into account. The detailed
purposes of the present study were:

1) to examine whether there exist differences in stretch reflex
responses of the the triceps surae and the quadriceps femoris
muscles between the power- and endurance-trained athletes in rest
conditions (I and II).

2) to examine whether different training backgrounds and/or
inherited factors had modified force production of bilateral leg
extension in isometric conditions with maximal, voluntary effort
among the power- and endurance-trained athletes (II).

3) to study effects of different impact wvelocity conditions and
therefore different stretching velocities of the leg extensor muscles
on the neuromuscular functions in the maximal SSC-exercises
among the power- and endurance-trained athletes (III).



4)

5)

6)
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to compare the mechanical efficiency (ME) between the power- and
endurance-trained athletes during submaximal jumping with
different stretching velocities of the leg extensor muscles, and with
different angular displacements. An additional problem was to
find explanations for the expected differences in ME between the
subject groups by analysing EMGs, heart rates, blood lactate and
other measured variables (IV).

to find biomechanical and physiological explanations for obvious
differences in ME between the power- and endurance-trained
athletes during submaximal running at different speeds, both on
the treadmill and on the track (V).

to clarify, in general, the role of biomechanical variables as an
explanatory factor in the efficiency of natural human locomotion
(IV and V).



4 RESEARCH METHODS

4.1 Subjects

A total of 29 athletes who trained and competed regularly volunteered as
subjects for this study. 15 of them represented power-trained athletes such as
sprinters and jumpers, while 14 endurance runners, cross-country skiers,
swimmers and orienteerers formed another group called endurance- trained
athletes. The total number of the subjects was 20 (10 + 10) in the first
experiment, which was reported in papers I, IIl and Illa. 12 of them
participated together with 9 new subjects in the second experiment. Thus, in
the second experiment the total number of subjects was 21 (11 + 10). Their
results are reported in papers I, I and IV. For the last experiment, a total of 10
(5 + 5) subjects were randomly selected from the subjects of the second
experiment (reported in a paper V). All the subjects were fully informed of the
procedures and appraised of all possible risks involved in this study.
Furthermore, according to the instructions, the subjects were not allowed to
have any physical exercise in the testing day to prevent influences on the
results obtained. Table 1 presents the physical characteristics of the subject
groups in these three experimental series.

4.2 Experimental design, testing procedures and analysis

Three separate experiments of the present study were followed by an interval
of one year. The first experiment consisted of measurements of anthropometric
variables (Table 1), stretch reflexes of the selected plantar- and dorsiflexor
muscles and knee extensor muscles, and two types of SSC-exercises (drop
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jumps and sledge jumps) with maximal effort. During the second experiment,
anthropometric and reflex measurements were repeated as well as some
maximal jumps. In addition, maximal voluntary bilateral force of plantarflexors
and knee extensors in isometric condition, and two types of SSC-exercises (drop
jumps and sledge jumps) with submaximal effort were measured. In the last
experiment of the present study, the subjects performed submaximal running
on the treadmill and on the track. Their maximal oxygen uptake and maximal
running speed were also measured. The measurements of the anthropometry
and maximal voluntary isometric force were repeated.

TABLE1. Mean (+ SD) of the physical characteristics of the subject groups. Percentage
of the bod‘y fat was determined according to Jackson and Pollock (1985).

p <0.01,*%; p<0.05,*
EXPERIMENT 1:
Variable Power group Endurance group
(N =10) (N =10)
Age (yr.) 24+5 23+4
Height (cm) 1825 180+3
Body mass (kg) 76.7+7.9 69.1+38 *
EXPERIMENT 2:
Variable Power group Endurance group
(N =11) (N =10)
Age (yr.) 26+ 6 24 +4
Height (cm) 18316 1804
Body mass (kg) 769 £4.3 705+45 **
Fat % 50+1.2 5.3+21
EXPERIMENT 3:
Variable Power group Endurance group
(N=5) (N =5)
Age (yr.) 24+5 265
Height (cm) 182+ 6 178 £ 1
Body mass (kg) 7701 6.2 70.0+5.3
Fat % 43+1.6 45104

Figure 1 summarizes the experimental design. It also gives a detailed number
of performances in each experimental condition. Stretch reflexes for
plantarflexors were evoked 5 times in 13 different conditions. Maximal jumps
were performed from 10 to 15 times from three predetermined dropping
heights. In three submaximal conditions, the number of repetitions of the
respective jumps varied between 57 and 62 times . The submaximal running
tests consisted of three 5 minutes running at different constant speeds.

421 Stretch reflexes in rest conditions (I and II)

Patellar reflexes of the right leg were measured with the subjects seated on the
dynamometer in a relaxed position. The subjects were blind-folded to prevent
them from hearing and thus avoid anticipatory reactions. The lower legs of the
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subjects hung vertically with a 90° knee angle. The right leg was fixed tightly to
the force transducer. The reflex hammer was dropped from an angle of 90°
with respect to the patellar tendon. Upon striking the right patellar tendon, a
microswitch embedded in the hammerhead sensed the tap. A total of 6 to 10
patellar reflex measurements were performed for each subject.

EXPERIMENTAL DESIGN
EXPERIMENT 1 EXPERIMENT 2 EXPERIMENT 3
Anthropometric variables * . *
Stretch reflexes

- plantarflexors (13 - 5)

- knee extensors (6 - 10)
Maximal isometric force

- plantarflexors (2 - 4)

- knee extensors (2 - 4)
Maximal SSC-exercises

- drop jumps (3 - 10 - 15) * *

- sledge jumps (3 - 10 - 15) % 4
Submaximal SSC-exercises

- drop jumps (3 - 57 - 62) *

- sledge jumps (3 - 57 - 62) *
Running

- VO, max

- maximal running speed

- on the treadmill (3 - 5 min)
- on the track (3 - 5 min)

* ¥ x ¥

FIGURE1. Experimental design of the present studies. Numbers describe the number of
repetitions or the amount of running time in different test conditions.

Stretch reflexes of the muscles around the right ankle joint were elicited by a
special ankle ergometer (Figure 2) similar to that of Gollhofer and
Schmidtbleicher (1989; see also Gollhofer and Rapp 1993). It induced different
angular displacements and velocities around the ankle joint. The subjects
placed both their feet on the pedals, which were driven by two AC-motors
connected in series and controlled by a gear system. The maximal torque
capacity of the ergometer (150 Nm) is capable of inducing pedal displacements
with near constant angular velocities. The subjects sat on a chair that gave 90°
at the ankle and knee joints. The foot was placed on the plate so that the axis of
rotation of the ankle was aligned with that of the foot plate. The bent right knee
was stabilized to prevent extra movements. Angular displacements in the ankle
joint were measured by the electrogoniometer attached to the axis of rotation of
the ergometer foot plate.
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FIGURE2. Schematic representation of the stretch reflex stimulus and analysis. The
stimulus and EMGs are presented as an example of original measured
signals (modified from Nicol et al. 1994).

TABLE2. The mean amplitudes and averaged angular velocities of the measured
mechanical stimuli in the present study. In the double stimuli conditions, the
neutral position means &at the angle of the ankle joint was 90° in the
beginning of the stretching, while the second stimulus started from 87°
position, respectively.

Stimulus Delay (ms) Amplitude VelocitY

(deg) (deg -s™)

1. Double 3 deg pos. 50 3 115

2. Double 3 deg pos. 50 3 70

3. Double 3 deg pos. 100 3 115

4. Double 3 deg pos. 100 3 70

5. Double neutral pos. 50 3 70

| 6. Double neutral pos. 100 3 70

7. Double neutral pos. 50 2 115

8. Double neutral pos. 100 2 115

9. Single - 3 70

10. Single - 3 35

11. Single = 7 70

12. Single - 3 25

13. Single - 11 70
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Thirteen different mechanical stimuli were selected to evoke stretch reflexes
(Table 2). Every stimulus was repeated five times. Single stimuli were always
started from the position of 90° in the ankle joint with varied amplitudes, times
and velocities. The double stimuli started either from the neutral position (90°
in the ankle joint) or from the dorsiflexed position of 87°. The delay between
the first and the second stimuli was either 50 or 100 ms. In order to avoid
familiarization and fatigue, the various stimuli were applied randomly.

The electromyographic activity (EMG) was measured telemetrically
(Glonner) with surface electrodes (Beckman miniature skin electrodes, 650437,
Illinois, USA) either from the vastus lateralis (VL), vastus medialis (VM)
muscles or soleus (SOL), lateral gastrocnemius (GA) and tibialis anterior (TA)
muscles of the right leg. The electrodes were placed longitudinally over the
muscle belly. The longitudinal distances between the electrode pairs were at
least 10 cm. For quantifying the extent of cross-talk in the present experimental
situation, four subjects performed several maximal voluntary muscle actions.
Simultaneously measured EMG records of the GA and SOL muscles were then
cross-correlated. In maximal drop jumps on the sledge, observations of cross-
power spectra and mean cross-correlations (rxy = 0.18 + 0.12, p > 0.05)
suggested that the signal cross-talk was negligible. Because the cross-talk
analysis is the more reliable the longer the duration of the record length
(Winter et al. 1994), this analysis could not be applied to the reflex EMGs. The
additional measurements were performed more directly on four subjects in the
similar way as reported by Moritani et al. (1990). Near-maximal percutaneous
stimulations (Neuropack Four Mini, 50-100V, 50ps rectangular pulse wave)
were delivered to evoke compound mass action potentials (M-waves) in GA.
The extent of cross-talk was determined by the relative amplitudes of the M-
wave recorded from the SOL. In these recordings the mean peak-to-peak M-
wave amplitude was 7.39 + 3.14 mV for the GA and 0.20 + 0.12 mV for the SOL
resulting in the cross-talk of 2.7 + 0.8%. This value is lower than that of 6%
reported by Moritani et al. (1990). Therefore, the distance between the electrode
pairs was assumed to cause no significant influence on EMG patterns.
Furthermore, it was assumed that the degree of cross-talk would be small or
even nonexisting (Moritani et al. 1990; Koh and Grabiner 1993).

The EMG signals of the present study were amplified with a gain of 200
(Glonner Biomes 2000, cut-off frequency 360 Hz/3dB) and recorded
simultaneously either with the force and trigger signals (patellar reflexes) or
with the angle signal (reflexes of the SOL, GA and TA muscles) on the
computer and on the magnetic tape (Racal V-Store, cut-off frequency 2.5 kHz)
for further analysis. All data channels had a sampling frequency of 100 Hz.

In the analysis of patellar reflexes, the three best performances which
produced the highest reflex forces were chosen for further analysis. The period
between the hammer strike and the initial force production (threshold of 1 N)
was taken as the total reflex time (TRT). The latency time (LAT) was
determined as the time between the hammer strike and the beginning of the
EMG response using the threshold of £ 5 puV. The motor time (MT) was
determined by subtracting LAT from TRT (Viitasalo et al. 1980; Hakkinen and
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Komi 1983). The peak-to-peak reflex amplitudes of the VL and VM muscles
were related to the maximal voluntary EMG-values of the same subject,
measured during the maximal isometric knee extension (see page 24). The EMG
signals were fullwave rectified and the measured signals were averaged for
each group. The reproducibility for LAT and MT has been reported to be good
(r=.90 - .91, Viitasalo et al. 1980; Hikkinen and Komi 1983).

To measure the TS reflexes, a total of 1300 samples (20 subjects, 13
conditions, 5 performances in each condition) were analysed in the first part of
the experiment. In the repetitions one year later, the corresponding values were
1365 (21 subjects, 13 conditions, 5 performances). Each stimulus, and the
respective action potential, was analysed separately. The onset of
displacements in the angle signal (pedal movement) was used as a trigger for
latency times (Figure 2). The threshold for the beginning and for the end of
action potentials was set as £5 V.

4.2.2 Maximal voluntary isometric force, force-time and EMG-time
(II and V)

Maximal isometric forces and various force-time variables in the bilateral leg
extension were measured by a strain-gauge dynamometer. The subjects were
instructed to produce their maximal force against the footplate as quickly as
possible and to maintain the maximal force for 2-3 s. The angle of the knee joint
was kept as 107° for testing the knee extensors and 180° for testing the
plantarflexors. The respective value of the ankle joint was 90° in both
conditions.

The best performance of each subject was chosen for further analysis.
The maximal force and its relative values of 30%, 60% and 90% were calculated
for determining the times needed to reach these force levels. On the absolute
scale the corresponding time calculations were performed from the levels of
500 N, 1500 N and 2500 N. The maximal rate of force production was also
computed. The average force was calculated during the absolute times from the
start of the force production. Thus the force was analysed for the following 9
periods: 0 - 100 ms, 50 - 150 ms, 100 - 200 ms, 150 - 250 ms, 200 - 300 ms, 250 -
350 ms, 300 - 400 ms, 350 - 450 ms and 400 - 500 ms.

The EMG activity was simultaneously measured from either the VL and
VM muscles or from the SOL and GA muscles. The EMG signals were
amplified, fullwave rectified and integrated (IEMG). The maximal voluntary
IEMG values were calculated maintaining the maximal force between 500 ms
and 1500 ms from the beginning of the force production. The EMG-time curves
(EMG was time normalised for 1 s) were analysed in respective time periods as
well as the force-time curves. Finally, the measured signals were averaged for
each group.

The reproducibility of the measurement of maximal isometric force is
reported to be high (r = .98, C.V. = 4.1 %, Viitasalo et al. 1980). The respective
values for the rate of force development were: r = .80, C.V. = 17.8% in test-retest
comparison (Viitasalo et al. 1980). In the isometric condition, the
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reproducibility of IEMG has been reported to be very high as well (r= .88, Komi
and Buskirk, 1970; r = .88 - .91, Viitasalo and Komi 1975; r =.95 - .98; C.V. = 3.2
- 6.9 %; Viitasalo et al. 1980).

4.2.3 Maximal jumping performances (III and IV)

Jumping performances of the subjects were tested in two main conditions: drop
jumps and SSC-exercises on a sledge (sledge jumps) were utilized. At first, the
optimal dropping height was determined individually for each subject in the
drop jumps. It means that they were dropped from different heights to find out
their best rising height of the centre of the gravity (Komi and Bosco 1978).
Thereafter, they performed drop jumps with maximal effort from the three
individually predetermined dropping heights: the optimal height (O), the
optimum + 40 cm (O+40) and optimum - 40 cm (O-40). Each condition involved
about 10 jumps with minimal displacements of the knee joints (reactively).

EXPERIMENTAL SYSTEM

FIGURE3. Diagram of the experimental system used in the study. The subject was fixed
with belts tightly on to the sledge (modified from Kaneko et al. 1984) having
an inclination (o) of 22.5°. F and A1, Forceplate and its amplifier; A2,
amplifiers of the eletrical goniometers for the knee and for the ankle; A3,
electromyographic amplifiers.

Another part of the testing was performed on a special sledge apparatus
(Kyroldinen et al. 1990; modified from Kaneko et al. 1984; see Figure 3) for
obtaining longer contact times. Furthermore, the testing conditions were more
controlled than in the drop jumps. The mass of the sledge was 33.2 kg, and its
inclination was 22.5° with respect to the horizontal line. Thus the total weight
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(subject+sledge) pointing vertically downward, and the acceleration was even
lower than in the drop jumps. The subject sat on the sledge, and he was
dropped from different heights for determining the optimal dropping height.
Then the assistants returned the subjects to the previous dropping heights: O,
O+40 and O-40. Each condition involved about 10 maximal SSC-exercises
(sledge jumps), in which the lowest knee angle was about 90°.

In the drop jumps, vertical reaction force (F,) was measured with a force
platform. On the sledge, the respective force platform was placed
perpendicularly to the sliding surface. In both experimental conditions, angular
displacements of the knee and ankle joints were measured by
electrogoniometers, which were attached to the lateral side of both joints. EMG
activity of the VL, VM, GA, SOL and TA muscles were recorded telemetrically
with surface electrodes as in the reflex conditions (see page 23). EMGs were
digitally recorded simultaneously with records of force and joint angles at a
sampling rate of 1 kHz by an on-line computer system. In addition, the
measured signals were recorded on a magnetic tape for further analysis.

The six best jumps, determined according to the flight time in the drop
jumps and the rising distance of the centre of the gravity in the sledge jumps,
were chosen for further analysis. The vertical velocity at take-off was calculated
in the drop jumps as follows: v = 0.5gt, in which g = the gravity (9.81 m - s7)
and t is the flight time (Bosco et al. 1981). In the SSC exercises on the sledge, the
take-off velocity was calculated as has been reported earlier (Kyroldinen et al.
1990).

The raw EMG signals were processed so that they were first fullwave
rectified, then integrated (IEMG) and finally time normalized for one second in
four different phases: preactivation from 100 ms to 50 ms before the ground
contact, preactivation from 50 ms to 0 ms before the contact, eccentric phase
and concentric phase. The onset of the ground reaction force of each jump was
used as a reference point to identify the beginning and the end of the contact.
The electrogoniometer records of the knee joint were used to identify the end of
the eccentric phase of the VL and VM muscles, while the SOL and TA muscles
were divided into the respective phases according to the ankle joint. The end of
the eccentric phase of the GA muscle was identified according to the formula of
Grieve et al. (1978).

In addition, the fullwave rectified EMG signals were averaged for
obtaining muscle activity patterns both individually and by groups. This
phase-dependent averaging method (see Moritani et al. 1991) allows repeated
bursts of EMG activity during jumping to be aligned in time with respect to the
mechanical data. The averaging was started 200 ms before the onset of the
ground reaction force and finished 600 ms (for the drop jumps) or 1300 ms (for
the sledge jumps) after that point. However, due to processing limitations of
the EMG analysis, this case involved only 5 best performances from each
subject. The test-retest reproducibility of the EMG calculated as reliability
coefficients has been reported to be relatively high: r = .94 for IEMG in jumping
(Bosco 1982) and higher than .90 for the most of the parameters in EMG
patterns (Gollhofer et al. 1990). These values are quite similar to those reported
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in isometric and dynamic actions with controlled movement velocity (r = .88)
(Komi and Buskirk, 1970).

424 Submaximal jumping performances (IV)

The respective jumping performances were utilized as in the maximal jumps.
At first, the individual optimal dropping height was again determined. Before
the main experiments they performed 3 to 5 maximal drop jumps and sledge
jumps. In the submaximal drop jumps (Figure 4), instructions for the subjects
were to maximally resist the downward movement during the braking phase,
bend the knees minimally, and perform a submaximal push-off phase during
the take-off. In all conditions (O, O+40 and O-40), the subjects performed about
60 muscle actions lasting a total of 3 min. The frequency was, therefore, once
every 3 s and controlled by an audiosignal. When the subject left the ground
contact, two assistants used a rope attached to a vest of the subject and pulled
him up to the same energy level by a special pulley system for the next drop.
The third assistant took care of the subject's balance during this phase.
Recovery times between the exercise sets were as long as it took for oxygen
consumption to return to resting level. For studying the physiological loading
of the subjects, the heart rate of the subjects was recorded by Sport Tester PE-
3000 (Polar, Finland). The metabolic rate of the subjects was also followed by
drawing blood samples from a finger tip for lactate analysis (biochemical
method, Boehringer Mannheim) in the rest and immediately after every testing
condition as well as 3 and 5 min after it.

FIGURE4. A subject performing drop exercises.
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The second part of the testing was performed on the same sledge as described
earlier (page 25). After determination of the optimal dropping height and
maximal sledge jumps, the subjects performed submaximal sledge jumps.
Assistants dropped them from the predetermined dropping heights (O, O+40
and O-40). Immediately after the braking phase, followed by the push-off
phase of an intensity of 70% of the best single maximal SSC-exercise. The
assistants were responsible for the required dropping height, and they also
informed the subject of the height that the sledge had been risen to. During the
contact with the forceplate, the subject resisted the downward movement and
immediately after stopping the sledge (knee angle of 90°), he extended his legs.
In all conditions, every subject performed 60 muscle actions lasting a total of 3
min. The recovery times between the exercise sets were determined by the
oxygen consumption as in the drop jumps. The heart rate and blood samples
were also taken as in the drop jumps.

Both in the drop jumps and in the sledge jumps, reaction forces, angular
displacements of the knee and ankle joints, as well as EMGs were measured by
the methods described earlier in the present study (pages 23 and 26).
Furthermore, during the sledge jumps the distance the sledge moved and its
velocity were measured by an optical encoder. The expired gases (sampling
flow rate varied from 20 to 40 BR - min'l) were analysed by measuring
pulmonary oxygen uptake, the volume of the air, and its concentrations of O3
and CO; by using a semiautomatic system (Oxygon Mijnhardt-4). Their values
were averaged and printed out every 30 s. The instrument was regularly
calibrated with known gas mixtures. In addition, because of the tube (diameter
of 40 mm) from the subject's mouth to the analyser was 3.22 m long, its
reliability was tested by comparing the predicted and real values of three tubes
of different length. For every measured variable these values behaved highly
linearly: e.g. the regression between the tube volume and O (%) was as
follows: O7 (%) = 0.066 - tube volume + 3.047.

Mechanical efficiency (ME) was calculated by dividing the mechanical
work (W) by the energy expenditure (AE) above the resting level. In the drop
jumps, the total mechanical work (external) is the sum of the negative and the
positive work calculated as follows:

Wiot = Wheg +Wpos = (mghi +%mv]2)+(mgh2 +%mv%), where (1)

m = the body mass,

g =98Im- 52,

hq = the displacement of the centre of the gravity during the braking
phase,

v1 = the velocity of the centre of the gravity in the beginning of the
ground contact,

hy = the displacement of the centre of the gravity during the push-off
phase,

vp = the velocity of the centre of the gravity in the end of the take-off.
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All these factors have been calculated by the ground reaction force when the
mass of the subject, the dropping height, and the gravity were known. Thus,
the potential energy (mgh1) was the highest when the subject was lifted up to a
starting position of each jump or when the subject achieved the highest position
during the flight phase (mghp). The turning point (t4) of the centre of the
gravity during the take-off was calculated as follows:

ts
1
lV2gh| = | p [ [F(t) - mg] dt |, where )
t4
9.81m-s2,
the rising height of the centre of gravity,
the body mass,

the ground reaction force,
the beginning of the push-off phase,
the end of the take-off.

L

In the sledge jump, the mechanical work was calculated by the integral of the
function F(x) as follows:

P
Wiot = | F(x) dx, where (3)
P:
F = thereaction force,
x = the displacement of the sledge,
p1 = the beginning of the contact,

p2 = the end of the contact with the force plate.

The power was calculated by dividing the mechanical work by the contact time
in both jumping conditions. The net energy expenditure (AE) was determined
by measuring oxygen uptake (VO5) and carbon dioxide production (VCO),
and by calculating respiratory exchange ratio (R = VCOj3- VOj) every 30 s.
Measurements were made before the exercise (rest VOZ), during the exercise,
and during the recovery period until the VO returned to the resting level. The
resting VOp was subtracted from the total consumption of the oxygen. To
calculate the energy expenditure, an energy equivalent of 20180 ] per litre of
oxygen was applied, when R was 0.82. The change of + 0.01 in R-value (+ 42 ] in
energy expenditure) of every 30 s was multiplied by the respective value of
VO, (I - min~1) for getting AE. Its mean value (work + recovery) was utilized
individually in further calculations.
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Finally, the ME of the total work was calculated as follows:

ME = Witot

100 % (4)

4.2.5 Running (V)

The submaximal running tests on the treadmill (Figure 5) consisted of
measurements of biomechanical and physiological variables. The subjects ran 5
min at the three predetermined constant speeds of 2.50 m- s-1, 3.25 m- s°1, and
4.00 m- s°1 on the treadmill. A week later, the same subjects ran at the same
speeds on the track. Recovery times between the running sessions lasted until
the oxygen consumption had returned to the resting level. Contact times were
measured by special transducers (threshold of 10 N) placed inside the shoes
extended under the whole sole. The velocity of the treadmill was measured by
means of an optical encoder (Figure 5). The external work of subjects was
determined by a kinematic arm, which is a device for three-dimensional
recording of human movement. It.consisted of four rigid bars linked together
by three joints equipped with optical transducers. One end of the kinematic
arm was connected to a fixed reference point while the other end, which was
fixed to the back of the subject and near the centre of the gravity of the whole
body, could move freely in the three spatial directions. For more details of this
method, see Belli et al. (1993). Angular displacements of the knee and ankle
joints were measured by electrogoniometers, and EMG activity was recorded
telemetrically with surface electrodes from the VL, VM, GA, SOL and TA
muscles as described detailed on pages 23 and 26.

During running at three submaximal speeds on the track (see Figure 6),
the running velocity and the mechanical work were measured by the same
method as on the treadmill. The measuring equipment was placed in an electric
car, which was driven on the side of the subject. The running speed of the
subject was paced by the driver of the car. He drove around the 200 m long
track at the predetermined constant speed by following the pointer of a
speedometer, which was connected to the optical encoder. The expired air for
one minute was collected into the Douglas bag during the period of the steady-
state oxygen uptake (from 4 to 5 min or in some cases from 3 to 4 min). The
volume of air in the Douglas bag was determined by a gasometer, and its
concentrations of O, and CO, with the same gas analyser as in the treadmill
running. Angular displacements of the knee and ankle joints as well as EMGs
of the VL, VM, GA, SOL and TA muscles were also measured. In addition,
ground reaction forces were measured by a long (13 m) force platform during
every lap of 200 m. Figure 7 demonstrates as an example the signals of ground
reaction forces, EMGs and electrogoniometers stored simultaneously.
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FIGURES5. Schematic representation of the measurement of the extermal mechanical
work (left). A is the kinematic arm, B is the velocity encoder (Belli et al. 1992).
The photo (right) has been taken in the present experiment.

In the analysis of running, forces, angular displacements and EMGs were
analysed by dividing the ground contact first into braking and push-off phases
according to the orientation of the horizontal force (Mero and Komi 1986). EMG
activities were then divided into the different phases and analysed as described
earlier in the present study (p. 26).

On the treadmill the oxygen uptake (O3) and respiratory exchange ratio
(R =VCO, - VOy'1) were measured every minute. Measurements were made
before the exercise (rest VO, in a sitting position), during the exercise, and
during the recovery period. The rest VO, was subtracted from the total oxygen
consumption. To calculate the energy expenditure, an energy equivalent of
20180 J per liter of oxygen was applied, when R was 0.82. The change of * 0.01
in R-value caused the change of + 42 ] in energy expenditure. On the track the
energy expenditure was calculated by the respective methods from the expired
air of one minute. However, the same individual rest VOZ value and respective
individual kinetics of energy expenditure were utilized for calculating net
energy expenditure as in the test on the treadmill. Increases of lactate level
among the power group was ignored in every condition when calculating
energy expenditure. This is based on the suggestion that "even large increases
of lactate (e.g. 10 mM above resting), in a relatively short time, (e.g. 5 min) in
terms of energy equivalent represent rather minor quantities”" (di Prampero,
1986). However, contrary results have also been published (e.g. Bangsbo et al.
1990; di Prampero et al. 1993).

The external mechanical work was calculated in z and x directions as
follows:
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PEarm =m - g - zr and KEgpy = 0.5 - m - X2, where )]
PEarm = the potential energy level,
KEarm = the kinetic energy level,
EEarm = the external energy level,
m = the mass of the subject,
g = the gravity,
Zr = the vertical displacement of the centre of the mass (CM),
Xr = the horizontal velocity of the CM (Belli et al. 1993).)

FIGURE 6. The running test on track (see the details in the text).

In contrast to walking, during running the potential and kinetic energy changes
of the centre of mass are in the same phase (Cavagna et al. 1976). This was
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checked to be the case also in the present study. Therefore, the work is given by
the maximal differences between energy levels of each step as follows: Wy, =
PE, Wi = A KE, and Wiot = Wp + Wi Thereafter, ME was calculated by
dividing the mechanical work (Wyot) by the energy expenditure (AE) above the
resting level.
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FIGURE7. The recorded biomechanical variables in running at the speed of 4.00 m - s~
on the track.

Maximal oxygen uptake (VOymax) and maximal running speed (viax) Were
measured for obtaining reference values of physical performances of the
subjects. The VOpmax test was performed on the treadmill with a
progressively increased load. During the first minute of the test the speed was
275 m - s71, and the inclination of the treadmill was 1° in respect to the
horizontal line. The subsequent minutes were run at the speeds of 3.25 m - 571,
3.75m-s’1,425m - 571, and 4.75 m - s71. Thereafter, the slope of the treadmill
was increased (2.3°, 3.5°, 4.2°, 4.9° and 5.6°) until the subject was exhausted.
The expired gases were determined by measuring pulmonary oxygen uptake,
the volume of the air, and its concentrations of O and CO; by using an



85
semiautomated gas analyser (Oxygon Mijnhardt-4). The instrument was
regularly calibrated with known gas mixtures and the measured values were
corrected in STPD. The heart rate was determined from the recordings of EKG-
signals measured during the running.

The maximal running speed of the subjects was measured on the track.
They ran maximally 20 m (flying 20 m) through two photocells having
individually chosen acceleration distance, and using the same shoes as in the
other parts of the experimental procedure of the present study. Ground
reaction forces were measured by a long (13 m) force platform located in the
middle of the photocells. Angular displacements of the knee and ankle joints
and EMGs of the VL, VM, GA, SOL and TA were measured as well.

4,3 Statistical methods

Mean and standard deviation (SD), and/or standard error (SE) were calculated
for all subjects together, and for groups separately (I-V). The experimental
conditions were compared to each other by oneway analysis of variance by
using the least-significant (LSD) method (I). The statistical significances [p <
0.001 (***), p < 0.01 (**), p < 0.05 (*)] between power- and endurance-trained
athletes were tested with Student's t-test for independent samples (I-II).
Correlation coefficients were utilized to find out relationships between
different variables using the relative and/or the measured absolute values. The
coefficient of variation was used to find out such variable, which has minimal
relative dispersion.

The analysis of variance (ANOVA) was used to test main effects and 2-
way interactions of the experimental conditions, and the subject groups in the
measured variables (III). In addition, the optimum condition was used as 100 %
for relating the conditions of O+40 and O-40 to it. Correlation coefficients
between different variables were calculated.

MANOVA for repeated measurements was utilised to test the main
effects of repetitions, experimental conditions, and subject groups, as well as
their combined effects (interactions) on every measured variable in submaximal
jumping (IV). It revealed that the repetition did not have a statistically
significant influence on any main variables. Therefore, the repetitions of 41 to
50 were chosen from each subject for further analysis. In addition, all variables
were related to their respective values in the maximal jumping exercises. In
running (V), MANOVA for repeated measurements was utilized as well. It also
revealed that the repetition had no statistically significant influence on any
main variables. Therefore, in running on the treadmill, the signals of 30 steps
were averaged individually at each running speed. While running on the track,
from 9 to 17 contacts were averaged individually.



5 RESULTS

The most important findings obtained from the present series of experiments
are presented below. For more details the original papers (I - V) should be
consulted.

51  Stretch reflex responses

In all conditions the latency times of stretch reflexes in the plantarflexor
muscles were shorter (43 + 7 ms vs. 45 + 7ms, p < 0.001 for the SOL muscle, and
40 + 8 ms vs. 43 + 6 ms, p< 0.001 for the GA, n = 499 - 581), and their durations
were longer for the SOL and GA muscles among the endurance-trained athletes
(N = 10) compared to the power-trained athletes (N = 10). No statistically
significant differences in the latency times were observed for the TA muscle
between the groups. In the double stimuli conditions, the latency times after the
second stimuli were longer for the SOL (p < 0.05) muscle among the endurance-
trained athletes. No differences were noticed in the durations of the EMG
responses.

In the two repeated experiments, negative correlations were noticed
between the averaged angular velocity and the latency time of the SOL and GA
muscles. After the first stimulus, the correlation coefficients for the SOL muscle
were: 1 = -0.30 (p<0.001) in the first experiment and r = -0.41 (p<0.001) in the
second experiment among power-trained athletes. The respective values were r
= -0.18 (ns) and r = -0.33 (ns) among endurance-trained athletes. The same
tendency was also observed after the second stimulus. In the double stimuli
conditions the second EMG responses were weaker among both groups (Figure
8). As compared to the first response, the reflex amplitude decreased to 40.5 %
in power group and to 65.9 % in endurance group. At the same time, the
appearance of these cases was only 8.2 % and 16.2 %, respectively.
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FIGURES8. The amplitudes of the second EMG response of the SOL muscle decreased
and their number diminished drastically among both groups. After the first
stimulus the number of existed EMG responses were 582 among power

endurance-trained athletes. After the second

stimulus the respective values were 48 and 86.
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TABLE3.  Basic patellar reflex variables for the three best performances of each subject
(mean + SD). The number of reflex responses (n) was between 15 and 21 in
both experimental groups, because four subjects in both groups had weak or
non-existent reflexes. ***, p< 0.001.

Variables Power athletes Endurance athletes
(N=7) (N = 6)

Latency time of VL (ms) 24+ 2 24+2
Latency time of VM (ms) 24+ 2 24+2

Motor time of VL (ms) 45+ 9 45+6

Motor time of VM (ms) 43+10 44+ 6

Total reflex time (ms) 69 +10 68+7
Maximal reflex force 279 +13.9 299 +17.9
EMG-force ratio of VL (u) 1.81+1.20 2.36 +1.70
EMG-force ratio of VM (u) 0.60 + 0.20 2.25 +1.50 **
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The latency and motor times of patellar reflexes for the VL and VM muscles
were similar in both groups (Table 3). The relative reflex amplitudes of the VL
and VM muscles were higher (p < 0.01 - n.s.) among endurance-trained athletes
(Figure 9) but the maximal reflex force did not differ between the groups. The
relative EMG correlated positively with the maximal reflex force. This
relationship was more significant among the endurance-trained athletes
(r =.69, p < 0.01) than among the power-trained athletes (r = .52, p < 0.05). In
addition, the rate of maximal reflex force development (Figure 10) was higher
among the endurance athletes (872 + 362 N x s1 vs. 663 + 159 N x s1, p < 0.01).

REFLEX AMPLITUDE (%)
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FIGUREY. Mean of reflex amplitudes related to maximal voluntary amplitudes (MVC)
in the leg extensor muscles. The MVC has been determined in the maximal
isometric condition to make it possible to compare EMGs of the two different
subject groups. The number of reflex responses varied from 15 to 18 for the
VL and VM muscles and from 367 to 413 for the SOL and GA muscles.

**, p <0.001 and ***, p < 0.0001.
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FIGURE 10. Averaged (+ SD) signals of trigger, reflex force and EMGs for 6 power (n =
18) and for 5 endurance (n = 15) athletes.

5.2 Maximal voluntary isometric force, force-time and EMG-time

The power-trained athletes produced higher maximal voluntary forces both by
the knee extensor (5416 * 859 vs. 4085 + 718, p < 0.01) and plantarflexor (3263 +
547 vs. 2471 + 330 N, p < 0.001) muscles than the endurance-trained athletes.
On a relative scale, the times needed to reach the force levels examined did not
differ between the two experimental groups. However, on an absolute scale,
significant (p < 0.05) group differences in the time needed to achieve certain
high force levels were observed. In addition, the rate of maximal force
development of the knee extensors was significantly higher among the power
athletes compared to the endurance athletes (38718 + 6758 N x s1 vs. 26497 +
6859 N x 571, p<0.001). The respective value for the plantarflexors did not differ
significantly between the groups.

Figure 11 demonstrates that on the absolute scale (above) the average
force-time curves of the power group were higher and more to the left than the
respective curves of the endurance group. However, on the relative scale
(below) no differences were observed. The respective muscle activity patterns
were also quite similar among both groups (Figure 12).
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FIGURE 11. Mean absolute (above) and relative (below) force-time curves of the knee
extensor and plantarflexor muscles during the maximal rate of force
development in voluntary isometric conditions among power- and
endurance-trained athletes (N =11 + 10). *, p < 0.05 and **, p < 0.01.
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FIGURE 12. Fullwave rectified and group averaged EMG recordings (N = 11 + 10).

5.3 Maximal SSC-exercises

In the drop jump exercises, the optimal dropping height was 0.66 + 0.15 m for
the power group and 0.55 + 0.08 m for the endurance group. On the sledge the
respective values were 0.73 + 0.08 m and 0.63 + 0.13 m. However, the average
angular velocities of the knee and ankle joints did not differ between the
subject groups in the braking phase of the take-off during the drop jumps or
the SSC-exercises on the sledge. Otherwise, as the dropping height increased
they increased as follows: F = 131.98, p < 0.001 for the knee joint and F = 89.51,
p < 0.01 for the ankle joint, and F = 118.50, p < 0.001 and F = 92.30, p < 0.001 on
the sledge, respectively. During the concentric phase of the take-off in the drop
jumps, ANOVA revealed a significant group effect on the average angular
velocities of the knee and ankle joints (Table 4). Therefore, contact times were
shorter (p < 0.001)and the take-off velocities were higher (p < 0.001) among the
power athletes compared to the endurance-trained athletes. On the sledge, the
power athletes also had better physical performance (p < 0.001) when
measured by the respective variables as in the drop jumps.
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TABLE4. Mean contact times, take-off velocities and average angular velocities of the
knee and ankle joints in the concentric phase of the take-off. The main group
effects (F) varied from 6.16 (p < 0.05) to 341.90 (p < 0.001) in these different

variables.
POWER GROUP ENDURANCE GROUP

Experimental conditions 040 O O+40 |0O-40 O 0O+40
Contact time (s)

- drop jump 0159 0159 [0170 |o0.188 |0.187 |0.211
- sledge jump 0.534 ]0.508 ]0.519 ]0.592 0.585 0.617
Take-off velocity (m - s™1)

- drop jump 297 3.17 3.06 2.54 2.60 2.52

- sledge jump 3.28 3.15 3.03 2.55 2.62 2.53
Average angular velocity of the

knee joint (deg-s™1)

- drop jump 566 565 522 488 469 436

- sledge jump 320 334 330 269 286 281
Average angular velocity of the

ankle joint (deg-s1)

- drop jump 543 560 505 432 388 349

- sledge jump 208 211 204 164 169 165

Figure 13 demonstrates that the amount of muscle activity (IEMG) differed
clearly between these two investigated exercises (drop jumps vs. sledge jumps)
among both groups. In the drop jumps, EMG activity of the one-joint muscles
was higher in the eccentric phase of the take-off as compared to the respective
concentric phase while on the sledge it was just the opposite. The GA muscle
behaved, however, in a manner different from the other investigated muscles.
The TA muscle produced the highest activity just around the touch down to the
ground.

The different experimental conditions did not differ clearly in the
amount of muscle activities. The group comparison revealed, however, that the
rate of EMG development during the preactivity phase was higher among the
power athletes (see Figures 13 and 17). Furthermore, during the eccentric phase
of the take-off in the drop jumps, the power athletes demonstrated higher EMG
activities in the optimal condition (p < 0.05 - 0.001 depending on the muscles),
as compared to the other conditions. This was not the case among the
endurance-trained athletes.

In the drop jumps, the ratio between the eccentric and the concentric
EMG showed significant (p < 0.001) differences between the groups for the
knee extensor muscles (Figure 14). These differences had the same trend in
every measured condition. For the SOL muscle the respective ratios were lower
(Figure 15): the concentric EMG was almost as dominant in the optimum and
O+40 conditions. On the sledge the mean ratio between the eccentric and
concentric EMGs of those muscles varied from 0.65 to 0.87 for the power group
and from 0.51 to 0.78 for the endurance group. However, the main effects of the
subject groups and the experimental conditions were not statistically significant
for these variables during the sledge jumps.
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FIGURE 13. Mean of averaged EMG of the VL and VM muscles in four different phases:
preactivity (from O to -50 ms and from - 50 ms to 100 ms before the ground
contact), eccentric activity and concentric activity.
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FIGURE 14. Mean (+ SD) of the ratio of eccentric and concentric EMG of the VL and VM
muscles in the maximal drop jumps (n = 60 + 60). ***, p < 0.001.
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FIGURE 15. Mean (+ SD) of the ratio of eccentric and concentric EMG of the SOL muscles
in the maximal drop jumps (n = 60 + 60). *, p < 0.05.
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The descriptive analysis gave more information about muscle activity patterns
(Figures 16 and 17), which seem to differ depending on the conditions and on
the subject groups. In the sledge jumps (Figure 16), the EMG amplitudes were
lower than in the drop jumps (Figure 17) in every condition among both subject
groups. The peak EMG amplitude (stretch reflex) in the SOL muscle can clearly
be seen during the eccentric phase of the take-off among both subject groups
when the stretching velocity was high enough. The muscle activity patterns of
the VL muscle were quite similar among both subject groups, and more
oscillation can be observed with increased velocity.

In the drop jumps (Figures 17 and 18) the rate of EMG development
was higher among the power group, as compared to their endurance
counterparts. In addition, all muscle activity curves were quite smooth in the O
and in the O-40 conditions. More oscillation in their muscle activity was noticed
when the same subjects were dropped from the height of O+40. Furthermore,
one might see that this oscillation was higher among the endurance group as
compared to their power type counterparts.
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FIGURE 16. Averaged signals of reaction force, ankle angle and rectified EMGs from the
SOL and VL muscles from the 5 best performances of each 20 subjects during
the sledge jumps. The lowest line for every signal is the condition of O-40, in
the middle is the optimum and the highest one is the condition of O+40.
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FIGURE 17. Averaged signals of reaction force, ankle angle and rectified EMGs from the
SOL and VL muscles from the 5 best performances of each 20 subjects during
the drop jumps. The lowest line for every signal is the condition of 040, in
the middle is the optimum and the highest one is the condition of O+40.
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FIGURE 18. Zoomed signals of rectified EMGs from the SOL muscle (see Figure 17) from
the 5 best actions of each 20 subjects during the drop jumps (Kyr6ldinen and
Komi, 1993).
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5.4 Mechanical efficiency (ME) in jumping

ME did not differ significantly between the subject groups in any of the
experimental conditions except in the drop jump condition of O-40. In that
particular condition, the mean values of ME were 30.8 £ 6.5 for the power
group and 23.8 * 5.3 for the endurance group (p < 0.05). In the present study,
these were the lowest mean ME values, while the respective highest ME values
were obtained in the sledge jump condition of O+40: 54.9 + 8.5 for the power
athletes and 585 * 55 for the endurance athletes. Figure 19 clearly
demonstrates that ME increased with inreasing stretching velocity of main
working muscles (average angular velocity of the knee joint in the eccentric
phase of the take-off), which was different between the experimental conditions
(p < 0.001). MANOVA also revealed that the ME differed in the sledge jumps
(p < 0.001) in every condition but, however, in the drop jump conditions of O
and O+40 it did not differ significantly within both subject groups.

MECHANICAL EFFICIENCY (%) MECHANICAL EFFICIENCY (%)
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FIGURE 19. The mean (SE) of ME related to the respective values of the stretching
velocity determined indirectly by the angular velocity of the knee joint

during the sledge jumps (left) and during the drop jumps (right).
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There was only one significant difference in physiological variables between
the subject groups in the drop jumps. The mean energy expenditure was 19.2 %
higher among the power group. In the sledge jumps, the heart rate and the
ventilation were higher (p < 0.05 - 0.001) among power athletes as well as the
values of the energy expenditure (22.1%). The lactate level of the power athletes
was also higher as compared to their endurance counterparts in every
measured condition (Figure 20).

In the drop jumps, the mean (+ SD) take-off velocities were 79.3 +13.9 %
(0-40), 74.6 + 15.4 % (O) and 56.2 * 14.1% (O+40) from the respective maximal
values among the endurance athletes. For the power group these values were
73.6 £ 114 %, 71.7 *+ 10.8 % and 60.6 + 10.5 %, respectively. Their average
angular velocity of the knee joint in the eccentric phase had a negative
correlation with the energy expenditure (r = -.77, p < 0.01) in the O condition.
In the conditions of O-40 and O+40, the respective r-values were also negative:
r =-.32 (n.s.) and r = -.53 (n.s.). However, among their endurance counterparts,
these correlation coefficients were positive (from .21 to .57) but nonsignificant.
The energy expenditure correlated with the mechanical work in the condition
of O+40 among both groups (r = .59, p < 0.05 for the power group and r = .68,
p < 0.05 for the endurance group). The respective correlations were non-
significant in the condition of O for the both groups, and also in the condition
of O-40 for the endurance group.

 LACTATE (mmol - )
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FIGURE 20. The mean (+SE) blood lactate values in the rest and after 0, 3 and 5 min in
every testing condition.
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In the sledge jumps, the submaximal take-off velocities differed between the
subjects because of different individual best maximal SSC. Thus, the higher the
negative work (prestretch intensity), the higher the take-off velocity. The
correlation coefficients from the lowest dropping height to the highest one for
the endurance group were as follows: r = .88 (p < 0.001), r = .88 (p < 0.001), and
r = .78 (p < 0.01). For the power group the respective values were r = .67
(p<0.05), r=.67 (p<0.05),and r =. 95 (p < 0.001).
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FIGURE 21. Mean of average EMG of the VL and VM muscles in four different phases:
preactivity (from -100 to -50 ms and from -50 to O ms before the ground
contact), eccentric activity and concentric activity.



50

In every experimental condition, the power values were higher (p < 0.001)
among power athletes compared to their endurance counterparts, and the drop
jumps proved 3 to 4 times more powerful exercises than the sledge jumps. In
the case of drop jumps, the eccentric phase dominated the performance (Figure
21) in both subject groups. No statistically significant differences were noticed
between the groups with regard to the ratio between the eccentric and
concentric IEMGs of the investigated muscles. However, the muscle activity
patterns differed quite clearly between the experimental groups both in the
drop jumps (Figure 22) and in the sledge jumps (Figure 23). In the lowest
stretch load condition (O-40), the muscle activity curves of the knee extensor
and the SOL muscles were quite similar between both subject groups but,
however, the increased stretch loads caused more oscillation among the
endurance group. The endurance athletes had even clear peaks in their muscle
activity curves as shown in Figures 22 and 23.
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FIGURE 22. Averaged signals of reaction force, ankle angle and rectified EMGs from the
SOL and VL during the sledge jumps. The left curves represent a power
athlete and on the right hand are the respective curves of an endurance
athlete. The lowest line for every group of signals is the condition of O-40, in
the middle is the optimum (O) and the highest one is the condition of O+40.
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FIGURE 23. Averaged signals of reaction force, ankle angle and rectified EMGs from the
SOL and VL during the drop jumps. The left curves represent a power
athlete and on the right hand are the respective curves of an endurance
athlete. The lowest line for every group of signals is the condition of O-40, in
the middle is the optimum (O) and the highest one is the condition of O+40.

5.5 Mechanical efficiency (ME) in running

In any submaximal running conditions, ME did not differ significantly between
the subject groups. Figure 24 demonstrates that ME did not changed with
increasing running speed on the treadmill among either subject groups. The
endurance athletes ran, however, relatively faster and with relatively lower
oxygen uptake as compared to their power type counterparts (Figures 24 and
25). Furthermore, among power athletes ME was the higher the shorter the
contact time (r = -.79, p< 0.01) in the treadmill running. The correlation
coefficient between the ME and the contact time was -.53 (p < .05) for both
groups. In addition, the higher the step rate the higher the accumulation of
lactate at all three measured speeds (r =71, r = .67 and r =.52, p < 0.01 - 0.05)
when power athletes ran on the track.
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FIGURE 24. The mean (XSE) values of the ME related to the running speed on the
treadmill (left) and on the track (right).

Table 5 demonstrates that there were significant (p < 0.05 - 0.001) differences in
physiological variables between the subject groups. Among the endurance
athletes the lactate level was almost the same after every running test. This was
not the case among the power group. Their lactate level increased with
increasing speed both on the treadmill and on the track. In every test condition
the heart rate, pulmonary ventilation, and the oxygen uptake increased more
among the power group with increasing running speed as compared to the
endurance group. Furthermore, on the average across all conditions the power
group used 9.7 % more energy than the endurance-trained athletes. Figure 26
demonstrates this phenomenon when the rate of energy expenditure is
expressed per kilogram of body mass.

MANOVA revealed that the subject groups differed significantly (p <
0.01) in all force parameters (average and maximal Fp, Fy, and Fy) in the
braking phase of the running contact. The power group produced higher
braking forces (p varied from n.s. to 0.01) with increasing speed: e.g. for the
vertical direction they were 1938 + 297 N vs. 1716 + 227 N, 2093 *+ 290 N vs.
1909 + 191 N and 2164 + 307 N vs. 2048 + 206 N. However, no differences
between the subject groups were noticed when these force values were related
to the body weight of the subjects: 2.4 £ 0.2 vs. 2.4 + 0.2, 2.6+ 0.1 vs. 2.5 £ 0.3



53
and 2.8 + 0.1 vs. 2.6 * 0.3, respectively. Neither did the direction of the force
production between the groups.

MECHANICAL EFFICIENCY (%)
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FIGURE 25. The mean (+SE) values of the ME related to the relative oxygen consumption
in running speed on the treadmill (left) and on the track (right).

TABLES.

Mean (+ SD) of lactate (La), heart rate, ventilation (VE), relative oxygen

uptake (VO, ), and relative speed in running with the three constant speeds
on the treadmill (upper table) and on the track (lower table) among the
endurance- and power-trained athletes. p <0.001 ***, p< 0.01 **, p < 0.05 *.

25m-s” 325m-s” 40m-s”’
Endurance| Power Endurance| Power Endurance| Power
La(mmol17*)[1.18£0.32 [2.14+£0.75* |1.25+0.30 | 3.05+1.03 * | 1.64 +0.41 | 5.70 + 1.63**
HR (b-min~!)| 11810 | 151+15 **| 134+7 172+11 ** | 15316 184 £8 ***
VE (lmin™) [37.3+45 |56.8+4.1** (443+5.2 [80.0+8.5** [56.116.2 |107.3+3.0***
%VO, max |462+4.7 |[655+4.6*** |53.5+3.5 |81.2+69** | 65.7+4.3 | 93.5+2.9**
La(mmol17)|1.12£0.19 | 257 £1.10* |1.10£0.07 | 4.25+2.26 * |1.46+0.29 | 6.67+2.88 *
HR (b-min~")| 11819 147+15 * [ 1367 1659 *** 1152 +7 177 6 ***
VE (lmin™") [42.8+45 [(638+7.6 **|56.0+3.3 (93.6+158** [67.2+6.9 |109.0+14.9**
%VO, max |48.2+64 |709+9.7 **|61.3+51 |889+114* |69.0+3.5 | 94.0+10.1**
% speed max|30.1+23 [27.7+0.8 *|39.1+£29 [36.1+ 1.0 * |48.1 £3.6 444+ 12 *
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FIGURE 26. The mean energy expenditure divided by the body mass in running at the
three different speeds on the treadmill and on the track. The two
experimental groups differed partly significantly from each other (p < 0.05%).

Further analysis of the present study revealed that in running on the treadmill,
the endurance group had slightly shorter contact times than the power group.
The difference between the subject groups was significant (p < 0.05) in every
condition when the contact times were related to their respective values during
maximal running These relative values decreased with increasing running
speed among both subject groups as follows: 83.8 + 24.8 % vs. 131.5 + 18.7 %,
66.9+25.4 % vs. 1109+ 4.2 %, and 50.5 £21.7 % vs. 92.0 £ 6.0 %. There were no
significant differences in step rate, average angular velocity of the ankle joint in
the braking phase of the contact, or in vertical displacement of the centre of the
gravity of the whole body. In addition, step length, braking time, and most of
the angular and force variables were similar between the experimental groups.
However, only in a few cases, the endurance group had slightly higher (p<0.05)
average and maximal angular velocities of the knee joint in the braking phase
of the contact.

The muscle activity patterns (Figure 27) and the integrated EMGs did
not differ between the subject groups in any conditions . This was the case both
on track and treadmill running. Also, the relationship between the eccentric
and concentric EMGs did not differ between the experimental groups.
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FIGURE 27. Averaged signals of reaction force, ankle angle and rectified EMGs from the
soleus (SOL) and vastus lateralis (VL) during the running on the track. The
left curves represent a power athlete and on the right hand are the respective
curves of an endurance athlete. The lowest line for every group of signals is
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DISCUSSION

The main findings in the present study were as follows:

(1)

()

3)

4)

(5)

In the reflex conditions, the endurance athletes possessed higher relative
EMG-amplitudes than their power counterparts. Furthermore, these
relative EMG-amplitudes correlated clearly with the maximal reflex
forces, or with the angular stretching velocities among the subject
groups. These correlation coefficients were, however, higher among the
endurance athletes.

In the maximal voluntary isometric conditions, the power athletes
produced higher forces than their endurance counterparts. However, the
respective EMG-time curves of the leg extensor muscles did not differ
between the subject groups.

In the maximal SSC exercises, the power group elicited higher
preactivity and successive higher eccentric activity related to the
concentric one of the leg extensor muscles than their endurance
counterparts. In addition, the muscle activity patterns were smoother
with the lower dropping heights among both subject groups.

In the total ME during jumping, no differences between the subject
groups were noticed in most of the utilized SSC exercises. The endurance
group worked with lower heart rate, pulmonary ventilation, and lactate
level. On the other hand, the muscle activity patterns differed again
between the subject groups, indicating a more powerful braking
(eccentric) phase of the take-off among the power group.

The total ME during running did not differ between the subject groups.
At the same time, there were only a few biomechanical variables but
many physiological variables, which differed between the endurance
and power athletes.
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6.1 Reflex function in rest

The present study demonstrated that the endurance-trained athletes were more
sensitive to mechanical stimuli than the power-trained athletes. Shorter latency
times of the SOL and GA muscles, higher relative reflex amplitudes of the VL,
VM and SO muscles, and a better recovery of the monosynaptic reflexes among
the endurance group suggest this conclusion. Futhermore, the power group
had higher and more significant correlation coefficients between the relative
EMG and the reflex force of the knee extensor muscles (p < 0.05 vs. p < 0.01),
and between the relative EMG and the averaged angular velocity around the
ankle joint (p < 0.10 vs. p < 0.001) as compared to their endurance counterparts.
However, no differences were observed in the reflex latency time, the motor
time, and the total reflex time of the knee extensor muscles between the subject
groups.

The observed differences between the athletic groups may be explained
by musculotendineous properties, and/or nervous system structures, and/or
muscle spindle properties, and/or in the lower extremity lengths of subjects. It
is well documented that endurance-type athletes are characterized by a high
percentage of ST fibers and a high activity of oxidative enzymes, while power
athletes could be characterized by a predominance of FT fibres and high
activation of glycolytic enzymes in their leg extensor muscles (Saltin et al. 1977;
Howald 1982). Thus the higher sensitivity to mechanical stimuli among the
endurance-trained athletes observed in the present study could be explained by
the fiber-type differences between the groups. Burke (1968) has reported that
many ST and fatigue-resistant fast twitch (FT) units were spontaneously active
and were recruited easily with muscle stretch. These same uni% have been
suggested to be very active in movements which involve significant support
from spindle afferent feedback (Burke and Edgerton 1975). Ryushi and his co-
workers (1990) confirmed this suggestion by demonstrating that the reflex
latency time correlated negatively with the percentage number of FT, and/or
ST fibres. However, the factors that determine recruitment order are closely
related with axonal velocity (Clamann and Henneman 1976; Bawa et al. 1984).
In this regard, it is interesting to note that the motor units, which are recruited
first, have lower axonal conduction velocity (Bawa et al. 1984). Thus, in the
present study, the reduced action potential conduction speed may not be
powerful enough to cause the lengthening of the latency time over that of the
FT-motor units.

The muscles rich in slow-twitch (ST) fibres are known to be more
endowed with muscle spindles (Botterman et al. 1978). Proprioceptors in
general, such as spindles and tendon organs, might serve as monitors of motor
unit activity for controlling reflexes. They are, in addition, largely concerned
with the fine control of movements. In the present study, the higher sensitivity
of the endurance-trained athletes to mechanical stimuli could partly be
explained by more collagenous and stiff material (Kovanen, 1989) and/or by
numerical differences in muscle spindles (Botterman et al. 1978). The ability of
the primary endings of the neuromuscular spindles to transmit afferent inputs
to alpha motoneurons is also controlled by the spinal interneurons, and the
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excitability level of the alpha motoneurons determines the reflex response
amplitude (Beradelli et al. 1982). It has further been suggested that the
amplitude of a monosynaptic reflex be directly propotional to the number of
motoneurons activated.

The present findings suggest that the neural control of reflex
movements in skeletal muscles may be different in the reflex force production
among subjects differing in training background or in neuromuscular structure.
An earlier demonstration of electromechanical delay, as defined by time
difference between the onset of EMG and onset of force (Cavanagh and Komi
1979), is related to muscle fibre composition in reflex condition, but not in
voluntary force production (Viitasalo and Komi 1981). This suggests, however,
that the structural differences in muscle and nerve might be at least equally
important in this control. H-reflex measurements have been given further
support for this suggestion. The ratio between the mean value of maximal
reflex response (Hp,54) and the mean value of the direct response (Mmax)
evoked by tibial nerve stimulation is significantly smaller among power-
trained athletes as compared to non-trained athletes, which might be due to
differences in the length of Ia-afferents on intermediate motoneurons
(Casabona et al. 1990).

Earlier studies have shown that the latency times correlated positively
with the length of subjects (Ryushi et al. 1990) and with the length of subject's
legs (Allum and Mauritz 1984). In the present study, there was statistically not
any significant difference between the groups in this regard. Thus the
differences in the length of the sensory and/or motor nerves do not explain the
observed differences in stretch reflexes of the same muscle between the
experimental groups. However, when compared different muscles that
explanation is the case. The latency times for the SOL and GA muscles (40-45
ms) were longer than the respective times for the VL and VM muscle (24 ms).
Nevertheless, some additional factors have to take into consideration when
further studies are done on this problem. For example, the relaxation level of
the subjects was not controlled in the present study, and its possible role in
influencing the results could not be substantiated. Further studies might also
consider measuring H-reflexes parallel with the present approach for possible
identification of the selected reflex pathways.

6.2 Maximal voluntary contraction in isometric condition

The power-trained athletes produced higher forces in the voluntary conditions
than the endurance-trained athletes. This is in line with previous training
studies (e.g. Komi et al. 1982; Hidkkinen and Komi 1985ab; Héakkinen et al.
1990). Thus the present cross-sectional study confirms that prolonged power
type training with SSC-exercises resulted in improved neuromuscular
performance.

Komi (1986) has suggested that explosive-type strength training causes
a shift of the force-time curve to the left. The results of the present study
support this observation. At the same time, however, the muscle activity
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patterns (the EMG-time curves) did not differ between the experimental
groups, indicating similar trends in the neural activation of the muscles in the
two maximal voluntary isometric conditions. This dissociation between force
and EMG might have occurred because the subject groups had different
amount of muscle mass measured indirectly as higher (mean 5.3 kg, p < 0.001)
fat free weight (FFW) value and/or the power athletes had better efficacy in the
force transmission from the individual sarcomeres to the skeletal muscle.
Earlier studies give additional supports for these interpretations. The maximal
voluntary strength of muscles seems to be highly related to the cross-sectional
area of the muscle, but, however, different subject groups seem to have the
same average force per unit area (e.g. Ikai and Fukunaga 1968; Sale et al. 1987;
Ryushi et al. 1988). In addition, there is some evidence that the quality of
connective tissue structures is adapted by training (Enoka 1988, Kovanen,
1989). This causes a significant effect on the muscle force transmitted to the
tendon (Borg and Caulfield 1980).

The third possible explanation to the present results might again be a
possibly different muscle fibre type distribution between the endurance type
athletes and the power type athletes (Gollnick et al. 1973; Costill et al. 1976;
Saltin et al. 1977). It has been demonstrated that the percentage of FT-fibres of
the trained muscle correlated significantly with the improvement of fast force
production during the power type training (e.g. Viitasalo and Komi 1978;
Hékkinen et al. 1985) as the power athletes demonstrated in the present study.

6.3 Maximal SSC-exercises

The power-trained athletes elicited high preactivity and successive higher
eccentric activity of the leg extensor muscles than their endurance type
counterparts. In addition, the muscle activity patterns were smoother with the
lower dropping heights among both subject groups. These findings were
clearer in the drop jumps, which were more reactive movements. On the sledge
the subjects had longer contact times and the concentric phase of the take-off
was more dominant among both groups. This phenomenon can be confirmed
from muscle activity patterns: during the sledge jumps the amount of
preactivity was small and the concentric EMG was higher than the eccentric
one.

Previous studies, used to clarify neuromuscular adaptations during
power type exercises, have examined qualitative and quantitative aspects of the
EMG bursts of the leg extensor and arm flexor muscles (e.g. Moritani and
deVries 1979; Hiakkinen and Komi 1986; Schmidtbleicher et al. 1988). In rapid
movements not only has high muscle activation been observed, but also
depression or silencing of EMG activity. The results of the present study
support these findings (see Figures 17 and 18), which seem to be dependent on
the stretching velocity of the muscles and on the training background of the
subjects.

The observed differences in an adaptation of the neuromuscular
systems between the subject groups can be assumed to take place in many
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possible ways. The first available evidence indicates that the critical factor
controlling motor unit recruitment in heterogeneous skeletal muscle is a motor
unit type (Sypert and Munson 1981). In the present study, the endurance
athletes, which have obviously higher percentage of slow twitch fibers (see e.g.
Komi et al. 1977) had slightly inclined EMG burst as compared to the power
athletes. In other words, the power athletes might have been able to recruit
their motor units faster with an increased firing rate of motoneurons (Bigland
and Lippold 1954). This suggestion is in line with the findings (Grimby and
Hannerz 1977; Nardone et al. 1989) that the high-threshold motor units (FT
fibers) were recruited just before the onset of lengthening in brief rapid muscle
actions. Thus, for the power athletes, it might be easier to control the timing of
the performance and to funnel the targets of excitatory motor commands to the
appropriate motor units. Nardone and his co-authors (1989) have earlier
suggested this for different muscle types in different muscle actions.

Another explanation for the results of the present study might be that
the power-trained athletes had an improved intramuscular coordination, such
as a more developed motor unit syncronization (Milner-Brown et al. 1973)
associated with both reflex and voluntary function of the neuromuscular
system. A support for this allegation can be found in the studies
(Schmidtbleicher and Gollhofer 1982; Gollhofer and Schmidtbleicher 1988)
which have suggested that better jumpers have also better intramuscular
coordination as compared to the poorer ones. The proprioceptors of an active
agonist can serve as the main sensors in controlling servomechanism also in
jumping exercises. The increase in the EMG activity shortly after ground
contact is evoked by proprioceptors via a spinal pathway initiated by primary
muscle spindle afferents (Dietz et al. 1979). They play an important role in
generating stretch reflexes, being much more sensitive to small amplitude
displacements than to large ones (Matthews and Stein 1969).

In general, stretching of a contracting muscle generates large force
increments, of which approximately half is due to the stretch reflex which
increase the muscle stiffness more than what is predicted from the intrinsic
stiffness (Sinkjaer et al. 1988). Hoffer and Andreassen (1981) have
demonstrated that for the cat SOL muscle, the force increment due to stretch
reflex is even up to three times larger than the intrinsic force increment. In the
sledge jumps of the present study, stretch reflexes of the SOL muscle can be
seen clearly about 40 ms after the onset of the ground contact among both
subject groups. Its magnitude became progressively larger with higher
stretching velocity. This supports previous findings that the stretch reflex
magnitude increases with more dorsiflexed ankle (Weiss et al. 1986), and that
the stretch reflex is velocity dependent (Gottlieb and Agarwall 1979). The
magnitude of reflex response increases with the increased stretching velocity
because muscle spindle primary ending afferents are velocity sensitive
(Matthews and Stein 1969). In the present study, the GA muscle behaved,
however, differently when compared to the SOL muscle. The drop in EMG
activity between the preactivity and the eccentric activity increased with
increased stretching velocity. This might be caused by concurrent increased
flexion in the knee joint. Thus, the stretching length of the GA muscle may not
change significantly with increased dropping height. One may also speculate
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that low GA EMG activity in this phase could be due to Ia inhibition from the
TA muscle. Our analysis cannot, however, verify its likelyhood.

Thirdly, learning processes may naturally influence the jumping
performances. There were not any great differences in the performance
technique between the subject groups, in spite of the fact that the power
athletes used drop jumps as a part of their training methods. Anyway, the
learning processes can be assumed to occur with the involvement of the
cerebellar and cerebrocerebellar communication loops (Ito 1976).

In the present study, the amplitude of displacements of the knee and
ankle joints increased with increased dropping height among both subject
groups. However, the power athletes had a faster rate of EMG development
during the preactivation phase, subsequently a more effective braking phase
(more work in shorter time) and a higher EMG-ratio between the eccentric and
concentric phases (Figure 15) during the take-off in every condition as
compared to their endurance counterparts. Thus, it can be speculated that the
power type subjects had higher muscle stiffness than the endurance-trained
subjects. Furthermore, it could be assumed that in the jumping exercises, all
inputs to the leg extensor muscles are in good balance because hardly any
oscillation in the muscle activity patterns was noticed. In other words, smaller
drops in EMG activity could be observed between preactivity and eccentric
activity when the neuromuscular system is adapted for the used task
(Kyroldinen et al. 1991). In this regard, one might see (Figures 17 and 18) that
the power athletes had a smoother EMG pattern than their endurance
counterparts. It is possible that the centrally determined activation control
could smooth muscle activation as a result of adaptation and/or learning
processes. However, when the stretching load is too high (the condition of
O+40), the reflex peaks become more visible.

In any case, preactivation appears to be a preparatory necessity, both
for enhancement of EMG activity during the eccentric phase of the take-off, and
for timing muscular action with respect to ground contact (Moritani et al. 1991).
Melvill-Jones and Watt (1971) have suggested that this preactivation is
preprogrammed and executed from higher centers of the nervous system, on to
which the reflex activity is superimposed (Dietz et al. 1979). This statement has
not yet been challenged. In the present study, the observed co-activation
between the TA and the triceps surae muscle may further increase the stiffness
around the ankle joint.

6.4 Submaximal SSC-exercises

6.4.1 Jumping

The power athletes worked more powerfully in jumping performances than
their endurance counterparts. At the same time their heart rate, pulmonary
ventilation, and lactate level were higher. The EMG patterns, in addition,
differed clearly between the subject groups. However, no differences between
the groups were noticed in the ratio of the eccentric and the concentric EMGs of
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any investigated muscles in any experimental conditions. Furthermore, no
differences in the total mechanical efficiency (ME) between the two
investigated athletic groups could be observed in most of the utilized SSC
exercises. On the other hand, the increased stretch of the muscles measured
indirectly by the knee angular velocity increased ME within certain limits in
both experimenl groups.

Quite similar ME values of jumping among both subject groups
indicate that the different training-induced adaptation and/or inherited
neuromuscular structure could have no influence on the ME. This conclusion
supports some earlier studies measured in bicycle ergometer work (Suzuki
1979; Bosco et al. 1980), which demonstrated that the ME was not related to
muscle fibre composition. Neither did Williams and Cavanagh (1987) observe
any differences in muscle fibre type among trained male runners who showed
good, medium, or poor economy. However, contrary results have recently been
published where the %ST fibers correlated positively with efficiency in cycling
(Coyle et al. 1992). In the present study, muscle fibre distribution was not
determined as mentioned earlier. Nevertheless, it has been demonstrated that
endurance type athletes possess a high percentage of ST fibres in their leg
extensors as compared to their power type counterparts (Saltin et al. 1977).
Thus, obvious differences in muscle fibre distribution between the subject
groups in the present study might explain only a part of the similarities of their
ME values in every experimental condition.

In general, there might exist two main explanations for similar MEs:
1) The power athletes had more powerful performance associated with more
effective function of the neuromuscular system, and a higher muscular strength
than their endurance counterparts (Figure 11). This enabled the power athletes
to utilize elastic energy better during their jumping performances when the
chemical energy was spared. 2) On the other hand, when compared to the
power group, the endurance athletes obviously worked on a lower oxygen
consumption level as related to their respective maximal values. This implies
that the endurance group worked physiologically on a lower loading level even
if both groups had the same mechanical work calculated from their individual
maximum.

The suggested differences in adaptation of the neuromuscular systems
between the subject groups can be assumed to take place in a quite similar way
as described in maximal SSC-exercises (pages 58 - 60). The power group might
have been able to recruit their motor units faster with an incremental firing
rates of motoneurons because the rate of their EMG development seemed to be
higher (Figures 22 and 23). The type of a motor unit has been suggested to
control motor unit recruitment in heterogeneous skeletal muscle (Sypert and
Munson 1981). Thus, it is possible that the power athletes recruited their high-
threshold motor units (FT-fibres) just before the onset of lengthening, in brief
and rapid muscle actions, as Nardone et al. (1989) has suggested for
plantarflexor muscles in dynamic ramp lengthening actions. This, together with
other improved function of their neuromuscular system, such as motor unit
synchronisation (Milner-Brown et al. 1973), intramuscular coordination
(Schmidtbleicher and Gollhofer 1982; Gollhofer and Schmidtbleicher 1988), and
preprogrammed preactivation from higher centres of the nervous system
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(Melvill-Jones and Watt 1970; Dietz et al. 1979) might create requirements for
the neuromuscular system to increase muscle stiffness in a certain physiological
range.

Among both subject groups, all inputs to the leg extensor muscles were
obviously in good balance under the moderate stretching velocities of the
muscles. However, the power group was able to utilize the higher
tendomuscular stretches better than their endurance counterparts. Their power
increased concurrently with the stretch load, and simultaneously they had less
oscillation in their muscle activity. Thus, it is possible that the centrally
determined activation control could smooth muscle activation as a result of
training-induced adaptation and/or learning processes. However, in the
highest stretch load condition (O+40), the reflexes (e.g. Ib inhibition from the
Golgi tendon organ) may start to function as a protective mechanism. At the
same time, muscle stiffness and the utilization of elastic energy may decrease,
metabolic demands increase, and ME decrease. This suggestion is supported by
high correlation coefficient values between chemical energy expenditure and
the mechanical work in the condition of O+40.

Physiological differences of the metabolism between the subject groups
can, on the other hand, explain the observed similarities in ME. The endurance-
trained athletes had a lower blood lactate concentration than power-trained
athletes after every testing condition (Figure 21). This means that power
athletes had a greater lactate production than its removal, which caused lactate
accumulation. Endurance training has been shown to cause proliferation of
capillaries in the muscle (Andersen and Henriksson 1977) to increase the
capacity of the oxidative enzymes (Holloszy 1973) and to increase the number
and the size of mitochondria (Kiessling et al. 1971). Thus, these increases,
together with a possibly improved O, delivery, can be responsible for
decreases in blood lactate at a given submaximal work rate among the
endurance group in the present study. The power athletes, on the other hand,
might have got some of their energy via anaerobic pathways. If so, a part of
their energy expenditure was not totally taken into account in our calculations,
resulting in an overestimation of their ME values. Especially, this might be true
in the sledge jumps because their heart rate and pulmonary ventilation were
also significantly higher than their endurance type counterparts. The same
could apply to the differences in the lactate values (see Figure 20), although it is
possible that both groups in the present study produced the same amount of
lactate but the endurance group could have removed it faster than the power
group. Endurance training reportedly improves the rates of lactate removal
(Donovan and Pagliassotti 1990). In this case, the energy expenditure values are
again comparable between the subject groups.

6.4.2 Running

The endurance athletes ran all the time at an aerobic level because they
achieved the steady-state metabolic cost and their blood lactate values were
stable at each running speed. Therefore, no changes may have happened in
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their energy sources during the exercise. The result of the respiratory exchange
ratio (R) gives further support for this suggestion. It increased only slightly
with increased running speed among the endurance group as follows: 0.79 +
0.04, 0.81+ 0.03 and 0.86 * 0.03 on the treadmill and 0.81+ 0.04, 0.85+ 0.02 and
0.88+ 0.03 on the track. The power group had higher (p< 0.05 - 0.01) R-values
compared to their endurance counterparts: 0.88 * 0.04, 0.97 + 0.08 and 1.02 +
0.07 on the treadmill, and 0.88 + 0.04, 0.95 + 0.04 and 0.98 + 0.02 on the track.
One power subject had the R-value over 1.00 at the speed of 3.25 m - s-1 and
three of them at speed of 4.00 m - s-1 during running on the treadmill. In
general, the conditions of the present study were mostly aerobic. However, for
the power group the work at the lowest speed was certainly on an aerobic level
and at higher speeds on the treadmill there could have been anaerobic energy
expenditure during their running. If so, their true energy cost have been
underestimated and, therefore, their ME values are overestimated at the two
highest speeds. The recent studies of Bangsbo et al. (1990) and di Prampero et
al. (1993) have, however, estimated the value of oxygen debt (lactate
production) as an energy yield. In the present study it has been ignored
because it would not give the true and exact energy equivalent for anaerobic
energy production. Before this general problem of contribution of lactate to
energy expenditure can be solved, the present results can be generalized only
with caution.

Literature is not uniform regarding ME values at different running
speeds. In addition to a more general view that ME increases as running speed
increases (Cavagna and Kaneko 1977), there are also contrary results. Kaneko et
al. (1985) reported that efficiency values actually could decrease as running
speed increases. Later Kaneko (1990) explained that "this discrepancy was not
due to physiological factors but rather to an artifactual factor related to net
energy cost". More specifically, Kaneko (1990) referred to the problem of the
role of the anaerobic energy expenditure. This problem may be relevant for the
values of the power group in the present study. In addition, it has to be
emphasized that the present methods used did not take the internal work into
account. It could be estimated by comparing stride length and stride frequency
(Cavagna et al. 1991), which did not, however, differ between the subject
groups in the present study. On the other hand, it has been demonstrated that
total body mechanical work (external work) explains better aerobic demands in
locomotion than segment-based model (external + internal work) (Martin et al.
1993).

In general, endurance runners have shown to have greater ME at
relatively low speeds but this relation tended to be reverse at higher speeds
(Kaneko et al. 1985). This difference between the two groups of runners may
not be due to the calculation of total mechanical power but rather to differences
in net energy cost (Kaneko et al. 1985). In the present study the power athletes
had a higher lactate accumulation after every running session. During exercise
they also had higher metabolic responses indicating that the respiratory- and
circulatory systems of the endurance athletes were in a better condition, and/or
their oxidative energy supply was more economical, and/or they were able to
utilize the elastic energy stored in the tendomuscular system during the
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eccentric phase of the contact. Regarding to possible contribution of the storage
and recovery of elastic energy, one faces with the problem of estimating its role
in the entire running cycle. It is known that ME in pure eccentric exercise
increases linearly. However, this phenomenon appears to be individual with
the increase of the stretching velocity (Aura and Komi, 1986a). This is due to
the contribution of elastic energy. However, the condition is different in the
combined stretch-shortening cycle (such as jumping and running), in which the
eccentric phase is performed differently compared to the pure eccentric exercise
(Kyrélainen et al. 1990).

Furthermore, in the present study, the power athletes were heavier than
their endurance counterparts. This was taken into consideration in the
calculation of ME. In Figure 26 the energy expenditure has been related to the
body mass but there still exist clear differences in the energy expenditure
between the subject groups. The other studies have, however, shown that
adding or reducing body weight has no effect on oxygen cost (ml - kg1 - min-1)
of exercise in men (e.g. Davies 1980, Cooke et al. 1991). Cureton et al. (1978)
have shown that extra weight has no effect on efficiency. On the other hand, in
the recent study of Bergh et al. (1990) reported that the submaximal oxygen
uptake and body mass are interrelated during running. According to the results
of the present study, it seems, however, that body mass cannot be regarded as a
significant factor related to the observed efficiency values.

The measured biomechanical variables gave only a few additional
explanations for the observed differences between the subject groups. The
shorter contact times and, especially, its shorter braking phase, and high
angular velocity in the same phase may increase the utilization of
tendomuscular elasticity, and thus may result in greater running economy
among the endurance-trained athletes.

The step length had no significant relationship with the other variables
among any of the subjects, who had freely chosen their running styles.
However, there are studies (e.g. Cavanagh and Williams 1982, Kaneko et al.
1987) which indicate that the aerobic demand of running at a given speed tends
to change as the step rate and/or the step length is changing from that which is
freely chosen by the runner. In the present study, the step rate was related
significantly (p < 0.001 - 0.05) to the lactate accumulation among the power
group separately in every test condition. In general, the optimal running speed
is an individual characteristics which is associated with step length (Cavanagh
and Williams 1982, Bhambhani and Singh 1985). Thus, the relationship between
economy and biomechanical descriptors were from moderate to low like
Williams and Cavanagh (1987) have concluded.

The mean muscle activity patterns and integrated EMGs did not give
any further information which could be used to interpret the results of the
present study. Therefore, no further EMG analysis was performed
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PRIMARY FINDINGS AND CONCLUSIONS

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

(1)

()

3

In the reflex condition, the endurance-trained athletes were more
sensitive to the mechanical stimuli used in the present study.
Furthermore, their recovery time of the monosynaptic reflex was faster
when compared to the power-trained athletes. These results might be
explained by the suggestion that obvious differences in the motor unit
type and the number of muscle spindles between the subject groups
have a powerful effect on the reflex recruitment. It is, however, an open
question how much the difference in the training background of the
subjects influences the neural control of the reflex movements, including
the activities of the present study.

In the voluntary isometric condition, the power-trained athletes
produced higher forces than their endurance counterparts. However, the
EMG-time curves did not differ between the experimental groups. There
seems to exist a dissociation between force and EMG adaptations. The
present results can, therefore, be explained by obviously different
muscle fibre distribution, by different amount of muscle mass, and by
possible differences in the force transmission from individual myofibrils
to the skeletal muscle and by specifity of training.

High preactivation of the leg extensor muscles and successive high
activation during the braking phase of the take-off result in good
physical performance in maximal and submaximal jumping exercises.
The power athletes possess an ability to activate their leg extensor
muscles faster in the preactivation phase of the stretch-shortening cycle
exercises. Correspondingly, they a had rapid rate of EMG recovery in the
concentric phase, suggesting efficient recoil characteristics. In addition,
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the smooth EMG curves suggest a good balance between facilitatory,
inhibitory, and other inputs to the muscle. This might be a necessary
condition to create good resistance against high impact forces during
powerful jumping exercises.

The relationship between biomechanical and physiological variables
during jumping exercises appears to be very complex. In disagreement
with the presented hypothesis, both the power group and the endurance
group achieved almost the same mean ME values. The power athletes
may have a more powerful function of the neuromuscular system
associated with higher muscular strength, obviously higher
tendomuscular stiffness, and better utilization of elasticity in the tests of
the present study. The endurance athletes may have more developed
metabolic functions such as oxidative capacity, lactate removal, and
mitochondrial system.

ME values did not differ significantly between the subjects groups. This
was the case in spite of the fact that the metabolic rsponses were lower
among the endurance athletes. On the other hand, only a few
biomechanical variables seemed to differ between the subject groups.
Therefore, it is assumed that the better understanding of the complex
interactions between mechanical and metabolic factors can be achieved
through studies emphasizing individuals instead of group comparisons.

The role of the biomechanical variables as an explanatory factor in the
efficiency of jumping and running seem to be individual. Physiological
and structural differences between subjects create the basis of natural
human locomotion which can be modified by enviromental factors such
as training. The present study showed that different training may
influence the muscle activity patterns as well as muscular mass. These
may, on the other hand, produce differences in force and power
production as well as in angular velocities around different joints.



8 TIIVISTELMA

Taman tutkimuksen tarkoituksena oli selvittdd ihimisen liikkumisen taloudelli-
suutta ja hermolihasjarjestelmdn suorituskykyd. Tutkimuksen koeryhmiksi
valittiin teho- ja kestdvyyslajien urheilijat, joilla molemmilla on erilaiset harjoi-
tustaustat. Mahdollisia eroja suorituskyvyssa ja liikkkumisen taloudellisuudessa
pyrittiin  selvittdmadian sekd biomekaanisten ettd fysiologisten mittareiden
avulla. Koehenkil6t testattiin kolme eri kertaa vuoden vilein, jolloin mittaukset
ajoittuivat samalle harjoituskaudelle.

Ensimmadiseen mittaukseen osallistui 10 tehourheilijaa ja 10 kestidvyys-
lajien edustajaa. Perusrefleksitoimintaa mitattiin levossa sekéd polven ojentaja-
lihaksista ettd plantaarifleksoreista. Lisdksi koehenkil6t suorittivat pudotus-
hyppyja kolmelta eri korkeudelta, jotka olivat etukidteen madridtyt. Optimi-
korkeus (O) oli pudotuskorkeus, jolta pudottautumalla koehenkilé saavutti
parhaan kehon painopisteen lentoajan. Muut pudotuskorkeudet olivat
optimi+40 cm (O+40) ja optimi-40 an (O-40). Ohjeeksi koehenkildlle annettiin,
ettd hdn ponnistaisi mahdollisimman suorin jaloin (reaktiivisesti) kadet
tiukasti lantiolla. Kaikki koehenkilét suorittivat kultakin korkeudelta noin 10
pudotushyppya, joista 5-6 parasta suoritusta valittiin jatkoanalyyseihin. Vastaa-
vasti koehenkil6t suorittivat maksimaalisia ponnistuksia istuen kelkassa
(kelkkahypyt). Suorituksista mitattiin reaktiovoimia, polvi- ja nilkkakulmien
muutoksia ja lihasten sdhkoistd aktiivisuutta (EMG), joka rekisterditiin pinta-
elektrodeilla telemetrisesti.

Toiseen mittausvaiheeseen valittiin 11 tehourheilijaa ja 10 kestdvyys-
urheilijaa. Samoin kuin ensimmaiselld mittauskerralla, mitattiin nytkin aluksi
lepotilan perusrefleksitoiminnat. Lisdksi koehenkil6iltd mitattiin isometrisesti
polven ojentajalihasten ja plantaarifleksoreiden maksimaalinen tahdonalainen
voimantuotto. Sen jdlkeen maaritettiin jdlleen kunkin optimaalinen pudotus-
korkeus yksildllisesti sekd pudotus- ettd kelkkahypyissd. Varsinaisessa mittaus-
tilanteessa koehenkil6t suorittivat noin 60 submaksimaalista ponnistusta kol-
men sekunnin vilein pudotuskorkeuksilta O-40, O ja O+40. Tamad mahdollisti
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steady-state -tilan saavuttamisen kunkin tyén aikana. Ponnistuksen jarrutus-
vaiheen piti olla tehokas, kun taas tyontévaiheen submaksimaalinen. Kelkka-
hypyissd tydntévaihe olikin madritetty 70 %:ksi yksittdisesti maksimisuo-
rituksesta. Avustajat antoivat tyon aikana koehenkilélle jatkuvaa palautetta kel-
kan nousukorkeudesta, jotta tehty mekaaninen tyémaééra olisi sdilynyt vakiona.
Reaktiovoiman, polvi- ja nilkkanivelen kulmamuutosten ja EMG-mittausten
lisdksi koehenkil6iltd mitattiin hengityskaasuja, sykettdi ja veren laktaatti-
pitoisuuden muutoksia. Kelkan nousukorkeus ja nopeus madritettiin matka- ja
nopeusmittarilla.

Kolmanteen mittaukseen oli satunnaisesti valittu 5 tehourheilijaa ja 5
kestdvyysurheilijaa. Maksimivoiman lisdksi heiltd mitattiin maksimaalinen
hapenottokyky juoksumatolla ja maksiminopeus radalla tiettyjen referenssi-
arvojen madrittimiseksi. Varsinaisen testin aikana koehenkil6t juoksivat aluksi
juoksumatolla viisi minuuttia kolmella eri vakionopeudella (2,50m - s1-3,25
m - s-1 - 4,00m - s-1). Téni aikana he saavuttivat hapenkulutuksessa steady-
state -tilan. Hengityskaasujen lisdksi koehenkil6iltd mitattiin kontaktiaikoja,
polven ja nilkan kulmamuutoksia ja EMG:aa. Kinemaattisen varren avulla
rekisterditiin ulkoisen mekaanisen tyon laskemisessa tarvittavia arvoja. Viikkoa
mydhemmin samat koehenkildt juoksivat vastaavilla nopeuksilla radalla. Jokai-
sen juoksukierroksen (200 m) jilkeen koehenkilGiltd mitattiin maahan kohdis-
tuvia reaktiovoimia 13 metrid pitkdn voimalevyanturin avulla. Muuten mit-
taukset olivat samoja kuin juoksumatolla lukuunottamatta hengityskaasuja,
jotka keréttiin Douglas-sdkkiin minuutin ajalta ja analysoitiin myhemmin.

Tutkimuksen paatulokset osoittivat, ettd kestavyysurheilijat olivat teho-
urheilijoita reflektorisesti herkempid mekaaniselle stimulukselle. Lisdksi he
palautuivat nopeammin monosynaptisesta refleksistd. Kestoryhmén refleksi-
amplitudit korreloivat tehoryhmia selvemmin refleksivoimaan ja keskimédarai-
seen nivelen kulmanopeuteen (lihaksen venytysnopeuteen). Isometrisesti mita-
tuissa maksimaalisissa, voluntaarisissa lihassupistuksissa tehoryhma tuotti seka
polven ojentajalihaksilla ettd plantaarifleksoreilla kestoryhméé selvdsti suurem-
pia voimia. My6s voimantuottonopeus oli tehoryhmilld selvésti kestoryhmaa
parempi. Eroja lihasten aktiivisuuden tuotossa ei sen sijaan havaittu.

Lihasten venymis-lyhenemissyklusta hyddyntidvissd maksimaalisissa
hyppysuorituksissa koeryhmait erosivat toisistaan monella tavalla. Tehourhei-
lijat tuottivat suuremman esiaktiivisuuden, jota seurasi kestoryhmdi korke-
ampi eksentrisen ponnistusvaiheen aktivisuus. Pudotushypyissd havaittiin
lisdksi, ettd tehoryhmaén lihasaktiivisuusmallit ovat tasaisempia kuin kestoryh-
maélla. Pudotuskorkeuden ollessa riittivan suuri havaittiin myds tehoryhmalla
enemman oskilaatiota lihasaktiivisuusmalleissa. Pudotushypyissd eksentrinen
vaihe dominoi konsentriseen vaiheeseen nihden molemmilla ryhmilld, mutta
eksentrisen ja konsentrisen aktiivisuuden suhde oli suurempi tehoryhmalla.
Kelkkahypyissd ponnistusajat olivat selvdsti pudotushyppyjd pitempid molem-
milla koeryhmill3, ja konsentrinen ponnistuvaihe dominoi eksentriseen verrat-
tuna.

Submaksimaalisen liikkumisen taloudellisuudessa hyppien ja juosten
koeryhmit erosivat toisistaan vain vdhan. Pudotus- ja kelkkahypyissd mekaa-
ninen hyétysuhde vaihteli tehoryhmallad keskiméaéarin 23,8:sta 54,9 prosenttiin ja
kestoryhmalld 30,8:sta 58,5 prosenttiin mittaustilanteesta riippuen. Tehoryh-
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maén tyotehot olivat odotetusti parempia ja lihasaktiivisuusmallit tasaisempia
kuin kestoryhmdlld, mutta samanaikaisesti heiddn sykkeensd, ventilaationsa ja
laktaattitasonsa olivat korkeammalla. Mekaaninen hyotysuhde lisddntyi
molemmilla ryhmilld polvi- ja nilkkanivelten kulmanopeuksien (jalan ojentaja-
lihasten venytysnopeuksien) lisddntyessa. Submaksimaalisen juoksun aikana
mekaanisessa hyotysuhteessa ja useimmissa biomekaanisissa muuttujissa ei
havaittu eroja ryhmien vaililldi. Kestoryhmad juoksi suhteellisesti alemmalla
tasolla heiddn maksimaalisesta hapenottokyvystddn, mutta suuremmalla suh-
teellisella nopeudella kuin tehoryhmd. Suurimmat ja ldhes ainoat merkittavat
erot ryhmien vililld havaittiin jilleen fysiologisissa mittareissa. Kestoryhmén
urheilijoiden syke, ventilaatio, energiankulutus kehon painokiloa kohti ja lak-
taattitasot olivat selvdsti alempia kuin tehoryhman urheilijoilla.

Taméan tutkimuksen pddtulokset viittaavat siihen, ettd harjoittelu
aiheuttaa muutoksia ihmisen hermolihasjdrjestelmdn toiminnassa. Tédten perit-
tyd geneettistd perustaa voidaan ilmeisesti muokata tietyntyyppiselld harjoit-
telulla. Levossa mitattujen refleksivasteiden erot koeryhmien vililld voitaneen
selittdd eroilla motorisen yksikon tyypissd ja lihasspindelien lukumdarassa. Hi-
das lihassolu sisdltdd enemmaén spindeleitd kuin nopeatyyppinen ja lisdksi hi-
taalla lihaksella on nopeaa lihasta alempi rekrytointikynnys. Myos aikaisem-
mista tutkimuksista saadaan tukea edelld esitetylle tulkinnalle kestoryhman
hitaiden lihassolujen hallitsevuudesta. Sen sijaan voluntaarisissa tutkimustilan-
teissa havaitut koeryhmien viliset erot voimantuotossa voitaneen selittdd eri-
laisen harjoitustaustan lisdksi eroilla lihasmassan ja sidekudoksen mdaréssa,
todenndkoisesti erilaisella lihassolujakaumalla sekd eroilla voimansiirrossa
yksittdisestd lihassolusta koko luurankolihakseen.

Teholajien urheilijoilla hyppelysuorituksissa havaittu suuri ja nopea
esiaktiivisuus, sitd seuraavat korkea ja tasainen eksentrinen aktiivisuus sekd
alhainen konsentrinen aktiivisuus mahdollistavat ilmeisesti tehokkaan kim-
mahduksen. Tdma johtunee siitd, ettd edelld kuvatuilla tekijoilld pystyttineen
parantamaan lihaksen jaykkyysominaisuuksia, jolloin elastisuuden hyédynta-
minen tehostuu. Submaksimaalisissa hyppelysarjoissa tehokkaalla elastisuuden
hyodyntimiselld pystyttiin vdhentdmdin kemiallisen energiankulutuksen
osuutta, jolloin hyppimisen hyotysuhde parani. Kestdvyyslajien urheilijat saa-
vuttivat hyppelyissd kuitenkin samansuuruisia hyotysuhdearvoja kuin teho-
urheilijat, mikéd selittynee heiddn kehittyneemmalld hengitys- ja verenkierto-
elimiston toiminnalla. Tehoryhmad pystyi siis kompensoimaan heikomman hen-
gitys- ja verenkiertoelimiston toimintansa kestoryhmdd paremmalla hermo-
lihasjérjestelmédn toiminnalla.

Juoksun taloudellisuuden tutkiminen tdytyy ulottaa yksilotasolle saak-
ka. Téssd tutkimuksessa mekaaninen hyotysuhde oli sama molemmilla koeryh-
milld huolimatta ryhmien selvistd eroista fyysisen kunnon eri osa-alueilla.
Tehoryhmd oli voimakkaampi, tehokkaampi ja nopeampi, kun taas kestoryh-
mdlld oli parempi maksimaalinen hapenottokyky sekd muutenkin kehitty-
neempi hengitys- ja verenkiertoelimiston toiminta. Sen sijaan biomekaaniset
muuttujat eivdt eronneet sanottavasti ryhmien vililld. Tadten fysiologisten ja
biomekaanisten muuttujien vililld vallitsee hyvin monimutkainen suhde, jonka
tutkiminen vaatii yksilollisyyden liséksi entistd kehittyneempié menetelmid
etenkin mekaanisen tyon maarittamiseksi.



9 REFERENCES

Abbot BC and Aubert XM (1952) The force exerted by active striated muscle
during and after change of length. ] Physiol 117: 77-86.

Aleshinsky SY (1986a) An energy 'source’ and ‘fractions' approach to the
mechanical energy expenditure problem. I. Basic concepts, description
of the model, analysis of a one-link system movement. J] Biomechanics
19: 287-293.

Aleshinsky SY (1986b) An energy 'sources' and ‘fractions’ approach to the
mechanical energy expenditure problem. II. Movement of the multi-link
chain model. ] Biomechanics 19: 295-300.

Aleshinsky SY (1986¢c) An energy 'sources' and ‘fractions' approach to the
mechanical energy expenditure problem. III. Mechanical energy
expenditure reduction during one link motion. ] Biomechanics 19: 301-
306.

Aleshinsky SY (1986d) An energy 'sources' and 'fractions' approach to the
mechanical energy expenditure problem. IV. Criticism of the concept of
‘energy transfers within and between links'. ] Biomechanics 19: 307-309.

Aleshinsky SY (1986e) An energy 'sources' and 'fractions’ approach to the
mechanical energy expenditure problem. V. The mechanical energy
expenditure reduction during motion of the multi-link system. ]
Biomechanics 19: 311-315.

Allum JHJ and Mauritz K-H (1984) Compensation for intrinsic muscle stiffness
by short-latency reflexes in human triceps surae muscles. ] Neurophys
52:797-818.

Andersen P and Henriksson ] (1977) Capillary supply of the quadriceps femoris
muscle in man: adaptive response to exercise. ] Physiol 270: 677-690.

Asmussen E and Bonde-Petersen F (1974) Apparent efficiency and storage of
elastic energy in human muscles during exercise. Acta Physiol Scand 92:
537-545.



72

Aura O and Komi PV (1986a) Effects of prestretch intensity on mechanical
efficiency of positive work and on elastic behavior of skeletal muscle in
stretch-shortening cycle exercise. Int ] Sports Med 7: 137-143.

Aura O and Komi PV (1986b) The mechanical efficiency of locomotion in men
and women with special emphasis on stretch-shortening cycle exercises.
Eur ] Appl Physiol 55: 37-43.

Bangsbo J, Gollnick PD, Graham TE, Juel C, Kiens B, Mizuno M and Saltin B
(1990) Anaerobic energy production and Op deficit-debt relationship
during exhaustive exercise in humans. ] Physiol 422: 539-559.

Banister EW and Jackson RC (1967) The effect of speed and load changes on
oxygen intake for equivalent power outputs during bicycle ergometry.
Int Z Angew Physiol Einschl Arbeitsphysiol 24: 284-290.

Bawa P, Binder MC, Ruenzel P and Henneman E (1984) Recruitment order of
motoneurons in stretch reflexes is highly correlated with their axonal
conduction velocity. ] Neurophysiol 52: 410-420.

Belli A, Komi PV and Lacour J-L (1993) A simple device for mechanical
measurements during treadmill running. In: S Bouisset, S Métral and H.
Monod (eds.) Biomechanics XIV. Paris, France. pp. 174-175.

Belli A, Avela ] and Komi PV (1993) Mechanical energy assessment with
different methods during running. Int ] Sports Med 5: 252-256.

Beradelli A, Hallett M, Kaufman C, Fome E, Berenberg W, and Simon SR (1982)
Stretch reflexes of triceps surae in normal man. ] Neurol Neurosurg
Psychiatry 45: 513-525.

Bergh U, Sjodin B, Forsberg A and Svedenhagen ] (1991) The relationship
between body mass and oxygen uptake during running in humans. Med
Sci Sports Exerc 23: 205-211.

Bhambani Y and Singh M (1985) Metabolic and cinematographic analysis of
walking and running in men and women. Med Sci Sports Exerc 17: 131-
137

Bigland B and Lippold OCJ (1954) The relation between force, velocity and
integrated electrical activity in human muscles. ] Physiol 123: 214-224.

Bonnet M, Requin ] and Semjen A (1981) Motor reflexology and motor
preparation. Exerc Sport Sci Rev 9: 120-157.

Borg TK and Caulfield JB (1980) Morphology of connective tissue in skeletal
muscle. Tissue and Cell 12: 197-207.

Bosco C (1982) Stretch-shortening cycle in skeletal muscle function with special
reference to elastic energy and potentiation of myoelectrical activity.
Studies in Sport, Physical Education and Health 15. University of
Jyvaskyla, Jyvidskyld, 1982.

Bosco C, Ito A, Komi PV, Luhtanen P, Rahkila P, Rusko H and Viitasalo JT
(1982a) Neuromuscular function and mechanical efficiency of human leg
extensor muscles during jumping exercises. Acta Physiol Scand 114: 543-
550.

Bosco C, Komi PV and Ito A (1981) Prestretch potentiation of human skeletal
muscle during ballistic movement. Acta Physiol Scand 111: 135-140.

Bosco C, Komi PV and Sinkkonen K (1980) Mechanical power, net efficiency
and muscle structure in male and female middle-distance runners.
Scand ] Sports Sci 2: 47-51.



73

Bosco C, Montanari G, Ribacchi R, Giovenali P, Latteri F, Iachelli G, Faina M,
Colli R, Dal Monte A, La Rosa M, Cortili G and Saibene F (1987)
Relationship between the efficiency of muscular work during jumping
and energetics of running. Eur ] Appl Physiol 56: 138-143.

Bosco C, Tihanyi J, Komi PV, Fekete G and Apor P (1982b) Store and recoil of
elastic energy in slow and fast types of human skeletal muscles. Acta
Physiol Scand 116: 343-349.

Botterman BR, Binder MC and Stuart DG (1978) Functional anatomy of the
association between motor units and muscle receptors. Amer Zool 18:
135 -152.

Bransford DR and Howley ET (1977) Oxygen cost of running in trained and
untrained men and women. Med Sci Sports 9: 41 - 44.

Burke RE (1968) Firing patterns of gastrocnemius motor units in the decerebrate
cat. ] Physiol 196: 631-654.

Burke RE and Edgerton VR (1975) Motor unit properties and selective
involvement. Exerc Sport Sci Rev 3: 31-81.

Calancie B and Bawa P (1985) Firing patterns of human flexor carpi radialis
motor units during the stretch reflex. ] Neurophysiol 53: 1179- 1193.

Casabona A, Polizzi MC and Perciavalle V (1990) Differences in H-reflex
between athletes trained for explosive contractions and non-trained
subjects. Eur ] Appl Physiol 61: 26-32.

Cavagna GA (1977) Storage and utilization of elastic energy in skeletal muscle.
Exerc Sport Sci Rev 5: 89-127.

Cavagna GA (1978) Aspects of efficiency and inefficiency of terrestrial
locomotion. In: E Asmussen and K Jérgensen (eds.) Biomechanics VI-A.
University Park Press, Baltimore. pp. 3-22.

Cavagna GA (1975) Force platforms as ergometers. ] Appl Physiol 39: 174-179.

Cavagna GA and Kaneko M (1977) Mechanical work and efficiency in level
walking and running. J Physiol 268: 467-481.

Cavagna GA, Saibene FB and Margaria R (1965) Effect of negative work on the
amount of positive work performed by an isolated muscle. ] Appl
Physiol 20: 157-158.

Cavagna GA, Thys H and Zamboni A (1976) The sources of external work in
level walking and running. ] Physiol 262: 639-657.

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

Cavanagh P and Komi PV (1979) Electromechanical delay in human skeletal
muscle under concentric and eccentric contractions. Eur ] Appl Physiol
45:159-163.

Cavanagh PR and Williams KR (1982) The effect of stride length variation on
oxygen uptake during distance running. Med Sci Sports 14: 30-35.
Christensen EH, Hedman R and Holmdahl I (1960) The influence of rest pauses

on mechanical efficiency. Acta Physiol Scand 48: 443-447.

Clamann HP and Henneman E (1976) Electrical measurement of axon diameter
and its use in relating motoneuron size to critical firing level. ]
Neurophysiol 39: 844-851.



74

Colomo F, Lombardi V and Piazzesi G (1986) The relation between force,
stiffness and velocity of lengthening in tendon-free segments of frog
single muscle fibres. ] Physiol 377: 90P.

Conley DL and Krahenbuhl G (1980) Running economy and distance running
performance of highly trained athletes. Med Sci Sports 12: 357-360.
Connors MC (1974) An energetic analysis of rowing. Doctoral Dissertation.

Ohio University, Athens, Ohio.

Cooke CB, McDonagh JN, Nevill AM and Davies CTM (1991) Effects of load on
oxygen intake in trained boys and men during treadmill running. ] Appl
Physiol 71: 1237-1244.

Costill DL and Fox EL (1969) Energetics of marathon running. Med Sci Sports 1:
81-86.

Costill DL, Fink W] and Pollock ML (1976) Muscle fiber composition and
enzyme activities of elite distance runners. Med Sci Sports 8: 96-100.

Coyle EF, Sidossis LS, Horowitz JF and Belz JD (1992) Cycling efficiency is
related to the percentage of type I muscle fibers. Med Sci Sports Exerc
24:782-788.

Cunningham DA, Goode PM and Ctitz JB (1975) Cardioresparatory response
to exercise on a rowing and bicycle ergometer. Med Sci Sports 7: 37-43.

Cureton K], Sparkling PB, Evans BW, Johnson SM, Kong UD and Purvis JW
(1978) Effect of experimental alterations in excess weight on aerobic
capacity and distance running performance. Med Sci Sports Exerc 10:
194-199.

Daniels JT, Yarbrough RA and Foster C (1978) Changes in VOpmax and
running performance with training. Eur ] Appl Physiol 39: 249-254.

Darton K, Lippold OCJ, Shahani M and Shahani U (1985) Long-latency reflexes
in humans. ] Neurophysiol 53: 1604-1618.

Davies CTM (1980) Metabolic cost of exercise and physical performance in
children with some observations on external loading. Eur ] Appl Physiol
45: 95-102.

Dickson S (1929) The efficiency of bicycle-pedalling, as affected by speed and
load. ] Physiol 67: 242-255.

Dietz V (1992) Human neuronal control of automatic functional movements:
interaction between central programs and afferent input. Physiol Rev 72:
33-69.

Dietz V, Schmidtbleicher D and Noth J (1979) Neuronal mechanisms of human
locomotion. ] Neurophysiol 42: 1212-1222.

Donovan CM and Pagliassotti MJ (1990) Enhanced efficiency of lactate removal
after endurance training. ] Appl Physiol 68: 1053-1058.

Dyhre-Poulsen P, Simonsen EB and Voigt M (1991) Dynamic control of muscle
stiffness and H reflex modulation during hopping and jumping in man.
] Physiol 437: 287-304, 1991.

Edman KAP, Elzinga G and Noble MIN (1978) Enhancement of mechanical
performance by stretch during tetanic contractions of vertebrate skeletal
muscle fibres. ] Physiol 281: 139-155.

Elftman H (1944) Skeletal and muscular systems: structures and function. In: O.
Glasser (ed.) Medical Physics. Year Book, Chicago.



75

Engberg I and Lundberg A (1969) An EMG analysis of muscular activity in the
hindlimb of the cat during unrestrained locomotion. Acta Physiol Scand
75: 614-630.

Enoka RM (1988) Muscle strength and its development. New perspectives.
Sports Medicine 6: 146-168.

Fenn WO (1923) A quantitative comparison between the energy liberated and
the work performed by the isolated sartorius muscle of the frog. ]
Physiol 58: 175-203.

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

Fenn WO and Marsh BS (1935) Muscular force at different speeds of
shortening. ] Physiol 85: 277-297.

Fukashiro S, Komi PV, Jarvinen M and Miyashita M (1993) Comparison
between the directly measured achilles tendon force and tendon force
calculated from the ankle joint moment during vertical jumps. Clin
Biomech 8: 25-30.

Gaesser GA and Brooks GA (1975) Muscular efficiency during steady-rate
exercise: effects of speed and work rate. ] Appl Physiol 38: 1132-1139.

Goldspink G (1978) Energy turnover during contraction of different types of
muscle. In: E Asmussen and K Jorgenson (eds.) Biomechanics VI A.
University Park Press, Baltimore. pp. 27-39.

Gollhofer A, Horstman GA, Schmidtbleicher D and Schénthal D (1990)
Reproducibility of electromyographic patterns in stretch-shortening type
contractions. Eur ] Appl Physiol 60: 7-14.

Gollhofer A and Rapp W (1993) Recovery of stretch reflex responses following
mechanical stimulation. Eur ] Appl Physiol 66: 415-429.

Gollhofer A and Schmidtbleicher D (1988) Muscle activation patterns of human
leg extensors and force-time-characteristics in jumping exercises under
increased stretching loads. In: G de Groot, AP Hollander, PA Huijing
and GJ van Ingen Schenau (eds.) Biomechanics XIA. Free University
Press, Amsterdam. pp. 143-147.

Gollhofer A and Schmidtbleicher D (1989) Stretch reflex responses of the
human m. triceps surae following mechanical stimulation. In: R] Gregor,
RF Zernicke and WC Whiting (eds.) Congress Proceedings. XII
International Congress of Biomechanics. UCLA, Los Angeles, USA. pp
219-220.

Gollnick PD, Amstrong RB, Saltin B, Sauber CW, Sembrowich WL and
Shephard RE (1973) Effect of training on enzyme activity and fiber
composition of human skeletal muscle. ] Appl Physiol 34: 107-111.

Gottlieb GL and Agarwall GC (1979) Response to sudden torques about ankle
in man: myotatic reflex. ] Neurophysiol 42: 91-106.

Granit R (1975) The functional role of the muscle spindles - facta and
hypothesis. Brain 98: 531-556.

Gregor R] and Kirkendall D (1978) Performance efficiency of world class
female marathon runners. In: E Asmussen and K Jérgensen (eds.)
Biomechanics VI-B. University Park Press, Baltimore.pp. 40-45.



76

Grieve DW, Pheasant S and Cavanagh PR (1978) Prediction of gastrocnemius
length from the knee and ankle joint posture. In: E Asmussen and K
Jorgensen (eds.) Biomechanics VIA. University Park Press, Baltimore.
pp- 405-412.

Grillner SA (1972) A role of muscle stiffness in meeting the changing postural
and locomotor requirements for force development by the ankle
extensors. Acta Physiol Scand 86: 92-108.

Grimby L and Hannerz ] (1977) Firing rate and recruitment order of toe
extensor motor uni% in different modes of voluntary contraction. ]
Physiol 264: 865-879.

Hagerman FC, Connors MC, Gault JA, Hagerman GR and Polinski W] (1978)
Energy expenditure during stimulated rowing. ] Appl Physiol 45: 87-93.

Hammond PH (1954) Involuntary activity in biceps following the sudden
application of velocity to the abducted forearm. ] Physiol 127: 23-25.

Henry FM and DeMoor ] (1950) Metabolic efficiency of exercise in relation to
work load at constant speed. ] Appl Physiol 2: 481-487.

Hill AV (1938) The heat of shortening and the dynamic constants of muscle.
Proceedings of the Royal Society B 126: 136-195.

Hill, AV and Lupton H (1923) Muscular exercise, lactic acid, and the supply
and utilization of oxygen. Quarterly ] Med 16: 135-171.

Hoffer JA and Andreassen S (1981) Regulation of soleus stiffness in
premammillary cats: intrinsic and reflex components. ] Neurophysiol 15:
267-285.

Hoffman P (1918) Uber die Beziehungen der Sehnenreflexe zur Willkiirlichen
Bewegung und zum Tonus. Zeitschrift fiir Biologie 68: 351-370.

Holloszy JO (1973) Biochemical adaptations to exercise: aerobic metabolism. In:
J.H. Wilmore (ed.) Exer Sport Sci Rev. Academic Press, New York 1. pp.
45-72.

Hoshikawa T, Miyashita M and Matsui H (1971) The relationship between step-
length, step-ferquency, and the speed of walking or running. Res ] Phys
Ed 16:157-162.

Houk JC (1974) Feedback control of muscle: a synthesis of the peripheral
mechanisms. In: V.B. Mountcastle (ed.) Medical Physiology. MO:
Mosby, St. Louis. pp. 668-677.

Houk JC (1979) Regulation of stiffness by skeletomotor reflexes. Ann Rev
Physiol 41: 99-114.

Howald H (1982) Training-induced morphological and functional changes in
skeletal muscle. Int ] Sports Med 3: 1-12.

Huijing PA (1992) Elastic potential of muscle. In: PV Komi (ed.) Strength and
power in sport. Blackwell Scientific Publications, Oxford. pp. 151-168.

Huxley AF and Simmons RM (1971) Proposed mechanism of force generation
in striated muscle. Nature London 233: 533-538.

Hékkinen K and Komi PV (1983) Changes in neuromuscular performance in
voluntary and reflex contraction during strength training in man. Int J
Sports Med 4: 282-288.

Hékkinen K and Komi PV (1985a) Changes in electrical and mechanical
behavior of leg extensor muscles during heavy resistance strength
training. Scand ] of Sports Sci 7: 55-65.



77

Hékkinen K and Komi PV (1985b) Effect of explosive type strength training on
electromyographic and force production charateristics of leg extensor
muscles during concentric and various stretch-shortening cycle
exercises. Scand J Sports Sci 7: 65-76.

Hékkinen K and Komi PV (1986) Training-induced changes in neuromuscular
performance under voluntary and reflex conditions. Eur ] Appl Physiol
55:147-155.

Hékkinen K, Komi PV and Alen M (1985) Effect of explosive type strength
training on isometric force- and relaxation time, electromyographic and
muscle fibre charasteristics of leg extensor muscles. Acta Physiol Scand
125: 587-600.

Hakkinen K, Pakarinen A, Kyréldinen H, Cheng S, Kim DH and Komi, PV
(1990) Neuromuscular adaptations and serum hormones in females
during prolonged power training. Int ] Sports Med 11: 9-22.

Ikai M and Fukunaga T (1968) Calculation of muscle strength per unit cross-
sectional area of human muscle by means of ultrasonic measurements.
Eur ] Appl Physiol 26: 26-32.

Ito A, Komi PV, Sjédin B, Bosco C and Karlsson ] (1983) Mechanical efficiency
of positive work in running at different speeds. Med Sci Sports Exerc 15:
299-308.

Ito M (1976) Adaptive control of reflexes by the cerebellum. In: S. Homma (ed.)
Progress in Brain Research. Understanding the stretch reflex. Elsevier,
Amsterdam. 44: 435-443.

Jackson A, Pollock M (1985) Practical assessment of body composition. Phys
Sportsmed 13: 76-90.

Jaeger R], Gottlieb GL and Agarwal GC (1982) Myoelectric responses at flexors
and extensors of human wrist to step torque perturbations. ]
Neurophysiol 48: 388-402.

Kaneko M (1990) Mechanics and energetics in running with special reference to
efficiency. ] Biomechanics 23: 57-63.

Kaneko M, Ito A, Fuchimoto T and Toyooka J (1981) Mechanical work and
efficiency of young distance runners during level running. In: A Morecki
(ed.) Biomechanics VII-B. University Park Press, Baltimore. pp. 234-240.

Kaneko M, Ito A, Fuchimoto T, Shishikura Y and Toyooka J (1985) Influence of
running speed of the mechanical efficiency of sprinters and distance
runners. In: DA Winter, RW Norman, RP Wells, KC Heyes and AE Patla
(eds.) Biomechanics IX-B. Human Kinetics Publishers, Champaign. pp.
307-312.

Kaneko M, Komi, PV and Aura O (1984) Mechanical efficiency of concentric
and eccentric performed with medium to fast contraction rates. Scand J
Sport Sci: 15-20.

Kaneko M, Matsumoto M, Ito A and Fuchimoto T (1987) Optimum step
frequency in constant speed running. In: B Jonsson (ed.) Biomechanics
X-B. Human Kinetics Publishers, Champaign. pp. 803-807.

Karen G, Epstein Y, Magazanik A and Sohar E (1981) The energy cost of
walking and running with and without a backpack load. Eur ] Appl
Physiol 46: 317-324.



78

Kiessling K-H, Piehl K and Lindquist C-G (1971) Effect of physical tarining on
ultrastructural features in human skeletal muscle. In: P Pernow and B
Saltin (eds.) Muscle Metabolism During Exercise. Plenum Press, New
York. pp. 97-101.

Komi PV (1992) Stretch-shortening cycle. In: PV Komi (ed.) Srength and Power
in Sport. Blackwell Scientific Publications, Oxford. pp. 169-179.

Komi PV (1984) Physiological and biomechanical correlates of muscle function:
effects of muscle structure and stretch-shortening cycle on force and
speed. Exerc Sports Sci Rev 12. The Collamore Press, Lexington. pp. 81-
121.

Komi, P.V. (1986) Training of muscle strength and power: interaction of
neuromotoric, hypertrophic, and mechanical factors. Int ] Sports Med 7:
10-15.

Komi PV and Bosco C (1978) Utilization of stored elastic energy in leg extensor
muscles by men and women. Med Sci Sports Exerc 10: 261-265.

Komi PV and Buskirk ER (1970) Reproducibility of electromyographic
measurements with inserted wire electrodes and surface electrodes.
Electromyogr 10: 357-367.

Komi PV, Fukashiro S and Jarvinen M (1992) Biomechanical loading of Achilles
tendon during normal locomotion. Clin Sports Med 11: 521-531.

Komi PV, Karlsson J, Tesch P, Suominen H and Heikkinen E (1982) Effects of
heavy resistance and explosive type strength training methods on
mechanical, functional and metabolic aspects of performance. In: PV
Komi (ed.) Exercise and Sport Biology. Human Kinetics, Champaign,
Illinois. pp. 90-102.

Komi PV, Salonen M, Jarvinen M and Kokko O (1987) In vivo registration of
achilles tendon forces in man: I. Methodological development. Int J
Sports Med 8: 3-8.

Komi PV, Viitasalo JHT, Havu M, Thorstensson A, Sjodin B and Karlsson ]
(1977) Skeletal muscle fibers and muscle enzyme activities in
monozygous and dizygous twins of both sexes. Acta Physiol Scand 100:
385-392.

Kovanen V (1989) Effects of ageing and physical training on rat skeletal muscle.
Acta Physiol Scand 135. Supplementum 577.

Kovanen V, Suominen H and Heikkinen E (1984) Mechanical properties of fast
and slow skeletal muscle with special reference to collagen and
endurance training. ] Biomech 17: 725-735.

Krahenbuhl GS and Pangrazi A (1983) Characteristics associated with running
performance in young boys. Med Sci Sports Exerc 15: 486-490.

Kram R and Powell AJ (1989) A teadmill-mounted force platform. ] Appl
Physiol 67: 1692-1698.

Kyroldinen H and Komi PV (1993) Neuromuscular function with different
stretching velocities in the stretch-shortening cycle (SSC) exercises. In: S
Bouisset, S Métral and H. Monod (eds.) Biomechanics XIV. Paris, France.
pp- 740-741.

Kyréldinen H, Komi PV and Kim DH (1991) Effects of power training on
neuromuscular performance and mechanical efficiency. Scand ] Med Sci
Sports 1: 78-87.



79

Kyréldinen H, Komi PV, Oksanen P, Héakkinen K, Cheng S and Kim DH (1990)
Mechanical efficiency of locomotion in females during different kinds of
muscle action. Eur ] Appl Physiol 61: 446-452.

Lee RG and Tatton WG (1975) Motor responses to sudden limb displacements
in primates with specific CNS lesions and in human patients with motor
systems disorders. Can ] Neurol Sci 2: 285-293.

Marey M and Demeny MG (1885) Mesure du travail mécanique effectué dans la
locomotion de I'homme. Comptes Rendus Hebdomadaires des Séances
de I'Académie des Sciences. Paris, 101: 905-909.

Margaria R (1968) Positive and negative work performance and their efficiences
in human locomotion. Int Z Angew Physiol 25: 339-351.

Margaria R, Cavagna GA and Saibene FP (1963a) Possibilita di sfruttamento
dell'elasticita del muscolo contratto durante 1°esercisio muscolare. Boll
Soc Ital Biol Sper 34: 1815-1816.

Margaria R, Cerretelli P, Aghemo P and Sassi ] (1963b) Energy cost of running.
] Appl Physiol 18: 367-370.

Marsden CD, Merton PA and Morton HB (1976) Stretch reflex and servo action
in a variety of human muscles. ] Physiol 259: 531-560.

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

Matthews PBC (1969) Evidence that the secondary as well as the primary
endings of the muscle spindles may be responsible for the tonic stretch
reflex of the decerebrate cat. ] Physiol 204: 365-394.

Matthews PBC (1972) Mammalian Muscle Receptors and Their Central Actions.
Edward Arnold, London. pp. 448-451.

Matthews PBC (1984) Evidence from the use of vibration that the human long-
latency stretch reflex depends upon spindle secondary afferents. ]
Physiol 348: 383-415.

Matthews PBC and Stein RC (1969) The sensitivity of muscle spindle afferents
to small sinusoidal changes in length. ] Physiol 200: 723-743.

Mayhew JL (1977) Oxygen cost and energy expenditure of running in trained
runners. Br. ] Sports Med 11: 116-121.

Melvill-Jones G and Watt DGD (1971) Observations on the control of stepping
and hopping movements in man. ] Physiol 219: 709-727.

Mero A and Komi PV (1986) Force-, EMG-, and elasticity-velocity relationships
at submaximal, maximal and supramaximal running speeds in sprinters.
Eur J Appl Physiol 55: 553-561.

Merton PA (1953) Speculations on the servo-control of movement. In: ].L.
Malcolm, J.A.B. Gray and G.E.W. Wolstenholme (eds.) The Spinal Cord.
Little Brown, Boston. pp. 247-254.

Milner-Brown HS, Stein RB and Yemm R (1973) Changes in firing rate of
human motor units during linearly changing voluntary contractions. ]
Physiol 230: 371-390.

Moritani T and deVries H (1979) Neural factors versus hypertrophy in the time
course of muscle strength gain. Am J Physiol Med 58: 115-130.



80

Moritani T, Oddsson L and Thorstensson A (1991) Phase-dependent
preferential activation of the soleus and gastrocnemius muscles during
hopping in humans. ] Electromyogr Kinesiol 1: 34-40.

Moritani T, Oddsson L and Thorstensson A (1990) Electromyographic evidence
of selective fatigue during the eccentric phase of stretch/shortening
cycles in man. Eur ] Appl Physiol 60: 425-429.

Nagle F, Robinhold D, Howley E, Daniels ], Baptista G and Stoedefalke K
(1970) Lactic acid accumulation during running at submaximal aerobic
demands. Med Sci Sports 2: 182-186.

Nardone A, Romano C and Schieppati M (1989) Selective recruitment of high-
threshold human motor units during voluntary isotonic lengthening of
active muscles. ] Physiol 409: 451-471.

Nichols TR and Houk JC (1976) Improvement in linearity and regulation of
stiffness that results from actions of stretch reflex. ] Neurophysiol 39:
119-142.

Nicol C, Komi PV, Horita T, Kyroldinen H and Takala TES (1995) Reduced
stretch-reflex sensitivity after exhaustive stretch-shortening cycle (SSC)
exercise. Submitted for publication.

Norman R and Komi PV (1979) Electromechanical delay in skeletal muscle
under normal movement conditions. Acta Physiol Scand 106: 241-248.

Norman R, Sharratt M, Pezzack ] and Noble E (1976) Re-examination of the
mechanical efficiency of horizontal treadmill running. In: PV Komi (ed.)
Biomechanics V-B. University Park Press, Baltimore. pp. 87-93.

Phillips CG (1969) Motor apparatus of the baboon's hand. Proc R Soc, London
Ser. B 173: 141-174.

Pierrynowski MR, Winter DA and Norman RW (1980) Transfers of mechanical
energy within the total body and mechanical efficiency during treadmill
walking. Ergonomics 23: 147-156.

Prampero di PE (1986) The anaerobic threshold concept: a critical evaluation.
In: J]. Kellermann (ed.) Adv Cardiol. Karger, Basel. 35: pp. 24-34.

Prampero di PE, Capelli C, Pagliaro P, Antonutto G, Girardis M, Zampero P
and Soule RG (1993) Energetics of best performances in middle-distance
running. ] Appl Physiol 74: 2318-2324.

Prampero di, PE, Cortili G, Celentano F and Cerretelli P (1971) Physiological
aspects of rowing. ] Appl Physiol 31: 853-857.

Prochazka A Schofield P, Westman RA and Ziccone SP (1977) Reflexes in cat
ankle muscles after landing from falls. ] Physiol 272: 705-719.

Pugh LGCE (1970) Oxygen intake anf track and treadmill running with
observations on the effect of air resistance. ] Physiol 207: 823-835.

Pugh LGCE (1971) The effect of wind resistance in running and walking and
the mechanical efficiency of work against horizontal and vertical forces.
J Physiol 213: 255-270.

Rack PMH, Westbury, DR (1974) The short range stiffness of active mammalian
muscle and its effect on mechanical properties. ] Physiol 240: 331-350.

Rowell LB, Brengelmann GL, Murray JA, Kraning KK and Kusumi F (1969)
Human metabolic response to hyperthermia during mild to maximal
exercise. ] Appl Physiol 26: 395-402.



81

Ryushi T, Fukunaga T, Yuasa K and Nakajima H (1990) The influence of motor
unit composition and stature on fractioned patellar reflex times in
untrained men. Eur ] Appl Physiol 60: 44-48.

Ryushi T, Hakkinen K, Kauhanen H and Komi PV (1988) Muscle fiber
characteristics, muscle cross-sectional area and force production in
strength athletes, physically active males and females. Scand J Sports Sci
10(1): 7-15.

Sale D, MacDougall J, Alway S and Sutton ] (1987) Voluntary strength and
muscle characteristics in untrained men and women and male
bodybuilders. ] Appl Physiol 62: 1786-1793.

Saltin B, Henriksson J, Nygédrd E, Andersen P and Jansson E (1977) Fiber types
and metabolic potentials of skeletal muscles in sedentary man and
endurance runners. Ann NY Acad Sci 301: 3-29.

Schmidtbleicher D and Gollhofer A (1982) Neuromuskuldre Untersuchungen
zur  Bestimmung individueller = Belastungsgrossen  flir  ein
Tiefsprungtraining. Leistungssport 12: 298-307.

Schmidtbleicher D, Gollhofer A and Frick U (1988) Stretch-shortening typed
training on the performance capability and innervation characteristics of
leg extensor muscles. In: G de Groot, AP Hollander, PA Huijing and GJ
van Ingen Schenau (eds.) Biomechanics XIA. Free University Press,
Amsterdam, pp. 185-189.

Scholander PF (1947) Analyzer for accurate estimation of respiratory gases in
one-half cubic centimeter samples. ] Biol Chem 167: 235-250

Schomburg ED (1990) Spinal sensorimotor systems and their supraspinal
control. Neurosci Res 7: 265-340.

Secher NH (1983) The physiology of rowing. J Sports Sci 1: 23-53.

Sinkjaer T, Toft E, Andreassen S and Hornemann BC (1988) Muscle stiffness in
human ankle dorsiflexors: intrinsic and reflex components. ]
Neurophysiol 60: 1110-1121.

Stein PSG (1978) Motor systems with specific reference to th control of
locomotion. Annu Rev Neurosci 1: 61-81.

Steinacker JM, Marx TR and Thiel U (1986) Oxygen consumption and metabolic
strain in rowing ergometer exercise. Eur ] Appl Physiol 55: 240-247.

Sugi H. and Tsuchiya T (1981) Enhancement of mechanical performance in frog
muscle fibres after quick increases in load. ] Physiol 319: 239-252.

Suominen H, Kiiskinen A and Heikkinen E (1980) Effects of physical training
on metabolism of connective tissues in young mice. Acta Physiol Scand
108: 17-22.

Suzuki Y (1979) Mechanical efficiency of fast and slow twitch muscle fibers in
man during the cycling. ] Appl Physiol 47: 263-267.

Sypert GW and Munson JB (1981) Basis of segmental motor control:
motoneuron size or motor unit type? Neurosurgery 8: 608-621.

Taylor CR, Heglund NC, Maloiy GMO (1982) Energetics and mechanics of
terrestrial locomotion. I. Metabolic energy consumption as a function of
speed and body size in birds and mammals. ] Exper Biol 97: 1 - 21.

Viitasalo JT and Komi PV (1975) Signal characteristics of EMG with special
reference to reproducibility of measurements. Acta Physiol Scand 93:
531-539.



82

Viitasalo JT and Komi PV (1981) Interrelationships between electromyographic,
mechanical, muscle structure, and reflex time measurements in man.
Acta Physiol Scand 111: 97-103.

Viitasalo JT, Saukkonen S and Komi PV (1980) Reproducibility of
measurements of selected neuromuscular performance variables in man.
Electromyogr Clin Neurophysiol 20: 487-501.

Viitasalo JT and Komi PV (1978) Force-time characteristics and fiber
composition in human leg extensor muscles. Eur ] Appl Physiol 40: 7 -
15.

Weiss PL, Kearney RE and Hunter IW (1986) Position dependence of stretch
reflex dynamics at the human ankle. Exp Brain Res 63: 49-59.

Whipp BJ and Wasserman K (1969) Efficiency of muscular work. ] Appl Physiol
26: 644-648.

Whipp BJ and Wasserman K (1972) Oxygen uptake kinetics for various
intensities of constant load work. ] Appl Physiol 33: 351-356.

Wilkie DR (1950) The relation between force and velocity in human muscle. ]
Physiol 110: 249-280.

Williams K and Cavanagh P (1987) Relationship between distnace running
mechanics, running economy, and performance. ] Appl Physiol 63: 1236-
1245.

Wilson DM (1972) Genetic and sensory mechanisms for locomotion and
orientation in animals. Am Sci 60: 358-365.

Winter DA (1979) A new definition of mechanical work done in human
movement. ] Appl Physiol 46: 79-83.

Winter DA, Fuglevand AJ and Archer SE (1994) Crosstalk in surface
electromyography: theoretical and practical estimates. ] Electromyogr
Kinesiol 4: 15-26.

Woo SL-Y, Gomez MA, Amiel D, Ritter MA and Gelberman RH (1981) The
effects of exercise on the biomechanical and biochemical properties of
swine digital flexor tendons. ] Biomech Eng 103: 51-56.

Zernicke RF and Loitz BJ (1992) Exercise-related adaptations in connective
tissue. In: PV Komi (ed.) Strength and power in sport. Blackwell
Scientific Publications, Oxford. pp. 77-95.



	ABSTRACT
	CONTENTS
	PREFACE
	1 INTRODUCTION
	2 REVIEW OF THE LITERATIJRE
	2.1 Motor control of human movement
	2.2 Muscle elasticity and human performance
	2.3 Mechanical efficiency (ME) in human locomotion

	3 THE PURPOSE OF THE STUDY
	4 RESEARCH METHODS
	4.1 Subjects
	4.2 Experimental design, testing procedures and analysis
	4.3 Statistical methods

	5 RESULTS
	5.1 Stretch reflex responses
	5.2 Maximal voluntary isometric force, force-time and EMG-time
	5.3 Maximal SSC-exercises
	5.4 Mechanical efficiency (ME) in jumping
	5.5 Mechanical efficiency (ME) in running

	6 DISCUSSION
	6.1 Reflex function in rest
	6.2 Maximal voluntary contraction in isometric condition
	6.3 Maximal SSC-exercises
	6.4 Submaximal SSC-exercises

	7 PRIMARY FINDINGS AND CONCLUSIONS
	8 TIIVISTELMÄ
	9 REFERENCES



