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Foreword

All physical activity of the human organism is the
result of the interaction between the body’s nerv-
ous system and the system of skeletal muscles that
link and move the skeletal framework. Performance
of the complex movements involved in competi-
tive sport depends upon the production of force
and power in highly coordinated movements.
This involves interaction among the brain, spi-
nal cord, peripheral nerves, and over 300 skeletal
muscles.

This volume of the Encyclopaedia of Sports
Medicine has focused on the complex interactions
that have been identified as “neuromuscular.” Prof.
Komi and the many contributors to this volume
have carried out their research in both the labora-
tory setting and the sport venue. Following sec-
tions of background science and basic mechanics,

the chapters deal with fatigue, effects of training,
disuse, and ageing. The knowledge and under-
standings gleaned from the scientific investigations
of these interactions is of great importance to sports
medicine physicians, sports scientists, and coaches
who work with athletes of all ages and skill levels
to improve conditioning, enhance performance,
and prevent injuries.

It is a pleasure to welcome this volume to the IOC
Medical Commission series, Encyclopaedia of Sports

Medicine.
wesn, (2

Dr Jacques Rogge
10C President

ix



Preface

It is always a challenge to produce a volume that
includes a large amount of research material that
was produced in one’s own laboratory and/or in
collaboration with others in the field. I have been
in the fortunate position of developing a laboratory
related to both biomechanics and exercise physiol-
ogy called, since 1994, the Neuromuscular Research
Center in the Department of Biology of Physical
Activity at the University of Jyvaskyld in Finland.
This has been a 35-year journey with many exciting
scientific attempts to try to better understand the
secrets of the function of the neuromuscular sys-
tem during exercise and sport. The travel has been
characterized by not only many disappointments,
but also many rewarding experiences. The frequent
visits and research collaboration of numerous for-
eign colleagues and students have secured a contin-
uous flow of publications and new approaches to
explore this focus of our research. The contribution
of our own Finnish students to the overall develop-
ment of the research strategy has been fundamen-
tal, and I am proud that many of them have been
able to work with me to produce several chapters
for this particular volume.

Production of the “Neuromuscular Aspects of
Sports Performance” as a special volume of the
Encyclopedia of Sports Medicine is important for
the following basic reason: In international per-
spective, the number of research laboratories in the
area of neuromuscular function has been continu-
ously increasing and the research problems have
become more and more “natural.” Consequently,
advancement of the sophisticated instruments,

often developed and applied to isolated neuromus-
cular models, are today utilized for answering
many research questions related to normal loco-
motion and exercise. An important example of this
development is the so-called “Stretch-Shortening
Cycle” (SSC) of muscle function, the mechanistic
exploration of which started with isolated muscle
preparations. Today, we are able to revisit these
“isolated problems” by means of many methods
and at many levels of exercise intensities. This
includes also the examination of the interaction of
supraspinal and spinal controls with muscle and
tendon function during exercise.

The principal objective of the present publica-
tion is to present in the form of an Encyclopedia
Volume the latest information on neuromuscular
function in sport and exercise. Many chapters are
written in a very comprehensive way, thus com-
bining the basic mechanistic knowledge with true
applications. The neuromuscular system is, there-
fore, often treated both as a control “organ” and as
a system that can itself operate and function very
efficiently in demanding sport activities. Starting
with the introduction of basic neuromuscular func-
tion, as studied traditionally with isolated mus-
cle functions, the chapters progress to explain the
present state of the art in SSC and how it is applied
in various sport activities. Many specific research
tools, some of which require invasive approaches
are explained in detail. These in-vivo techniques
are needed to understand the true nature of tensile
and ligament forces during intensive exercise, such
as running, jumping, skiing, and cycling.



Special chapters are also devoted to the use of two
more recently developed research methodologies
during natural locomotion: high speed ultrasonog-
raphy (US) and transmagnetic electrical stimula-
tion (TMES). The US methodology has developed
enormously over the last 20 years and can now be
applied to study the function and interaction of fas-
cicles and tendons even during outdoor activities
such as cross-country skiing. TMES methodology,
although still limited to recordings in the laboratory,
has clarified what role the central nervous system
can play in different exercise and fatigue situations.

A volume of this kind would not be comprehen-
sive enough unless it contained specific chapters
on neuromuscular fatigue, neuromuscular train-
ing, and musculoskeletal loading. The chapters of
these particular topics are quite lengthy and thus
very comprehensive and helpful in the under-
standing of the problems often faced in sports
and, also, in activities of rehabilitation. This vol-
ume has in total 16 separate chapters, thus cover-
ing many aspects of “Neuromuscular Aspects of
Sports Performance.” The way the material has
been presented varies slightly among chapters. In
some cases, considerable depth and detail were
necessary while, on the other hand, a few chapters
have been written in a more readable and overview
type format. Whatever the writing style, the mate-
rial should be accessible to the readers who have a
background in the biological aspects of sport sci-
ence. As already indicated, the volume includes
both basic knowledge and practical applications,
the latter being, however, slightly more empha-
sized. The target audience consists, therefore, of
those groups who have been involved in gather-
ing this newest information: biomechanists, sports
medicine specialists, sport scientists, and graduate

PREFACE X1

students in all these areas. It is also expected that
advanced level coaches and sport physiotherapists
will find this volume very useful. The volume was
not, however, intended to make the sport activities
as objects of descriptive analysis only. The purpose
for the production of this collection of chapters was
much more challenging: the understanding of both
the “whys” and “hows” of neuromuscular function
during sport activities.

As editor and contributing author of this present
volume, I am extremely grateful to my colleagues
who have contributed to the various chapters
of the book. Special thanks go naturally to the
IOC Medical Commission and its Coordinator of
Scientific Publications, Professor Howard Knuttgen,
whose assistance in the production of the volume
has been instrumental. Through his vast experience,
many of the problems related both to the volume
content and organization were solved smoothly.

I am also very grateful to the Ministry of
Education (in Finland), which gave me partial sup-
port for the production of the book. With regard
to the possibility to concentrate on this particular
project well, I am very grateful to the following
two individuals: to my able successor as the Head
of the Department of Biology of Physical Activity,
Professor Keijo Hakkinen, and to the Director of
the LIKES Research Institute of Sport and Health
Sciences, Dr. Eino Havas, provided me with excel-
lent working conditions as an emeritus professor.
Finally, it was also rewarding to receive competent
technical assistance from Ms. Martta Mékila, com-
munication assistant at the LIKES—Foundation for
Sport and Health Sciences.

Paavo V. Komi
Jyviskyld, Finland
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Chapter 1

From Isolated Actions to True Muscle Function

PAAVO V. KOMI

Neuromuscular Research Center, Department of Biology of Physical Activity, University of Jyviskyli,

Jyviskyli, Finland

Introduction

In order to function properly for force and power
production in locomotion, the skeletal muscle pos-
sesses structural elements, which make it very
responsive to commands from the nervous system,
both centrally and peripherally. It is not intended
to go into the details of the nervous control of the
muscle contraction in this chapter. However, cer-
tain important aspects are needed to clarify the role
the nervous system plays in muscle function and
movement control. For more specifics, the reader
is referred to general textbooks of neurophysiology
and motor control. In the simplest form of force
generation, the central nervous system (CNS) trig-
gers the chain of activation along the direct path-
way (pyramidal or corticospinal tract) as shown
in Figure 1.1. The signal can also come from the
different brainstem motor areas along the indirect
pathways labeled as extrapyramidal tract. The
activation signal from the motor areas passes then
through several stages before reaching the muscle
fibers to activate events which include Ca?* release
from the sarcoplasmic reticulum (SR) and subse-
quent contraction (excitation—contraction coupling).
In addition, and very importantly in motor control,
the signal can be initiated in the various muscle,
joint, skin receptors, etc. The nervous system oper-
ates as a controller being able to initiate action
potentials, receive and integrate feedbacks from the

Neuromuscular Aspects of Sport Performance, 1st edition.
Edited by Paavo V. Komi. Published 2011 by Blackwell
Publishing Ltd.

higher brain centers and from the spinal cord lev-
els. Consequently, even when the activating signal
travels along the simplest and most direct pathway
(corticospinal tract, CST) it is under the influence

Figure 1.1 Control of muscle by the nervous system.
Voluntary strength performance is determined not only
by the quantity and quality of the involved muscle
mass, the “engine”, but also by the ability of the nervous
system, the engine controller, to effectively activate the
muscles. (According to Sale 1992, with permission.)
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of inputs from different sources and levels of the
nervous system. All this information, regardless of
the source, is received and integrated by the alpha
motor neuron, which is called the “final common
pathway of the motor system.” The type of muscle
contraction is then determined by the frequency
of action potentials coming from the alpha motor
neuron. The alpha motor neuron can itself have
different properties, as will be discussed shortly
in connection with “fast” and “slow” motor units.
Skeletal muscle contains all of the elements needed
for force and movement production, but without
the nervous control, the muscle is not capable of
any force production above the passive tension.
The passive tension (or resting tension) maybe due
to the muscle’s structural elements, which offer
resistance to stretch. Nonetheless, the muscle can
be activated by impulses coming along the final
common pathway, the alpha motor neuron. Upon
activation, it then has a special ability to generate
force, resulting in either shortening (concentric
action) or resisting external loads (lengthening con-
traction or eccentric action). A complex integrative
process involving the three components, the nerv-
ous system, skeletal muscle, and the external load,
determines the final direction of movement as well
as its velocity (or rate) and magnitude. It is the pur-
pose of this chapter to characterize those factors
that are important in understanding the basic inter-
action between the elements mentioned earlier.
Greater emphasis will, however, be given to the
important concepts of muscle mechanics as well as
to the interaction between the contractile structures
and tensile elements in the process of force produc-
tion under varying movement conditions.

The Motor Unit and its Functional
Significance

It is usually believed that human skeletal mus-
cle fibers are innervated by only one motor neu-
ron branch, but this branch maybe one from 10 to
1000 similar branches all having the same axon.
Therefore, one axon innervates a number of mus-
cle fibers and this functional unit is called a “motor
unit.” Consequently, a motor unit is defined as a
combination of an alpha motor neuron and all the

muscle fibers innervated by that neuron. Motor
unit size (muscle fibers per alpha motor neuron)
varies within a muscle, and the number of motor
units varies between muscles. As illustrated in
Figure 1.2, the motor units have different struc-
tural and functional characteristics, which result
in their differences with regard to rate of force
development (RFD), peak force production, and
maintenance of force level without loss of tension
(fatigue). The fast, fatigable (FF) type unit devel-
ops tension quickly, but is also very easily fatigued.
At the opposite end, the S-unit has a slow rate of
force production but can produce the same ten-
sion (force) repeatedly for longer periods of time
without signs of fatigue. It is therefore also called a
“fatigue-resistant motor unit.” In addition to those
events described in Figure 1.2, there are also other
functional differences between motor unit types.
One particular feature that illustrates such differ-
ences is the response of the motor units to tetanic
stimulation The FF type unit requires a high stimu-
lation frequency to reach a state of tetanus. In con-
trast, the slower unit requires a much lower fusion
frequency. When subjected to repetitive tetanic
stimulation, the resulting difference in mechanical
response between the two extreme types of motor
units is remarkable. It is most probably the size of
the alpha motor neuron that determines the spe-
cific type of the motor unit. Motor neurons supply-
ing the faster motor units have larger cell bodies
and axons. They also innervate larger number of
individual muscle fibers. One important feature
must be emphasized here: the type of alpha motor
neuron determines the histochemical profile and
biochemical performance of the individual muscle
fibers in a motor unit. Consequently, all the fibers
in the same unit have similar chemical profile. It
is well known in the literature that muscles differ
in their fiber composition (and thus in their motor
unit profiles), and that there can be great variation
among athletes with regard to the fiber structure
in a specific muscle. For example, in the vastus
lateralis (VL) muscle, sprinters may have a motor
unit make up that causes most of the fibers in that
muscle to be of a fast type, and thus capable of pro-
ducing force at a high rate, but with low fatigue
resistance. Endurance runners, on the other hand,
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have primarily slow type fibers in the same muscle
for the purpose of high resistance to fatigue, but at
the same time the rate of force production is lower
than in their sprinter counterparts. It has been
reported from studies with monozygotic twins
that genetic factors strongly influence the varia-
tion observed among individuals in muscle fiber
composition (Komi et al., 1977) of a specific muscle.
Differences in muscle fiber composition observed
among athletes have thus raised the question as
to whether the fiber composition of an individual
athlete is an acquired phenomenon or is due to a
genetically determined code.

As discussed in more detail in Chapter 13, the
order of the motor unit recruitment follows the

so-called “size principle” (Henneman, 1957). The
influence of size on recruitment order is attributa-
ble to its effect on input resistance. The small motor
neurons have a high input resistance, and they are
the first to be recruited in response to an increase in
depolarizing synaptic currents. As a consequence,
smaller motor units are activated before larger
units. Due to the relation between the size of the
motor neuron and the properties of the muscle fib-
ers it innervates, this recruitment sequence results
in slow-contracting and fatigue-resistant motor
units being recruited before fast-contracting and
fatigable motor units. Although there is some vari-
ability in the recruitment order of motor units with
similar thresholds, the recruitment order of motor
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units is essentially the same for isometric and
dynamic contractions, including shortening and
lengthening contractions and during rapid (ballis-
tic) isometric and shortening contractions.

Muscle-Tendon Mechanics

Skeletal muscle has different properties, which
influence its functional characteristics. Based on
the earlier discussion about the different types of
motor units (e.g., fast versus slow), the property
of the alpha motor neurons should then be mostly
responsible for the final product of the function:
mechanical performance of the muscle. The human
skeletal muscle is not, however, only the muscle; it
contains an important element of the tendon, which
in its turn has special mechanical characteristics.
Consequently, the performance of skeletal muscle
is under the influence of the innervation, the his-
tochemical make ups of the contractile elements
and the tendon, which connects the muscle to the
insertion sites on the bones. In human (or animal at
large) body, these elements and profiles must func-
tion together to produce a well-controlled move-
ment. In addition, a muscle in the body acts often
together with its synergist and antagonist muscle.
The final mechanical output is therefore a complex
phenomenon, and it is almost an impossible task
to predict the true movement from measurements
performed with individual components (activation
profile, contractile part, and tendon) only in an iso-
lated form. However, the contribution of the scien-
tists, who have done pioneering work with isolated
preparations, must not be forgotten. This work,
which started already in the early 1900s, has been
fundamental to understanding muscle mechan-
ics in vivo locomotion. Several steps needed to be
taken and the following paragraphs make attempts
to present this basic information.

Twitch Characteristics of Isolated Muscles

As already referred to, action potentials traveling
along the final common pathway (alpha motor
neuron) reach finally the t-tubule and release cal-
cium from its stores in the SR. Even a single action
potential results in calcium release with subsequent
binding with the troponin C and generation of

force in the actomyosin cross-bridges. Almost at the
same time the free calcium is taken back into SR.
During this short-lived “active” period when cal-
cium is attached to troponin C, the generated force
can be recorded, and it is called “twitch.” The rate
of rise of the twitch tension as well as its relaxation
are under influence of several factors, including the
availability of free calcium, the speed of the bind-
ing of the myosin heads, rate of the calcium uptake
back to SR, and the rate of the cross-bridge dissoci-
ation. Both the rates of the force development and
relaxation are under influence of elastic properties
of the cross-bridge. Most importantly, however, it
is the activation profile that determines the twitch
properties of the motor unit or the entire muscle.
When the electrical stimulation is used for twitch
experiments, its strength must be strong enough to
depolarize the muscle fiber (or muscle) membrane.
Single stimuli of identical strength should then
produce exactly similar force records (twitches).
This indeed happens, if the two stimuli are sepa-
rated by suitable interval. However, when the sec-
ond stimulus is given before the first twitch is over,
the resulting second force peak is usually higher
than the first one (see Figure 1.3). The increase
of the compound force becomes more pronounced
the closer the consecutive twitches are brought
together. This is illustrated in Figure 1.3. If the
time interval between twitches is reduced so that
the train of shocks comes with the frequency of
30Hz, the force records of the consecutive twitches
do not return to zero. If the stimulation frequency
is further increased, e.g., to 50Hz, the compound
record may still increase and the curve looks like
an unfused tetanus. Further increase in stimulat-
ing frequency (until 100Hz, corresponding to a
10ms stimulus interval) will finally result in com-
plete fusion of the twitch responses. Thus as the
frequency is increased, the ripple over the force
record is reduced. Relationship between degree
of this oscillation and the mean (or sometimes
peak) force is used to imply the speed of muscle.
Fast twitch muscle usually has a higher tetanic
frequency as compared to the slower muscle. In
a particular muscle, however, the 50Hz stimula-
tion is usually enough to reach almost the full
maximum isometric force level, and the additional
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Figure 1.3 (a) The mechanical response (twitch) of mammalian muscle (GA, gastrocnemius; SOL, soleus) and frog
(sartorius) muscle. In the frog, the twitch was measured at two incubation temperatures. Force is normalized to its peak
(100%) for all conditions. (b) The relationship between stimulus strength and size of the twitch response. There is a delay
before tension starts to rise. In normal locomotion, this delay is taken away by preprogrammed muscle action, such as
occurs before contact with the ground during running. (c) When the stimulus is repeated, the force begins to summate,
eventually reaching a state of tetanus. (Modified from Wilkie, 1968.)

increase of frequency up to 100Hz does not nec-
essarily increase the peak force, but has consid-
erable influence to increase the RFD (see Figure
1.4). This force—frequency relationship has given
the basis for the force-time (F-T) relationships in
the conditions of maximal voluntary activation. The
fast type muscle can increase the force much faster
than the slow type muscle, and this is primarily

due to the faster rate of activation. This has subse-
quently been applied to strength and power train-
ing, in which the increase in the RFD indicates
improvement in the explosive force production. As
explained in Chapter 13, specificity of training calls
for modification of the F-T curve, the changes of
which take place in the different parts of the curve
depending on the training intensities and loads.
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Figure 1.4 Effect of high-frequency stimulation on RFD.
Stimulation at 100 Hz produces a greater RFD but no
greater peak isometric force than at 50 Hz. Thus the very
high motor unit firing rates observed at the onset of
ballistic contractions (100-120 Hz) serve to increase the
RFD of ballistic contractions. Such high rates would also
increase the peak force of dynamic actions done at high
velocity. (According to Sale, 1992 with permission.)

There are also indications that young girls have
much slower rates of force development as com-
pared to their male counterparts of the same age
category (Komi et al., 1977). This was interpreted
to indicate that females may have slower activation
profile as the boys in the explosive F-T test, where
the force production is started with zero activa-
tion. This difference may not be so apparent in
more normal locomotion, such as stretch-shorten-
ing cycle (SSC) type muscle function, in which the
preactivity plays an important role in efficient force
and power production (see Chapter 2). Further
discussion of the importance of the F-T curve and
its practical relevance is given in the following
paragraphs.

Basic Muscle Mechanics

Types of Muscle Action

In order to understand the way that skeletal mus-
cle functions in normal locomotion, the relation
between stimulus and response needs to be exam-
ined in more isolated forms of muscle actions:
isometric, concentric, and eccentric. The term “con-
traction” maybe thought of as the state of muscle
when it is activated via its alpha motor neurons,
and generates tension across a number of actin and
myosin filaments. Depending on the external load,

Table 1.1 Classification of muscle action of exercise types

Type of action ~ Function External mechanical
work*

Concentric Acceleration Positive (W = F(+D))

Isometric Fixation Zero (no change in
length)

Eccentric Deceleration Negative
(W=F(-D))

*W, work; F, force; D, distance.

the direction and magnitude of action is different
as shown in Table 1.1. In a concentric action, the
muscle shortens (i.e., the net muscle moment is in
the same direction as the change in joint angle and
mechanical work is positive). In an eccentric action,
the muscle actively resists while it is being length-
ened by some external force, such as gravity. In this
case, the resulting muscle moment is in the oppo-
site direction to the change in joint angle, and the
mechanical work is negative. The use of the term
“muscle contraction” is therefore sometimes con-
fusing, and we would prefer to follow a suggestion
made by Cavanagh (1988) that the term “contrac-
tion” should be replaced by “action.”

The muscle action most frequently used to char-
acterize the performance of human skeletal muscle
is the isometric action, which by definition refers to
the activation of muscle (force production) while
the length of the entire muscle-tendon unit (MTU)
remains the same, and the mechanical work is zero
The use of isometric action in locomotion is not,
however, meaningless; it plays a very important
role in the process of preactivation of the muscle
before the other actions take place.

Force production in all types of muscle actions
can be seen in the internal rearrangements in length
between the contractile and elastic elements. Figure
1.5 depicts these events for the isometric and con-
centric actions. For the isometric action, in this
simplest model of the muscle, force is generated
through the action of the contractile component
(CC) on the series elastic component (SEC) which
is stretched. The resulting S-shaped F-T curve is
shown on the right side of Figure 1.5. Concentric
action, where the load is attached to the end of the
muscle, is always preceded by the isometric phase
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Figure 1.5 Models of isometric (A) and concentric (B) muscle action. In isometric contraction, the total length of the
muscle does not change, but activation (A-B) causes the contractile component (CC) to shorten and stretch the series
elastic component (SEC). Concentric action begins with an isometric phase where CC first shortens and stretches SEC
(A-B). Actual movement occurs when the pulling force of CC on SEC equals or slightly exceeds that of the load P (B—C).

(From Braunwald et al., 1967, with permission.)

with the rearrangement of the lengths of CC and
SEC. The final movement begins when the pulling
force of CC on the SEC equals, or slightly exceeds,
that of the load. In eccentric action (not shown in
Figure 1.5), some external force, e.g., gravity and
antagonist muscles, forces the activated muscle to
lengthen.

Of the two “dynamic” forms, eccentric action
plays perhaps a more important role in locomotion.
When the active MTU is lengthening—after the
preactivation (isometric) phase—it forms the basis
of an SSC, the natural form of muscle function in
sports and normal daily life involving movement
of the joints or the whole body. Before going into
detail about SSC, the main mechanical attributes of
muscle function need some consideration. This will
help the reader to understand why SSC has such an
important role in force and power production.

Force-Time Characteristics

As is evident from Figure 1.5, to perform movement
at a joint requires time, as calculated from the first
intentional “command” either from the CNS or via
reflexes from, for example, proprioceptive feedback.
This time delay has several components, including
both neuronal conduction delays such as synaptic
transmission, events for excitation—contraction cou-
pling, as well as mechanical characteristics of the
muscle fibers that receive the command signal. In
this regard, isometric action is very convenient to
describe the stimulus-response characteristics of
human skeletal muscle. The first principle of muscle
mechanics, the “F-T” relation, varies as a function
of stimulus strength as well as between muscles
and different species. As already discussed, the size
of a single twitch response depends on the stimulus
strength: a single shock, if strong enough, produces
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only a small twitch; a second repetitive shock adds
to the force of the first stimulus, when it is given
before complete recovery of the first response. If
one imagines a real movement situation, in which
the load is fixed to the end of the muscle, that load
does not begin to move before the stimulus strength
to the CC to pull the elastic component of the mus-
cle equals or exceeds the total load. When stimulus
frequency is increased, the force gradually reaches
a tetanic state that ultimately describes the maxi-
mum F-T characteristics of a muscle in isometric
actions. As already referred to, the isometric F-T
relationships are different between muscles and
species. The most fundamental feature for human
locomotion is the difference between the fast type
and endurance type muscles: muscles consisting of
a majority of fast twitch fibers (and consequently
innervated more heavily by fast conducting alpha
motor neurons) have a faster RFD compared with
muscles possessing a majority of slow (endurance)
type fibers (Komi, 1984).

In spite of this rather clear difference that has
been observed in isolated muscle preparations, the
existing experimental evidence in humans does not
always support the interrelationships (structure ver-
sus function) found in isolated muscles. For exam-
ple, some studies (Viitasalo & Komi, 1978) have
demonstrated a significant relationship between
structure and function in the case of isometric force
production, while the same authors (Viitasalo &
Komi, 1981) have failed to do so in another study.
Similar contradictions have been observed for the
vertical jump test. Consequently, F-T characteris-
tics of either isometric or dynamic origin seem to
be under strong environmental influence. Effects of
training, for example, on the F-T curve are proba-
bly of greater importance than the muscle structure
itself. Voluntary explosive force production requires
a well-controlled, synchronized activation proc-
ess. Thus the experimental situation is very differ-
ent from that of isolated preparations, which utilize
constant electrical stimulation either on the mus-
cle or its nerve. In normal human locomotion, the
movement is seldom, if at all, initiated from zero
activation. Preactivation is a natural way to prepare
the muscle for fast force (and movement) produc-
tion, and to set a zero electromyographic (EMG)

activity as a required condition, may not be so suc-
cessful in all individuals. The important role of pre-
activation will be discussed later.

Force-time curve has considerable practical inter-
est. In sporting activities, the time to develop force
is crucial, because the total action times for a spe-
cific muscle may vary between less than 100ms to
a few hundred ms. Thus, if the F-T curve is meas-
ured, for example, for the leg extensor muscles,
the peak force is sometimes reached after 1000 ms,
implying that a specific movement in a real life
situation would already be over before these force
values were reached. Consequently, training stud-
ies have recently concentrated on examining the
F-T curve in its early rising phase (see Chapter 13).
Several methods have thus been used in the liter-
ature to assess the RFD. As recently examined by
Mirkov et al. (2004), most of these methods maybe
considered as fairly reliable, but their “external
validity” to evaluate the ability to perform rapid
movements remain questionable. The F-T curve
also reveals that if the movement begins at the
point of zero EMG activity (the force is also zero),
then the practical consequences would be cata-
strophic. This is naturally corrected by preactivat-
ing the muscles appropriately before the intended
movement begins. Preactivation is preprogrammed
(Melvill-Jones & Watt, 1977) and is introduced to
take up all the slack within the muscle before the
initiation of fast movements. The preactivation
refers usually, but not always, to the isometric
phase before the other forms of action take place.
Its EMG magnitude is a function of an expected
load to move or an impact load to receive, such as
in running (Komi et al., 1987). This preactivity cor-
responds to the initial stimulation that is a neces-
sary component in the measurement of concentric
and isometric actions. This requirement is in agree-
ment with the measurement techniques applied in
isolated preparations (Hill, 1938; Edman, 1978).

Force-Length Relationship

The skeletal muscle is not only “muscle;” it con-
tains several connective tissue structures, which are
not under efferent nervous control. Contribution
of these passive structures can be measured by
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Figure 1.6 Active and passive F-L relationships of three frog muscles. The total muscle force curve is the sum of these
curves. Note that the passive curve adds to the total force at different regions of the active curves but always at some
length greater than maximal force development. (Modified from Wilkie, 1968.)

simply stretching the muscle without stimulation
to a number of constant lengths. This procedure
demonstrates that resting muscle is elastic and
able to resist the force that stretches it. During this
stretching, the muscle becomes more and more
inextensible, i.e., the force curve becomes steeper
with larger stretches. The resulting curve represents
a passive force-length (F-L) relationship that is
determined largely by the connective tissue struc-
tures such as endomysium, perimysium, epimy-
sium, and tendon. Muscles differ especially in the
form (and position) of the passive force curve.
Figure 1.6 gives examples of three muscles, gas-
trocnemius (GAST), sartorius, and semitendinous.
From these the GAST muscle contains greater pro-
portion of connective tissue, and consequently the
passive force curve becomes steeper earlier than
in the sartorius muscle. The active curve in Figure
1.6 constitutes the CC, whose form represents the
contribution of the contractile material (fascicle or
muscle fibers) to the total force curve, which is the
sum of the active and passive forces at given mus-
cle lengths. It must be emphasized that the active
curve is not a continuous curve. It represents dis-
crete data points observed when the muscle is held
at different lengths and then stimulated maximally
(or supramaximally) in each length position. The

total F-L relationship differs between the muscles,
and for this reason no definite F-L relationship can
be described that would be applicable to all skele-
tal muscles. From these curves, as shown in Figure
1.6, the active component has received much more
attention as it resembles the F-L curve of indi-
vidual sarcomeres. As will be discussed later, the
working range of the sarcomere F-L curve seems to
be different depending on the activity. The form of
the active F-L curve depends upon the number of
cross-bridges that are formed at different sarcomere
lengths. The sarcomere number is not fixed, even
in adult muscles, being capable of either increase
or decrease (for details see Goldspink & Harridge,
2003). For the entire MTU, however, exhaustive
fatigue has been shown to shift the total F-L and
torque-angle curve to the right (Komi & Rusko,
1974; Whitehead et al., 2001), and in severe eccen-
tric exercise this shift has been considered to reli-
ably indicate the degree of muscle damage (Jones
et al.,, 1997). In addition to differences between
muscles, the type of muscular exercise seems to
determine the portion of the F-L curve (descending
limb, plateau phase, or ascending limb) in which a
particular muscle operates during locomotion.

It should be mentioned that until recently, it
was very difficult to obtain anything other than
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a measure of the torque-angle relationship in
humans, leading to an estimate of the F-L changes.
At present, accurate tensile force calculations
can be performed in vivo by applying devices
such as buckle transducers (Komi, 1990) or the
optic fiber method (Komi et al., 1996) directly to
human tendons. With the development of real-
time ultrasonography (US), it is now possible to
examine noninvasively and in vivo, the respective
length changes of the fascicles and tendinous tis-
sues (TT: aponeuroses and the free length of the
in-series tendon) during exercise. In general, the
obtained results highlight the complexity of inter-
action between fascicle and TT components (see
Chapter 10).

Force—Velocity Relationship

It is a common experience that a muscle can
shorten faster against a lighter load than it does
against a heavier one. In sport an example can be
given from shot put, where the lighter shot can be
put much further than the heavier shot. The iner-
tia of the weight (shot) is partly responsible for
this difference, but the main cause can be found
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on the muscle level. The muscles can produce
much less force when actively shortening against
a lighter load. When the load (shot, in our exam-
ple) is extremely heavy, it cannot be put or lifted.
In fact the load that cannot be moved at all, despite
the maximum voluntary effort, corresponds to the
maximum isometric force of the muscle involved.
Work performed with the isolated muscle prepa-
rations has explained this phenomenon. Hill’s
classical paper (1938) describes this force—velocity
(F-V) relationship of an isolated muscle prepara-
tion (Figure 1.7a).

This curve can be obtained with constant electri-
cal stimulation against different mechanical loads.
The muscle is maximally (or supramaximally)
stimulated and when the isometric force reaches
its maximum, the muscle is suddenly released, and
depending on the magnitude of the extra load the
resulting shortening speed can be determined. In
this relationship, the maximum force decreases in
the concentric mode in a curvilinear fashion, and
as a function of the shortening speed. It must be
emphasized that the obtained curve is not a con-
tinuous one, but a discrete relationship of distinct
data points. This classical curve demonstrates the
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Figure 1.7 (a) The classic Hill F-V curve for the frog sartorius muscle. The line is not a continuous one but represents
discrete relationship of distinct data points. (b) F-V relationship in eccentric and concentric muscle actions for elbow
flexor muscle in humans. The measurements were performed with an electromechanical dynamometer, which was
designed to arrange a constant velocity of shortening or lengthening for the biceps brachii muscle. Note that both in (a)
and (b) the muscle was activated maximally, either in electrical stimulation (a) or voluntarily (b). In case of (b), there was
no difference in maximal EMG activity between the two action types. (From Komi, 1973 with permission.)



fundamental properties of the skeletal muscle,
and its form has also been confirmed in human
experiments with maximal efforts against differ-
ent loads (Wilkie, 1949) or with maximal efforts at
different constant angular velocities (Komi, 1973).
When the F-V measurements are extended to the
eccentric side by allowing the muscle to actively
resist the imposed stretch that begins after the
maximum (isometric) force level has been reached,
maximum force increases as a function of stretch-
ing velocity, as shown in Figure 1.7. An important
prerequisite in the measurements of F-V curves
is the strict control of the maximum preactivation
before the movement begins. Although this princi-
ple is equally relevant to the measurements of both
concentric and eccentric sides, the eccentric force
measurements have not followed these principles
carefully enough. Figure 1.8 gives this requirement
of full preactivation in the eccentric force measure-
ment performed with human knee extensors. The
presentation is exactly similar to that used for iso-
lated muscle fiber/sarcomere preparations (Edman
etal., 1978).

In both cases, the muscle tissue is fully activated
(electrically in the case of isolated muscle fiber and
voluntarily in human knee extensors). The stretch-
ing of the fiber or muscle must not begin before
the preactivation brings the force to full isometric
maximum of the particular length of the fiber or the
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muscle. One can imagine that if the stretch phase
begins when the muscle has zero activation (no pre-
paratory activity), the performance of the muscle
will be reduced and especially in fast stretch situa-
tions the peak force may not be reached at all dur-
ing the entire stretching phase. As the full isometric
activation in human skeletal muscle takes consider-
able time (sometimes up to 1s), it is important to
obtain the full preactivity in all velocity conditions
of shortening (concentric) and lengthening (eccen-
tric) actions. When human experiments have fol-
lowed the methods of isolated models (Hill, 1938;
Edman et al., 1978), the voluntary concentric and
eccentric F-V relationships were rather similar to
those of isolated preparations (Wilkie, 1949; Komi,
1973; Linnamo et al., 2006). This includes the find-
ing of similar maximal EMG activities across all
contraction modes (eccentric, isometric, and con-
centric) and velocities (Komi, 1973). The observa-
tion that voluntary eccentric force can sometimes be
less than isometric force (Westing et al., 1991) may
well be explained by the fundamental differences
between experiments, especially when the preacti-
vation was not maximal before recording the con-
centric and eccentric forces at different velocities of
shortening and stretch, respectively. This possible
reduction in eccentric force as compared to isomet-
ric force has also been suggested to be due to the
inhibition of EMG activity. Again the differences
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Figure 1.8 (a) Sarcomere F-T relationships when it was stimulated first maximally in isometric situation and
subsequently stretched. (Based on Edman et al., 1978 with permission.) (b) The same relationship for human knee
extensor muscles, which were activated maximally in isometric situation followed by stretching of the muscle. Note
considerable force enhancement during the stretching phase. (Komi, 1973 unpublished observations).
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Figure 1.9 Comparison of the F-L curves between
eccentric and concentric actions of the human forearm
flexors measured at constant velocities of 6.7cm/s. (From
Komi, 1973 with permission.)

in protocol between these experiments and those
from the classical model could be looked at as a
possible source of reduced EMG and the respective
force level in eccentric action. Consequently, it is
quite clear that it is the eccentric mode in which the
force and power characteristics of skeletal muscle
are greatest. In normal nonfatigue situations, the
difference between maximal eccentric and con-
centric forces can be seen in all muscle lengths (or
elbow angles) (Figure 1.9).

Although the Hill curve was not introduced
to describe the instantaneous F-V relationship
as shown later in Chapter 2, it has been used suc-
cessfully to follow specific training adaptations
of human skeletal muscle. These adaptations deal
with the concept of power training, especially for
sporting activities requiring high levels of force and
speed (see Chapter 13). From the Hill curve, it can
be calculated that muscle mechanical power (the
product of force and velocity) usually reaches its
peak when the speed and forces that are involved
represent about !4 to % of the discrete points in the
F-V relationship. Figure 1.10 shows the mechani-
cal power values for both concentric and eccentric
sides. In the eccentric actions, the force increases
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Figure 1.10 P-V curves in concentric (right) and eccentric
(left) actions drawn to follow the F-V relationships. In
concentric mode, the peak power is at velocity of % to %2
from maximum. The mechanical power is lowest at both
ends of the velocity axis. In eccentric action, however,
peak force increases initially above the isometric
maximum, and to certain degree as a function of increase
in stretching velocity. The resulting mechanical power
shows dramatic increase in early part of the eccentric
phase. The mechanical power was calculated from the
product of tension (force) and shortening (concentric) or
lengthening (eccentric) velocities.

(up to a certain point) as a function of increase in
stretch velocity, and the resulting mechanical power
values also increase in parallel, and reach values
which are many times higher than in the concentric
mode. The peak power in the concentric action is
very sensitive to differences in muscle fiber com-
position. Faulkner (1986), among others, demon-
strated in human skeletal muscle that the peak
power output of fast twitch fibers was fourfold that
of slow twitch fibers due to a greater velocity of
shortening for a given afterload. In mixed muscle,
the fast twitch fibers may contribute 2.5 times more
than the slow twitch fibers to the total power pro-
duction. In human experiments, it is difficult to uti-
lize shortening (and also eccentric) velocities that
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Figure 1.11 Electromyographic (EMG) force relationship
in concentric and eccentric muscle action as measured
with forearm flexors. (From Komi, 1973 with permission.)

can load the muscles with a suitable protocol (as
described earlier) across the entire range of physi-
ological speeds. The maximum speed of most of
the commercially available instruments can cover
only 20-30% of the different physiological maxima.
As Goldspink (1978) has demonstrated, the peak
efficiencies of isolated fast and slow twitch fibers
occur at completely different contraction speeds.
Therefore, it is possible that in measurements of the
F-V curve in humans, when the maximum angular
velocity reaches a value of 3—4rad/s, only the effi-
cient contraction speeds of slow twitch fibers will
be reached. The peak power of fast twitch fibers
may occur at angular velocities more than 3 times
greater than our present measurement systems
allow. Notwithstanding, Tihanyi et al. (1982) were
able to show clear differences in F-V and power-
velocity (P-V) curves in leg extension movement
between subject groups who differed in the fiber
composition of their VL muscle. These measure-
ments have been restricted to the concentric part
of the F-V curve only. In human muscle, similar
efforts have not been made to explore the effect of
muscle fiber composition on the eccentric F-V and
P-V curves.

If the F-V (and P-V) curve demonstrates the
primary differences between concentric and eccen-
tric actions, there are some additional features that
stress the importance of the performance poten-
tial between these isolated forms of exercise. As
already mentioned, the maximum EMG activity
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between concentric and eccentric actions should
be approximately the same. However, it is well
documented that the slopes representing EMG and
force relationships are different in these two forms
of exercise (Bigland & Lippold, 1954; Komi, 1973)
(Figure 1.11). To attain a certain force level requires
much less motor unit activation in eccentric than
concentric action. Logically then, oxygen con-
sumption is much lower during eccentric exercise
than in comparable concentric exercise (Asmussen,
1953; Knuttgen, 1986). Furthermore, in relation
to movement in general, these earlier findings,
including the important reference to Margaria
(1938), emphasize that mechanical efficiency (ME)
can be very high during eccentric exercise as com-
pared to concentric exercise. This information is
then used to explain why the ME in normal loco-
motion can subsequently be high also in normal
locomotion involving SSC exercise (for details see
Chapter 7).

One additional and particularly relevant ques-
tion is “what happens to the fascicle length (magni-
tude and change of length) during different muscle
actions?” In our recent studies, we were able to
demonstrate that during pure concentric actions
the fascicles show normal shortening (Finni et al.,
1998), the magnitude of which maybe intensity
dependent (Reeves et al., 2003). In pure eccentric
actions, fascicle lengthening (resistance to stretch
while muscle fibers are active) should be expected
and has indeed been well demonstrated by Finni
et al. (2003) for the VL muscle. The fascicle lengths
during eccentric action remained constant at all
measured isokinetic speeds, but they were also
shorter than those measured at higher concen-
tric velocities. Although the latter finding does
not directly imply the magnitude or even direc-
tion of shortening/lengthening they may stress an
important point: the fascicle length change maybe
dependent on the muscle and also on the specific
movement. This notion becomes even more impor-
tant, when the fascicle-tendon interaction is stud-
ied under conditions of different intensity SSC
exercise. Both the chapter to follow (Chapter 2 on
SSC) and Chapter 10 (on Ultrasound methodology)
will discuss these issues in more detail and in situ-
ations of “true muscle function.”
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Introduction

The discussion on muscle mechanics in Chapter 1
has given the basic information how the skeletal
muscle functions in different isolated forms of con-
traction: eccentric, concentric, and/or isometric. It
was then referred to the possibility that from these
actions, the eccentric type plays a very important
role in locomotion. This was concluded from the
finding that the maximal eccentric force can be
higher than the maximal concentric force, and even
higher than the one of the isometric condition. This
was shown in Figure 1.8 at both isolated muscle
fiber level and schematically also at the whole mus-
cle level.

The force and power potential of the skeletal
muscle is indeed greatest under eccentric actions.
The fundamental prerequisite to demonstrate this
potential is that the stretch phase in the eccentric
mode is performed immediately after the full tetanic
force level (in isolated muscle) or full isometric force
level (in voluntary conditions in humans) has been
reached. Figure 2.1 clarifies this condition even fur-
ther by emphasizing that “the force potentiation”
during the stretch phase is dependent on two fac-
tors: (1) amplitude of the stretch and (2) velocity of
imposed stretch. In the moderate stretch situation
(Figure 2.1a), the force rises first quite rapidly but
shows then a slower component of force increase
when the stretch is continued. In another situation

Neuromuscular Aspects of Sport Performance, 1st edition.
Edited by Paavo V. Komi. Published 2011 by Blackwell
Publishing Ltd.

(Figure 2.1b), the stretch speed is much higher and
so is also the rate of force potentiation. However,
the second phase is different from situation in
Figure 2.1a: when the stretch continues with the
same speed, the force declines rapidly already
before the end of the stretch. Consequently, slow-
ing of the force increase or rapid force reduction
during the perturbation must refer to the capability
of the sarcomere cross-bridges to resist the forceful
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Figure 2.1 Recordings of the changes in tension during
stretches of different amplitudes and velocities during
the plateau phase on isolated frog semitendinosus muscle
fiber. Note that the stretch velocity increases from

(a) to (b). (Adapted from Edman et al., 1978, with
permission.)
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stretches. As introduced by Flitney and Hirst (1978),
the phenomenon refers to the concept of “short-
range stiffness,” the end of which is shown by the
rightward reflection of the force curve. When the
perturbation takes place very forcefully, the sar-
comere cross-bridges slip and/or become detached
momentarily. The detached cross-bridges make
efforts to find the new binding site, but the time is
too short for effective reattachment. As it is believed
that the cross-bridges have also considerable elastic
potential, the detached bridges will be lost from the
source of the elastic storage.

Question must then be raised as to what this
force potentiation phenomenon in eccentric action
will have to do with actual locomotion. Although
the detailed mechanisms are still under debate,
the answer seems quite simple: the natural form
of muscle function does not reflect any of the types
of muscle actions in their isolated forms. Normal
movements of the skeletal muscles are performed
in combination of all forms of actions: isometric,
eccentric, and concentric actions and indeed in this
order. This sequence of muscle actions is called
“SSC of muscle function.” By definition SSC means

(@)

Pre-activation Stretch

I\

{

N
;

(b)

Shortening

that the preactivated muscle (isometric phase) is
first stretched (eccentric phase) upon contact with
the ground, in case of leg extensor muscles during
running or hopping, for example. This eccentric
phase (during the braking phase of the contact)
is then followed without delay by the shortening
(concentric) action during the final push-off phase.
Schematically, this sequence of events in SSC can be
drawn as shown in Figure 2.2a. Figure 2.2b demon-
strates the distribution of EMG activities of differ-
ent leg muscles in these phases. The major points
to emphasize from this figure are the following: (1)
the muscles are very active during the precontact
and braking phases, and (2) less active in the push-
off phase of the cycle. In some muscles, the EMG
records are almost zero for the push-off phase.
This suggests that this submaximal running can be
performed with very little concentric (or positive)
work effort. The muscles are naturally produc-
ing force during this phase, but it most probably
results from the recoil of elastic energy, the details
of which will be discussed later.

It must be noticed that the example in Figure
2.2b is from running at submaximal velocity. In
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Figure 2.2 (a) The SSC of the triceps surae muscle during running. The cycle begins with the preprogrammed preactivity
before toe contact with the ground. During contact, the activated muscle is first stretched (eccentric action), followed
by shortening (concentric) muscle action. (b) EMG activities and GRFs during running at moderate speed. (Komi et al.,

1986, with permission.)



maximal sprinting, however, one would expect to
see maximal or close to maximal muscle activation
patterns in both braking and push-off phases. The
example of the submaximal running suggests that
performance in the concentric phase is potentiated
and/or made more economical by the behavior of
the muscles during the preceding eccentric phase
of the cycle. This indeed is what happens in SSC.

Stretch-shortening cycle has important functions
in locomotion: (1) to minimize unnecessary delays
in the F-T relationship by matching the preacti-
vated force level to the required level to meet the
expected eccentric loading, and (2) to make the
final concentric action (e.g., push-off phase in run-
ning) either more powerful (in maximal effort) or
generating force more economically (in submaxi-
mal conditions) as compared to the corresponding
isolated concentric actions. In running, the amount
of GAST preactivation is directly dependent on the
expected impact load (Komi et al., 1987). The preac-
tivated MTU is then lengthened during the ground
impact. This active eccentric (braking) phase is fol-
lowed without delay by the shortening (concentric)
action. Depending upon the intensity of effort, this
shortening or (push-off phase in running) can take
place in many cases as a recoil phenomenon, with
relatively low EMG activity.

It is often difficult to identify precisely the eccen-
tric and concentric phases for the muscles. At single-
joint levels, especially when EMG activities have
not been measured, the reference cannot be made
exactly for specific muscles, but in more general
terms. In these cases, for example, the notion of
eccentric and concentric phases are not correct, but
should be replaced by “braking” and “push-off”
phases, respectively. This approach has been used
in running and cross-country skiing studies, in
which cases the negative angular velocity implies
the braking phase and the positive velocity the
push-off phase in the particular joint movement (Ito
et al., 1981; Komi & Norman, 1987). Consequently,
other forms of identification have often been used,
such as the lowest point of body center of mass
(CoM) or transition of the horizontal ground reac-
tion force (GRF) record from the negative (braking)
to the acceleration (push-off) phase. Taking these
limitations into consideration, the following few
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paragraphs make efforts to describe both methodo-
logically and mechanistically the various features of
SSC. This approach aims to clarify to the reader also
the complex nature of SSC, both in terms of defini-
tions and specific features, when SSC is looked at
the fascicle and tendon levels of the MTU.

Background of Performance
Potentiation in SSC

Performance increase over the isometric force
level can be demonstrated both with practical type
natural movements or using isolated muscle prep-
arations. To start from the latter examples, the pio-
neering work of Cavagna and his colleagues need
to be acknowledged. They demonstrated in two
studies (Cavagna et al.,, 1965, 1968) that when an
isolated muscle is first stimulated isometrically and
then stretched eccentrically while maintaining the
same stimulation as in the isometric phase, the force
then increases as expected. As shown in Figure 2.3,
the muscle is then allowed to shorten after two dif-
ferent intervals: immediately after reaching the
end of stretch (Figure 2.3b) or after a delay of 5s
(Figure 2.3a). In both cases, the force curves come
back to the original isometric condition. However,
these two concentric phases are fundamentally dif-
ferent from each other. In Figure 2.3a, the delay of
5s causes the force to decline from 200g (point c)
to 100g (point d). The hatched area drawn under
the shortening phase shows then the work pro-
duced during the concentric phase. In Figure 2.3b,
no delay was allowed between stretch and shorten-
ing and the work done in this case is much higher
than in the situation, where the delay was zero.
This delay is often called as coupling time between
stretch and shortening. Cavagna et al. (1965) sought
explanations for this phenomenon from the elas-
tic properties of the muscle. The French researcher
Goubel needs also recognition for his efforts to
explain the mechanisms for elastic potentiation. His
fundamental works are introduced in a textbook
form (Goubel and Lensel-Corbeil, 2003).

Before their work, Hill (1950) had indicated
that mechanical energy stored in the SEC can be
used to produce a final velocity greater than that
at which the CC itself can shorten. Cavagna’s
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Figure 2.3 Utilization of elastic energy depends on the coupling time between the prestretch and subsequent shortening
phases. The frog’s sartorius muscle is first electrically stimulated (2—b), thereafter it is actively stretched to the length

of 20mm. This resulted in the increase of tension (b—-c). (a) After this active prestretch, the constant length of 20 mm

has been kept for 5s and it resulted in decline of tension from ¢ to d. At the point d, the muscle is allowed to shorten to
its original length (d—b). The shaded area expresses the work performed during the shortening phase. (b) Otherwise,
the same as in (a), but there is no delay between stretch and shortening. The resulting work during shortening is much
greater as compared to the situation in (a). (According to Cavagna et al., 1965, with permission.)

demonstration in Figure 2.3 simply means that
stretching of an activated muscle leads to greater
work and power output during the subsequent
shortening phase of contraction, and that the
amount of the concentric work is dependent on
the coupling time. Consequently, elastic energy is
stored during the negative (eccentric) phase and
recovered in part during the following positive
(concentric) work phase. However, this poten-
tial energy can be wasted as heat (Fenn & Marsh,
1935), if the concentric action is not followed imme-
diately after the eccentric one. This emphasizes the
transient nature of muscle elasticity changes, and
makes a quick movement more profitable than
the slow one (see also Cavagna & Citterio, 1974).
Keeping the coupling time as short as possible has
many practical advantages, among others improve-
ment of economy (movement efficacy), which has
been shown to be increased in SSC movements per-
formed with a shorter coupling time between the
braking and push-off phase in more natural type
hopping movements (Aura & Komi, 1986).
Cavagna et al. (1968) made further demonstra-
tions of performance potentiation, both in isolated

muscle preparations, as shown earlier, as well as
with human forearm flexors. In isolated muscle, the
stimulation was electrically induced and in human
experiments voluntarily. The results were simi-
lar in both of these experimental models. Figure
2.4 gives an example of the results, which showed
essentially the same phenomenon as in their earlier
paper (Cavagna et al., 1965) that an active muscle
is able to perform a greater amount of work when
shortening immediately after being stretched.
Additional findings were of importance: the
potentiation effect was the greater the faster the
stretching speed and its amplitude were. The last
two points have again considerable practical rel-
evance. Although the curve in Figure 2.4 shows
the work-velocity relationship, it can be used to
describe the rightward shift in the actual F-V curve,
the phenomenon that is so important in power
training, for example (see Chapter 13). But even in
these experimental situations without training, the
effect of active prestretch on enhancement of the
positive work can be of the order of 1.5-2.3 times
the work performed when starting from maximal
isometric situation. The results were explained as
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Figure 2.4 Ordinate: Negative and positive work
performed by man'’s forearm flexors in maximal
voluntary contraction during stretching and shortening,
respectively. Abscissa: Speed of stretching and shortening.
Note the shift in the work-velocity relationships

when the elbow flexion (positive work) is performed
following the prestretch. This is a representative record

of one subject. (According Cavagna et al., 1968, with
permission.)

follows: in these experimental situations of SSC:
(1) “part of the work done on the muscle during
eccentric phase is recovered as elastic energy which
adds to the pull in the shortening phase of muscu-
lar contraction, and (2) the energy output by the
CC after negative work is also increased” (Cavagna
et al., 1968).

In the experiments described earlier, the coupling
between stretch and shortening was of relatively
short duration: 20ms for the isolated frog and toad
muscles, and 26ms for the human forearm flexors.
The importance of the coupling time in SSC actions
cannot be neglected. Figure 2.5 presents this clearly:
in this example, the subject performed maximal
knee extensions using the principle of full activa-
tion during the entire SSC. The finding confirms the
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observations discussed earlier that the time delay
(“coupling time”) between the stretch (eccentric)
and shortening (concentric) phases plays an impor-
tant role in SSC. As shown in this figure, if the
shortening phase does not occur immediately, the
maintained plateau phase is characterized by a sys-
tematic drop in force despite of maintained muscle
activation. As has already been implied, part of the
stored elastic energy can be potentially dissipated
as heat and/or stocked in sarcomeric structures
with damping properties (Cavagna et al.,, 1994).
This can be avoided by keeping the coupling time
short. This short coupling together with the veloc-
ity of stretch (Bosco et al., 1981, 1982; Komi, 1983;
Aura & Komi, 1986) is most likely the two leading
candidates to affect the performance potentiation in
SSC. Note that the condition of zero coupling time
(Figure 2.5b) shows also an important phenomenon:
in SSC the concentric force after the prestretch can
be increased considerably even above the preced-
ing eccentric force. Practical examples are naturally
many. Unfortunately, there are not many attempts
to examine them with objective research methods.
While the coupling time was quite easy to con-
trol in animal models and also to some extent in
human experiments in laboratory (Figure 2.5), the
prestretch velocity can also be controlled to cover
the range of different values. However, to explore
this problem in more natural type movements, the
stretch velocities must be adjusted in more glo-
bal way. Drop jump (D]) on the force plate is one
of the means to regulate these conditions. The dif-
ferent dropping heights are used to indicate the
stretch velocities during the braking phase of the
contact. Consequently, the maximal rebound (verti-
cal jump in centimeter) is measured as a function
of the dropping height (cm) (for details see Komi &
Bosco, 1978). In these measurements, all subjects
demonstrate an initial increase in the height of rise
of center of gravity (CoG). This increase in perform-
ance levels off and finally decreases after a certain
drop height (breaking point). The breaking point
in the jump height-drop height curve is very likely
sensitive to gender, so that the males can tolerate
and utilize higher stretch loads than their female
counterparts. In adult women, this may occur at
drop heights between 25 and 45cm and in adult
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Figure 2.5 Three F-T traces for knee extension (100-175°), all performed with maximal voluntary activation. (a) A pure
maximal concentric action. (b) Concentric muscle action is preceded by an eccentric (stretching) action, but no delay

is allowed between these actions; note the force enhancement. (c) An identical action, but with a time delay between
stretching and shortening; concentric force potentiation is reduced. (Adapted from Komi, 1983.)

men between 35 and 60 cm. There is great intersub-
ject variability, and therefore the group averaged
results do not always show the curvy relation-
ships presented in Figure 2.6. Hopping training
can, however, influence this relationship by shift-
ing the curve to the right in both sexes (Komi &
Bosco, 1978). This critical limit (breaking point) is
also sensitive to growth and aging as shown by
Bosco and Komi (1980), so that during growth and
development (from 4 to 25 years of age) the best D]
performance is reached at increasing drop heights,
but with further increase in age (25 and up) per-
formance declines indicating reduction in tolerance
to stretch loads (Figure 2.7). Recent experiment of
Hoffrén et al. (2008) have shown that also in older
individuals, the regular hopping training can
increase the DJ performance and subsequently the
tolerance to increasing stretch loads.

The jump performance at the breaking point
stretch load represents the maximal jumping per-
formance. The original notion of Asmussen and
Bonde-Petersen (1974) was that in these DJs, the leg

extensor muscles are storing elastic energy during
the braking phase, and part of this stored energy
can be used to increase the performance, but only
up to a certain limit. This upper limit of perform-
ance raises then questions of the possible mecha-
nisms of performance reduction. There are certainly
possibilities for the inhibitory and facilitatory
stretch reflexes to be operative so that the facilita-
tion increases initially with increasing stretch loads
(drop heights). Inhibitory inputs (most probably
of Ib type/Golgi tendon organs, GTOs) will then
become more dominant when the breaking point
load is approached in DJ. Possibilities for reflex
intervention in SSC will be discussed in more detail
later in this chapter. A third possibility that may
appear independently or together with the reflex
interventions could involve the slipping and/or
detachment of sarcomere cross-bridges when the
stretch load becomes extremely high.

This problem was approached by following the
behavior of the fascicles of the GAST muscles in
normal and extremely high DJ conditions. In the
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Figure 2.6 Group comparison of the height of rise of the
total body center gravity in vertical jumps performed
immediately after dropping on the platform from
different heights. (a) Volleyball players, (b) men students,
(c) women students. (From Komi & Bosco, 1978, with
permission.)
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high drop conditions, the fascicles showed sud-
den increase in length immediately after impact
on the force plate (Ishikawa et al., 2005b). This
did not occur in jumps with lower stretch loads,
such as in medium or low DJ. This phenomenon is
explained in more detail in Chapter 10, especially
in Figure 10.8. At this point, it suffices to state that
the detailed mechanisms and consequences of this
fascicle length increase in high impact load condi-
tions are yet to be explored. For instance, its timing
maybe indicative of the critical stretch load, beyond
which the medial gastrocnemius (MG) fascicles
loose their capability to assist in effective utiliza-
tion of tendon-muscular elasticity.

The observed phenomena reinforce the possibili-
ties that can regulate the occurrence of the breaking
point in the DJ performance: (1) the stretch load is
mechanically so high and rapid that some of the
actin-myosin cross-bridge interactions are simply
detached or they slip apart, (2) inhibitory Golgi-
tendon responses aimed at injury protection may
become more dominant, (3) increased central input
may cause presynaptic Ia afferent inhibition as a
protective strategy to prevent tendomuscular injury
due to the high stretch load. All of these mecha-
nisms maybe operative either together or independ-
ently during extremely high impact SSC exercises.

Rise of CG (cm) a

/
/
/
/

or J\ZO—ZS years 0r
/

Rise of CG (cm)

AN

/// 20-25 years Figure 2.7 Influence

/ / of age on the rebound
20 / 10-15 years 20 | r performance of the DJ.
/ / 30-40 years The jump performance
/ - —— T increases at younger age
4™ 4-6 years ///\ 40-50 years (a) but decreases then after
10 - // 10 + 50-60 years 20-25 years of age (b). The
dashed line sketches the
approximate breaking point
of the jump height—drop
L T L height relationship. (From
20 40 60 80 (cm) 20 40 60 80 (cm)  Bosco & Komi, 1980, with
Stretch load Stretch load permission.)



22 CHAPTER 2

One additional note is, however, necessary: in the
later paragraphs, the sudden stretch of the MG fas-
cicles will be discussed in relation to the possibili-
ties of stretch reflex contribution during SSC. This is
not to be confused with the fascicle stretches occur-
ring in the extremely high impact load condition as
demonstrated earlier. This present fascicle stretch-
ing deals with longer lasting phenomenon and
“true” cross-bridge slipping. When we relate the
sudden fascicle stretch to reflex action, the duration
of the sudden stretch is very short-lived, and does
not mean forceful breaking of cross-bridges.

What is the Best Movement to
Demonstrate SSC?

Hopping, jumping, and running are considered as
most typical forms of SSC. Walking as well as coun-
termovement jumps (CMJs) are also SSC actions,
because they include the sequence of stretch and
shortening. The stretching (braking phase) is, how-
ever, very often so slow in these two activities that
both slow walking and CM]J are difficult to use to
explore the mechanisms of performance potentiation
in SSC. The definition of SSC needs also to be looked
at more critically. DJs cannot also be regarded as per-
fect demonstrations of performance potentiation of
skeletal muscle during SSC. In isolated preparations
and also in isolated joint motions (Cavagna et al.,
1968), one knows exactly what muscles are involved
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in the measurements, and that there are no other
joints involved. DJ is a multijoint movement, and
consequently the loading of the muscles should not
be the same in all joints. Fukashiro and Komi (1987)
made attempts to clarify how the hip, knee, and ankle
joints are contributing to the joint moment-angular
velocity relationships in maximal DJs. Largest peak
values of the moment was clearly in the ankle joint
(182Nm), the next one was the knee (163Nm), and
the smallest was the hip joint (only 30Nm). Figure 2.8
demonstrates this together with the comparison of
the joint moment-angular velocity curves measured
under maximal efforts of the squatting jump (SJ) and
the CM]J. This latter jump has often been considered
as good demonstration of storage and utilization
of elastic energy and consequently as a good move-
ment to characterize SSC (Komi & Bosco, 1978). In
CM]J, as shown in Figure 2.8, the mechanical work of
the positive phase in the knee and ankle were very
similar to the value of S]. However, the work done by
the hip (not shown in the figure) was much greater
than that of S]. Therefore, the difference in perform-
ance between SJ and CM], which was about 14cm in
height of rise of center of gravity, may depend mainly
on the difference of mechanical work of the hip joint.
This suggestion is in contradiction to the earlier
assumption that the performance difference between
CM]J and DJ can be used to indicate the elastic charac-
teristics of the leg extensor muscles (Bosco & Komi,
1982). Thus, it can be suggested that it is hopping that

20

Joint angular velocity (rad/s)

Figure 2.8 Moments of the joint forces (a) and the resulting moment-angular velocity relationship (b) in three different
jumps: squatting jump (SJ), countermovement jump (CM]J) and hopping. For explanation, see the text. (According to

Fukashiro & Komi, 1987.)



can be regarded as a ballistic type movement where
the SSC behavior is very important. Storage and uti-
lization of elastic energy may therefore be typical for
this kind of jumping. The elastic nature of the muscle
function, associated with the possible reflex-induced
performance increase makes this jump more ideal to
explore the secrets of SSC both in normal and fatigue
situations.

The previous discussion suggested that the fol-
lowing three conditions are fundamental for effec-
tive SSC action: a well-timed preactivation of the
muscle(s) before the eccentric phase, a short and
fast eccentric phase, and immediate transition (short
delay) between stretch (eccentric) and shortening
(concentric phase). While CMJ can easily be dem-
onstrated to produce higher jumping height as com-
pared to the SJ (Asmussen & Bonde-Petersen, 1974;
Cavagna et al., 1971; Komi & Bosco, 1978), it does
not meet well all the criteria for an efficient SSC. For
many neurophysiological and mechanical aspects, it
is evident that CMJ is not the most suitable model to
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Figure 2.9 Short contact SSC type hopping introduces
clear bursts in rectified EMG records. This representative
example is from a DJ performed from 60 cm height.
Timing of the sharp EMG reflex peak occurs within
40-45ms after the initial ground contact corresponding
to a SLC in Lee and Tatton classification (1982). The reflex
EMG peak (indicated by an arrow) in these jumps is
usually very clear in the soleus (SOL) muscles, but can be
identified for the gastrocnemius (GAM) and vastus (VM)
medialis muscles as well. F, signifies the vertical GRE.
(From Komi & Gollhofer, 1997.)
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elaborate on the specificity of SSCs. Instead, one has
to look for more “normal” activities such as running
and hopping, where the conditions of preactivation,
faster stretch, and short transition time are well met.
This may apply also to the possibilities of stretch
reflex contribution of SSC performance. In addition,
the forces measured in the muscle-tendon complex
(MTC) during these activities can present a typical
“bouncing ball” type form.

Instantaneous Force-Velocity
Relationship during SSC

The classical force-velocity relationship, often
referred to as Hill-curve, was introduced in
Chapter 1. This curve represents conditions, in which
the fully activated muscle is allowed to shorten
against variable loads. Figures 1.7 and 1.10 can be
referred to for further details. It must be emphasized
that the Hill curve does not represent a continuous
condition during movement, and it should not be
confused with the instantaneous f-v relationship and
the possible performance potentiation.

As discussed above, the true nature of force
potentiation can be studied during SSC, and more
specifically by measuring parameters that can be
obtained with the in-vivo tendon force recordings.
Figure 2.10 presents the results of such an analy-
sis from fast running, and it covers the functional
ground contact phase only. It is important to note
from this figure that the force-length curve dem-
onstrates a very sharp increase in force during the
stretching phase, which is characterized by a very
small change in muscle length. The right hand side
of the figure shows the computed instantaneous
force-velocity comparison suggesting high potentia-
tion during the shortening phase (concentric action).
The simultaneously recorded EMG activities (not
shown in the figure) show that muscle activity lev-
els are variable and primarily concentrated for the
eccentric part of the SSC cycle. This is important
to consider when comparing the naturally occur-
ring SSC actions with those obtained with isolated
muscle preparations and constant activation levels
throughout the cycle. To make further comparison
between the Hill curve and the instantaneous f-v
curve, figure 9.13 in Chapter 9 can be consulted”.
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Figure 2.10 Instantaneous force-length and force-velocity curves of the gastrocnemius muscle for stretch—shortening
cycle when the subject ran at a fast speed (9 m-s™1). The upward deflection signifies stretching (eccentric action) and the
downward deflection shortening (concentric action) of the muscle during ground contact. The horizontal axes have been
derived from segmental length changes according to Grieve et al. (1978). (From Komi 1992.)

Demonstration of Stretch Reflex
Intervention in SSC

It was the technique of averaging the rectified EMG
bursts, which helped realizing true existence of
stretch reflex in locomotion. The first evidence for
the short-latency stretch reflex (SLR) component
in the GAST muscle came from the study of Dietz
et al. (1979). It was later confirmed by Fellows et al.
(1993), who used the ischemic blocking method to
isolate the Ia afferent information acting on spinal
pathways during moderate speed running (Figure
2.11). During ischemic blocking, the GAST EMG
activity was dramatically reduced during the con-
tact phase, but there was no change in preactivation.
The control (nonischemic) runs demonstrated that
the GAST had a clear stretch reflex component dur-
ing the contact phase, with the average EMG activity
being 2-3 times higher than the activity during maxi-
mal voluntary isometric plantar flexion. Furthermore,
it was shown that under conditions of submaximal
running, the stretch reflex contribution to the glo-
bal EMG increased with increasing running speed.
This should not be interpreted to mean that further
increase in running velocity will always result in
increased SLR component.

Since these pioneering studies of Dietz and col-
laborators, other studies have noticed that a com-
monly observed EMG burst in running and hopping

signifies intervention of Ia afferents in SSC activi-
ties. The short-latency component (SLC), appear-
ing about 40ms after the ground contact, is visible
in all examined muscles and is especially strong
in the soleus (SOL) muscle. These records were
obtained by averaging the rectified EMGs over sev-
eral trials involving two leg hops with short contact
times. Appearance of these reflex components is a
very common and repeatable observation (Komi &
Gollhofer, 1997; Figure 2.9). It is true, however, that
in normal movements with high EMG activity, the
magnitude and net contribution of reflex regula-
tion of muscle force is methodologically difficult to
assess. This has led to much controversy about their
functional contribution to the produced force and
power output. This controversy may sound unjusti-
fied especially if references are made to the classical
work of Hoffer and Andreassen (1981). The authors
demonstrated that when reflexes are intact, muscle
stiffness is greater per same operating force than in
an areflexive muscle (Figure 2.12). This could be a
logical consequence of how muscle spindles and
GTO operate in the control of muscle length and
tension (Houk & Rymer, 1981). This leads us to the
hypothesis that stretch reflexes may make a net
contribution to muscle stiffness already during the
eccentric phase of SSC, provided that the time con-
strains do not limit this to take place.
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Figure 2.11 Functional significance of stretch reflex during treadmill running. (a) Maximal electromyography (EMG) of
the gastrocnemius muscle was first recorded during forceful isometric plantar flexion movement. Thereafter, the same
subject ran on the treadmill at 70% of maximum speed. Note that during submaximal running, the recorded EMG from
the gastrocnemius muscle exceeds that of the maximum isometric condition. (b) The same subject was then running on
the treadmill after the blood circulation was occluded by compression of 20min. The recorded EMG during running

was then at the same level as in maximal isometric condition without blood occlusion. The dramatic increase in (a) was
explained by the contribution of the stretch reflexes to the global EMG activity. (According to Dietz et al., 1979, used with
permission.)
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Figure 2.12 Muscle stiffness versus force in the cat SOL muscle. When the stretch reflex is intact, the stiffness, measured as
the increase in force for a small stretch, is a sharply rising function of force at the low end of the force range, but remains
nearly constant at moderate and high forces. By contrast, when the reflex is eliminated by cutting the efferent SOL nerve
and electrically stimulating the cut end at 10-50Hz to maintain tension, the isolated muscle shows a lower stiffness which
is a steadily rising function of force (lower curve). (According to Hoffer & Andreassen, 1981, used with permission.)
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Figure 2.13 Demonstration of passively induced stretch reflexes on the Achilles tendon force (ATF). (a) Passive dorsiflexion
at slow stretch caused no reflex electromyographic (EMG) response and led to a small and rather linear increase of the

ATF (pure passive response). (b) In case of faster and larger stretches, the reflex contribution to ATF corresponds to the
additional ATF response above the pure passive influence represented by the dashed line. The vertical arrow indicates

the beginning of the reflex-induced mechanical response (From Nicol & Komi, 1998, used with permission.)

Do Stretch Reflexes Have Time to be
Operative in SSC?

The possible effective role of stretch reflexes has been
questioned by the argument that the time constraints
limit their possibility to have any functional mean-
ing during the stance phase of running for exam-
ple. A first counterargument came from our studies
(Nicol & Komi, 1998) in which the Achilles tendon
force (ATF) was quantified in vivo using the buckle
transducer technique during pure passive dorsiflex-
ions (0.06-0.12rad of amplitude and 0.44-1.9rad/s
of mean velocity) induced by a powerful ankle ergo-
meter (Figure 2.13). This passive stretch situation
was convenient to identify the stretch reflex EMG
and the subsequent mechanical response. During
the fastest stretch, the ATF started to increase clearly
10-13ms after the onset of reflex EMG response
(Figure 2.13), showing stretch reflex-induced force
enhancement between 200% and 500% over the pure
passive stretch response (without a reflex EMG
response). The subsequent use of the optic fiber (OF)
technique (Nicol et al., 2003) gave similar results.

In order to prove the true existence of stretch
reflexes in SSC activities, the best methodologi-
cal choice would be to study directly the length
changes of muscle spindles. This is most prob-
ably not yet possible at least in human locomotion.

However, the new developments in US have made
it possible to study in vivo the length changes of
the fascicles in vivo and also in very fast move-
ments. As the fascicles represent the contractile
extrafusal fibers, their length changes should reflect
parallel changes in the intrafusal muscle fibers. In
fact, the earlier attempts with US gave the impres-
sion that especially the MG fascicles were not rap-
idly stretched during the contact phase in walking
and running (Fukunaga et al., 2001; Ishikawa et al.,
2003, 2005; Kawakami et al., 2002), for example.
These findings were obtained with relative low
US “scanning rate” between 25 and 50Hz. Since
then, the US scanning rate has been considerably
increased (96-196 Hz). This technical improvement
revealed a clear short-lived stretch of the MG fasci-
cles during the very early stance phase of running
(Figure 2.14) (Ishikawa et al., 2007; Ishikawa &
Komi, 2007), resulting in the occurrence of SLRs.

In the synergist SOL muscle, the muscle fasci-
cles are continuously stretched during the braking
(MTU stretching) phase and the timing of the result-
ing stretch reflex seems to be the same in different
conditions. However, timing of the short-lived MG
fascicle stretch can differ between different condi-
tions (Ishikawa & Komi, 2007). When compared
at two different running velocities (6.5m/s vs.
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Figure 2.14 Electomyographic (EMG) activity (a) and
fascicle length changes (b) of the medial gastrocnemius
(MG) muscle before and during the ground contact of
two different running speeds. The first dotted vertical line
represents the moment of ground contact. The two other
dotted vertical lines show the ends of the MTU stretch,
which correspond to the end of braking phases of two
running speeds, 6.5 and 5.0m/s. The arrows show the
stretch reflex activity. The curves are from one subject
only but demonstrate a general pattern across subjects.
(Adapted from Ishikawa & Komi, 2008, with permission.)

5.0m/s), MG fascicles showed a sudden stretch in
both conditions, but a slightly delayed timing at the
faster one. The MG fascicle stretch occurred approx-
imately 26ms after ground contact (18ms in the
5.0m/s condition), and the corresponding peak SLR
occurred approximately 69ms (56ms in the 5.0m/s
condition) after ground contact. The end of the
braking phase was approximately 68 ms and 87ms
after ground contact in the 6.5 and 5.0m/s condi-
tion, respectively (Figure 2.14). When we consider
the electromechanical delay (10-15ms) between the
onset of SLR activities and the mechanical response
(Nicol & Komi, 1998), the SLR activities can still
contribute to force enhancement during the push-
off phase in the 6.5m/s condition. Consequently,
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the results imply that the MG SLR during the stance
phase of running either influences fascicle stiff-
ness in the braking phase of slower speed running
(5.0m/s) or stretch-induced force potentiation dur-
ing the push-off phase of faster running (6.5m/s)
and that the contribution of the stretch reflex can be
specific depending on running speed. The occur-
rence of a sudden MG fascicle stretch during the
braking phase of running is a unique but expected
finding, and is in accordance with the logical nature
of the stretch reflex contribution.

What is the Functional Significance of
Stretch Reflexes in SSC?

Despite the possibility to record in vivo the muscle-
tendon force in a reliable way, magnitude of the reflex
contribution to stiffness and force enhancement of
tendon-muscle complex is largely unknown in normal
locomotion. This is mostly attributed to the difficulty
to differentiate the reflex-mediated force response
from the resistive force of the intrinsic CCs and from
the passive tissues and relaxed muscle fibers.

A partial answer to this question came from the
comparison in a given subject of direct ATF meas-
urements (with the buckle) in pure passive stretch
conditions and in hopping (Nicol & Komi, 1998).
This study revealed that the highest reflex-induced
ATF recorded on the ergometer corresponded to
6.7% of peak ATF (2750%51N) recorded in hop-
ping. In normal running and hopping, even when
performed submaximally, the reflex contribution
should be much greater due to substantially larger
number of motor units receiving Ia afferent stimuli
from the condition of relatively high stretch veloci-
ties (10-12rad/s) at the ankle joint. The stretch
velocity is naturally expected to play a role in induc-
ing the stretch reflex EMG, although the human
experiments have utilized stretches (2.0-4.0rad/s)
that were 5-10 times lower than those occurring in
natural forms of locomotion. (Gollhofer & Rapp,
1993; Gollhofer et al., 1995) As shown in Figure 2.15,
the subsequent data obtained with the OF tech-
nique while introducing a long plateau duration in
the pedal movement between the two successive
stretches revealed that the ATF continues to rise
until about 100ms (Nicol & Komi, 1998; Nicol et al.,
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2003). This is in line with the twitch contraction
time reported earlier for the SOL and GAST muscles
(McComas & Thomas, 1968; Sale et al., 1982). In the
absence of reflex EMG response at slow stretching
velocity (upper graph, Figure 2.15), the force-stretch
curves reflected the pedal movement, but demon-
strated a steeper ATF rise during the second stretch
as compared to the first one. Although the two
mechanically induced stretches were very similar,
the second one started from a 3% more dorsiflexed
position, emphasizing the potential influence of the
tendon compliance on the recorded ATFE.

During various forms of locomotion, the stretch
reflex mechanical response takes place while the
muscle is actively stretched. This situation can be
mimicked in the laboratory by introducing the
second stretch at the different rising and decreas-
ing phases of the first twitch mechanical response
(twitch) curve (Figure 2.16). The rising phase of the
twitch response should correspond to the attach-

(@)

Pure passive response

(b)

Reflex component

Passive component

ATF
EMG

Pedal

Figure 2.15 Passive dorsiflexions were induced by the
ankle ergometer while the Achilles tendon force (ATF)
was recorded in vivo using the optic fiber (OF) technique.
At low stretching velocity (a), the absence of reflex
response resulted in quantification of the “pure passive
ATF response to stretch” during the plateau phase. This
was used at higher stretching velocities to isolate the
“pure reflex component” (b). EMG, electromyogram.
(Nicol et al., unpublished observations.)

ment phase of most of the involved cross-bridges,
whereas the decreasing phase should correspond to
the detachment of most of them. The results show
that when the second stretch occurred during the ris-
ing phase of the first stretch-induced twitch contrac-
tion, it led to clear enhancement of the rate and peak
of ATF (Figure 2.16a). However, when the stretch
occurred at the onset of the decreasing phase of the
mechanical reflex response, the combined effect was
reduced as compared to the expected summation
of the reflex and stretch effects (Figure 2.16b). The
combined stretch and reflex potentiation very likely
depend on the sarcomere kinetics, so that the resist-
ance to stretch is particularly efficient during the
initial part of the reflex response as discussed earlier
for the sarcomere level situation (Edman, 1980) This
concept needs naturally to be studied further, but the
explanation is attractive as it is in line with the short-
range elastic stiffness hypothesis according to which
the cross-bridge resistance to stretch is especially
efficient during the early part of the cross-bridge
attachment (Edman, 1980). Therefore, the rapid
reflex-induced cross-link formation could play a sub-
stantial role in the force generation during stretch.

Thus, evidence exists that stretches in the early
contact phase of SSC actions, such as running and
jumping, are powerful enough to induce sufficient
muscle spindle afferent activation. This would also
mean that stretch reflexes are contributing to the
efficacy of motor output by making it more power-
ful. According to Voigt et al. (1998), the combina-
tion of the “pre-reflex” background activation and
the following reflex activation might represent a
scenario that supports yield compensation and fast
RFD. The concept of elastic storage favors also the
existence of reflex activation since high muscu-
lar activation during the braking phase of SSC is a
prerequisite for efficient storage of elastic energy.
All these aspects may contribute to the observation
that ME in natural SSC is higher than in pure con-
centric exercise (Aura & Komi, 1986; Kyroldinen
et al., 1990; see also Chapter 7).

Task-Dependent Modulation of the
Reflex Gain

As discussed earlier, the common finding of many
DJ studies is that, as the height of the drop preceding
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Figure 2.16 ATF potentiation when the second stretch occurs during the rising phase (a and b) or during the decreasing
phase (c and d) of the reflex-induced mechanical response. Individual ATF records are presented as mean + standard
deviation (SD) of seven trials. The exact summation of the reflex and stretch effects are represented by dots that can be
compared to the actual combined effects. (Nicol et al., unpublished observations.)
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Figure 2.17 Rectified and averaged electromyographic (EMG) pattern of the SOL muscle and vertical GRF in both leg
hopping (BLH) and in various DJs from different dropping heights (20-80cm). The figure illustrates the modulation in
the EMG pattern and in the force record with increasing stretch load. The broken vertical line indicates the initiation of
the phasic activation with a latency of 40 ms after ground impact. (Adapted from Komi & Gollhofer, 1997.)

the rebound is increased, performance can initially
improve (Asmussen & Bonde-Petersen, 1974; Bosco
et al.,, 1981), but eventually will decrease (Komi &
Bosco, 1978). In DJs (Figure 2.17), the short-latency
reflex (SLR) response showed higher amplitude with
increased drop height from 20 to 40cm and 60cm
(Komi & Gollhofer, 1997). However, in jumps from
excessive heights (80cm), the SLR was diminished.
Despite larger impact loads and higher stretch veloci-
ties, the SLR was decreased suggesting decreased

facilitation from muscle spindles and/or increased
inhibitory drive from various sources such as GTOs
or voluntary protection mechanisms (Komi &
Gollhofer, 1997). Changes in excitability of the Ia affer-
ent pathway could occur at the spinal level or could
be induced by an altered fusimotor drive.

To our knowledge, direct information regard-
ing the fusimotor drive during jumping is lacking,
although the H-reflex at the spinal level has been
recently examined (Leukel et al., 2008). In this study,
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H-reflex excitability during the SLR component was
compared in the landing phase of DJs from excessive
and normal heights. H-reflex excitability and H/M
ratio were found to be reduced at SLR at excessive
heights as compared to normal heights. The results
support the earlier hypothesis of a “prevention strat-
egy” to reduce eccentric stress on the tendomuscular
system (Schmidtbleicher & Gollhofer, 1982; Komi &
Gollhofer, 1997). Presynaptic inhibition (PSI) of Ia
afferents was thought as most likely responsible
for the change in H-reflex excitability between the
two jump conditions (Leukel et al., 2008). This may
explain also a common finding that in DJs with high
stretch loads, neuromuscular inhibition is often
observed prior to reflex activation (Figure 2.18)
(Gollhofer et al., 1992). Similar reflex behavior has
been observed in cats (Prochazka et al., 1977).

Final Comments

The chapter discussed the phenomenon of SSC,
which is the natural way of muscle function in nor-
mal locomotion. The SSC is actually the nature’s
way to combine the available resources, CC, elastic
structures, and central and reflex activation profiles,
in such a way that both the peak performance (rate
and amplitude of the force production) and move-
ment economy are considered in most appropriate
way in each particular movement situation. The
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Figure 2.18 Rectified and averaged EMG pattern of the
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(DJ) from 72 cm height. Note that the EMG profile shows
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tial to improve performance have been clearly dem-
onstrated both with isolated neuromuscular models
and with studies in humans. The consequences are
obvious and have resulted in numerous attempts
to apply the SSC concept for performance enhance-
ment and improvement of economy in various sport
activities. Chapters 3-6 will discuss these issues as
they apply directly to the specific sport disciplines.
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Introduction

High-performance cross-country ski racers give the
impression of very smooth movements of the legs
and arms throughout the stride pattern regardless
of the technique in use—classical diagonal stride,
some version of ski skating, or double poling. To
the naked eye, some skiers seem to bob slightly at
the torso or bounce a little during each step during
diagonal stride but because the pattern is repeated
on every cycle, the movement still looks smooth. In
fact, “smoothness” in movement patterns is often
seen as a characteristic of highly skilled perform-
ance in many sports and coaches can frequently be
heard to instruct their athletes to “smooth out the
movement.”

However, viewing of video, particularly in slow
motion, will sometimes show a small flexion of
the shoulder (angle of upper arm relative to the
torso) and elbow upon pole plant just before the
pole thrust begins, and at the hip, knee, and ankle
just before the onset of the strong leg push. Some
skiers can also be seen to use a slight trunk flex-
ion that precedes extension of the arms and legs
and becomes an obvious trunk extension or even
a hyperextension (angle of the trunk relative to the
thigh of the pushing leg). When observed in this
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detail, the movement pattern for some skiers is not
as smooth as it seems in real time rather than in
slow motion.

The authors believe that there are neuromuscu-
lar and biomechanical benefits to skiers who show
these brief and rapid flexion/extension patterns at
some joints. It maybe possible for these skiers to
produce higher muscle and GRFs, or the same forces
as other competitors—but at lower metabolic cost.

Are these simply idiosyncratic movement pat-
terns that started at an early age for some skiers
that gradually became “grooved” as they evolved
from young successful racers into world-class com-
petitors over the years? Are these uses of body
joints purposely adopted by some skiers by trial
and error learning as they are developing because
they find that they ski faster or more efficiently
when they do this? Are some competitors actually
taught by some coaches who are very familiar with
neuromuscular physiology and biomechanics to ski
this way? These patterns are not used by all skiers,
not even by all world-class skiers. Is there now suf-
ficient evidence for the feasibility and benefits of
using muscles and joints in this way in cross-coun-
try skiing to recommend that all young competitors
be taught to use this technique?

These repetitive extension/flexion patterns are
typical of muscle SSC and are commonly observed
in sports such as running, jumping, and “windups”
in throwing. For example, when children throw
balls, even at very young ages, they seem to natu-
rally resort to a kind of “windup” that precedes the
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throw—an extension/flexion pattern at the shoulder
joint. This pattern usually does not have to be taught
for throwing although it can be refined by coaching.

SSCs Reviewed

Although extensively discussed in Chapters 1 and 2,
we review here briefly for cross-country skiing—
when electrically active muscles across a body joint
are stretched while decelerating a joint flexion or
extension, the muscle action is called “eccentric”
(e.g., shoulder joint, elbow, hip, knee, ankle, lum-
bar spine joints). If a joint is flexing or extending
under the activity of shortening muscles, the mus-
cle action is called “concentric.” In a cycle of fast
movement that goes quickly from flexing a joint
to extending it after being decelerated by exten-
sor muscles, stopped momentarily, then extended
in concentric action by the same extensor muscles,
the extensors are said to be undergoing an SSC. In
muscle action terms, the movement is said to be an
eccentric/concentric cycle (ECC). Of course a joint
may also undergo a movement pattern from exten-
sion immediately followed by a flexion. The joint
flexors, when active, decelerate the extension and
begin the flexion. While the joint is extending, the
active flexor muscles are stretching but when these
joint flexors begin to close the angle at the joint they
start to shorten. Again we have an SSC or ECC.

Some interesting things are known about the dif-
ferences between concentric and eccentric muscle
actions that are summarized in Table 3.1.

Table 3.1 Functional differences between concentric and
eccentric muscle actions

Higher force potential in ECC, therefore higher
performance.

Lower metabolic cost in ECC for the same absolute
work load or power, therefore higher metabolic
efficiency in ECC.

Higher mechanical work output in ECC at lower
metabolic cost; therefore higher mechanical efficiency.

Repeated use of ECC actions in running results often
in muscle pain and damage. However, this is less
frequently observed in cross-country skiing, because
the impact loads are much lower than in running, for
example.

ECC, eccentric/concentric cycle.

Evidence of Use of SSC in
Cross-Country Skiing

To confirm the possible presence of ECC (SSC) in
cross-country skiing, a strong pushing (thrusting)
activity from the arms and legs for propulsion, it is
necessary to show, at least, an angular displacement
or angular velocity curve at a joint (e.g., hip joint)
that goes quickly and smoothly from a flexion to an
extension and EMG activity in the extensor muscles
during both the flexion and extension phase, i.e.,
active not passive extensor muscles at that joint.
Angular velocity curves derived from the displace-
ment data that change from positive to negative
or vice versa, together with EMG activity data are
easier to follow regarding the possibility of SSCs.
Slightly less direct evidence is demonstration from
GRF data of a quick unloading of the leg or pole
(reduction in GRF) immediately followed by an
increase in loading and EMG activity in the exten-
sor muscles during both the unloading and loading
phase. Direct measures of SSC-type length changes
in a single MTU and/or muscle fascicle, the active
part of this unit, would be most convincing.

Komi and Norman (1987) reported some kin-
ematic angular velocity data at the shoulder, hip,
and knee, GRF data on the skis and poles, and
EMG data on world-class skiers. They showed the
possibility of utilization of SSCs or ECC by some
skiers, but not by all that they analyzed. However,
the evidence was on only a few skiers and incom-
plete at the time. Unfortunately, they were able to
collect only kinematic data from frame by frame
film analysis and use of a linked segment biome-
chanical model of competitors at world-class com-
petitions but not EMG data during these events.
They did record EMG and GRF data in a controlled
environment subsequently but not kinematic data
at that time. They suggested that there are physi-
ological and biomechanical advantages to skiers
who use their muscles this way, deliberately or by
accident of how they happened to develop their
skiing techniques as they rose to international class.

Kinematic Evidence of Use of SSC

Figure 3.1 is a computerized linked segment model
of a skier from which positions of joints, their
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TKE = % mgv?
RKE = % [w?
PE = mggh ®
Total Energys = TKE + RKE + PE

Figure 3.1 Linked segment biomechanical model of a skier. TKE, RKE are translational and rotational kinetic energy
of a body segment, respectively; PE is potential energy of body segment above a baseline (ski track);  is height of G
above a baseline; m is mass of a body segment; G is CoG of a segment; I; is moment of inertia of segment about G; g is
gravitational acceleration constant; v is velocity of segment in translational; w is velocity of segment in rotation.

displacements, velocities, accelerations, mechanical
energy levels, and other useful analytical variables
can be measured, calculated, or estimated.

Figure 3.2 shows how one world-class skier,
J.L., uses an apparent SSC at both his hip and knee
joints on a 9.0° uphill in a 15km world champion-
ship competition in Lahti, Finland in 1978. These
flexion/extensions and possibly those at the ankle
joint and frictional forces produce oscillations in
the velocity of the CoG of his body. The data were
obtained using the model in Figure 3.1.

Figure 3.3 is a comparison of J.L. and M.P,, two
highly successful world-class skiers, of their use of
their hip joints in propulsion. J.L. finished first in
this 15km World Cup race. M.P. finished third.

The skiers used their hip joints substantially
differently on the same uphill. Just prior to exten-
sion of his hip joint, J.L. quickly flexes that joint
(negative velocity on the curve shown by the dark
hatched area), presumably during activation of the
hip extensors to slow, stop, and reverse the move-
ment (positive velocity on the curve). This appears

to be a good example of a skier who uses an SSC
at the hip joint. In comparison, M.P. has a much
smoother hip angular displacement curve that
results in a considerably smoother angular veloc-
ity curve than that of J.L. However, there is no
prestretch phase of hip extensor muscles in M.P.’s
pattern, therefore, no SSC.

Table 3.2 compares these two skiers in somewhat
more detail just prior to and during the pushing
phase of a leg and a pole during a step cycle.

Note that J.L. shows a flexion velocity prior to the
extension (pushing) motion at all three joints. M.P.
has no preloading flexion at all at the hip. The sub-
sequent extension velocity at the hip for J.L. is much
faster than that of M.P. The elbow flexion velocity
of J.L. is of much shorter duration and much faster
than that of M.P. At the knee, flexion and exten-
sion velocities are similar but the duration of flex-
ion of J.L. is much shorter. The graphs and the table
of data seem to show better use of the SSC by J.L.
particularly at the hip joint, a major source of leg
thrust. However, these are data on only two skiers.
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Table 3.2 Selected kinematic data of two skilled skiers J.L. and M.P. The elbow action of flexion and extension is for the
period of pole push. Knee action occurs during the leg (ski) push and hip action slightly precedes but occurs mostly

during pole push
Hip joint Knee joint Elbow joint
J.L. M.P. JL. M.P. J.L. M.P.
Range of motion
Flexion 112-105° 0 0 0 120-80°  93-80°
Extension 105-172°  118-180° 140-120°  153-130°  80-154° 90-154°
Flexion velocity, maximum -21 0 -3.7 -3.3 —4.8 -15
(rad/s)
Extension velocity, maximum 7.2 5.9 54 5.5 12.0 11.4
(rad/s)
Duration of flexion (ms) 118 0 137 181 118 198
Duration of extension (ms) 268 320 179 151 179 203
(From Komi & Norman, 1987.)
R Hip joint
Figure 3.4 is an overlay of hip joint velocity curves 9| » Velocity & extension
of five world-class skiers including J.L. and M.P. but (rad/s)
on a flat part of the course, not on an uphill. In the 6
stride presented in this figure, all five skiers show a
brief hip joint flexion prior to extending the joint in 3
thrust, possibly using an SSC at this joint.
O v
I
EMG and GRF Evidence of Use of SSC n
-3 P
Kinematic description of joint movements and
velocities can be complemented with other simul- 20 10 50 30 100
taneous recordings. For example, use of the GRF Step time (%)

and EMG activity measurements together with
the kinematics can substantially improve the accu-
racy of SSC prediction, especially for the functional
phases such as the propulsive thrust and the pre-
ceding gliding phase on skis. The ground contact
phase is easy to examine in running, but requires
special and quite costly equipment for skiing. Komi
was able, with the help of the able engineers in his
laboratory, to be the first one to report construction
of a force platform system designed to record GRFs
during normal snow conditions outdoors (Komi,
1985). This system consisted of 4 rows of 6m long
force plates that when embedded into the snow
could reliably record GRFs of both skis and poles
simultaneously. The system gave considerable new
information with regard to ski and pole forces

Figure 3.4 Hip joint velocity curve overlays of five skiers
on a flat part of the course during a 15km World Cup
race. The possible prestretch phase occurs when the curve
is negative, just prior to becoming positive. The curves
are similar but not the same, particularly in the prestretch
phase. (From Komi et al., 1982.)

during diagonal skiing (Komi & Norman, 1987).
The system was later (Vahdsoyrinki et al., 2008)
expanded to a 20m long system permanently
installed into the ski tunnel of the Vuokatti Sport
Institute in Finland (Figure 3.5).

The lowest curve in Figure 3.6 shows a repre-
sentative set of ski force recordings made with this
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Figure 3.5 (a) The force plates were placed in the special indoor ski tunnel at 2.5° slope. (b) A schematic view of the
force plate configuration. EMG, electromyogram. (From Vahdsoyrinki et al., 2008.)
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Figure 3.6 Representative examples of EMG activities
from many muscles as they appear together with the GRF
patterns of skis and poles. VL (vastus lateralis), RF (rectus
femoris), ES (erector spinae), AB (abdominalis), MG
(medial gastrocnemius), RF,-ski (right ski vertical force).
(From Vahéasoyrinki et al., 2008.)

newer longer force plate system. The other five
curves are EMG patterns from relevant trunk and
leg muscles. To assist the understanding of SSC,
the ski force curve can be used to identify differ-
ent functional phases indicated by fluctuations or
changes in slope in this vertical ski force measured
from the right side (the same side as the EMG elec-
trodes were attached). It must be noted that these
forces represent the “global” pattern, and can there-
fore express the overall possibility for the occur-
rence of SSC during the gliding and subsequent
push-off phase. Thus, this information alone is
meaningful to understand that the diagonal skiing
is indeed an activity where the “preloading” and
“braking” phases precede the final kick (thrust)
phase.

If SSC is being used, EMG data should show
muscle activity in extensors of the hip, knee, ankle,
and trunk, not only during the extension phases of
the movements when one would expect to see it,
but also during the brief flexion phases that precede
the extensions. That is to say that the flexions must
be controlled by extensor muscles to decelerate the
joint flexion, stop it, and turn the action at the joint
into a strong extension. This EMG pattern is clearly
shown in Figure 3.6, particularly for VL, erector
spinae (ES), and MG which are all very active in
preload and to some extent for rectus femoris (RF).

From these muscles, the VL muscle begins its
activation earlier than the other two muscles.
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Figure 3.7 EMGs of three extensor muscles together with
vertical (F,) and horizontal (F,) GRFs on a steep uphill
(119). (From Komi & Norman, 1987.)

Interestingly, the ES and abdominal muscles show
a nice coordinated activity pattern that explains
well the hip flexion—extension motion and angu-
lar velocity curves of the skier J.L. shown earlier in
Figure 3.3.

The EMG activities in Figure 3.6 were recorded
from a high-level cross-country skier, and can thus
be used as a model of representative EMG patterns.
Komi and Norman had earlier observed for three
separate extensor muscles (see Figure 3.7) that the
ski forces and EMGs fluctuate in a very coordi-
nated and efficient way. Note from Figure 3.7 how
the EMG activities of the trunk extensors (ES), knee
extensors (RF), and ankle extensors (GAST) are
timed with the occurrence of the unweighting of the

ski. These muscles are the major extensors contrib-
uting to the thrust in the skiing stride. These flex-
ion/extension patterns shown earlier in Figures 3.2
and 3.3, particularly of the heavier body segments
such as the trunk and thigh, can consequently be
seen as confirmation of the SSC-like behavior by
the GRF changes. When forces of the snow react-
ing on poles and skis are recorded from embed-
ded transducers or from very long force plates, the
effects of these body joint flexion/extension cycles
are evident first as reductions in force quickly fol-
lowed by increases in force.

Note that the ES and GAST activities, in particu-
lar, clearly begin during the unweighting of the ski,
prior to commencement of the thrust that acceler-
ates the skier. The unweighting is seen as the dip
in the F, curve. The forward thrust is seen in the
F, curve. Extensor muscles are active prior to the
extension of the joints that they serve, again adding
to the evidence that SSC is used in cross-country
skiing. Consequently, the evidence collected with
kinematic, GRE, and EMG recordings strongly sug-
gests that SSC-like behavior can be identified in
diagonal stride of cross-country skiing to occur in
the hip, knee, and ankle joints. Specific examina-
tion of the timing of these cycles suggest that they
are used as a sequential flow of the cycle, occur-
ring during the leg braking push-off phase first in
the hip, then in the knee, and ankle joints (Komi &
Norman, 1987).

In addition to these recording techniques and
data on trunk and leg muscles from our group,
the recent work of Lindinger et al. (2009) shows
evidence of use of SSC in flexion—extension move-
ment at the elbow joint. They combined the kine-
matic, EMG, and pole force (load cell instrumented
poles) data in the double-poling technique of cross-
country skiing. They recorded the triceps brachii
(TB) EMG activity simultaneously with the axial
pole force and elbow angular displacement in the
double-poling action, which is also used in diago-
nal cross-country skiing. The pole force and elbow
flexion—extension movement clearly showed speed-
dependent patterns (Figure 3.8).

The poling time decreased dramatically with
increase in skiing speed and resulted in increase
of the flexion phase speed of the elbow angle. This
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Figure 3.8 Representative elbow angle (a) and pole force (b) curves of one elite cross-country skier across several double-
poling velocities from very slow (9km/h) to maximum velocity (Vyay). Time courses are mean. (From Lindinger et al.,
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Figure 3.9 Changes in TRI (TB) preactivation (PRE), and activation during flexion (FLEX) and extension phase (EXT)
across double-poling velocities (9km/h, V,,.,). The data are mean +SE. *P<0.05. The solid arrows indicate significant
changes and the dashed arrows nonsignificant changes (P<0.05) from the FLEX to EXT phases separately for each

velocity. (From Lindinger et al., 2009.)

flexion corresponds to the high-activity phase of
the TB muscle. Its activation before the pole plant
(preactivation phase) and during the flexion phase
(eccentric action) increased dramatically and even
much more than in the final elbow extension dur-
ing push-off (concentric action) of the SSC cycle
(Figure 3.9).

These findings are well in line with the basic
benefits of the SSC actions that were introduced in
Chapter 2. In particular, they refer to the timing of
preactivation, short coupling between stretch and
shortening, as well as economic use of activation
during the concentric phase. Lindinger et al. (2009)
also recorded EMG activities from the muscles
affecting more the shoulder joint action and found

even more dramatic changes in their EMG activity
patterns when the skiing speed increased. As the
shoulder joint kinematics could not be measured
during these trials, some caution needs to be used
in the interpretation of these findings. The observa-
tion on the TB behavior is, however, without any
doubt an excellent demonstration of its SSC func-
tion. The flexion-extension behavior of the elbow
joint during pole plant in the manner of SSC has
been observed also by other authors, especially in
double poling (e.g., Smith et al., 1996).

It is indeed remarkable how expert skiers have
learned (or are born with the ability) to activate
their muscles during different phases (gliding,
braking, and push-off) to obtain low friction in
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gliding but high kicking force in the push-off. In
fact, instead of naming this phenomenon as SSC,
one should more correctly call it braking and push-
off phases, in which several muscles (and joints) are
involved. This information is, however, important
when identifying the possible SSC behavior of indi-
vidual muscles. Here we give additional examples
from abdominal muscles to emphasize how their
activities during the hip flexion phase are timed to
influence the pressure on skis. The systematic pat-
tern of force fluctuations and the parallel unweight-
ing and loading actions are especially apparent at
higher speeds of skiing. Vahdsoyrinki et al. (2008)
interpreted that when the average vertical force
during “free gliding phase” and “glide and pole
phases” decreases with higher skiing speed, this
would naturally mean lower ski friction and sub-
sequently better gliding qualities of the skis. The
abdominal muscles play an important role here, as
their activation is timed to occur with the greater
reduction of the ski F, force from glide to glide and
pole phases. Especially at higher speeds this results
in rapid downward movement of the CoM during
the glide and pole phases. As already mentioned,
this rapid movement can be important to produce
the breaking force effectively during the preload-
ing phase.

Ultrasound Measurements on Muscle Fascicles
as Evidence to Support the SSC Concept
in Diagonal Skiing

The definition of SSC as discussed extensively
in Chapter 2 is based on the behavior of the
entire “muscle,” that is to say the whole MTU.
Consequently, the eccentric phase of the SSC cycle
refers to stretching of the whole unit including its
tendon. Thus the definition is limited in its possi-
bilities to see how the various parts of the skeletal
muscle are functioning during locomotion, e.g.,
during the contact phase of running and skiing.
Human (or animal) muscle is however, more than
just a “muscle.” It contains two basic elements: con-
tractile and tensile. In the contractile element, bun-
dles of fibers are called muscle fascicles, and they
play an important role in the function of the entire
MTU. Limiting the SSC concept to the MTU only

does not necessarily give correct impression of the
length changes in the two compartments. Inside a
muscle, the fascicles and tendons may not experi-
ence similar length changes. Furthermore, syner-
gists can also experience different length changes.
For example, SOL and MG show considerable dif-
ference in the activation strategy during the sim-
ple task of hopping (Moritani et al., 1990). As the
fascicles are controlled both by external stretch and
internal activation, it may not be realistic to expect
a uniform pattern of the fascicle-tendon behavior
across muscles and movement conditions.

Ultrasonography is a technique which can be
used to study the fascicle and tendon length
changes during movements. The reader is referred
to Chapter 10 on ultrasound (US) measurements
during locomotion for methodology as well as
major observations. The chapter does not contain
any reference to cross-country skiing, however.
This is because until recently, the use of US scan-
ning devices in special conditions of cross-country
skiing including the cold environment and require-
ment for recording of several strides and muscles
was not possible. We were fortunate to apply a
newly developed, portable US machine (Aloka,
SSD Prosound C3cv, Japan) in natural skiing condi-
tions of the Vuokatti ski tunnel.

The US machine with the weight of 5kg was put
on the rucksack of the skier and the probe was then
attached onto the skin of the following muscles:
VL, RF, TB, MG, SOL. Each muscle fascicle behav-
ior during ski was studied separately using the
same skiing speeds of approximately 4.5m/s! to
represent moderate speed. The slope of the skiing
track was set at 2.5° similar to the set up shown in
Figure 3.5a. An experienced skier was used as a
subject. He was able to control the skiing speed
quite well to be the same in all trials, and conse-
quently the skiing speeds were comparable between
muscles. The measurements also included EMGs
from the same 12 muscles as the US scanning was
recorded. The 3D kinematics and the GRF record-
ings were also performed (for details, see Ishikawa
etal., in preparation). The results are summarized in
Figure 3.10.

The graphs show that for the VL, RF, TB, MG,
and SOL muscles, the fascicle-tendon interaction
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Figure 3.10 Unique records to combine the electromyographic activity (EMG), length of the fascicles (Lgscicle), and length
of the total MTU (Lyty) of the vastus lateralis (VL), rectus femoris (RF), triceps brachii (TB), medial gastrocnemius (MG),
and soleus (SOL) muscles together with the vertical (F,) and horizontal (F,) forces of the skis and poles as measured in
the normal snow conditions in a special ski tunnel equipped with sophisticated instrumentation shown in Figure 3.5.

was similar, i.e., the fascicles of these muscles
behaved the same way as observed in the global
SSC function. They were stretched in the eccen-
tric phase followed by shortening in the concen-
tric phase. The results were surprisingly uniform
across muscles, but were even more pronounced
in the case of the triceps surae muscle when the
subject used higher skiing speed of 6m/s, sug-
gesting that it is at high (competitive) speeds that
utilization of SSC becomes more meaningful. The
RF muscle showed an interesting behavior. This
muscle has basically two functions: knee extension

and hip flexion. Figure 3.7 showed the two-phase
activation pattern: (1) end of the braking phase and
early push-off, (2) immediately following the push-
off phase. From these, the first one is characterized
as SSC for the knee joint extension and the second
one for the hip flexion. This double SSC behavior
was confirmed by the US recordings (Figure 3.10).
This explains why the RF showed greater fatigue-
induced EMG reduction in a 90km Wasa cross-
country skiing race as compared to other knee
extensors, the medial and lateral vastii muscles
(Viitasalo et al., 1982).
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Mechanical and Metabolic Power Implications
of Exploiting SSC

As summarized in Table 3.1, there should be a met-
abolic advantage to a skier who uses SSC because
the oxygen cost of the eccentric part of the cycle,
the “negative work” part, is lower than that of the
concentric muscle action part of the cycle, the posi-
tive work part. Negative work in human motion
is more efficient than an equal amount of positive
work although the efficiency of negative work is
not a constant (Margaria, 1968; Aura & Komi, 1986).

One way of testing this hypothesis would be
to directly measure rate of oxygen consumption
(metabolic rate, metabolic power output) and oxy-
gen debt on skiers who differ in utilization of SSC
as determined from simultaneous kinematic and
EMG measures. Metabolic measures can now be
telemetered breath-by-breath with minimal inter-
ference to the athlete and have been used on ski-
ers skiing on different slopes (Doyon et al., 2001;
Welde et al., 2003). Of course, athletes may still be
highly resistant to any interference with their per-
formance such as carrying even light-weight ana-
lyzers during competition but race simulations are
commonly used now.

These light-weight portable analyzers were not
available during the 1980s. So the metabolic rates
were estimated from biomechanical calculations of
mechanical power output on skiers filmed, unob-
trusively, during World Cup and Olympic competi-
tions and during controlled training trials on flats
and uphills (Norman & Komi, 1987; Norman et al.,
1989). Film analysis also allowed us to calculate
kinematic data, some of which has been presented
earlier in this chapter.

We also calculated the percentage of the mechanical
power output that was produced during the skiing
stride cycle from “negative work” and from positive
work. The rate of oxygen consumption that would
be needed to sustain that mechanical power output
was calculated, for illustrative purposes, by using
an oxygen equivalent of 0.049ml O, per Joule (J)
of mechanical work, an efficiency of positive work of
0.25 and negative work of 1.2 (Margaria, 1968).

To reiterate, on an overall movement pattern
basis, skiers who ski fast but use more negative

work (more use of SSC), should use less oxygen
than skiers who ski as fast but use less negative
work because negative work is more metabolically
efficient than positive work. The SSC skier might
have more left at the end of a race for a sprint.
Alternatively, for skiers who have the same MVO,,
the skier who uses more negative work (uses more
SSC) should be able to ski faster. Figure 3.11 shows
a typical set of ME curves over approximately four
steps (two strides).

We present calculated mechanical energy costs,
estimated metabolic energy costs, and differences
between world-class skiers during competition
that tend to support differences in use of SSC using
a work/energy/power output analysis and pos-
sible implications. This complements evidence of
use of SSC in cross-country skiing from the kine-
matic, EMG, force plate, and US analyses presented
earlier.

Work is done by or on the body segments to
produce the oscillations in the curves. Periods of
negative work occur when the component energy
or total body energy curves go down. Periods of
positive work are rising phases of the curves. The
total work over the cycle time is calculated by add-
ing the positive and negative work. The power
output is the rate of doing this work. Dividing the
total work output by the cycle time (roughly 1.5s in
Figure 3.11) gives the power output over the four
skiing steps, two strides.

Not all body segments or all muscles that pro-
duce the work on the segment are using SSC
or doing all positive or all negative work at the
same time. Not all of the energy in a segment at
any instant in time is produced by muscles act-
ing directly on the segment. Friction on a ski and
inertia of a moving segment can also cause energy-
level changes on that or other segments. It is possi-
ble mechanically, anatomically, and physiologically
to transfer some energy from one body segment to
another and from potential to kinetic energy and
vice versa within body segments such as occurs as
a result of gravity acting on a pendulum. Summing
energy curves that are out of phase with each other
on a graph implicitly assumes transf