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Chapter 1

Human movement is characterized by its enormous repertoire. Most of us can walk, run, swim
or grasp a juicy apple from a tree without much effort. Such movements can only exist by
virtue of a concerted action between the central nervous system (CNS) and the musculo
skeletal system. The CNS is the controller that initiates and evaluates movement, whereas
muscles are the actuators that do the work.
Healthy humans move daily with great ease and almost unconsciously. It is not until our CNS
or muscles are impaired by disease or accident that we ask ourselves how we move. To
answer this question knowledge is required of CNS function, i.e. which stimulation strategies
are employed to control movement, as well as of muscle performance, i.e. how much force is
generated under different circumstances. The search for this knowledge is interesting from a
scientific point of view, yet acquiring such knowledge is essential for the development of new
health technologies and therapeutic treatments.
Within the scientific and clinical community considerable effort is put in the development of
systems for Functional Electrical Stimulation (FES). The goal of such systems is to restore
functional movement in patients who have partially or completely severed their spinal cord
by an accident or through disease. As a consequence, these patients suffer a considerable loss
in their movement repertoire. Research in this area concentrates on the development of
specialized electrodes and stimulation techniques as well as on control strategies that can
provide smooth movements and avoid muscle fatigue. Insight into the function of muscles
that have to be stimulated and controlled is expected to be important for progression in these
areas.
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Muscle morphology
The present thesis is concerned primarily with muscle performance during contraction.
However, there is an intimate relationship between muscle structure and function. Thus, some
basic knowledge of the structural elements in a muscle is crucial. Several functional
components can be distinguished in muscle (fig. 1) . The muscle belly, the fleshy part of the
muscle, consist of elongated cells called muscle
fibers. The basic force producing units within a
muscle fiber are the sarcomeres. Sarcomere force
arises from the interaction between actin and
myosin proteins. Due to their size, their average
length is approximately 2.4 µm , sarcomeres can
generate force over a limited length range only (±
1.25-3.6 µm). However, sarcomeres are organized
in series into structures called myofibrils.
Myofibrils of a typical muscle fiber contain
thousands of sarcomeres in series. Just to give an
impression, fibers of the human quadriceps
muscle have over 40,000 sarcomeres in series
(Meijer, Bosch, Bobbert, Soest & Huijing, 1998a).
As a consequence, muscle fibers can generate
force actively over a much larger length range
then individual sarcomeres. The range is
determined predominantly by the number of
Figure 1 Hierarchical organization of
muscle (adapted from Bloom &
sarcomeres in series. Likewise, the magnitude of
Fawcett 1968).
the muscle force largely depends on the number of
muscle fibers arranged in parallel. Muscle fibers are either attached directly to bone or to an
elastic sheet called aponeurosis, which extramuscularly merges into a tendon. The tendon is
attached to the skeleton and transmits the force generated by the muscle fibers.
Early anatomical studies already revealed that muscles are not alike (Leonardo da Vinci,
1485; Vesalius, 1543). A brief look into an anatomical atlas reveals an enormous diversity in
muscle architectures. Some muscles, like human sartorius muscle, are slender and contain
long fibers in series with short tendons. The fibers of this muscle are oriented parallel to the
line of pull of the muscle. Muscles like sartorius muscle generate low forces. However, due to
the length of their fibers they can exert force over a large length range. Other muscles, like
human gastrocnemius muscle, have many short fibers in parallel that make a considerable
angle with the line of pull of the muscle. In the gastrocnemius muscle the fibers are attached
to the long and compliant Achilles tendon. Muscles like the gastrocnemius muscle are
particularly suitable for generating high forces, albeit over a small length range. In the 17th
11
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century it was realized already that muscle geometry was an important determinant for muscle
function (Stensen, 1667; Borelli, 1980). But it took almost 300 years before a relationship
between muscle geometry and muscle force was established (e.g. Benninghof & Rollhauser,
1952). In the last few decades many studies have addressed the functional importance of
muscle architecture (e.g. Linden 1998c; Otten, 1988; Woittiez & Huijing, 1983; Zuurbier &
Huijing, 1993), therefore these effects are not considered in detail in the present thesis.

Functional characteristics of muscle
The functional potential of a muscle is characterized by the relationship between the force that
a muscle generates and its activation level, length and velocity. Two mechanisms can be
utilized for experimental gradation of muscle force: the number of recruited motor units can
be varied and the frequency with which the muscle is stimulated can be modulated (e.g.
Kernell, 1992). Muscle force depends on stimulation frequency in a sigmoidal fashion
(Roszek, Baan & Huijing, 1994). It attains a maximal value at a certain frequency, beyond
which no further increases in force are found. The experiments presented in this thesis are all
concerned with fully recruited muscles that are stimulated at frequencies that elicit maximal
or submaximal isometric forces.
The length dependence of muscle force is described by the isometric length-force curve.
Some hundred years ago Blix (1893, 1894) was the first to construct a length-force curve for
data from a series of contractions performed at different muscle lengths. During these
contractions the muscle was kept at a constant length, a condition referred to as isometric.
Blix (1893, 1894) showed that isometric force of frog muscle passed through a maximum at a
certain length, called optimum length. The isometric length-force curve found by Blix has
been reproduced many times for other muscles as well as for isolated muscle fibers (e.g.
Ramsey & Street, 1940; Abbot & Wilkie, 1953) and it is by many considered to be one of the
fundamental properties of muscle. However, it should be realized that characteristics of this
relationship cannot be assumed to stay constant under all circumstances (Huijing, 1998b)
The velocity dependence of muscle force is described by the force-velocity curve. Hill (1938)
was one of the first to experimentally determine this relationship for shortening muscle. He
found that the velocity at which muscle shortens depends on the load it has to bear. By
exposing the muscle to different loads he was able to construct a force-velocity curve.
Contractions in which the muscle shortens against a constant load are referred to as isotonic
contractions. In addition, force-velocity curves can also be determined from isokinetic
contractions in which the muscle is shortened at a constant velocity and force is the dependent
variable. It should be noted that the force-velocity characteristics are not confined to
shortening. Katz (1939) showed that there is also a relationship between force and velocity
curve for muscles that are actively lengthened.
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Figure 2 Sarcomere length-force (left panel) and force-velocity (right panel) characteristics

In 1954 two independent studies proposed that muscle contraction is caused by interaction of
actin and myosin filaments that slide past each other (H.E. Huxley & Hansson, 1954; A.F.
Huxley & Niedergerke, 1954). The filament sliding is assumed to be caused by independent
force generators, the so called crossbridges, that form between actin and myosin filaments
(Huxley, 1957). This theory is known as the sliding filament theory and it is still the major
theory on muscle contraction. The sliding filament theory explains why muscle force depends
on length and velocity. Gordon, Huxley and Julian (1966) provided experimental evidence
that the isometric length-force relationship of a maximally activated sarcomere is related to
the degree of overlap between actin and myosin filaments length (fig. 2). The idea is that the
overlap determines the number of available crossbridges and thus the force. The sarcomere
force-velocity relationship (fig. 2) is determined predominantly by the rate of formation and
breakdown of crossbridges (Huxley, 1957). Thus the sarcomere is considered to be the basic
force producing unit of muscle that still exhibits length and velocity dependence.
The notion that crossbridges are independent force generators suggests that for a sarcomere
the length-force and force-velocity relationships are independent. A few studies have
provided experimental evidence that the same holds true for intact muscle (e.g. Abbot &
Wilkie 1953; Bahler, Fales & Ziehler, 1968). Therefore, it has become use to describe the
functional characteristics of muscle with a single three-dimensional surface (fig. 3) which
combines the isometric length-force and force-velocity curves. Many muscle models that are
currently used in the study of motor control rely on this assumption (e.g. Soest & Bobbert,
1993; Winters & Stark, 1987). However, it should be realized that the isometric length-force
and force-velocity curves are constructed from data obtained from series of individual
contractions. Thus the three dimensional surface does not account for any time dependent
effects. In fact, the validity of the three-dimensional surface has not been tested extensively.
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Figure 3 Three-dimensional relationship between muscle length, velocity and force

History dependence of muscle force.
Several experimental studies have indicated that the three-dimensional surface may be a too
simple representation of the functional characteristics of muscle: a) the velocity of shortening
during isotonic contractions depends on the length at which the contraction started (Joyce,
Rack & Westbury, 1969). b) during isotonic contractions the muscle stops shortening at
higher lengths than is expected from the isometric length-force curve (Buchtal, Kaiser &
Rosenfalck, 1951; Deleze, 1961). c) isometric force that redevelops after an isokinetic
shortening contraction is less than the isometric force of a purely isometric contraction
performed at the same length. (Abbot & Aubert, 1952; Deleze, 1961). These observations
indicate that contractile force of muscle is depressed by previous shortening. The opposite
effect was also found: Abbot & Aubert (1952) showed that isometric force after isokinetic
lengthening is higher than the isometric force of a purely isometric contraction performed at
the same length. Thus it seems that muscle force is influenced considerably by preceding
activity. In the present thesis such effects will be referred to as movement history effects.
Although, these effects were known even before the formulation of the sliding filament theory
in 1954, they are generally ignored if the functional characteristics of muscle are discussed.

Inter sarcomere dynamics
The implicit assumption made in the construction of the three-dimensional surface is that all
sarcomeres within a muscle operate uniformly. Yet, even before the formulation of the sliding
filament theory it was recognized that a muscle cannot be regarded as a single contractile
element uniform throughout its length. Hill (1949) has pointed out that it is highly improbable
that a muscle fiber whose length is hundreds of times its diameter has a uniform strength
along its length. He suggested that during contraction stronger portions of the fiber contract at
14
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the expense of weaker portions. He also proposed that a muscle fiber must be unstable at the
descending limb of the isometric length-force curve, because in this length region the stronger
portions get stronger, while the weaker portions get weaker (Hill, 1953). Based on Hill’s
arguments, Abbot & Aubert (1952) suggested that non uniform behavior of muscle parts was
be responsible for the movement history effects they observed in their experiments.
With the emergence of the sliding filament theory and the recognition of sarcomeres as the
basic contractile elements of muscle, it became clear that Hills arguments were valid.
Experiments on muscle fibers have now shown convincingly that sarcomeres do not behave
uniformly in an isolated muscle fiber. For example, there is considerable sarcomere
movement in an otherwise isometric muscle fiber (Julian & Morgan, 1979). This phenomenon
is referred to as inter sarcomere dynamics and an understanding of this phenomenon is very
important for the interpretation of the results presented in this thesis.

Purpose
From the previous paragraphs it is clear that muscle force is not a simple function of
instantaneous length and velocity. Instead, muscle force also depends on how the muscle
arrives at a certain length or velocity. The aim of this thesis is to study the impact of
movement history effects on the functional characteristics of muscle. Information regarding
the impact of these effects on isolated muscle will be important to establish their role in
coordinated movements. At the moment, the information is too scarce to make such
inferences. To fill this gap in our knowledge, several questions need to be considered.
How is muscle force affected by different movement histories ?
Muscles are utilized in a wide variety of movements. A single muscle may undergo very
different movement patterns depending on the task that is performed. It is possible that the
effects of movement history are more prominent in some tasks then in others. For example,
early studies (e.g. Abbot & Aubert 1952) have shown that the depressant effect of shortening
on muscle force depends on the speed at which the movement is executed. However, these
studies were performed over a too limited range of muscle lengths to make any predictions of
the effects in different movements.
Are history effects similar in maximally and submaximally activated muscle ?
Movement history effects have been studied primarily in maximally stimulated muscles
(Abbot & Aubert 1952; Deleze, 1961). However, during voluntary movement muscles are
mainly activated submaximally (Hennig & Lomo, 1985). Thus to establish the functional
importance of such effects, they should also be studied for experimental muscles stimulated
submaximally.
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Is the magnitude of these effects the same for all muscles ?
Very little is known about the impact of movement history on the force production of
different muscles. Such knowledge is essential for two reasons: First, if two functionally
different muscles are affected differently by movement history this is expected to increase
understanding of the functional relevance of the effects. Second, differences between muscles
may help to elucidate the mechanism(s) responsible for the effects.
Can movement history effects be incorporated in a simple muscle model ?
Muscle models are essential tools in the study of motor control (Winters 1995). Muscle
models have been developed for many organizational levels within the muscle (van Leeuwen,
1992; Winters & Stark 1987). An important prerequisite for models used in the study of motor
control is that they incorporate the main determinants of muscle performance, without
becoming too complex. Hence, if movement history effects prove to have a considerable
impact on muscle performance it will be necessary to incorporate them into a muscle model
that can be used for the study of motor control.
What are the mechanisms that cause movement history effects in whole muscles ?
Based on experiments on isolated muscle fibers several mechanisms for movement history
effects have been proposed (e.g. Edman, 1975; Granzier & Pollack, 1989; Julian & Morgan,
1979). An important question is to what extend these mechanisms can account for the effects
observed in whole muscles.

Approach
In the present thesis these questions will be addressed using two complementary approaches.
Experiments are used to characterize the movement history effects for different conditions. A
schematic representation of the experimental setup is shown in figure 4. Most experiments are
performed on the isolated rat medial gastrocnemius muscle (GM) in situ. This muscle is
chosen as an experimental object, because much is known about its morphological and
functional properties (de Haan, 1988; de Ruiter, de Haan & Sargeant, 1995; Ettema &
Huijing, 1993; Roszek, Baan & Huijing, 1994; Woittiez & Huijing, 1984, Zuurbier &
Huijing, 1993). This base of knowledge will be advantageous for the interpretation of the
experimental results (Chapters 2, 4, 5).
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Figure 4. Schematic representation of the experimental setup

In addition, muscle models are used to explore if it is possible to describe movement history
effects with a simple function (Chapter 3) as well as to explore one of the major mechanisms
responsible for the effects (Chapter 6). The models are based on the structural model proposed
by Hill (1938). Basically, this model consists of a contractile element in series with an elastic
spring. In chapter 3 the integrated behavior of all muscle fibers within a muscle is lumped in a
single contractile element. In contrast, in chapter 6 a fiber model is designed with many
contractile elements in series, just like sarcomeres within a myofibril. In this case a contractile
element represents the behavior of an individual sarcomere.

Outline of the thesis
In the present thesis a series of papers on the subject of movement history are brought
together in five chapters. The chapters can be studied independently of each other.
Chapter 2 deals with the depressant effect of shortening in maximally stimulated GM. A
comparison is made between fully isometric length-force characteristics and isometric lengthforce characteristics determined after various shortening protocols. In addition, it is studied
whether the depressant effect of shortening is related to changes in muscle geometry. The data
obtained from the experiments in chapter 2 is used to derive a descriptive muscle model for
shortening history effects. This modified Hill type model is presented in chapter 3. The
importance of incorporating history effects is evaluated by testing the model against a
standard Hill type muscle model. For this purpose, both models are used to simulate
experimental contractions that are commonly used to characterize muscle function.
17
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In chapter 4 it is evaluated if the depressant effect of shortening is similar for maximally and
submaximally stimulated muscles. Special attention is paid to the influence of the changes
that occur in submaximal isometric length-force characteristics.
Chapter 5 deals with the effect of stretch on isometric force. A comparison is made between
two functionally different rat muscles that belong to the same synergistic muscle group, the
medial gastrocnemius and the soleus muscle. Force enhancement after stretch is studied at
different muscle lengths in maximally as well as submaximally stimulated muscles.
In chapter 6 a muscle fiber model is presented that comprises multiple sarcomeres in series.
The model is used to evaluate if inter sarcomere dynamics can explain the shortening induced
force depression that is observed in experiments on whole muscle. For this purpose, it was
analyzed which parameters are responsible for force depression after shortening. Furthermore,
the model is used to simulate the experimental isokinetic protocols that are generally used to
characterize shortening history effects.
Finally, in chapter 7 several suggestions are given for future directions of the research
presented in this thesis.
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Abstract.
In the present work the effect of various shortening histories on post-shortening isometric
length-force characteristics of rat medial gastrocnemius (GM) were studied. Active muscle
force and muscle geometry was analyzed after isotonic as well as isokinetic shortening.
Active shortening significantly changed GM length-force characteristics (i.e. maximal muscle
force, optimum muscle length and active slack length). Muscle geometry did not change,
which indicates that the observed changes in length-force curves are related to intracellular
processes. Length-force curves valid during shortening, derived from post-shortening
characteristics, were very different from the fully isometric length-force curve. Their most
remarkable feature is the absence of a negative slope. We concluded that the length-force
curve valid during active shortening strongly depends on shortening characteristics (i.e. initial
length and shortening speed). As a consequence, the traditional, fully isometric, length-force
curve is a poor estimator of the length-force curve during dynamic contractions of muscle.
Implications for muscle function are discussed.
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Introduction.
The biomechanical view on muscle is that of a scaled sarcomere. Implicit in this assumption
is that all sarcomeres within the muscle operate uniformly. However, the series arrangement
of sarcomeres within the muscle fiber raises the possibility of internal motion if the force
generating capabilities of neighboring sarcomeres differ. The internal motion due to these
differences will be most prominent if sarcomeres operate at the descending limb of their
length-force relationship, due to the inherent instability in this region caused by the negative
slope (Morgan, 1990).
For understanding the fundamentals of muscular contraction, these sarcomere length
inhomogenities may have to be considered an interfering factor that obscures the basic
relationship between filament overlap and sarcomere force (Gordon, Huxley & Julian, 1966).
To avoid this factor, elaborate methods have been applied to keep the length of selected
segments of isolated fibers constant during contraction (Edman & Reggiani, 1987; Gordon et
al., 1966; Granzier & Pollack, 1990; review Pollack, 1990) . However, in vivo, sarcomere
length inhomogenities form an integral part of muscle function. This indicates that
understanding of the isometric sarcomere length-force relationship will not be sufficient to
understand in vivo muscle function.
Several studies have shown that the isometric length-force curve of isolated single fibers or
very small bundles of fibers, determined with so called ‘fixed end contractions’ (Carlsen,
Knappeis & Buchthal, 1961; Martyn & Gordon, 1988; review Pollack, 1990; Zuurbier,
Heslinga, Lee-deGroot & van der Laarse, 1995), is quite different from the isometric
sarcomere length-force relationship as predicted by the sliding filament theory. For example,
for rat medial gastrocnemius fibers, Zuurbier et al. (1995) showed that the isometric
sarcomere length-force curve, predicted from the filament overlap function, underestimates
the isometric fiber force over optimum length and overestimates the isometric fiber force
below optimum length. This discrepancy is expected to result from non-uniform sarcomere
behavior along the fiber.
Another frequent observation in studies on muscle fiber preparations is that active shortening
reduces the subsequent isometric force (Edman, 1975, 1980; Edman, Caputo & Lou, 1993,
Gordon et al., 1966, Granzier & Pollack, 1989; Julian & Morgan, 1979; Sugi & Tsuchiya,
1988). This is accompanied by increased inhomogenities of sarcomere lengths along the fiber
(Edman, Caputo & Lou, 1993; Granzier & Pollack, 1989; Julian & Morgan, 1979; Sugi &
Tsuchiya, 1988). These observations imply that the isometric length-force curve, determined
from a series of individual isometric contractions performed at subsequent lengths, is not
valid during concentric contractions of muscle fibers.
Post-shortening force decrease is also a regular finding in experiments on parallel fibered
muscles (Abbot & Aubert, 1952; Deleze, 1961; Marechal & Plaghki, 1979; Vance,
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Solomonow, Baratta, Zembo & D’Ambrosia 1994), which may be considered to be similar to
a collection of fibers arranged in parallel. On that basis it is likely that shortening influences
the length-force characteristics of these muscles substantially, which was confirmed
experimentally in one case (Vance et al., 1994). The experiments have been performed only
rarely in pennate muscle (Vance et al., 1994). In that type of muscle much longer tendons and
aponeuroses (series compliance) are present as well as high angles of pennation. Both factors
will affect the relationship between muscle and fiber length changes substantially (e.g.
Huijing, 1995a & 1995b; Zuurbier & Huijing, 1992). In addition, the situation in whole
muscle is complicated by the presence of different fiber types, possible distributions of fiber
mean sarcomere length, and number of sarcomeres in series (i.e. inhomogeneities of fibers).
In order to be able to apply the knowledge about the post-shortening force decrease
characteristics of fibers to animal movement the question needs to be addressed to what extent
the phenomenon is reflected in the length-force characteristics of pennate muscle tendon
complex. Several studies have revealed that the depressant effect of shortening is length
dependent (Edman, 1980; Edman et al., 1993; Deleze, 1961, Marechal & Plaghki 1979).
However, there have been no attempts to systematically study how shortening affects the
isometric length-force curve of pennate muscle.
The purpose of the present study was twofold: A. To determine the post-shortening isometric
force deficit at many lengths, so that length-force curves of the very pennate medial
gastrocnemius muscle (GM) of the rat could be constructed for this condition, and B. to
derive the muscles length-force characteristics valid during shortening from post-shortening
characteristics. For this purpose, we used post-shortening length-force characteristics obtained
after different isokinetic as well as isotonic muscle shortening histories. The shortening
conditions were varied in shortening speed, shortening range and initial length of contraction.

Materials and Methods
Surgical procedure. Experiments were performed on the medial gastrocnemius muscle (GM)
of eight male Wistar rats [mean body mass 294 ± 5 (SE) g]. Anesthesia was induced by an
intra-peritoneal injection of sodium pentobarbital (initial dose 9.6 mg/100 g body mass) and it
was maintained by supplementary doses if anesthesia became less deep. The skin of the left
hindlimb and surrounding tissues were removed to expose the GM muscle-tendon complex
leaving the blood supply intact. The ischiadic nerve was dissected free and cut as proximal as
possible. The calcaneal bone was cut and the GM was separated from the lateral
gastrocnemius, plantaris and soleus muscles. The Achilles tendon, still attached to a piece of
calcaneal bone, was wrapped around a metal hook and was secured with a ligature. In
addition, the connection was glued with histoacryl (Braun Melsungen). The rat was mounted
on a multi purpose ergometer (Woittiez, Brand, de Haan, Hollander, Huijing, van der Tak &
Rijnsburger, 1987) and the metal hook was connected to a strain gauge force transducer (force
resolution: 0.002 N). The femur was clamped and positioned in a rigid frame such that the
24

Length-force characteristics

muscle was aligned with the force transducer avoiding torsion of the muscle. To obtain
estimates of active muscle length (lma), distal fiber length (lfa) and proximal aponeurosis
length (laa), copper wires (diameter 0.1 mm) were inserted at the most distal and the most
proximal ends of the most distal fiber (Fig. 1). The most proximal end of the proximal
aponeurosis was marked by a string sewn through its proximal end (string diameter 0.1 mm).
An air flow control system (Holland Heating) was used to control ambient temperature and
humidity at 22 ± 0.5 °C and 76 % respectively. During the experiments the muscle was kept
under a layer of paraffin oil to prevent it from drying.

2
1

aponeurosis

fiber

origin

3

tendon
lma

laa

lfa

Figure 1. Schematic representation of rat GM. Markers were inserted in the proximal end of the proximal
aponeurosis (marker 1), the distal end of the proximal aponeurosis (marker 2) and the distal end of the distal
fiber (marker 3). The triangle represents muscle geometry, with the distance between marker 1 and 2 as estimate
for aponeurosis length, between marker 2 and 3 as estimate for fiber length and between marker 1 and 3 as
estimate for muscle belly length.

Experimental procedure. Contractions were induced by supramaximal stimulation (pulse
width 0.1 ms, constant current 3 mA, 80 Hz) of the ischiadic nerve with a bipolar cuff
electrode. The distance between the electrodes, made of flexible steel wires, was
approximately 3 mm. Increment of the stimulation frequencies from 80 to 100 Hz did not
result in an increased muscle force, which indicated that the stimulation protocol we used was
indeed supramaximal. This is in accordance with previous observations from our laboratory,
which have indicated that a stimulation frequency of 80 Hz is sufficient to evoke a maximal
force response for a broad range of GM muscle lengths (Roszek, Baan & Huijing 1994). Two
different experimental protocols were used to examine effects of shortening history on lengthforce characteristics.
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1a) isotonic experiment. Isotonic shortening history was manipulated, for one muscle, by
altering the initial length of the contraction and the pre-set force level of the concentric phase.
The experiment started with a number of isometric contractions to determine the optimum
muscle-tendon complex length (lmto). Contractions were initiated from three different muscletendon complex lengths (lmto-4, lmto and lmto +4 mm). Isotonic loads ranged from 25 to 90 % of
the isometric force at the initial length. After the muscle had been brought passively to the
desired length a twitch contraction was induced to allow adjustment of the muscle to the new
length. Subsequently, 400 ms after the twitch contraction the nerve was stimulated with a
1000 ms 80 Hz pulse train. The first 250 ms the muscle was kept isometrically, this period
was followed by an isotonic contraction against the pre-set force level for 750 ms. For the
main part the contraction was concentric, except for the end phase were it became isometric
before tetanic stimulation ceased (Fig. 2a). A second twitch contraction was induced 400 ms
after the tetanic stimulation ceased (Fig. 2b). A photograph of the active muscle-tendon
complex was taken during the isometric phase of the isotonic contraction, 850 ms after the
onset of stimulation (Canon F1, macro lens fd 100 mm, exposure time 1/250 s).
1b) fully isometric contractions. We introduce the term ‘fully isometric’ for the isometric
force without a preceding shortening. This definition expresses the difference of the fully
isometric condition with respect to the post-shortening isometric force. After the set of
isotonic contractions the ‘fully’ isometric length-force relationship of the muscle was
determined from a separate series of fully isometric contractions. Starting from muscletendon complex active slack length, where active muscle force approached zero, isometric
contractions ( 400 ms, 80 Hz pulse trains) were performed at 1 mm increments until the
muscle-tendon complex length reached lmto+4 mm. Photographs of the muscle-tendon
complex were taken 100 (ms) before and 200 (ms) after the onset of tetanic stimulation.
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Figure 2. The effect of isotonic shortening on the isometric length-force characteristics of the rat GM. A & B.
typical examples of muscle-tendon complex length (lmt-lmto) total muscle force (F) during an isotonic
contraction. Muscle geometry and force were determined at the instant marked with the arrow. C. Isometric
endpoints of isotonic contractions (denoted by the symbols), initiated from three different muscle-tendon
complex lengths (lmto-4, lmto, lmto+4), together with the isometric lma-Fma curve (ISO). Each symbol represents the
isometric endpoints of four contractions against different loads, but with equal starting length. The horizontal
dotted lines represent the isotonic length-force trajectories. The time between the dots is constant (25 ms), hence
the distance between the dots represents the shortening speed. For reasons of clarity we only showed the lengthtrajectories for lmto+4.

2a) isokinetic experiments. Six muscles were exposed to the isokinetic protocol. Isokinetic
shortening history was manipulated in two ways: a) by a combination of altering shortening
range and initial length of the muscle-tendon complex (Fig. 3a). b) by altering shortening
speed of the muscle-tendon complex (Fig. 4a). Six different isokinetic conditions were used
(Table 1): four conditions with a shortening speed of 10 mm/s and shortening ranges of 1, 2, 3
and 4 mm (referred to as I1-10, I2-10, I3-10 and I4-10, respectively) and two conditions with
a shortening range of 3 mm and shortening speeds of 50 and 70 mm/s (referred to as I3-50
and I3-70, respectively). Note that the initial length of the isokinetic contractions were chosen
such that all contractions ended at the same muscle-tendon complex length. Length-force
relationships were determined from series of contractions. Starting at muscle-tendon complex
active slack length, series of contractions were performed at 1-mm increments until the
muscle-tendon complex end length reached lmto+4 mm.
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Figure 3. The effect of isokinetic shortening range on the post-shortening isometric length-force characteristics
of the rat GM. A & B. typical examples of muscle-tendon complex length (lmt-lmto) total muscle force (F) during
of isokinetic contractions with a shortening speed of 10 mm/s and different shortening ranges (1-4 mm).
Shortening protocol for each contraction is indicated. Muscle geometry and force were determined at the instant
marked with the arrow. C. The post-shortening isometric lma-Fma curves for different isokinetic shortening
ranges. Vertical dashed lines indicate the range of optimum muscle lengths. D. Fma as a function of deviations in
optimum muscle length (lma-lmao) for the corresponding isokinetic shortening ranges. The fitted curves are
represented as mean + SE (n=6).

The timing of the stimulation protocol was similar to the one used in the isotonic experiments.
The tetanic contraction started isometrically and was followed by an isokinetic concentric
phase that stopped 650 ms after the onset of stimulation. The concentric phase was followed
by an isometric phase of 350 ms. Note that the duration of the first isometric phase and the
concentric phase were variable with the isokinetic condition. Active muscle force was
measured at the second isometric plateau. Passive muscle force was measured between the
tetanic contraction and the second twitch. A photograph of the muscle-tendon complex was
taken at the second isometric plateau, 850 ms after the onset of tetanic stimulation. After each
contraction the muscle was brought near slack length, where the muscle was allowed to
recover for two minutes.
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Figure 4. The effect of isokinetic shortening speed on the post-shortening isometric length-force characteristics
of the rat GM. A & B. typical examples muscle-tendon complex length (lmt-lmto) and total muscle force (F)
during isokinetic contractions with a shortening range of 3 mm and different shortening speeds (10, 50 & 70
mm/s). Shortening protocol for each contraction is indicated. Muscle geometry and force were determined at the
instant marked with the arrow. C. The post-shortening isometric lma-Fma curves for different isokinetic shortening
speeds. Vertical dashed lines indicate the range of optimum muscle lengths. D. Fma as a function of deviations in
optimum muscle length (lma-lmao) for the corresponding isokinetic shortening speeds. The fitted curves are
represented as mean + SE (n=6).

2b) fully isometric contractions. Each series of six isokinetic contractions was followed by a
fully isometric contraction (ISO) performed at the same end length. For the fully isometric
contractions the same stimulation protocol was used as for the isokinetic contractions. A
photograph of the muscle-tendon complex was taken 850 ms after the onset of stimulation.
For subsequent lengths the contractions were performed in the following order: I1-10, I2-10,
I3-10, I3-50, I3-70, I4-10 and ISO.
Recovery experiments. In two muscles the time course of the recovery from shortening
induced force decrease was studied with repeated isometric tetanic contractions. At optimum
muscle-tendon complex length, isometric tetanic contractions with (I3-10) and without (ISO)
isokinetic shortening were succeeded by a second tetanus (400 ms, 80 Hz pulse train) after
0.4, 5, 10 and 20 seconds of rest. Recovery from the shortening induced force decrease was
calculated as the difference in isometric force (∆Fma) of the second tetanus between the postshortening condition and the fully isometric condition.
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Table 1. Characteristics of the isokinetic contractions. The names of the conditions refer to the shortening range
and the shortening speed. ∆l is shortening range, v shortening speed and t is the duration of the shortening.

condition

∆l (mm)

v (mm/s)

t (ms)

I1-10

1

10

100

I2-10

2

10

200

I3-10

3

10

300

I4-10

4

10

400

I3-50

3

50

60

I3-70

3

70

43

Data collection and treatment. The synchronization signal from the camera as well as the
length and force signals from the ergometer were recorded simultaneously by a
microcomputer (sampling rate 1,000 Hz). . This data in combination with the photographs
were used for the post-experimental determination of length-force curves. Photographic
images of the muscle-tendon complex were projected (magnification 10 times life size) and
analyzed using a digitizing system (Grafbar, Scientific accessory corporation, Southport, CT,
USA, resolution 0.01 mm). Distances between the markers on the muscle-tendon complex
yielded estimates for lengths of muscle belly, distal fiber and proximal aponeurosis. It should
be noted that any effect of curvature of fiber and aponeurosis was neglected by this method.
Active force (Fma) was estimated by subtracting passive force from the total force exerted by
the muscle. Length-force curves were constructed from the muscle belly length data obtained
from the photographs and the calculated active force data. Fully isometric and post-shortening
isometric length-force data were fitted with a polynomial function.
y = a 0 + a1 ⋅ l ma + a 2 ⋅ l ma + .. + a n ⋅ l ma
2

n

(1)

where y represents active muscle force, lma represents active muscle length and a0..an are the
polynomial coefficients. The same fitting procedure was applied to data concerning the
relationships between active muscle length and distal fiber length as well as proximal
aponeurosis length. In this case y represents either distal fiber length or proximal aponeurosis
length. Polynomial functions were selected that described the data most adequately (see
Statistics). The fitted curves where used to calculate the mean values of active muscle force,
distal fiber length and proximal aponeurosis length for a given muscle length. Furthermore,
estimates of optimal muscle force (Fmao, defined as the maximum value of the polynomial
function within the length range studied), muscle optimum length (lmao, defined as the muscle
length corresponding to Fmao) and active muscle slack length (lmas, defined as the smallest
length at which the fitted curve approached zero active muscle force) were obtained from the
fitted curves.
30

Length-force characteristics

Derivation of length-force curves valid during shortening. Since it is experimentally laborious
to actually measure the length-force curve during shortening we have used an indirect method
to determine it. The isometric length-force curves valid during isokinetic shortening were
derived from the isometric post-shortening length-force data. For this purpose we used the
data obtained after isokinetic contractions with a shortening speed of 10 mm/s and shortening
amplitudes of 1 mm - 4 mm. The curves were constructed by connecting isometric postshortening length-force data of which the preceding concentric contractions had the same
starting length but increasing shortening amplitudes (1-4 mm). The assumption made in this
procedure is that post-shortening isometric length-force data gives an estimate of the change
that has occurred in the length-force curve during the isokinetic shortening phase.
Statistics. One way ANOVA (Neter, Wasserman & Kutner, 1990) was used to select the order
of the polynomial functions which were used to fit the relationships between muscle length
and muscle force, fiber and aponeurosis length.
One way ANOVA for repeated
measurements was used to test for effects of shortening condition on optimal muscle force,
muscle optimum length, active slack length and the length range between optimum muscle
length and active slack length. A two way ANOVA (shortening condition and muscle length)
for repeated measurements was carried out to test for effects of shortening condition on
muscle force, distal fiber length and proximal aponeurosis length within the muscle length
range between 25.4 mm and 33.4 mm. Post Hoc tests among factor level means were carried
out using the Bonferroni procedure for multiple pair-wise comparisons to locate differences
among shortening histories. A difference at P < 0.05 was considered significant.
Table 2. Effect of isokinetic shortening condition on lmao, Fmao, lmas and active length range of rat GM. Values
are means ± S.E., n=6. lmao, muscle optimum length, Fmao, optimal active muscle force, lmas, active slack length ,
GM is medial gastrocnemius muscle of the rat. (*,$,#) Significant difference ( 1-way ANOVA for repeated
measurements using Bonferroni post hoc test, (*: P<0.05, $: P<0.01, #: P<0.001) ) with respect to the ISO
condition

condition

lmao (mm)

Fmao (N)

lmas (mm)

lmao-lmas (mm)

ISO

31.41 ± 0.53

8.54 ± 0.40

22.74 ± 0.37

8.66 ± 0.25

I1-10

31.21 ± 0.59

8.13 ± 0.40 #

23.05 ± 0.51

8.16 ± 0.33 #

I2-10

31.31 ± 0.50

7.79 ± 0.36 #

23.16 ± 0.45

8.15 ± 0.29 #

I3-10

31.06 ± 0.57 *

7.46 ± 0.35 #

23.18 ± 0.50

7.88 ± 0.27 #

I4-10

30.97 ± 0.49 $

7.00 ± 0.34 #

23.52 ± 0.42 #

7.44 ± 0.27 #

I3-50

31.21 ± 0.54

7.91 ± 0.35 #

23.37 ± 0.49 $

7.84 ± 0.26 #

I3-70

31.28 ± 0.48

8.03 ± 0.34 #

23.44 ± 0.34 #

7.85 ± 0.27 #
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Results
Isotonic experiment. Figure 2 shows typical examples of muscle-tendon complex length and
muscle force as a function of time for an isotonic contraction. At the instant the force was
lowered there was an initial rapid shortening that subsequently slowed down towards an
isometric situation. Figure 2c shows isotonic length-force trajectories for isotonic contractions
initiated at three different muscle lengths (lmto-4, lmto & lmto+4) as well as the fully isometric
length-force relationship. The isometric endpoints of the isotonic shortenings can be
compared to the fully isometric length-force relationship. The main observation is that
isotonic shortening stopped at muscle lengths for which fully isometric force is 3% to 59 %
larger than the isotonic force level. Consequently, the observed isotonic shortening range was
less then anticipated on the basis of the fully isometric length-force relationship. The absolute
difference between measured and theoretically expected shortening range varied from 0.3 mm
to 5.3 mm. For a given isotonic force level the discrepancy between the measured and
expected shortening range increased with increasing muscle length. Furthermore, the
discrepancy was largest for contractions with high force levels, where shortening speed is
low. These results indicate that GM length-force characteristics change during isotonic
shortening. This is in accordance with previous observations made on frog and cat muscles
(Deleze, 1961; Vance et al., 1994). The change is characterized by a reduction in isometric
force that depends on the shortening conditions, i.e. initial length and force level of
contraction.
Isokinetic experiments. Figure 3 shows typical examples of the muscle-tendon complex length
and muscle force as a function of time for different shortening ranges. Isometric force
redeveloped after shortening was reduced with respect to the force of a fully isometric
contraction. An increase in shortening range from 1 mm to 4 mm was accompanied by a
decrease in isometric force redeveloped (Fig. 3b). Note that at the end of the contraction the
fully isometric force and the redeveloped isometric force were still slowly converging.
Consequently, the force differences between the conditions may have been overestimated a
little. Furthermore, note that the difference in redeveloped isometric force between the
conditions was already present at the very end of the shortening phase.
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Figure 5. Effect of shortening on the architectural characteristics of rat GM. A. Active fiber length (lfa) as a
function of active muscle length (lma). B. Active aponeurosis length (laa) as a function of active muscle length
(lma). The fitted curves are represented as mean + SE (n=6) for the six shortening conditions as well as the fully
isometric condition.

The average active length-force curves of the rat GM (n=6) after shortening as well as the
fully isometric length-force curve are shown in Fig. 3c. The characteristics of the length-force
curves determined with the isokinetic protocol are summarized in Table 2. Two way ANOVA
for repeated measurements revealed a significant effect of shortening condition on muscle
force (F[6,170] = 59.5). A significant interaction (F[24, 170] = 3.1) between the effect of
shortening condition and muscle length on muscle force was found, which means that the
effect of shortening on muscle force is length dependent. One way ANOVA for repeated
measurements showed that shortening conditions had a significant effect on optimal muscle
force, optimum muscle length, active slack length as well as the length range between
optimum muscle length and active slack length (F[6,30] = 142.3, 3.5, 6.0, 33.5 respectively).
Active shortening resulted in a significant reduction of optimal muscle force in all shortening
conditions with respect to optimal force in the ISO condition (Table 2), the largest reduction
(18 %) was found in the I4-10 condition. It appeared that a 1 mm increase in shortening range
was attended by a significant decrease in optimal muscle force. Optimum muscle length was
significantly shifted to lower lengths by approximately 0.4 mm (I4-10) with respect to the
ISO condition (Table 2). Furthermore, optimum muscle length for the I4-10 condition was
significantly decreased with respect to the I2-10 condition. Active slack length was
significantly shifted to higher lengths by approximately 0.8 mm (I4-10) with respect to the
ISO condition (Table 2). The shortening induced shifts in optimum muscle length and active
slack length resulted in a significant 14 % narrowing of the length range between optimum
muscle length and active slack length with respect to the ISO condition.
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Figure 6. Derived lma-Fma curves during isokinetic contractions with a shortening speed of 10 mm/s (thick
continuous lines). Curves are shown for different start lengths. The dashed curves represent the post-shortening
isometric lma-Fma curves for isokinetic contractions with different shortening ranges as well as the fully isometric
lma-Fma curve.

Post hoc tests revealed that an increase in shortening range is accompanied by a significant
narrowing of the length-force curve.
Figure 4 shows typical examples of the muscle-tendon complex length and muscle force as a
function of time for different shortening speeds. For all studied shortening speeds the
isometric force redeveloped after shortening fell below the fully isometric force. Note that the
shortening speed of 10 mm/s resulted in the smallest redevelopment of force. The force
redeveloped after shortening with speeds of 50 and 70 mm/s was almost the same being
somewhat larger after shortenings of 70 mm/s. These observations are consistent with those of
Marechal & Plaghki (1979). The average active length-force curves (n=6) after shortening as
well as the fully isometric length-force curve are shown in figure 4c. With respect to the ISO
condition shortening speed induced qualitative similar changes in the length-force curves as
shortening range history did. Optimal muscle force was significantly decreased in all
conditions (Table 2). Furthermore, optimal muscle force for the I3-10 condition was found to
be significantly smaller than for I3-50 and I3-70 conditions. Optimum muscle length in the
I3-10 condition was significantly decreased and active slack length was significantly
increased in all shortening conditions with respect to the ISO condition (Table 2). These shifts
resulted in a significant narrowing of length range between optimum length and active slack
length with respect to the ISO condition. However, there was no difference in length range
between shortening speed conditions.
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Figure 7. The effect of rest on the force recovery from shortening history in rat GM. The difference in isometric
force (∆Fma) between the post-shortening and the fully isometric conditions is plotted against the rest period (t). The
data for two individual muscles is shown (individual muscles represented by the symbols)

Fiber and aponeurosis lengths. The average relationships between active muscle length,
distal fiber length and proximal aponeurosis length of the rat GM are shown in Figure 5.
Shortening history seems to have little influence on the architectural characteristics of the
GM. Two way ANOVA did not reveal a significant effect of shortening history on either the
distal fiber length or the proximal aponeurosis length. This indicates that shortening history
does not seriously influence muscle geometry. Therefore, we concluded that the observed
shifts in optimum muscle length (Fig. 3c and 4c) cannot be explained from a changed
interaction between the muscle fibers and the elastic aponeurosis.
Derived length-force characteristics during isokinetic shortening. Figure 6 shows parts of the
derived length-force curves of the rat GM during isokinetic contractions with a velocity of 10
mm/s (thick continuous lines). The first striking observation is that the derived length-force
relationship during concentric contraction depends on the initial length of the contraction. For
contractions starting from or below optimum muscle length the derived length-force curve
during shortening remains near the fully isometric curve. However, contractions initiated
above optimum muscle length show a considerable deviation from the original isometric
curve. Note that the length-force curves during shortening do not show a distinct optimum
length. Muscle force decreases progressively with decreasing muscle length. The observation
that the difference in redeveloped isometric force between shortening conditions is already
present at the very end of the shortening phase (Fig. 3b) lends support to the assumption that
length-force characteristics during shortening can be infered from post-shortening isometric
length-force data.
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Recovery experiments. Figure 7 shows for two muscles the difference in isometric force
(∆Fma) between the post-shortening condition and the fully isometric condition plotted after
different periods of rest. It can be seen that a short period of inactivation (400 ms) results in a
rapid recovery of approximately 70 % of the force difference. This initial rapid recovery is
followed by a slower recovery of the last 30 % of the force difference. These results indicate
that the effect of shortening on isometric muscle force is not immediately gone after a brief
period of inactivation but remains present for some time.

Discussion
The main result of the present study is that, for rat GM, the length-force curves during
isokinetic shortening, derived from post-shortening isometric length-force data, deviate
considerably from the fully isometric length-force relationship. The curves during shortening
have a lower amplitude and more important they do not show a distinct optimum muscle
length. For isokinetic contractions that start from 4 mm over the fully isometric optimum
muscle length, the length-force curve during contraction shows a 4 mm wide force plateau,
instead of the expected increase in force towards optimum muscle length (Fig 6). The lengthforce curve during contractions that are initiated below optimum muscle length remain near
the purely isometric length-force curve, although they do have a lower amplitude.
In accordance with previous studies on frog muscles (Abbot & Aubert, 1952; Deleze, 1961;
Marechal & Plaghki, 1979), we found that post-shortening isometric muscle force strongly
depends on the shortening characteristics (Fig 3b & 4b). The results of our isotonic and
isokinetic experiments clearly demonstrate that the length-force curve during concentric
contractions is controlled by the initial conditions, i.e. starting length, as well as the
conditions during contraction, i.e. shortening velocity.
Vance et al. (1994) constructed the length-force curve during load moving contractions from
the isometric endpoints of load moving contractions with very different shortening histories.
Considering the fact that the length-force curve depends on the way the muscle has shortened,
this procedure involves the construction of a length-force curve from isometric endpoints that
are not properly related due to a variation of shortening history. It should be noted that a
similar drawback will exist for the construction of velocity-force curves. In general, these
curves are constructed from series of concentric contractions with different shortening speeds,
which are initiated from over the fully isometric optimum muscle length. Thus, individual
velocity-force data will have different shortening histories. Combining these points into a
single relationship will lead to an underestimation of the true velocity-force properties,
especially at slow shortening speeds.
For our understanding of muscle function, it is important to identify whether shortening
induced force decrease originates from the contractile mechanism or can be attributed to
changes in the muscle’s geometry. Vance et al. (1994) suggested that in pennate muscles part
of the post-shortening force decrease is related to changes in muscle geometry. In contrast to
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their suggestion, we did not find any evidence for a shortening induced change in muscle
geometry in the post-shortening isometric phase (Fig. 5), despite the fact that there was a
considerable force decrease. Compatible with this, Zuurbier and Huijing (1991) found that,
for pennate GM, the geometry during shortening is very similar to that observed in isometric
conditions. These results indicate that changes in muscle geometry cannot account for the
observed force decrease after shortening. It is more likely that the phenomenon is related to
processes within the muscle fibers. This is in agreement with many studies on single fibers,
which have consistently shown post-shortening force decrease (Buchthal & Kaiser, 1951;
Colomo, Lombardi & Piazzesi, 1986; Edman, 1975; Edman, 1980; Edman, Caputo & Lou,
1993, Gordon et al., 1966, Granzier & Pollack, 1989; Julian & Morgan, 1979; Sugi &
Tsuchiya, 1988). These results indicate that shortening induced force decrease is a general
feature of muscle function. Therefore, it is important to identify the mechanism involved in
shortening induced force decrease and it is even more important to identify its role during in
vivo movements.
Muscle architecture and fiber shortening. Before we will discus possible mechanisms at the
fiber level, we first need to establish how shortening of rat GM relates to shortening of its
fibers. For rat GM it has been found that during isokinetic contractions part of the muscle
shortening is taken up by aponeurosis shortening and changes in pennation angle (Zuurbier &
Huijing, 1992). Hence, during concentric contractions, rat GM will shorten more and faster
than its fibers, especially at low muscle lengths. Consequently, the shortening conditions of
the muscle cannot be related directly to post-shortening force decrease. Furthermore, it has
been shown that in rat GM the fiber optimum lengths are distributed with respect to muscle
optimum length (de Ruiter, de Haan & Sargeant, 1995; Roszek et al., 1994; Zuurbier &
Huijing 1993). Fiber optimum lengths have been found in the muscle length range of -0.6 <
(lma-lmao) < 1.5 mm (Roszek et al., 1994; Zuurbier & Huijing 1993). This means that, during
shortening from optimum muscle length, some fiber populations will actually shorten from
their descending limb. Initial length of contraction influences post-shortening force deficit
(Edman et al., 1993). Hence, during concentric contractions, some fibers within rat GM will
experience larger force decreases than others.
Despite the influence of GM architecture on the relationship between muscle and fiber
shortening, our results show a good qualitative agreement with those of Edman et al. (1993)
on single frog tibial anterior fibers.
Intra-cellular mechanisms. Post-shortening force deficit may result from a number of
intracellular mechanisms. Four studies aimed at determining the mechanism of shortening
induced force decrease (Edman et al., 1993; Granzier & Pollack, 1989; Julian & Morgan,
1979; Sugi & Tsuchiya, 1988) have shown that a decrease in fiber force after shortening is
always accompanied by an increase in the distribution of sarcomere lengths. Edman et al.
(1993) demonstrated that, for frog muscle fibers, the distribution of sarcomere lengths is
positively correlated to the decrease in isometric force after shortening. The agreement
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between the experimental results of our study and those of Edman et al. (1993) indicate that
non-uniform sarcomere behavior could be responsible for post-shortening force decrease
observed in whole muscle. Such non-uniform behavior can explain post-shortening force
decrease if it is assumed that, after concentric contractions, the fiber becomes isometric, while
the sarcomeres still operate dynamically (Edman et al., 1993). However, experimental results
from single fibers are equivocal with respect to this point. Sugi and Tsuchiya (1988) found
that the shortening induced distribution of sarcomere lengths did not seriously change during
the post-shortening isometric phase. They also found that the changes in fiber force during
and after shortening are paralleled by similar changes in fiber stiffness. Based on these two
observations they concluded that post-shortening force decrease is caused by some
mechanism that reduces the number of attached cross-bridges and not by distributed
sarcomere behavior. Another possibility, suggested by Granzier & Pollack (1989), is that at
least part of the post-shortening force deficit is due to an increase of metabolic fatigue.
Furthermore, several studies have indicated that active shortening de-activates the contractile
machinery (Edman, 1975, 1980; Colomo et al., 1986). However, shortening deactivation is
almost absent during tetanic contractions (Edman, 1975, 1980; Colomo et al., 1986). In
addition, shortening deactivation is insensitive to variations in shortening velocity (Edman,
1975). Considering these two observations, it is not likely that this specific mechanism plays a
major role in the post-shortening force decrease found in the present work.
It appears that even experiments performed at the muscle fiber level cannot provide
conclusive evidence regarding the mechanism of post-shortening force decrease. Therefore,
we can only speculate about the intra-cellular mechanism involved in post-shortening force
decrease in whole muscle. The possibility exists that a combined action of different
mechanisms is responsible for the shortening induced decreases in force in whole, for
example of metabolic fatigue combined with non-uniform sarcomere lengths in series
(Granzier & Pollack, 1989). Such a combination could explain the fast and slow phases of
force redevelopment observed in our recovery experiments (Fig 7). The fast recovery phase
could be associated with a rapid redistribution of the sarcomere lengths that is expected to
occur after the cessation of stimulation (Abbot & Aubert, 1952; Edman et al., 1993; Julian &
Morgan, 1979). The slow recovery observed in our experiments may be caused by the slow
recovery processes that are associated with metabolic fatigue (Fitts, 1994; Granzier &
Pollack, 1989).
Clearly, further work is needed to identify the mechanisms involved in post-shortening force
decrease in whole muscle.
Functional implications. The present work shows that the in situ derived length-force curve
during shortening of rat GM is quite different from the fully isometric relationship, especially
when contractions are initiated from over optimum muscle length. To establish the functional
importance of these effects we first need to consider how the studied muscle length-range
compares to in vivo locomotion of the rat. Combination of the results of Woittiez et al. (1985)
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relating muscle length and joint angle and data on hindlimb joint angles during locomotion of
the rat (Gruner, Altman & Spivack, 1980; Gruner & Altman, 1980), indicates that the muscle
length range studied is compatible with muscle lengths encountered during rat locomotion.
During the stance phase GM operates near optimum muscle length, while during the swing
phase GM is stretched from active slack length to well above optimum muscle length. This
indicates that the results of the present work have some functional importance.
We found that active shortening decreases isometric muscle force, especially at slow
shortening speeds. From this observation the conclusion may be drawn that the phenomenon
is task specific. Shortening will have a considerable influence on the length-force curve
during slow movements, but it may have little influence during ballistic movements that are
characterized by high muscle shortening speeds. A striking feature of the derived length-force
curve during slow isokinetic shortening is that isometric force remains constant for
contractions that are initiated from over optimum muscle length. This implies that muscle
force during shortening remains constant for a considerable muscle length range. This can
have several important consequences: 1) During shortening the fiber dynamics are
significantly influenced by the series elastic properties of tendon and aponeurosis (Ettema,
Soest & Huijing, 1990). If a muscle becomes stronger during shortening, part of the fiber
shortening will be taken up by the elongating series elastic structures. However, if force
remains constant during shortening, then the fibers will not elongate the series elastic
structures. Consequently, shortening induced changes in the length-force curve allow fiber
shortening to affect the skeletal system directly. According to this rationale shortening
induced changes in the length-force curve allow the fibers to operate at lower shortening
speeds during movement. 2) The absence of a descending limb within the muscle length
range studied ( i.e. up to 4 mm over fully isometric optimum muscle length), means that no
negative slope of the length-force curve was encountered. At the sarcomere level a negative
slope of the length-force curve is a potential source of instability (Morgan, 1990). Similarly,
at the level of the musculo-skeletal system a negative slope of muscle length-force curves can
be a potential source of instability. Hence, shape of the isometric length-force curve during
slow shortening, found in the present work, may provide the musculo-skeletal system with
instantaneous stability. Interestingly, the influence of shortening on length-force
characteristics of rats increases at old age (e.g. Kelly & McCarter, 1993). This may point to a
functional adaptation for increased stability. 3) The fact that isometric muscle force, during
slow shortening, remains constant over a considerable muscle length range could also be
advantageous from a motor control perspective. It means that a desired muscle force during
movement can be maintained by a constant input signal. This is expected to be easier than
continuously adjusting the input signal to correct for changes in muscle force.
Implications for muscle modeling. The results of the present study clearly demonstrate that the
traditional isometric length-force relationship, constructed from fully isometric contractions at
subsequent lengths, is a poor estimator of the muscle’s length-force characteristics during
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dynamic contractions. This finding contradicts the widespread idea among biomechanists that
the dynamic properties of maximally activated muscle are governed by two fundamental
relationships; the fully isometric length-force curve and the velocity-force curve (e.g.
Bobbert, Huijing & Ingen Schenau, 1986; Ingen Schenau, Bobbert, Ettema, Graaf & Huijing,
1988; Soest & Bobbert, 1993; van Leeuwen, 1992; Winters & Stark, 1987). However, most
muscle models are used in studies of ballistic movements (e.g. Bobbert, Huijing & van Ingen
Schenau, 1986; Soest & Bobbert, 1993), for which muscle shortening speeds are high. On the
basis of our results it is expected that under these conditions the effect of shortening on
length-force characteristics is quite small and may therefore be neglected. For the study of
daily movements, which tend to involve lower speeds, however, it will be important to
incorporate the influence of shortening on the muscles length-force characteristics.
There are indications that muscle models indeed need to incorporate shortening induced
changes in length-force curves. During the second World congress of Biomechanics (1994),
Jack Winters argued that an important prerequisite for the stability of musculo-skeletal
models is a positive slope of the length-force curve within the muscle’s operating length
range. Our results show that, for maximally activated GM, the slope of the length-force curve
during slow contraction is indeed positive for the entire physiological muscle length range.
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Abstract
The aim of the present study was to develop a Hill type muscle model that accounts for the
effects of shortening history. For this purpose a function was derived that relates force
depression to starting length, shortening amplitude and contraction velocity. History
parameters were determined from short-range isokinetic experiments on rat medial
gastrocnemius muscle (GM). Simulations of isokinetic as well as isotonic experiments were
performed with the new model and a standard Hill type model. The simulation results were
compared with experimental results of rat GM to evaluate if incorporation of history effects
leads to improvements in model predictions. In agreement with the experimental results, the
new model qualitatively described force reduction during and after isokinetic shortening as
well as the experimental observation that isometric endpoints of isotonic contractions are
attained at higher muscle lengths than is expected from the fully isometric length-force curve.
Consequently, the new model gave a better quantitative prediction of the experimental results
compared to the standard model. It was concluded that incorporation of history effects can
improve the predictive power of a Hill type model considerably. The applicability of the
model to conditions other than those described in the present paper is discussed.
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Introduction
Models of the musculo-skeletal system are valuable tools in the study of human movement.
An important prerequisite for their success is that they capture the main behavior of the
physiological system. In musculo-skeletal models, muscle is often represented as an actuator
whose force is related to its instantaneous length and velocity. This representation may be too
simple, since there is abundant experimental evidence that contractile properties of muscle are
altered by previous shortening. History effects are manifest in a number of ways:
1) Velocity during shortening against a constant force as well as force during constant
velocity releases depends on the starting length of contraction (Ingen Schenau et al., 1989;
Joyce et al., 1969).
2) Isotonic shortening generally stops at higher lengths than is expected from the isometric
length-force curve (Deleze, 1961; Meijer et al., 1997a; Vance et al., 1994).
3) Isometric force after isokinetic contractions is depressed with respect to the force of a
purely isometric contraction performed at the same length (Abbot & Aubert, 1952; Deleze,
1961; Marechal & Plaghki, 1979; Meijer et al., 1997a).
The impact of these effects can be quite large. For example, Vance et al. (1994) found that
load moving contractions can reduce isometric force of cat muscles by 20-40 %.
Research concerning history effects has primarily focused on the underlying mechanisms (e.g.
Edman, 1975; Edman et al., 1993; Granzier & Pollack, 1989; Marechal & Plaghki, 1979;
Morgan, 1990). However, considering the magnitude of these effects it may be important to
incorporate these effects into muscle models used for biomechanical analysis. To our
knowledge, the only attempt in this direction was made by Barratta et al. (1996). But their
model is only valid for load moving contractions.
The objective of this study was to develop a Hill type muscle model that accounts for history
effects. For this purpose a function was derived that relates force depression to muscle
shortening. Model parameters were determined from experiments on rat medial gastrocnemius
muscle. The improvement of the newly developed model with respect to a standard Hill
model was evaluated by comparing simulations of both models with experimental isokinetic
and isotonic contractions.

Methods
Hill muscle model
Contractions of the rat medial gastrocnemius muscle (GM) were simulated with a simple Hilltype muscle model. The model consists of a contractile element (CE), which represents the
contractile structures within the muscle (i.e. muscle fibers), in series with an elastic element
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(SEE), which represents all series elastics structures within the muscle-tendon complex. A
parallel elastic element is not included in the model. The arrangement of the elements, as well
as the relevant lengths within the model, are schematically represented in figure 1. Details
concerning of this type of model have been described extensively in the past (i.e. Ingen
Schenau et al., 1988).

Figure 1. Schematic representation of the arrangement of the contractile
element (CE) and series elastic element subdivided in a damped (SEEd) and
undamped part (SEEu). Lengths relevant for this study are indicated.

SEE is modeled as an undamped elastic element (SEEu) in series with a damped elastic
element (SEEd). SEEu force depends quadratically on SEEu strain (eq. 1). Parameters are
stiffness constant ksu and the slack length (lseeu,0 : the length where SEEu force is zero).
Fseeu (lseeu ) = k su ⋅ (lseeu − lseeu ,0 ) 2

1)

SEEd force depends linearly on SEEd strain and velocity (vseed) (eq. 2). Parameters are
stiffness constant ksd , damping constant kd and the slack length (lseed,0).
Fseed (lseed , v seed ) = k sd ⋅ (lseed − lseed , 0 ) + k d ⋅ v seed

2)

SEE properties were not determined experimentally, but were chosen such that the models
gave a good description of the force profile during an isometric contraction at optimum
muscle length. Slack lengths were arbitrarily set at 25 mm for lseeu,o and 5 mm for lseed,o and
SEE strain was assumed to be 4 % at maximal isometric force. Values for ksu and ksd were
calculated from the maximal isometric force of the experimental muscle under consideration
and kd was set at 100 (Ns/m), which is close to the value used by Ingen Schenau et al. (1988).
CE was modeled as a lumped fiber orientated in the line of work of the muscle-tendon
complex. CE behavior is governed by an isometric length-force curve and a velocity-force
curve. The isometric length-force is described by a polynomial function,
Fce (l ce ) = a o + a1 ⋅ l ce + a 2 ⋅ l ce + .... + a n ⋅ l ce
2

with coefficients (a0..an) and order (n).
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The relationship between contraction velocity (vce) and muscle force is described by the
classical hyperbolic Hill function (Hill 1938),
 F ( l ) ⋅ b − v ce ⋅ a 
Fce ( lce , v ce ) =  ce ce

v ce + b



4)

with Hill coefficients a and b. Note, that the velocity-force relationship scales with muscle
length. In the present paper we will refer to equation 4 as the standard model.
Modeling history effects
The new aspect of the model is a function that describes how CE force is depressed during
active shortening. For a given muscle target length, depression of isometric force (∆Fce)
depends linearly on shortening amplitude (∆lce ) (Edman, 1975; Marechal & Plaghki, 1979;
Meijer et al., 1996). Furthermore, for a given contraction velocity, there is a linear
dependence between muscle length (lce) and the quotient (S) of ∆Fce and ∆lce (Meijer et al.,
1996) such that,

S ( lce ) = A1 ⋅ lce + Ao

5)

with A0 and A1 as the regression coefficients. This function describes the influence of starting
length (lce(i)) and ∆lce on ∆Fce. Equation 5 was normalized for maximal isometric force.
To incorporate the influence of velocity on ∆Fce (Marechal & Plaghki, 1979; Meijer et al.,
1997a), a weight factor (γ) is introduced which is exponentially related to shortening velocity,
 − v ce 


α 

γ ( v ce ) = e 

+β

6)

with coefficients α and β. In accordance with the observations of Marechal and Plaghki
(1979), it was assumed that α and β are independent of muscle length.
For a concentric contraction, with a given lce(i), ∆lce and vce, relative depression of isometric
force is determined by integration of equation 5 over the defined shortening range and
multiply it with equation 6 according to:
lce ( i )

∆Fce (lce (i ) , ∆lce , v ce ) = γ (vce ) ⋅

∫ S (l ) ⋅ d l

7)

( lce ( i ) − ∆lce )

Combining equations 4 and 7 allows for a description of muscle force during any concentric
contraction in terms of actual length, starting length, shortening amplitude and velocity:
Fce ( lce, lce( i ) , ∆lce , v ce ) = Fce ( lce , v ce ) ⋅ (1 − ∆Fce ( lce( i ) , ∆lce , v ce ))

8)

Equation 8 is referred to as the modified model. Since only fully activated muscle is studied,
normalized level of activation is set at unity during the simulations.
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Figure 2. Relationships that describe history effects. a) A typical example of the relationship between muscle
length (lce-lceo) and the quotient (S) between depression of isometric force and shortening amplitude. S is
normalized by maximal isometric force. b) The velocity dependence (γ) of force depression. (‘ • ‘ =
experimental data, ‘—‘ = function fitted to the data). c) Experimental isometric force (Fce~), normalized for the
maximal isometric force at the start of the contraction, as a function of contraction time within the muscle length
range of -4 (mm) < lceo < 2 (mm).

Experimental characterization of the model.
Parameters for CE were determined from experiments performed on in situ medial
gastrocnemius muscle (GM) of 10 male Wistar rats. Guidelines and regulations according to
Dutch law on animal welfare were followed. The animals were anaesthetized with sodium
pentobarbital (initial dose 9.6 mg/100 g body mass). Ambient temperature and humidity were
controlled at 22 ± °C and 76 % respectively by an air flow system (Holland Heating). Surgical
procedures and experimental setup are extensively documented (Meijer et al., 1997a).
Contractions were induced by supramaximal stimulation (pulse width 0.1 ms, constant current
3 mA, 80 Hz) of the sciatic nerve. Part of the presented experimental data has been published
elsewhere (Meijer et al., 1997a)
For each muscle the isometric length-force curve (eq. 3) was determined from a series
isometric contractions performed at different muscle lengths. Active muscle force was
determined at the force plateau. To exclude the influence of the tendon, force was related to
muscle belly length which was determined from photographs taken during the contraction.
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For six muscles the relationship between lce and S (eq. 5) was determined from a series of
short range isokinetic contractions (v=10 mm/s) with different shortening amplitudes (1-4
mm) that ended at the same target length. To determine force depression the isokinetic series
was followed by a fully isometric contraction performed at the same muscle length. The
protocol was repeated for a large number of target muscle lengths in the range of active
muscle slack length and 4 mm over optimum muscle length (lceo). For each target length force
depression was determined and divided by shortening amplitude to obtain quotient S.
Subsequently, S was normalized to maximal isometric force and plotted against the average
muscle belly length during the isokinetic shortening phase.
For one muscle the velocity-force curve (eq. 4) was determined from a series of isokinetic
contractions that ended their shortening at the fully isometric optimum muscle length.
Shortening amplitude of the contractions was 4 mm, shortening velocity ranged from 10 to 70
mm/s. Muscle force was determined at the end of each shortening phase, where force was
virtually constant (i.e. SEE influence small). Experimental data of the same muscle was also
used to determine the relationship between vce and γ (eq. 6). For this purpose the muscle was
allowed to redevelop isometric force after the concentric phase. To determine γ the
redeveloped force was subtracted from the force developed in a fully isometric contraction at
optimum muscle length. Since, it is inevitable that the data used to determine the coefficients
of equation 5 incorporates the effect of shortening velocity (in our case v=10 mm/s), the
calculated force depressions were normalized for the depression observed at a v=10 mm/s.
Values for the coefficients of equations 3 to 6 were determined by fitting the equations to the
experimental data using a least squares procedure. The order (n) of polynomial equation 3 that
described the experimental length-force data most adequately was selected using a one way
ANOVA.
Note, that CE parameters are determined for GM muscle belly (fibers including the
aponeurosis). Hence, any influence of pennation angle or distribution of fiber optimum
lengths on CE properties (see also Huijing, 1995) are implicitly incorporated. This also means
that some SEE behavior of the aponeurosis is incorporated in CE properties.
Simulations.
The following experiments were simulated with both the modified model and the standard
model. Simulation results were compared with experimental results on rat GM.
1. Short range (2 & 3 mm) isokinetic contractions with different starting lengths (protocol
shown in fig. 3a) as well as different contraction speeds (10 & 50 mm/s) (protocol shown
in fig. 4a).
2. Isokinetic contractions (∆l = 1-12 mm, v = 10 mm/s) with shortening amplitudes larger
than those used to determine parameter values for equations 5 and 6 (protocol shown in fig.
5a). The contractions were initiated from optimum length of the isometric length-force
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curve as well as 4 mm over this length such that a large part of the active GM length range
was covered.
3. Isotonic contractions against loads of 20-75 % of maximal isometric force. (protocol
shown in fig. 6a). Contractions were initiated from the ascending limb as well as the
descending limb of the fully isometric length-force curve. Experimental time-muscle
length data was low pass filtered (fourth order Butterworth, cut off frequency 100Hz) and
numerically differentiated to obtain velocity data.

Table 1. Coefficients (A0,A1) of equation 5 for individual rat medial gastrocnemius muscles. r =
correlation coefficient, * = significant correlation P<0.05, lceo is the optimum muscle length, Fceo is
the maximal isometric force.

Muscle

A0

A1

r

lceo (mm)

Fceo (N)

1

0.0420

0.00389

0.42*

31.98

8.41

2

0.0353

0.00422

0.91*

31.92

8.98

3

0.0528

0.00592

0.72*

31.30

8.52

4

0.0347

0.00740

0.82*

28.67

6.61

5

0.0387

0.00561

0.98*

32.85

9.78

6

0.0431

0.00563

0.93*

31.71

8.96

mean

0.0411

0.00544

31.41

8.54

SE

0.0027

0.00052

0.59

0.43

Results
Parameter values.
Parameter values for the standard Hill model fell within the range previously reported for rat
GM (e.g. Ettema & Huijing, 1994; Zandwijk et al., 1996). Experimental isometric lengthforce data of individual muscles were accurately described by equation 3 (see also Meijer et
al., 1997a). Similarly, equation 4 gave a good description of the experimental force-velocity
data. Maximal shortening velocity (Vmax), calculated from the fitted relationship, was 140
(mm/s) and the dimensionless Hill coefficients were: a/Fceo = b/Vmax = 0.24.
The functions that described the history effects (eq. 5 & 6) fitted the experimental data well
(fig. 2). Linear regression analysis revealed a significant high correlation between
experimental data and the fitted equation 5 for all six muscles (table 1). The positive slope
found for this function means that force depression increases with muscle length. Also note
that the intercept of S with the length axis is attained well below optimum muscle length.
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There was also a high correlation (r=0.99) between equation 6 and the experimental data.
Values for coefficients α and β of equation 6 were 0.42 and 21.2 respectively.
Isometric fatigue played a considerable role in our experimental data. For the muscle length
range -4<lceo<2 mm isometric force, normalized for the maximal isometric force at the
beginning of the contraction, decreases linearly in time at a rate of approximately 10 % per
second (Fig 2c). In the muscle models this rate was used to account for isometric fatigue.
Simulation results.
1) Figures 3 and 4 show experimental as well as simulated time-force traces of isokinetic
contractions with different starting lengths and velocities that ended their shortening at
optimum muscle length. The experimental traces in figure 3b clearly show that shortening
reduces isometric force and that the depression is enhanced when starting length is increased.
They also show that force during shortening continuously declines although the muscle is
shortening towards optimum muscle length. From figure 3d it can be deduced that the
modified model adequately describes force depression during as well as after shortening,
whereas standard model (fig. 3c) evidently fails to do so. The experimental traces in figure 4b
show that the depression of force is largest for slow shortening speeds. This behavior is also
described by the modified model (fig. 4d), but it is not predicted by the standard model (fig.
4c). Incorporation of shortening history effects in the model improved model predictions
considerably. Maximal errors between the experimental and predicted force of the different
isokinetic contractions, ranged from 12-22% for the standard model and ranged from 7-11 %
for the modified model. Note, that the errors were largest for the first 100 ms after shortening.
In this phase the experimental force redevelops very slowly, a feature that is not predicted by
either model.
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Figure 3. Short range isokinetic contractions with different shortening amplitudes (∆l = 2 & 3 mm, v= 10 mm/s)
compared to a fully isometric contraction (ISO) at the same target length. a) The time -length protocol. Origininsertion lengths (loi) are expressed as deviations from the optimum origin insertion length (loio). Corresponding
time-force traces are shown for: b) experiments, c) standard model and d) modified model. Force is normalized
for maximal isometric force (Fce/Fceo).

2) Figure 5c shows the isometric force redeveloped after shortening for different end lengths
together with the fully isometric length-force curve. The experimental data shows that
isometric force after shortening is depressed with respect to fully isometric force for all
studied muscle lengths. Force depression was largest for contractions that were initiated at
lceo+4 mm and it persisted for at least 600 ms after shortening (fig. 5b). An unexpected feature
was that at small muscle lengths (lce-lceo < -6 mm) force depression was virtually independent
of starting length and thus shortening amplitude. The force depression predicted by the
modified model showed a good agreement with the experimental data. For contractions
initiated from the descending limb the modified model somewhat overestimated the force
depression at muscle lengths below optimum length.
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Figure 4. Short range isokinetic contractions with different shortening speeds (v = 10 & 50 mm/s, ∆l= 3mm)
compared to a fully isometric contraction (ISO) at the same target length. a) The time -length protocol. Origininsertion lengths (loi) are expressed as deviations from the optimum origin insertion length (loio). Corresponding
time-force traces are shown for: b) experiments, c) standard model and d) modified model. Force is normalized
for maximal isometric force (Fce/Fceo).

For this specific experimental protocol the force predicted by the standard model coincides
with the fully isometric length-force curve. Note, that mean values for history parameters
were used in these simulations.
3) Figure 6 shows the experimental as well as the simulated results for isotonic contractions
against a low (30 %) and a high (60%) load. Contractions were initiated at 4 mm above
optimum muscle length. In the simulations we only considered the concentric phase of the
contraction. Principally, SEE strain is assumed to be constant during this constant force phase,
but the small damping component in the SEE model allows for some SEE shortening.
However, this effect (less than 0.2 mm in 10 ms) had a negligible influence on the simulation
results and therefore SEE was excluded in the simulations. For the 60 % load, the modified
model accurately predicted the time-length and length-velocity traces (fig 6b,c).
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Figure 5. Isometric length-force data after isokinetic length changes. a) Experimental length protocol. Origininsertion lengths (loi) are expressed as deviations from the optimum origin insertion length (loio). b)
Corresponding time-force traces. Vertical dashed lines indicate the instant at which the length-force data were
collected. c) Experimental isometric length-force data determined after shortening (• & ∆) and fully isometric
length-force curve (‘ ‘) as well as the post-shortening length-force data of the modified model (‘- -‘). Muscle
lengths (lce) are expressed as deviations from optimum muscle length (lceo). Force is normalized by the maximal
isometric force (Fce/Fceo).

±

In contrast, the standard model clearly overestimated both shortening range and velocity. For
contractions against the 30 % load the modified model only predicted better in the early phase
of contraction. The modified model also predicted the characteristic early stop that is
observed in many isotonic experiments (fig. 6d). After 600 ms of isotonic shortening, the
difference in final length between experiments and simulations ranged from 0-0.8 mm for the
modified model and from 0.1-1.9 mm for the standard model.
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Figure 6. a) Examples of isotonic contractions against a 30 % and a 60 % load. The arrow indicates region of
interest. b) Muscle length (lce-lceo) as a function of time in the region of interest. c) Shortening velocity (vce) as a
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predicted by the modified model) . Note, that figure d shows data for more isotonic contractions than are showed
in fig. a-c. Force is normalized by the maximal isometric force (Fce/Fceo).
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Discussion.
In the present study a Hill type muscle model was developed that accounts for the effects of
shortening history. The history parameters were determined from experiments in which the
muscle was shortened by small linear length changes. The modified Hill model describes the
history effects during short range isokinetic contractions well (fig. 3 & 4). Furthermore, it
gives a good description of force depression after large length changes (fig. 5) and it predicts
non-linear length changes observed during isotonic contractions (fig. 6). Due to the
incorporation of shortening history in the model the errors in predicted force and length
traces are reduced by 50 percent. The good performance of the model in different contractions
indicates that it captures the main features of shortening history in maximally activated
muscle. Hence, the model presented is more versatile than that of Baratta et al. (1996), which
is only valid for load moving contractions.
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Equations 5 and 6 clearly improve the predictive power of the Hill model. However some
history effects are not accounted for by the model. For example, the model does not account
for recovery from force depression. During sustained contractions force depression lasts for
several seconds and recovery of force is very slow (Herzog & Leonard, 1997; Meijer et al.,
unpublished observations). This indicates that in sustained contractions recovery mechanisms
may not be very important. However, interrupting stimulation of the muscle results in an
almost instantaneous recovery from force depression (Abbot & Aubert, 1952; Meijer et al.,
1997a; Herzog & Leonard, 1997). Hence, it will be important to incorporate recovery in the
model if it is used, for instance, to study locomotion in which muscles are periodically
activated.
Another feature that is not predicted well by the modified model is the slow redevelopment of
force after shortening. This is indicated by the fact that the maximal errors in predicted
muscle force are found during this redevelopment phase. It is possible that shortening affects
SEE properties. In accordance with this it has been found that shortening reduces muscle
stiffness (Meijer et al., 1997b; Sugi & Tsuchiya, 1988). Such a reduction can cause a slowing
of force development. However, additional simulations performed with lower values for SEE
stiffness indicated that this effect is only marginal. Theoretically, the effect could be
accounted for if shortening alters the force-velocity characteristics (i.e. Hill coefficients and
maximal shortening velocity) such that the muscle becomes slower. However, there is no
experimental evidence for such changes. In fact Edman (1980) found that the maximal
shortening velocity is unaffected by previous shortening. An additional argument against this
idea is that force during isokinetic contractions is accurately predicted by the modified model
(fig. 3 & 4), which indicates that the force-velocity curve used in the model is valid. The
slowing of force development may also be caused by alterations in muscle activation. In
accordance with this view Edman (1975, 1980) found that shortening temporarily deactivates
the contractile system thereby causing a transitory depression of force. He also found that the
depressant effect of this mechanism, referred to as shortening deactivation, is most effective at
submaximal levels of activation. These observations indicate that the performance of the
model could be further improved by adding a history dependent activation function.
Interestingly, depression of isometric force during submaximal activation is transient,
independent of velocity and quadratically related to sarcomere length (Edman, 1975, 1980).
These characteristics are distinctly different from those found in the present study. It is
important to note that besides shortening deactivation several other mechanisms may be
responsible for force depression after shortening e.g. metabolic fatigue (Granzier & Pollack,
1989), stress inhibition of actin binding sites (Marechal & Plaghki, 1979; Herzog & Leonard,
1997) and heterogeneity of sarcomeres in series (Edman et al., 1993; Morgan, 1990). The
relative contribution of each mechanism may depend on variables such as muscle length,
activation and time history of contraction. This raises the question whether the functions
formulated in the modified model can be applied successfully to other types of contraction as
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well. It is difficult to answer this question a priori, because at present there is little
quantitative information available concerning the effects of individual mechanisms.
Furthermore, the history parameters found for muscle are not necessarily valid for muscle
fibers or sarcomeres. The derived relationships between imposed shortening and force
depression may be confounded by pennation effects, aponeurosis elasticity and distributions
in fiber optimum lengths.
Further research will be necessary to evaluate the proposed model for different conditions and
other muscles. It is noteworthy that theoretically the modified model can predict lengthening
potentiation (e.g. Edman et al., 1978), because the sign of ∆Fce depends on the direction of the
movement. In conclusion, our results show that for concentric contractions of maximally
activated muscle apparent complex history effects can be described with a relatively simple
function, thereby reducing the errors in the model predictions considerably.
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Abstract
Shortening induced force depression, in rat medial gastrocnemius muscle, was determined for
stimulation frequencies ranging from 80-15 Hz. Shortening induced force depression
calculated from the difference between isometric force redeveloped after isokinetic shortening
(velocity 10 mm/s, amplitude: 1-12 mm, starting lengths: 80 Hz optimum muscle length and
4 mm above this length) and the force of a fully isometric contraction performed at the same
target length. Isokinetic shortening reduced isometric force for all studied stimulation
frequencies and target lengths. At 80 and 50 Hz, force deficit depended on starting length and
was largest for contractions from the higher starting length attaining values as high as 18 %.
At 30 and 15 Hz force deficit was independent of starting length. For these conditions target
length was the dominant factor and force deficits up to 30 % were attained at lengths below
the 80 Hz optimum muscle length. Isokinetic shortening was also found to depress the rate of
isometric force development. This depressant effect was largest for low stimulation
frequencies. The largest depression was 90 % for contractions at 30 Hz. Based on these
results it is concluded that in whole muscle shortening induced force depression is mediated
by different mechanisms, whose relative influence depends on the specific conditions of
shortening. Possible mechanisms as well as their functional relevance are discussed.
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Introduction.
Muscle length and velocity are generally considered as the most important determinants of
muscle force. However, recent experiments have shown that muscle force during ‘locomotor
like’ contractions is considerably lower than is expected from the isometric length-force and
force-velocity relationships (James, Young, Cox, Goldspink & Altringham, 1996; Marsh &
Olson, 1994; Sandercock & Heckman, 1997), suggesting that other factors may be important
too. In agreement with this, studies performed on maximally stimulated muscle have shown
that active shortening depresses isometric force significantly (Abbot & Aubert, 1952; Herzog
& Leonard, 1997; Marechal & Plaghki, 1979; Meijer, Grootenboer, Koopman & Huijing,
1997a). These studies also showed that this depressant effect of shortening is largest for
contractions with slow shortening speeds and high starting lengths. For maximally stimulated
muscle fibers there is convincing evidence that these effects are caused by inter sarcomere
dynamics (Edman, Caputo & Lou, 1993) This mechanism, which is only effective if
sarcomeres operate on the descending limb of their length-force curve, can account for the
length as well as the velocity dependence of shortening induced force deficit (Edman et al.,
1993). Hence, it seems a likely explanation for the effects observed in maximally stimulated
muscle.
Although, there is evidence that muscles can indeed be activated maximally during
locomotion (Herzog & Leonard, 1996; Roy, Hutchinson, Pierotti, Hodgson & Edgerton,
1990), most muscles probably function at submaximal activation levels (Hennig & Lomo,
1985). A very interesting observation with respect to this is that in isolated muscle fibers
shortening induced force depression is larger during submaximal than during maximal
stimulation (Edman, 1975, 1980). This force deficit after shortening was shown to be
independent of shortening velocity and largest if shortening ended at the plateau of the
filament overlap function (Edman, 1975,1980). These effects are attributed to a mechanism
called shortening deactivation, and it probably involves a shortening induced reduction of
myofibrillar Ca2+ sensitivity (Edman, 1975, 1980; Ekelund & Edman 1982). According to this
mechanism the depressant effect of shortening will be even larger in submaximally stimulated
muscles.
Considering the fact that muscles function at a wide range of sarcomere lengths (e.g. Lieber,
Ljung & Friden, 1997) and stimulation frequencies (e.g. Hennig & Lomo, 1985; Roy et al.,
1990), it seems likely that both inter sarcomere dynamics and shortening deactivation have an
influence on the force of intact muscle-tendon complexes. Knowledge of these contributions
will be important for the understanding of muscle function during movement. Unfortunately,
the data available from muscle fiber experiments is not sufficient to predict the relative
contribution of these mechanisms in whole muscles. Thus, to address the functional relevance
of shortening history effects it is important to study them in maximally as well as
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submaximally stimulated muscle. To our knowledge, such a study has not been performed
yet.
The aim of this study was to determine the depressant effect of shortening for maximally as
well as submaximally stimulated muscle. For this purpose isokinetic and isometric contraction
were performed on rat medial gastrocnemius muscle at stimulation frequencies in the range
15-80 Hz. To address the length dependence of the effect isokinetic contractions of varying
amplitudes started shortening from optimum muscle length as well as from the descending
limb of the isometric length force curve.

Materials and Methods
Surgical procedure. Experiments were performed on the medial gastrocnemius muscle (GM)
of six male Wistar rats (body mass 294 ± 5 g). Guidelines and regulations according to Dutch
law on animal welfare were followed. Anesthesia was induced by an intra-peritoneal injection
of sodium pentobarbital (initial dose 9.6 mg/100 g body mass) and maintained by
supplementary doses if anesthesia became less deep. The skin of the left hindlimb and
surrounding tissues were removed to expose the GM muscle-tendon complex leaving the
blood supply intact. The sciatic nerve was dissected free and cut as proximal as possible. The
calcaneal bone was cut and GM was separated from the lateral gastrocnemius, plantaris and
soleus muscles. The Achilles tendon, still attached to a piece of calcaneal bone, was wrapped
around a metal hook and secured with a ligature and histoacryl glue (Braun Melsungen). The
rat was mounted on a general purpose ergometer (Woittiez, Brand, de Haan, Hollander,
Huijing, van der Tak & Rijnsburger, 1987) and the metal hook was connected to a strain
gauge force transducer (resolution: 0.002 N). The femur was rigidly clamped and positioned
such that the muscle was aligned with the force transducer avoiding torsion of the muscle. To
obtain estimates of active muscle length (lma) a copper wire (diameter 0.1 mm) was inserted at
the most distal end of the most distal fiber and a string was sewn (string diameter 0.1 mm)
through the most proximal end of the proximal aponeurosis. Ambient temperature and
humidity were controlled at 22 ± 0.5 °C and 76 % respectively by an air flow system (Holland
Heating). The muscle was kept under a layer of paraffin oil to prevent it from drying. After
the experiments were finished the animal was killed by an overdoses of sodium pentobarbital
submitted by an intra-peritoneal injection.
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Figure 1. Experimental protocol. a) Example of muscle tendon complex length (loi-loio) during the isokinetic and
isometric contractions as a function of time. b) Muscle force (Fm) at 80 Hz corresponding to the length-traces.
The vertical dashed lines indicate the instants for which length-force data was obtained. The numbers 1, 2 & 3
refer to the isometric (ISO) and isokinetic (IK0 & IK4) conditions respectively.

Experimental procedure. GM was activated by electrical stimulation of the sciatic nerve
through a bipolar cuff electrode (electrode distance ± 3 mm). Constant current (3 mA) square
wave pulses of 100 µs duration were used. Contractions were induced by pulse trains of 80,
50, 30 or 15 Hz with a 2 s duration. The 80 Hz pulse trains were sufficient to elicit maximal
isometric force, therefore we refer to this condition as the maximal stimulation frequency.
Increasing the stimulation frequency to 100 Hz did not result in extra force. Twitch
contractions were elicited 400 ms before and after each pulse train to evaluate if the condition
of the muscle had changed during the contraction. Between contractions the muscle was
allowed to recover at its resting length for 2 minutes.
For each stimulation frequency isokinetic as well as fully isometric contractions were
performed (fig. 1). Isokinetic contractions started with a isometric pre-phase of variable
duration, after which the muscle was shortened with a speed of 10 mm/s. This speed was
used, because it induces considerable depression of isometric force in maximally stimulated
GM (Meijer et al., 1997a). Isokinetic shortening started at the 80 Hz optimum muscle length
(lmao, 80) or at 4 mm over this length. After the shortening phase the muscle was held isometric
for 600 ms to allow active isometric force to redevelop at the target length. Shortening
amplitude (∆l) depended on the target length and ranged from 1 to 12 mm. Isokinetic as well
as isometric contractions were performed for target lengths ranging from active slack length
(i.e. muscle length where active muscle force is zero) to 3 mm over lmao,80. In the remainder of
this paper we will use the abbreviations IK0 and IK4 to refer to isokinetic contractions with
starting lengths at lmao,80 and lmao,80 + 4 mm respectively and use ISO to refer to fully isometric
contractions. Note that, for target lengths below lmao,80 two isokinetic contractions are
performed (IK0 & IK4), whereas for target lengths over lmao,80 only one isokinetic contraction
(IK4) is performed.
To ensure that calculated force depressions were not exaggerated by a possible decline in
muscle condition, the isokinetic contractions preceded the fully isometric contractions for
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each target length. To evaluate if muscle condition declined during the experiments force of
the isometric pre-phase of IK0 and IK4 contractions was monitored. The experimental
protocol started with the 80 Hz stimulation frequency and was subsequently repeated at 50, 30
and 15 Hz.
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Figure 2. Mean fully isometric length-force curves (n=6) for the studied stimulation frequencies (80-15 Hz). a)
length-force curves determined early in the contraction b) length-force curves determined from data late in the
contraction . Note that, muscle length is expressed in deviations from the fully isometric optimum length at 80
Hz (lma-lmao,80), Fma represents active muscle force.

Data collection and treatment. During each contraction images from the muscle were
recorded at 24 frames per second using a 16 mm camera (Arriflex 16SR, zoomlens 10-150
mm). The synchronization signal from the camera as well as the length and force signals from
the ergometer were recorded simultaneously by a microcomputer (sampling rate 1,000 Hz).
After the experiments, the cinematographic images were projected (magnification 5 times life
size) on a translucent screen and analyzed using a digitizing system (Grafbar, Scientific
accessory corporation, Southport, CT, USA, resolution 0.02 mm). Distances between the
markers yielded estimates for muscle lengths. The exact instants at which length-force data
was collected are shown in figure 1. Data was obtained for the passive as well as the active
muscle.
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Figure 3. Examples of fully isometric as well as isokinetic contractions for stimulation frequencies of 80, 50,
30 & 15 Hz (a-d respectively). The vertical dashed lines indicate the instants for which length-force data was
obtained. The numbers 1, 2 & 3 refer to the isometric (ISO) and isokinetic (IK0 & IK4) conditions respectively.

The passive length-force data was fitted with an exponential function:

y = co ⋅ e c +c ⋅x
1

2

(1)

were y represents passive muscle force, x is passive muscle length and c0..c2 are coefficients.
For each muscle length active force (Fma) was estimated by subtracting calculated passive
force (eq. 1) from the total force exerted by the muscle. The synchronous stimulation protocol
used caused a considerable ripple in the force traces at 15 Hz and 30 Hz (fig. 3). Taking the
series elasticity of muscle into account, it is likely that this is accompanied by cyclical
movement of the muscle fibers. However, assuming that mass and viscosity of muscle are
negligible it is expected that the fibers will be isometric when force reaches a peak during
each cycle. Therefore, at 15 and 30 Hz peak force during a force cycle was used as estimate
of total muscle force.
Fully isometric (ISO) length-force data were fitted with a polynomial function.
Fma = a 0 + a1 ⋅ lma + a 2 ⋅ lma 2 +..+a n ⋅ lma n

(2)
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where Fma is active muscle force, lma is active muscle length and a0..an are the polynomial
coefficients. Polynomial functions were selected that described the data most adequately (see
Statistics). The fitted curves where used to calculate the mean values of active muscle force
for a given muscle length and to obtain estimates for optimal muscle force (Fmao, defined as
the maximum value of the polynomial function within the length range studied) and muscle
optimum length (lmao, defined as the muscle length corresponding to Fmao). Estimates of active
muscle slack length (length where active muscle force is zero) were obtained by applying
equation 1 to length-force data where active force was less than 30 % of Fmao.
Post-shortening length-force data for isokinetic contractions with similar starting lengths but
different target lengths (IK0 & IK4) were also fitted with equation 2 to construct postshortening length-force curves.
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Figure 4. Close up of the post-shortening isometric phase of the contractions presented in figure 3.

Force depression. Shortening induced isometric force depression (∆Fm) was determined by
subtracting the measured post-shortening isometric force from the fully isometric force
appropriate for the corresponding length and instant. In this procedure the fully isometric
force calculated from equation 2, was used instead of the measured fully isometric force. This
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was done to correct for any muscle length differences that may arise from the force difference
between fully and post-shortening isometric force.
Rate of force development. It is known that shortening induced force depression is
accompanied by a slowing of force development (Ekelund & Edman 1982). To quantify this
phenomenon time-force data of the first 200 ms of the ISO contractions and the first 500 ms
of the post-shortening isometric phase in the IK0 and IK4 contractions were fitted with
equation 3 (Metzger & Moss, 1990).

Fm = A ⋅ (1 − e − ktr ⋅ (t − t 0 )) + F0

(3)

where Fm is muscle force, t is time, ktr is the rate coefficient of force redevelopment and A is
the plateau to which the force develops. F0 is the force at the instant (to) at which isometric
force starts to develop.
Statistics. Values for the coefficients of equations 1-3 were determined with an optimization
method using a Simplex algorithm with a least squares criterion. One way ANOVA (Neter,
Wasserman & Kutner, 1990) was used to select the order of the polynomial function (eq. 2)
that best described the relationship between muscle length and muscle force. One way
ANOVA for repeated measurements was used to test for effects of stimulation frequency on
optimal muscle force, muscle optimum length and active slack length. A three way ANOVA
(type of contraction, stimulation frequency and muscle length) for repeated measurements
was carried out to test for effects of active shortening and stimulation frequency on muscle
force within the muscle length range of -4 < lma-lmao,80 < -1 (mm). This length range was
evaluated because it provided reliable force data for all experimental conditions. Differences
at P < 0.05, were considered to be significant.

Results
During the experiments force of the isometric pre-phases of IK0 and IK4 contractions
remained within 10 % of their initial values. This is taken as evidence that the experimental
protocol caused only minor disturbances in muscle condition.
Isometric length-force characteristics
Figure 2a shows the mean isometric length-force curves determined early in the ISO
contractions for the four stimulation frequencies. Maximal forces ranged from 10.91 ± 0.66 N
at 80 Hz to 3.68 ± 0.18 N at 15 Hz. Lowering the stimulation frequency shifted the lengthforce curve significantly towards higher muscle lengths. This is illustrated by the fact that
muscle optimum length as well as active slack length of the 15 Hz length-force curve are
attained at significantly higher muscle lengths compared those of the 80 Hz length-force
curve. Mean differences are 3.5 ± 0.1 mm and 5.3 ± 0.5 mm for optimum length and slack
length respectively. The mean isometric length-force curves determined at the end of the ISO
contractions are shown in figure 2b. Note that the amplitude of the length-force curves is
reduced considerably in time. In the 80 Hz and 15 Hz curves this reduction amounted to 25 %
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at lmao,80 , whereas in the 50 Hz and 30 Hz curves the force reduction was less than 10 %. The
curves in figure 2b were used for comparison with the post-shortening length-force data.
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Figure 5. Mean fully isometric length-force curves (ISO, n=6) together with post-shortening length-force data
for isokinetic contractions initiated at the 80 Hz fully isometric optimum muscle length (IKO) and 4 mm over
this length (IK4). Data of all four stimulation frequencies (80-15 Hz) is shown (a-d, respectively). Muscle
length is expressed in deviations from the 80 Hz fully isometric optimum length (lma-lmao,80). The numbers 1, 2
& 3 refer to the isometric (ISO) and isokinetic (IK0 & IK4) conditions respectively.

Shortening induced force depression.
Figure 3 shows examples of force traces for the isometric and isokinetic contractions (∆l = 2
& 6 mm, target length = lmao,80 - 2 mm). It can be seen that for all stimulation frequencies the
isometric force redeveloped after active shortening is depressed with respect to the fully
isometric force. Figure 4 provides a close up of the post-shorting phase of the contractions
shown in figure 3. It shows that for this particular target length force depression at 80 Hz and
50 Hz is largest for the IK4 contraction which started from a higher length, whereas at 30 Hz
and 15 Hz there appears to be no difference in force depression between IK0 and IK4
contractions. For any given target length, twitch forces recorded immediately after the tetanic
contractions were similar for the IK0, IK4 and ISO contractions. The mean differences were
less than 5 % of the ISO values. This indicates that there is a quick recovery from shortening
induced changes in muscle properties once the muscle is completely deactivated.
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Figure 5 shows the mean post-shortening length-force curves for the IK0 and IK4 conditions
together with the ISO length-force curves of figure 2b. In agreement with results presented in
figures 3 and 4 this figure shows that force redeveloped after shortening is smaller than fully
isometric force for all frequencies within the studied range of target lengths. The statistical
analysis revealed that for the evaluated length range force after shortening was depressed
significantly. Furthermore, at 80 Hz and 50 Hz, the ANOVA tests also revealed a significant
difference in force between the IK0 and IK4 contractions. Such a difference was not found at
30 Hz and 15 Hz. Note, that the difference became smaller when target lengths approached
active slack length and it disappeared completely once the target lengths were more than 5
mm below lmao,80 (fig. 5).
It is possible that the reduced influence of starting length on shortening induced force
depression at low stimulation frequencies is related to the shift in optimum muscle length (fig
3a). To test this idea, the difference in force between the IK0 and IK4 contractions was
calculated for target lengths of 1, 2 and 3 mm below lmao,80 . These differences were plotted
against the shift in isometric optimum muscle length for the stimulation frequency under
consideration. The results of this analysis are shown in figure 6 and the data confirms that the
force difference between IK0 and IK4 contractions is less when the actual optimum muscle
length is closer to the starting length of the IK4 contraction.
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Figure 6. Difference in force deficit between isokinetic contractions from high (IK4) and low (IK0) starting
lengths for the different stimulation frequencies as a function of the shift in optimum muscle length for the
stimulation frequency under consideration. Actual optimum lengths are expressed as deviations from the 80 Hz
optimum muscle length (lmao,f-lmao,80). Data is shown for target lengths of 1,2 & 3 mm below lmao,80. The dashed
vertical lines indicate the lengths at which the isokinetic contractions started shortening.

Figure 7 shows absolute as well as relative force depression for IK0 an IK4 contractions with
the same shortening amplitude (∆l=2 mm) as a function of stimulation frequency. In IK 4
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contractions both absolute and relative force depression increased with increasing stimulation
frequency. On average force depression was 5 ± 2 % of the fully isometric force during 15 Hz
contractions and it increased to 11 ± 1 % for the 80 Hz contractions. In contrast, in IK0
contractions the opposite was found namely, a 21 ± 4 % force depression for 30 Hz
contractions and 6 ± 0.5 % for 80 Hz contractions (fig 7). Note that, for these conditions force
depression at 15 Hz was only 8 ± 4 %, which is less than half the value observed at 30 Hz.
Similar differences between IK0 and IK4 conditions were found for shortening amplitudes of
1 and 3 mm. These results show that post-shortening force depression is not simply related to
stimulation frequency but that the length at which the shortening takes place also has a
considerable influence. This is also illustrated in figure 8 which shows relative force
depression in the IK0 and IK4 contractions for target lengths in the range of lmao,80 -3 mm to
lmao,80 + 3 mm. Data is shown for 80 Hz and 30 Hz contractions. For IK4 contractions relative
force depression at 80 Hz is large at lmao,80 + 3 mm and increases by only a small amount at
the shorter target lengths. In contrast, for IK4 contractions at 30 Hz force depression is less
than 5 % for target lengths over lmao,80 , but it increases steeply once this length is passed
reaching values up to 30 % at lmao,80 -3 mm. Note that, for the 80 Hz contractions force
depression for a given target length strongly depends on starting length, whereas for 30 Hz
contractions it is almost independent of the starting length. Results for at 50 Hz and 15 Hz
were similar to those at 80 Hz and 30 Hz respectively.
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Rate of force development.
Figure 9 shows examples of the development of isometric force at the start of the ISO
contractions at lmao,80 as well post-shortening redevelopment of isometric force of IK4
contractions that shortened to this length. Data is shown for 80 Hz, 50 Hz and 30 Hz
conditions. The 15 Hz data was excluded from this analysis because the ripple in the force
profile was to large to allow for a reasonable fit of equation 3 to the experimental data.
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Figure 9. a) Development of isometric force at the start of fully isometric contractions (ISO) at the 80 Hz
optimum muscle length (lmao,80) and b) the redevelopment of isometric force after shortening from lmao,80 + 4 mm
(IK4) at the same target length. Experimental data (continuous line) as well as fitted data (dashed line) is shown
for stimulation frequencies of 80, 50 & 30 Hz. Time was expressed as a deviation from the instant at which
isometric force started to develop (t0). Fo represents the force at t0. c) Length dependence of the rate coefficient
for force redevelopment (ktr) for the different conditions (o = 80 Hz, = 50 Ηz, ∆ = 30 Hz). The horizontal
dashed line indicates the ktr value (7.5 s-1) needed to reach plateau force within 600 ms. d ) Rate coefficients of
post-shortening force development normalized for those of fully isometric contractions at the same target length
(ktr~). Data is shown for muscle lengths in the range of -3 < lmao,80 < +3 mm.

Equation 3 fitted the experimental data well as is indicated by the fact that correlation
coefficients were larger than 0.9 and mean square errors between experimental data and fitted
data were less than 0.1 (N). Figure 9c shows the values of the rate coefficients of force
development (ktr) of ISO and IK4 contractions for target lengths in the range of lmao,80 -3 mm
to lmao,80 + 3 mm. Mean ktr values in the ISO condition ranged from 26.42 ± 1.14 s-1 at 80 Hz
to 16.18 ± 0.64 s-1 at 30 Hz. Surprisingly, the 50 Hz and 30 Hz values were almost the same
for this length range. The post-shortening ktr values were considerably lower compared to the
ISO values. Mean ktr values for IK4 contractions ranged from 14.94 ± 1.44 s-1 at 80 Hz to
1.13 ± 0.33 s-1 at 30 Hz. For 30 Hz contractions the values fell below the reference value of
7.5 s-1 that was necessary to attain 99 % of the isometric force plateau within the available
600 ms. This indicates that for this frequency the force depression was transient. Figure 9d
shows the post-shortening rate coefficients for IK4 normalized for ISO values of the
appropriate target length. Mean values ranged from 60 ± 5 % at 80 Hz to as low as 7 % ± 2 %
at 30 Hz at lengths below lmao,80. These results indicate that the effect of shortening on the rate
of force development is largest for low stimulation frequencies.
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Discussion
The main result of the present study is that the depressant effect of shortening on force is
fundamentally different for maximally compared to submaximally stimulated muscle. The
three most important differences were: 1) At high stimulation frequencies (50 Hz & 80 Hz)
force depression is related to the length at which shortening starts (fig. 4 & 5). This effect,
which is also found for other muscles (Abbot & Aubert, 1952; Herzog & Leonard, 1997;
Marechal & Plaghki, 1979; Meijer et al., 1997a), disappeared at low stimulation frequencies
(15 Hz & 30 Hz). At these stimulation frequencies the force depression was related primarily
to target length (fig. 4 & 5). 2) For contractions with equal shortening amplitudes, force
depression was largest at high stimulation frequencies if shortening started at lmao,80 + 4 mm,
whereas it was largest at low stimulation frequencies if shortening started at lmao,80 (fig. 7). 3)
The rate of isometric force development was reduced considerably after shortening (fig. 9).
This slowing of force development was largest at low stimulation frequencies, attaining
reductions of 90 % in muscles stimulated at 30 Hz. Based on these observations it is
hypothesized that shortening induced force depression in whole muscles is related to several
mechanisms whose relative contribution depends on the specific operating conditions (e.g.
frequency, muscle length range).
A point of concern, that needs to be addressed before discussing these results, is the extra
fiber movement that may be induced by the force ripple at submaximal stimulation
frequencies (fig. 3 & 4). The amplitude of the ripple was maximally 80 % of the peak
isometric force during 15 Hz contractions at short lengths. From the series elastic properties
of GM (obtained from Ettema, 1996) it was estimated that the ripple could cause fiber
movements with maximal amplitudes of 0.4 mm at 15 Hz and less than 0.1 mm at 30 Hz.
These values correspond to those measured by Roszek, Baan & Huijing (1994). Since these
movements are relatively small compared to the imposed shortening and because they are
present in both the isokinetic as well as the fully isometric contractions, it is assumed that
they did not significantly affect the calculated force depressions.
Inter sarcomere dynamics.
Edman et al. (1993) provided convincing evidence that in frog muscle fibers depression of
isometric force after shortening is caused by internal motion of sarcomeres. Force depression
will last during contraction if sarcomeres shorten from the descending limb of their lengthforce curve, because the inherent instability of this region perpetuates the internal motion of
sarcomeres (Morgan, 1990). In contrast, force depression will be absent if sarcomeres start
shortening at or below their optimum length where they will converge to isometric lengths
comparable to that in fully isometric contractions (Edman et al., 1993).
In our isokinetic experiments on maximally stimulated muscle (80 Hz) shortening started at
muscle optimum length or at the descending limb of the isometric length-force curve. From
muscle length-sarcomere length relationships of GM (Roszek et al., 1994; Zuurbier &
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Huijing, 1993) it can be estimated that at lmao,80+4 mm all sarcomeres are at the descending
limb of their length-force curve. For lmao,80 it is likely that at least some fibers populations are
at their descending limb, because fiber optimum lengths in GM are distributed with respect to
muscle optimum length (Roszek et al., 1994; Zuurbier & Huijing, 1993). Hence, it is probable
that inter sarcomere dynamics contributed to the depression of isometric force after shortening
of maximally stimulated muscle. This mechanism can also explain why, for maximally
stimulated muscle, isometric force is depressed more if shortening is started at higher length
(fig. 5). At high lengths more sarcomeres will be at their descending limb, which will
probably increase sarcomere motion within the fibers. Interestingly, the influence of starting
length on force depression was absent at 15 Hz and 30 Hz stimulation frequencies. In
agreement with other studies (Rack & Westbury, 1968; Roszek et al., 1994) we found that at
submaximal stimulation frequencies optimum muscle length was shifted to considerably
higher lengths (fig. 2). Therefore, the IK4 contractions started shortening less far above
optimum muscle length (fig. 6). Roszek et al., (1994) estimated that shifts in optimum length
of submaximally stimulated muscle are comparable to that experienced by sarcomeres
(Stephenson & Wendt, 1984). Hence, it is likely that in the IK4 contractions at 15 Hz and 30
Hz few sarcomeres shortened from their descending limb, which explains why starting length
had little influence on shortening induced force depression for these conditions (fig. 5 & 6).
Based on these observations it is concluded that the contribution of inter sarcomere dynamics
to shortening induced force depression is reduced by lowering the stimulation frequency
Shortening deactivation.
Studies on isolated muscle fibers have revealed that active shortening induces a transient force
deficit that is larger for twitch contractions than for completely fused tetani (Edman, 1975,
1980). This force deficit was found to depend on shortening amplitude. Based on these
observations Edman (1975) formulated the hypothesis that active shortening temporarily
deactivates the contractile system by reducing the myofibrillar calcium sensitivity. In
agreement with these results of Edman (1975, 1980) we found that relative force depression
after shortening from lmao,80 is larger for lower stimulation frequencies (fig. 7 & 8). Note that,
for shortening from lmao,80 inter sarcomere dynamics are not expected to contribute
significantly to force depression. In experiments on skinned muscle fibers, designed to
elucidate the mechanism of shortening deactivation, Ekelund and Edman (1982) found that
shortening induced force depression was accompanied by a significant reduction in the rate of
force development. This effect was shown to be largest at low activation levels. In accordance
with these observations we found large reductions in the rate of isometric force development
after shortening at low stimulation frequencies (fig. 9). These similarities between our results
and those obtained from muscle fibers indicates that shortening deactivation is an important
contributor to shortening induced force deficit in submaximally stimulated muscle.
In contrast with the observations of Edman (1975) we found that for target lengths below
lmao,80 the depressant effect of shortening at submaximal stimulation frequencies was
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independent of shortening amplitude (fig. 4 & 5). Another intriguing result of our experiments
is that the depressant effect of shortening at 15 Hz an 30 Hz is largest at lengths where
isometric force is most sensitive to changes in stimulation frequency. The length dependent
sensitivity of isometric force to stimulation frequency, which is apparent from the shift in
optimum muscle length (fig. 2), has been attributed to length dependent myofibrillar calcium
sensitivity (Balnave & Allen, 1996; Stephenson & Wendt, 1984 ). Based on the similarity in
length dependence it can be speculated that in submaximally stimulated muscle the shift of
optimum length and shortening induced force depression have a common origin. However,
the evidence concerning this is equivocal, because it has been shown that in submaximally
stimulated frog muscle fibers the depressant effect of shortening is largest when shortening
ends at the plateau of the filament overlap function and becomes less at higher and shorter
lengths (Edman, 1980). Clearly, this intriguing discrepancy between results obtained from
muscle and fiber cannot be resolved on the basis of our experimental data and needs further
attention.
Other mechanisms
It has been hypothesized that during contraction the actin filament parts outside the filament
overlap zone are strained such that the formation of crossbridge attachments is inhibited for
actin binding sites that enter the overlap zone. (Herzog & Leonard, 1997; Marechal and
Plaghki, 1979). This theory can predict the influence of starting length and shortening
amplitude on force depression that is observed in maximally activated muscle (fig. 4 & 5).
However, this theory cannot predict why for submaximally stimulated muscle the force
depression is independent of the length at which shortening started (fig. 4 & 5). Therefore, it
is not likely that this mechanism is responsible for the shortening induced force depression in
GM.
Experiments on isolated frog fibers have indicated that metabolic fatigue can contribute to the
depressant effect of shortening (Granzier & Pollack, 1989). If this effect played a significant
role in our experiments the effects of shortening would be long lasting, because metabolic
recovery is slow. In contrast, evaluation of the twitch contractions indicated that once the
muscle was deactivated it recovered quickly from shortening induced force depression. This
corresponds to results from other studies (Abbot & Aubert, 1952; Edman et al., 1993; Herzog
& Leonard, 1997; Meijer et al., 1997a). Therefore, it is concluded that metabolic effects on
shortening induced force deficit were marginal in our experiments.
Functional relevance.
Shortening induced force depression may seriously reduce work and power output of a
muscle. For activities that require high peak power output, such as jumping, this is
undesirable and it could be speculated that muscles used for such activities may avoid the
depressant effects of shortening by choosing their operating conditions correctly. Important
experimental evidence for this speculation was provided by Lutz and Rome (1996) who
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showed that during jumping frog m. semimembranosus operates at high stimulation
frequencies and starts shortening from the plateau of the filament overlap function. These
conditions maximize power output and minimize shortening induced force depression,
allowing frogs to jump over large distances (Lutz & Rome, 1996).
For cyclical activities, like walking, submaximally activated muscles are required to produce
power efficiently. An important aspect of cyclical movement is that, to minimize negative
work, muscles must be deactivated rapidly during the shortening phase before they are relengthened. Isometric deactivation rates are to slow to explain rapid deactivation observed
during stretch-shortening cycles (Marsh & Olson, 1994; James et al., 1996; Sandercock &
Heckman, 1997; Rome, 1994), which suggests that shortening deactivation plays an important
role during cyclical movement. This may be functionally important because the rate at which
a muscle can deactivate sets a boundary on the maximal attainable movement frequency. It
should be noted that shortening deactivation is only desired at the end of the movement,
otherwise its effect would be adverse. Ettema (1996) estimated that during rat walking GM
shortens from just above optimum length of the maximally stimulated muscle just below this
length. Furthermore, evidence has been provided that during walking this muscle is
submaximally activated (Roy et al., 1990). Considering the length dependence of shortening
induced force depression at submaximal stimulation frequencies (fig 8) , it could be
speculated that during rat walking GM experiences the largest shortening deactivation at the
end of the shortening phase, right there where it is most needed.
Although detailed information on in vivo muscle performance is scarce, the aforementioned
examples seem to indicate that, depending on the required output, an animal can use different
strategies to either avoid or use shortening induced force depression. Such strategies may be
very important in the control of more complicated muscle-skeletal systems. For example, for
systems with both agonist and antagonist activity, evidence exists that the deficit of isometric
force after shortening results in ambiguous equilibrium joint angles (Kostyukov & Levik
1994). It is likely that such an effect complicates the control of positioning tasks considerably.

Conclusions
From a muscle physiology perspective the interesting feature of the current study is that it
indicates that mechanisms well known from experiments on isolated muscle fibers but largely
ignored in studies on whole muscle functioning have a considerable impact on the behavior of
the intact muscle tendon complex. Although the presented data is far from complete it clearly
indicates that the understanding of muscle behavior in motor tasks may be seriously hampered
if we built our muscle models on simple isometric and isotonic experiments.
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Abstract
Active stretch of maximal stimulated muscle has been shown to enhance isometric force.
However, it is not known if the effect is present in submaximal stimulated muscle. Neither is
it known if the magnitude of the effect is muscle dependent. Stretch induced force
enhancement was studied in maximal as well as submaximal stimulated rat medial
gastrocnemius (GM) and soleus (SOL) muscles. GM and SOL isometric length-force
characteristics were determined all stimulation frequencies examined. The potentiating effect
of stretch was investigated at three target length ranges, below, at and above optimum muscle
length. It was found that stretch induced force enhancement increased with increasing target
lengths. Maximal force enhancement for GM was approximately twice as large than for SOL
(18 % vs. 9 %). Furthermore, it was found that stretch induced force enhancement was
decreased significantly at lower stimulation frequencies. This difference could be explained
from the shift in optimum muscle length that was found for submaximal stimulation
frequencies. These data suggests that inter sarcomere dynamics play a considerable role in
stretch effects in whole muscle. They also suggest that the functional importance of stretch
induced force enhancement is larger for GM than for SOL.
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Introduction
In many movements muscles are actively lengthened before they shorten. Such movements
are known to enhance muscle performance (Cavagna, Dussman & Margaria, 1968; Ettema
Soest & Huijing, 1990) as well as improve athletic performance (Bobbert, Gerritsen, Litjens
& Soest, 1996). Several mechanisms may account for the increased muscle performance: i.e.
storage and release of elastic energy, available time for force development and potentiation of
the contractile machinery (e.g. Ingen Schenau, Bobbert, de Haan, 1997). It is likely these
mechanisms cooperate to enhance performance (Ettema et al., 1990).
Enhancement of contractile force after stretch has been reported consistently in isolated
muscles (Abbot & Aubert 1952; Deleze 1961; Ettema, Huijing & de Haan, 1992) as well as in
single muscle fibers (Edman, Elzinga & Noble, 1978, 1982; Julian & Morgan, 1979; Sugi &
Tsuchiya, 1988), indicating it is a general feature of the contractile mechanism. Nevertheless,
its role during in vivo movements remains controversial (e.g. review Ingen Schenau et al.,
1997). Partly, this may be due to the fact that all experimental work regarding this subject is
performed on muscles in situ under conditions of maximal stimulation. Such conditions are
hardly ever observed during daily tasks (e.g. Hennig & Lomo, 1985). In fact, it has been
argued that muscles are activated submaximal during voluntary eccentric contractions
muscles (Enoka, 1996). Thus to evaluate the functional relevance of stretch induced force
enhancement it should be studied in submaximal stimulated muscles.
An interesting experimental observation is that muscle optimum length shifts to higher
lengths at submaximal stimulation frequencies (Rack & Westbury, 1968; Roszek, Baan &
Huijing, 1994). Hence, it is possible that during voluntary contractions muscles operate
mainly at lengths below their actual optimum length. Considering the fact, that in single
muscle fibers, stretch induced force enhancement is absent at or below optimum length (e.g.
Edman et al., 1982; Julian & Morgan, 1990), it may be questioned whether force
enhancement occurs at all during voluntary lengthening. There is some experimental evidence
on in situ human first dorsal interosseus muscle that force enhancement occurs at submaximal
activation levels (Cooke & McDonagh, 1995). However, this study was not designed to test
specifically the influence of stimulation frequency on force enhancement. For this purpose,
controlled experiments in which the effects in both maximal and submaximal stimulated
muscle are studied systematically are necessary.
An important issue to consider is the fact that different muscles are exposed to different
conditions during movement. For example, modeling studies have indicated that in humans,
soleus and gastrocnemius muscles experience different stretch-shortening cycles during
running (Jacobs, Bobbert & Ingen Schenau, 1993) as well as cycling (Ingen Schenau,
Dorssers, Welter, Beelen, de Groot & Jacobs, 1994). These results have been attributed to
differences in physiological (slow vs. fast twitch) as well as anatomical/morphological muscle
properties (tendon/fiber ratio, mono- vs. bi-articular)). It would be very interesting to see if
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such functionally different muscles have a different capacity for stretch induced force
enhancement. If such a relationship exists then it would probably add to the understanding of
the role of force enhancement in whole body movements. However, to our knowledge a direct
comparison between different muscles has never been made.
The aim of the present study was twofold. First, to evaluate whether stimulation frequency
influences stretch induced force enhancement in rat muscles. More specifically it was studied
whether the shift in optimum muscle length know to occur at submaximal stimulation
frequencies affected the force enhancement. For this purpose force enhancement after stretch
was evaluated at different muscle lengths during maximal and submaximal stimulation.
Secondly, it was tested if the effects depend on muscle type. Therefore, experiments were
performed on soleus and medial gastrocnemius muscles of the rat. These muscles were
chosen, because they belong to the same synergistic group, have similar fiber lengths
(Heslinga, te Kronnie & Huijing, 1995), but are very different with respect to fiber type and
morphology (Woittiez, Baan, Huijing & Rozendal, 1985). Furthermore, EMG measurements
indicate that they are employed differently during rat locomotion (Roy, Hutschinson, Pierotti,
Hodgson & Edgerton, 1990).

Materials and Methods
Surgical procedure. Experiments were performed on the medial gastrocnemius muscle (GM)
and soleus muscle (SOL) of six male Wistar rats [mean body mass 333 ± 8 (SE) g].
Guidelines and regulations on animal welfare according to Dutch law were followed.
Anesthesia was induced by an intra-peritoneal injection of urethane (150 mg/100 g body
mass). To expose the GM muscle-tendon complex, skin of the left hindlimb and surrounding
tissues were removed leaving the blood supply intact. The sciatic nerve was dissected free and
severed as proximal as possible. The calcaneal bone was cut and GM was isolated from the
lateral gastrocnemius, plantaris and soleus muscles. The Achilles tendon, still attached to a
piece of calcaneal bone, was wrapped around a stiff metal hook and was secured with a
ligature. In addition, the connection was glued with Histoacryl (Braun Melsungen). The rat
was mounted on a general purpose ergometer (Woittiez, Brand, de Haan, Hollander, Huijing,
van der Tak & Rijnsburger, 1987) and the metal hook was connected to a strain gauge force
transducer (resolution: 0.002 N). Femur and tibia were securely fixed in a rigid frame such
that the muscle was aligned with the force transducer avoiding torsion of the muscle. To
obtain estimates of muscle length (lm), fiber length (lf) and aponeurosis length (la) ,
fluorescent polystyrene markers (Bangs Laboratories, Orange 600 coating, Ø 0.4 mm ± 3 %)
were glued on the muscle tissue, using Histoacryl, at the most distal and most proximal ends
of the most distal fiber and at the most proximal end of the proximal aponeurosis (fig. 1). At
these locations the epimysium was carefully removed. After positioning of the markers it was
checked that they could not be moved over the muscle surface. After the experiments on GM
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the SOL of the contralateral hindlimb was prepared for experiments using a similar surgical
procedure. Estimates of SOL fiber length and aponeurosis length were obtained for the most
proximal fiber and distal aponeurosis (fig. 1). An air flow control system (Holland Heating)
was used to control ambient temperature and humidity at 22 ± 0.5 °C and 76 % respectively
such that muscle temperature was maintained at 25 °C . The muscle was kept under a layer of
paraffin oil to prevent it from drying.

la

lf
GM
lm
loi
lf

la
lm
loi

SOL

Figure 1. Schematic representation of medial gastrocnemius (GM) and soleus (SOL) to
illustrate the positions of the fluorescent markers. The following lengths are defined: muscletendon complex length (loi), muscle belly length (lm), fiber length (lf) and aponeurosis length
(la).

Experimental procedure. Contractions were induced by stimulation of the severed sciatic
nerve with a bipolar cuff electrode. Contractions of fully recruited muscle were elicited using
pulse trains of 1 s (pulse width 100 µms, constant current 3 mA) with constant stimulation
frequencies of 80 and 30 Hz for GM and 50 and 10 Hz for SOL. For the conditions under
which these experiments were performed the 80 and 50 Hz stimulation frequencies elicited
maximal isometric force in GM and SOL respectively. In the remainder of this paper these
conditions will be referred to as the high frequency condition (fhigh), whereas the 30 and 10 Hz
conditions will be referred to as the low frequency conditions (flow). Two minutes rest was
allowed between subsequent contractions to avoid fatigue and potentiation effects.
Isometric length-force characteristics for high and low frequency conditions were determined
from series of isometric contractions performed at lengths with a 2 mm interval. Near actual
optimum muscle length a 1 mm interval was used to allow for an accurate estimate of this
length.
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Figure 2. Typical examples of isometric length-force curves for high and low stimulation frequencies. a) GM
length-force curves. b) SOL length-force curves. The shaded areas represent the length regions in which the
eccentric contractions were performed. Note that lengths (lma) are expressed as differences from muscle optimum
length in the maximal stimulated muscle (lmao).

Table 1. Isometric length-force characteristics of GM and SOL for high and low stimulation frequencies. Mean
values and standard errors (se) are given for optimum muscle length (lmao), active slack length (lmas) and maximal
isometric force (Fmao).

GM (n=5) 80 Hz

mean ± se

30 Hz

mean ± se

lmao (mm) 33.4 ± 1.6

35.1 ± 1.6

lmas(mm)

25.4 ± 1.3

27.4 ± 1.4

Fmao (N)

13.19 ± 0.83

10.45 ± 0.68

SOL (n=4) 50 Hz

10 Hz

lmao (mm) 29.9 ± 2.7

31.6 ± 2.7

lmas(mm)

19.2 ± 1.7

21.4 ± 1.9

Fmao (N)

1.65 ± 0.02

1.12 ± 0.02

After the isometric series, the muscle was subjected to a series of eccentric contractions (e.g.
fig. 3a). These protocols started with lengthening the passive muscle-tendon complex at a
speed of 10 mm/s. After 1 mm of lengthening the muscle was stimulated while the
lengthening proceeded 1 or 2 mm for GM and 1 or 1.5 mm for SOL. A pilot study showed
that a stretch of 2 mm caused SOL fibers to lengthen by more than 10 % of their optimum
length, while GM fibers remained within this range. Recent studies have indicated that fibers
stretched beyond this 10 % limit are subject to considerable damage (Macpherson, Schork &
Faulkner., 1996). Thus to avoid possible fiber damage the maximal stretch amplitude for SOL
was reduced by 0.5 mm compared to GM. For the same reason muscles were activated 100
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ms after the stretch phase started (e.g. Ettema et al., 1992). Note, that the applied lengthening
speed corresponds to approximately 10 % and 30 % of the maximal shortening velocities of
GM and SOL respectively (de Haan, 1988). After the stretch the muscle was kept isometric
for the duration of the stimulus train. The eccentric contractions were designed such that
muscle lengthening ended either at optimum muscle-tendon complex length of the maximal
stimulated muscle (loio) or 4 mm below or above this length. Eccentric contractions were
performed at both high and low stimulation frequencies. For each target length and
stimulation frequency three contractions were performed: two eccentric contractions with
different amplitudes followed by a fully isometric contraction. For a few muscles (SOL n=3;
GM n=2) additional contractions were performed in which the low frequency stimulus train
started with two high frequency pulses of 100 HZ (condition referred to as doublet
stimulation). To evaluate whether muscle condition deteriorated during the experiment,
control isometric contractions at optimum muscle-tendon complex length were performed at
the beginning, halfway and at the end of the experiment.
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Figure 3. Typical examples of experimental protocol in GM. a) muscle-tendon complex length (loi) as a function
of time, expressed as differences from optimum muscle tendon complex length (loio). The shaded area indicates
the period in which the muscle was tetanically stimulated. b) force as a function of time during eccentric as well
as isometric contractions. c) muscle belly length (lm) during active contraction. d) muscle fiber length (lf) during
active contraction. The numbers 1, 2 and 3 refer to sustained isometric contractions and eccentric contractions
with small and large stretches. The dashed vertical line indicates the instant at which tetanic stimulation started.

Data processing.
Two dimensional recordings of the mid longitudinal plane of the muscles including the
markers were made, using a progressive scan CCD video camera. (JAI CVM10 : 25 Hz, 540768 image lines, lens: 16 mm with a 0.1 mm extension tube, shutter time: 1/250 s). Digitized
images were captured by a framegrabber (Matrox Pulsar) and stored on a PC. To make
optimal use of the fluorescent markers, the muscle was illuminated by a cold light source
(Leica CLS 100) through a blue filter (cut off). To get rid of reflections a red filter (cut on,
Leica: 632 nm) was placed in front of the camera. Image analysis was performed by
automated processing of the captured images using commercially available software (Optimas
6.0). Coordinates of marker centroids in each frame and markers displacements as a function
of time were calculated. Estimates of lengths for muscle belly, fiber and aponeurosis were
obtained by calculating the distances between appropriate markers. Note that this procedure
neglects any effect of curvature in muscle fibers and aponeurosis.
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Figure 4. Typical examples of experimental protocol in SOL. a) muscle-tendon complex length (loi) as a
function of time, expressed as deviation from optimum muscle tendon complex length (loio). The shaded area
indicates the period in which the muscle was tetanically stimulated. b) force as a function of time during
eccentric as well as isometric contractions. c) muscle belly length (lm) during active contraction. d) muscle fiber
length (lf) during active contraction. The numbers 1, 2 and 3 refer to sustained isometric contractions and
eccentric contractions with small and large stretches. The dashed vertical line indicates the instant at which
tetanic stimulation started.

Synchronization signals from the video system and the stimulation system as well as the
length and force signals from the ergometer were recorded on a PC (sampling rate 1 kHz).
This information was used to determine force at each instant a video image was taken.
Passive length-force data of the isometric contractions was fitted with an exponential
function:

y = co ⋅ e c +c ⋅x
1

2

(1)

were y represents the passive muscle force, x represents the passive muscle length and c0..c2
are the coefficients.
Active muscle force (Fma) was estimated by subtracting calculated passive force at the
appropriate length (eq. 1) from the total force exerted by the muscle. Active isometric lengthforce data were fitted with a polynomial function.
87

Chapter 5

y = a0 + a1 ⋅ lma + a2 ⋅ lma +..+an ⋅ lma
2

n

(2)

where y represents active muscle force (Fma), lma represents active muscle length and a0..an are
the polynomial coefficients. Polynomial functions were selected that described the data most
adequately (see Statistics). The fitted curves were used to obtain estimates of optimal muscle
force (Fmao, defined as the maximum value of the polynomial function within the length range
studied), muscle optimum length (lmao, defined as the muscle length corresponding to Fmao) as
well as active slack length (lmas , defined as the lowest length at which force of the polynomial
equation is zero).
Force enhancement during and after stretch was determined by subtracting force at the end of
the lengthening phase and 800 ms after this instant from the fully isometric force at the
appropriate muscle length. Furthermore, the video data was used to determine how much of
the imposed lengthening was taken up by the muscle belly and the fibers. For this purpose
minimal and maximal lengths of these structures during stretch were estimated from the timelength data using cubic spline interpolation.
Statistics.
Least squares procedures were used to calculate coefficients for equations 1 & 2. Furthermore
a one way ANOVA procedure was used to determine the polynomial order (e.g. Meijer,
Grootenboer, Koopman & Huijing, 1997a). A two way (muscle-tendon complex length and
stimulation frequency ) repeated measurements ANOVA procedure was used to determine
whether force after lengthening was significantly enhanced compared to isometric force.
Bonferroni post-hoc test were performed to evaluate differences between lengths and
stimulation frequencies. A difference at the P<0.05 level was considered significant.
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Figure 5. Examples of force traces during eccentric contractions and isometric contractions in GM performed at
different lengths and stimulation frequencies. a-c) data for high stimulation frequencies. d-f) data for low
stimulation frequencies. Contractions were performed at loio - 4 mm (upper row), loio (middle row) and loio + 4
mm (lower row).

Results
During two hours of experimenting, optimum force of SOL and GM remained within 10 % of
the initial value. This was taken as evidence that the muscles remained in a good condition
during the eccentric experiments and that stretch induced fiber damage was kept to a
minimum.
Isometric length-force characteristics.
Figure 2 shows typical examples of isometric length-force curves of GM and SOL for fhigh
and flow. Mean characteristics are summarized in table 1. At fhigh optimum isometric muscle
force of SOL was approximately 8 times smaller than that of GM, which agrees well with
previously reported values of their respective physiological cross sectional areas (Heslinga et
al., 1995). Furthermore, the length range between optimum muscle length and active slack
length for SOL was on average 1.9 mm (SE 0.6 mm, n=4) larger than for GM. This may be
explained from the fact that sarcomeres in SOL have longer thin filaments than in GM, while
their fibers have a similar number of sarcomeres in series (Heslinga et al., 1995). In both
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muscles, optimum length at flow was attained at larger lengths compared to that at fhigh. The
difference amounted to 1.8 and 1.7 mm respectively for GM and SOL. Maximal isometric
force at flow amounted to 80 and 70 % of optimum isometric force at fhigh. Hence, low
frequency stimulation induced similar changes in length-force characteristics of GM and
SOL. Note, that the relative frequencies (flow/fhigh) needed to achieve this were different: 37.5
& 20 % for GM and SOL respectively.
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Figure 6. Examples of force traces during eccentric contractions and isometric contractions in SOL performed at
different lengths and stimulation frequencies. a-c) data for high stimulation frequencies. d-f) data for low
stimulation frequencies. Contractions were performed at loio - 4 mm (upper row), loio (middle row) and loio + 4
mm (lower row).

Eccentric contractions
The shaded areas in figure 2 indicate the length ranges for which the eccentric contractions
were performed. It illustrates that the shift in optimum length at flow alters the distance
between the muscle target lengths and the actual optimum muscle length. Figures 3 and 4
show typical examples of eccentric contractions, in which stretch ended at optimum muscletendon complex length. Data is shown for GM (fig. 3) and SOL (fig. 4) stimulated at high
frequencies. The force traces of GM (fig. 3b) show that force during and after lengthening is
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enhanced compared to fully isometric force. They also show that the force enhancement is
largest for the stretch with the largest amplitude. Similar results were obtained for SOL (fig.
4), however for this muscle the force enhancement after stretch was marginal. Evaluation of
muscle and fiber lengths corresponding to the force traces indicated that muscle belly and
fibers are exposed to only a small portion of stretch imposed on the muscle tendon complex
(fig. 3c,d & 4c,d). For example, during the small amplitude stretches of the muscle-tendon
complex the fibers of GM and SOL remained almost isometric (fig. 3d & 4d). In fact, GM
fibers even shortened a little during such stretches. These observations indicate that a
considerable part of the stretch is taken up by tendon and aponeurosis. Typically, SOL fibers
see more of an imposed stretch than GM fibers (table 2). For stretches ending at optimum
muscle-tendon complex length the ratios between fiber stretch (∆lf) and the stretch imposed
on the muscle tendon complex (∆loi) were 40 and 60 % for GM and SOL respectively. This
may in part be related to differences in the ratio between lengths of the tendon + aponeurosis
and the fiber (SOL ± 1.5 , GM ± 3, unpublished observations).

Table 2. Lengthening taken up by the muscle fibers (∆lf) during stretch of GM (n=5) and SOL (n=3) at different
lengths and stimulation frequencies. Imposed stretches (∆loi): 1 & 2 mm for GM and 1 & 1.5 mm for SOL. Mean
values and standard errors are shown.

SOL

GM
∆loi mm
loio-4

loio

loio+4

∆lf (mm):80 Hz

∆lf (mm):30 Hz

∆loi

∆lf (mm):50 Hz ∆lf (mm):10 Hz

1

0.22 ± 0.04

0.30 ± 0.07

1

0.30 ± 0.11

0.57 ± 0.07

2

0.75 ± 0.08

0.87 ± 0.10

1.5

0.65 ± 0.16

1.10 ± 0.20

1

0.22 ± 0.06

0.27 ± 0.08

1

0.35 ± 0.10

0.71 ± 0.08

2

0.79 ± 0.02

0.92 ± 0.02

1.5

0.83 ± 0.19

1.17 ± 0.17

1

0.22 ± 0.05

0.17 ± 0.04

1

0.51 ± 0.03

0.73 ± 0.07

2

0.73 ± 0.03

0.73 ± 0.02

1.5

0.86 ± 0.21

1.09 ± 0.10

In general fiber stretch was somewhat larger for contractions at flow compared to fhigh (table 2).
Figures 3d & 4d show that during the initial phase of fully isometric contractions muscle
fibers shorten considerably (± 1 mm for GM and ± 0.5 mm for SOL).
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Figure 7. Mean absolute (a & b) and relative (c & d) post lengthening force enhancements of GM and SOL for
the target lengths (loio-4 .. loio+4 ). Data is shown for the largest stretch imposed on the muscle-tendon complex
(∆loi = 1.5 & 2 mm) and for high as well as low stimulation frequencies. * indicates a significant enhancement
with respect to sustained isometric contraction (P<0.05). |-| indicates a significant difference between maximal
and submaximal contractions (P<0.05).

Influence of muscle length and stimulation frequency on force enhancement.
Figure 5 & 6 shows typical results of the eccentric and isometric contractions for all target
lengths and stimulation frequencies studied. For the high frequency condition active stretch of
GM (fig. 5) resulted in a considerable enhancement at all target lengths studied, even if they
were well (4 mm) below optimum muscle tendon complex length. The statistical analysis
revealed that the enhancement was significant for all target lengths. The magnitude of stretch
induced force enhancement increased with increasing target lengths. In contrast, force
maintained after lengthening at flow was either depressed (loio- 4 mm), unaltered (loio) or
enhanced (loi + 4mm) with respect to sustained isometric force. A similar trend was found for
the forces at the end of the stretch phase. For stretches at the lowest target length force was
almost 50 % lower sustained isometric force (fig. 5d). The results for SOL were somewhat
different from those for GM. For SOL a significant force enhancement after stretch was found
only at the highest target length (loio + 4 mm). For the other target lengths force after stretch
was not significantly different from the sustained isometric force. In SOL the results obtained
for high and low frequency stimulation conditions were similar. A surprising result, both in
GM and SOL, was that for the highest target length studied stretch not only enhanced active
muscle force but it also enhanced passive muscle force (fig. 5c, f & 6c, f). The enhancement
of passive force lasted for at least 400 ms. In fact, when the second twitch was elicited its
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force was simply superimposed upon the new passive force (fig. 5c, f & 6c, f). Another
interesting finding was that after stretch the isometric force of GM at loio and loio + 4 mm was
considerably higher (± 0.8 N) than the force at the end of a sustained isometric contraction at
optimum muscle tendon complex length. A similar result was found for SOL.
Figure 7 shows the mean force enhancements for the different experimental conditions. Data
of GM and SOL is shown for eccentric contractions with the large stretch amplitude. The
statistical analysis revealed that for the two lowest target lengths force enhancement in GM
was significantly different between high and low frequency conditions (fig. 7a). In contrast,
for SOL such a difference was found only for the highest target length (fig. 7c). When force
enhancement was expressed as a percentage of the sustained isometric force at the appropriate
target length the difference between fhigh and flow disappeared, except for GM at the lowest
target length (fig. 7b, d). In addition, this data showed that maximal normalized force
enhancement in GM is twice as large as in SOL (18 % vs. 9 %) .
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Figure 8 a). Relationship between post-lengthening force enhancement and muscle length in GM. Force
enhancement was normalized by optimum muscle force (∆F/Fmao) and muscle lengths were expressed as
differences from actual optimum length (lma-lmao,f). The data comes from the eccentric contractions with the
largest amplitude (∆loi = 2 mm), performed at high as well as low stimulation frequencies. The dashed line
represents a linear fit to the pooled data of five individual muscles (∆F/Fmao =1.7*(lma-lmao,f) + 7). Data of
individual muscles is represented by separate symbols. b) Similar relationship for SOL (∆F/Fmao =0.7*(lma-lmao,f)
+ 4.4).

Influence of position relative to actual optimum muscle length.
It is possible that the observed difference in force enhancement between high and low
frequency contractions is related to the shift of optimum muscle length to higher lengths at
flow (fig. 1). To study if there is such a relationship, target lengths of eccentric contractions at
a given stimulation frequency were expressed as deviations from the optimum muscle length
found for this stimulation frequency. Thus, for eccentric contractions at flow, the target lengths
were subtracted from the optimum length found for the lower stimulation frequency.
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Subsequently, the calculated post lengthening force enhancements were normalized for
optimum isometric force at fhigh and they were plotted against these newly calculated lengths.
Figure 8a shows that for GM this procedure results in a linear relationship between length and
force enhancement. Note, that this figure comprises data from both maximal and submaximal
contractions. A linear fit through the experimental data (r=0.96) indicated that there will be no
force enhancement for target lengths of more than 4 mm below the actual optimum length.
The same procedure was applied to SOL data. Fig 8b shows that for SOL the slope of the
regression line was less steep and the agreement between the experimental data and the linear
fit decreased (r=0.76).
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Figure 9. Relationship between post lengthening force
enhancement (∆Fpost) and force enhancement at the end of
the lengthening phase (∆Fdyn) of maximally as well as
submaximally activated GM. Force enhancement were
normalized by sustained isometric forces of the appropriate
target lengths. Data is shown only for largest stretch
amplitude (∆loi = 2 mm). The dashed line represents a linear
fit to the pooled data of five individual muscles (∆Fdyn
=3* ∆Fpost +16.4). Data of individual muscles is represented
by separate symbols.

Force enhancement during and after stretch.
It was observed that the force enhancement at the end of a stretch corresponded to force
enhancement after the stretch (i.e. fig. 5). To study how these two were related in GM, the
normalized force enhancement at the end of the stretch phase and at 800 ms after stretch were
plotted against each other. For this purpose data was used of the contractions with the largest
stretch amplitudes, for which the fibers were subject to considerable lengthening. Only the
contractions that showed significant force enhancement were incorporated in this analysis.
Figure 9 shows the results of this analysis and it indicates that data for high and low
stimulation frequencies could be described with a single linear function. According to this
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function force enhancement after stretch disappears when force enhancement during stretch
decreased below 20 % . The slope of the function (± 3) also indicates that stretch is more
effective in enhancing force during stretch than during a isometric phase after stretch. Since
SOL force was enhanced significantly only at the highest target length, this procedure was
confined to GM.
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Figure 10. Post lengthening force enhancement (∆Fpost ) for active muscle (continuous lines) and for passive
muscle (dashed lines) as a function of absolute force enhancement at the end of the lengthening phase at loio+ 4
mm (∆Fdyn). Data of contractions at high and low stimulation frequencies is pooled. a) data for GM. Straight
lines represent linear fits to the experimental data. Active muscle; ∆Fpost =0.27* ∆Fdyn -0.20. Deactivated
muscle: ∆Fpost =0.13* ∆Fdyn -0.15 . b) data for SOL. Straight lines represent linear fits to the experimental
data. Active muscle; ∆Fpost =0.08* ∆Fdyn -0.04. Deactivated muscle: ∆Fpost =0.08* ∆Fdyn -0.05.

A similar procedure was applied to the data of the highest target length alone. Figure 10
shows, for GM and SOL, the relationship between absolute force enhancement at the end of
the stretch and post stretch force enhancement for active as well as passive muscle. Both
relationships were accurately described with linear functions. The analysis showed that force
enhancement after stretch in the active GM was approximately twice as large as in passive
GM, whereas for SOL no difference was found between active and passive muscle.
Effects of doublet stimulation.
The close relationship between force enhancement during and after stretch (fig. 9 & 10)
indicates that post-shortening force enhancement may be somehow related to the force
attained during lengthening. To study this doublet stimulation was used to temporarily
enhance the force during the lengthening phase. Figure 11 shows typical examples of
contractions for doublet stimulation together with those for constant frequency stimulation.
Isometric and eccentric contractions of SOL and GM for the lowest target length are shown,
because the effects of the doublet stimulation were largest at this length. In the initial phase
(first 200 ms) of both isometric and eccentric contractions the force for doublet stimulation
was considerably larger than that for constant frequency stimulation. In GM the difference
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ranged from 115 % at loio- 4 mm to 10 % at loio, while in SOL it ranged from 180 % at loio -4
mm to 15 % at loio+4 mm (in GM no observations were made beyond loio)
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Figure 11. Effects of doublet stimulation on force of GM (a & b) and SOL (c & d) at loio-4 mm. Data is shown
for isometric contractions (a & c) and eccentric contractions with the largest stretch amplitudes (b & d). The
continuous force traces represent the doublet stimulation, the dashed force traces represent the contractions at
constant frequency.

For SOL the extra force in the initial phase was larger for the eccentric contractions than for
the isometric contractions, while for GM the opposite was true. After the first 200 ms of
stimulation, force in the doublet stimulation protocol decreased slowly towards the force of
the constant frequency stimulation protocol, such that at the end of the contraction their forces
were similar. Only for SOL at the lowest target length an appreciable potentiation was
maintained (20 %). These results agree with findings of other studies (e.g. Sandercock &
Heckman, 1997). The most important observation for the present study was that force
enhancement after stretch was not different for doublet stimulation compared to constant
frequency stimulation. This indicates that force enhancement after stretch is not critically
dependent on the force attained during stretch.
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Discussion
The present study aimed at finding out if stretch induced force enhancement is affected by
stimulation frequency and if the effect varies between two functionally different muscles such
as rat soleus and medial gastrocnemius muscles. With respect to these goals it was found that
stretch induced force enhancement is reduced significantly at low stimulation frequencies.
Furthermore, the effects of stretch were different for SOL and GM. In GM force after stretch
was enhanced significantly for all target lengths studied, whereas for SOL appreciable force
enhancement was only found at the highest studied length. In addition, it was found that for
similar fiber stretches, relative force enhancement in GM is approximately twice as large as in
SOL. The mechanism responsible for these effects as well as the functional implications will
be discussed in the following paragraphs.
Force enhancement in maximally stimulated muscle.
The most obvious features of eccentric contractions in the experiments at high frequencies
are: a) force continues to rise until the end of the stretch even if stretch takes place the
descending limb of the isometric length-force curve, b) force at the end of the stretch is higher
than the sustained isometric force at that length and c) force after stretch slowly decays to a
steady level, which remains higher than the sustained isometric force (fig. 3 & 4). These
features correspond well with results obtained on single muscle fibers (e.g. Edman et al.,
1978, 1982), indicating that cause of these effects is located intracellular. These effects are
difficult to explain from events taking place within the sarcomeres (see review Noble, 1992).
For example, Harry et al. (1990) found that the rise of force during stretch at the descending
limb cannot be explained by the crossbridge theory. Instead, Morgan (1990, 1994) proposed
that the effects originate from non uniform behavior of sarcomeres within a fiber. He
proposed that stretch of fibers at the descending limb of the length-force curve takes place
primarily by rapid uncontrolled lengthening (‘popping’) of the weakest sarcomeres within the
fiber. Such behavior is possible due to the instability of sarcomeres in series at the descending
limb of the length-force curve and the existence of a yield point in the eccentric force-velocity
curve, beyond which force is independent of velocity. In a modeling study Morgan (1990)
showed that the ‘popping sarcomere theory, explains the essential features of eccentric
contractions for single fibers such as force enhancement during and after active stretch. This
mechanism may account for the fact that force enhancement during and after stretch are
related linearly in intact muscles (fig. 9). Considering the similarity between our results on
intact muscle and those on single fibers (Edman et al., 1978, 1982) it seems likely that inter
sarcomere dynamics play a role in intact muscles. This suggests that mechanical linking of
muscle fibers in intact muscle via myofascial force transmission (e.g. Huijing, 1998) does not
prevent sarcomeres from behaving non-uniformly.
It should be noted that the explanation put forward by Morgan (1990) is only valid if
sarcomeres operate at the descending limb of their length-force curve. In contrast, we found
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significant force enhancement in GM at lengths well below muscle optimum length. Such
length effects are a regular observation in whole muscle preparations (Atteveld & Crowe,
1980; Ettema et al., 1992; Herzog & Leonard, 1997), but are absent in single fiber
preparations (Edman et al., 1982; Julian & Morgan, 1979). Based on this discrepancy between
muscles and fibers Ettema et al. (1992) suggested that force enhancement below muscle
optimum length may reflect a distribution of mean sarcomere optimum lengths within the
muscle (e.g. Huijing, 1995). Estimates for GM have indicated that sarcomeres, of the
proximal and distal fibers in the midlongitudinal plane, attain maximal filament overlap
within a range of 1.5 mm from muscle optimum length (Roszek et al., 1994; Zuurbier &
Huijing, 1992). This implicates that even below optimum muscle length, sarcomeres of some
GM fibers will operate at the descending limb of their isometric length-force curve, which
explains why stretch induced force enhancement is found for target lengths below muscle
optimum length. Note, that for SOL significant force enhancement was only found for the
highest target length. This may be taken as evidence that fiber optimum length distribution is
small within this muscle, i.e. SOL fibers attain their optimum length close to muscle optimum
length.
Force enhancement at high and low stimulation frequencies.
In the present study it was found that force enhancement decreases substantially at low
stimulation frequencies. It should be noted that the force ripple at flow could have introduced
additional fiber movement due to the series elasticity in the muscle. Calculations based on the
series elastics properties of GM indicated that in our experiments the maximal amplitude of
these movements was less than 0.1 mm. This agrees with estimates obtained from our video
data. Furthermore, force enhancement for submaximal eccentric contractions was calculated
with respect to isometric contractions that experienced a similar force ripple. Hence, it is
assumed that the difference in force enhancement between high and low stimulation
frequencies (fig. 7) is not influenced by this effect. Instead, the difference may be explained
within the framework of the popping sarcomere theory. An important feature of low
frequency stimulation is that muscle optimum length is shifted to higher lengths (fig. 2).
Experiments on submaximally activated single fibers have shown similar shifts (Stephenson
& Wendt, 1984; Zuurbier et al., 1998), indicating that this effect is basically a sarcomere
property. This means that the length at which sarcomeres reach the descending limb of the
submaximal length-force curve and become unstable is shifted to higher lengths. Therefore,
we speculate that in our experiments at low stimulation frequencies fewer sarcomeres were at
the descending limb of their actual length-force curve. Hence, such a shift in optimum length
makes the sarcomeres less susceptible to popping, thereby reducing stretch induced force
enhancement. This explanation may also account for the fact that force enhancement in GM
was linearly related to muscle length if target lengths of the contractions at flow were corrected
for the shift in optimum length (fig. 8). These results are important because they indicate that
force enhancement is related to the length of the sarcomeres with respect to their actual
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optimum length and not to filament overlap. Competing theories concerning extra force after
stretch (see review Noble, 1990) will have difficulty explaining this observation. It should be
noted that ultimately these ideas should be tested in experiments on single fibers.
GM vs. SOL
The difference in force enhancement between GM and SOL suggests that slow twitch muscles
(SOL) have a lower capacity for force enhancement compared to fast twitch (GM) muscles. In
view of the popping sarcomere theory, the explanation for this difference should be found in
differences in sarcomere properties or in the initial degree of non uniformities (Morgan,
1990). With respect to this Malamud et al. (1996) found that short-range stiffness in slow
twitch fibers of cat muscle was considerably larger compared to that of fast twitch fibers. If
such a difference is also present in rat muscles than it could be speculated that the sarcomeres
of SOL are protected better against popping, explaining why force enhancement is smaller in
this muscle. This explanation fits well with observations made in experiments in which rat
muscle fibers were damaged deliberately by stretch (Macpherson, Dennis & Faulkner, 1997).
In these experiments it was found that stretch induced a permanent deficit of fiber force
(damage), that was related to rupture of the longest sarcomeres. Note, that sarcomere rupture
may be considered as an extreme form of popping (Morgan, 1990). In earlier work
MacPherson et al. (1996) found that, for a given fiber strain, less damage (force decrease,
sarcomere rupture) was inflicted on slow twitch fibers compared to fast twitch fibers.
Furthermore, they found that submaximally stimulated muscle fibers can withstand larger
strain without damaging. (Macpherson et al., 1996). Hence, it may be suggested that the
mechanism for force enhancement and fiber damage are similar, indicating that the advantage
of extra force after stretch comes at the risk of substantial muscle damage.
Force enhancement in deactivated muscle.
A peculiar observation that is difficult to reconcile with the popping sarcomere theory is the
observation that active stretch enhances the force of the subsequently deactivated muscle (fig.
10). Enhancement of passive force was observed previously by de Haan et al., (1991). They
found that, if the muscle was lengthened over optimum length and kept at this length when
deactivated, there was a long lasting enhancement of passive force (± 5 minutes). They also
found that the new passive force was not affected if the muscle was stimulated again. This
corresponds to our observation that force of a twitch is superimposed on the new passive
force. Furthermore, de Haan et al, (1991) found that the effect disappeared once the muscle
was released to its resting length. These results suggest that some passive element is strained
during stretch, which is unloaded when muscle is allowed to shorten. Edman & Tsuchiya
(1996) provided evidence that stretch recruits passive elements. These authors discussed the
possibility that the lateral connections between adjacent sarcomeres (Wang, 1983) are strained
due to inter sarcomere dynamics. Although, their results reveal a role for passive elements in
stretch induced force enhancement, it is difficult to imagine how these elements maintain
strained upon deactivation of the muscle.
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Alternatively, it has been suggested that passive force originates from weakly bound cross
bridges with a very low detachment rate (Hill, 1968). If stretch increases the number of
crossbridges with low detachment rates, this could explain the higher passive force. However,
this explanation seems to be refuted by recent experiments on isolated myofibrils of rabbit
psoas muscle indicating that at normal ionic strength passive force is principally borne by titin
filaments (Bartoo, Lincke & Pollack, 1997). Clearly, the intriguing observation of enhanced
passive force deserves more attention in the future.
Stretch induced force depression.
Another observation that is not explained by the popping sarcomere theory is the fact that for
submaximally stimulated GM at the lowest target length, force during as well as after stretch
is actually depressed with respect to the isometric force (fig. 5d). Although, force depression
during stretch can be understood from the rate constants for crossbridge formation and
breakdown (Joyce et al., 1969), it is not clear why this should cause a long lasting (1 s)
depression of the subsequent isometric force.
Interaction between tendon and muscle fibers.
Evaluation of our video data (fig. 3 & 4) showed that muscle fibers shorten considerably at
the start of a sustained isometric contraction, due to the interaction with the compliant
aponeurosis and external tendon. Several studies have shown that shortening depresses
isometric force significantly (e.g. Abbot & Aubert, 1952;Herzog & Leonard, 1997; Meijer et
al., 1997a). Hence, it is possible that this fiber shortening reduced the isometric forces
somewhat. Considering the fact the during eccentric contractions fibers remain isometric or
lengthen (fig. 3 & 4), it may be argued that stretch prevents the fibers from shortening
induced force depression. In our experiments this effect would show up as a force
enhancement. This suggests that stretch induced force enhancement in whole muscles may
partially be accounted for by interaction of muscle fibers with the aponeurosis and external
tendon.
Functional consequences
The force enhancement in SOL is probably too small to be of any functional significance.
Furthermore, estimates of the in vivo length range indicate that rat soleus muscle operates
mainly at the ascending limb of the length-force relationship (Woittiez et al., 1985). At these
lengths stretch induced force enhancement is absent. Taking into account the low tendon to
fiber length ratio (less than 1.5, unpublished observation) it may be evident that this muscle is
not very useful for storage and release of elastic energy either. Hence, it is unlikely that
during locomotion SOL may be utilize these mechanisms to enhance its work output during
the shortening phase. Yet, stretch may enhance the rate at which force is produced in SOL,
causing its force to be maximal when shortening starts. This mechanism, which according to
Ingen Schenau and colleagues (1997) is the primary goal of prestretches, may be very
effective in slow SOL muscle.
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In GM there is a considerable force enhancement indicating that it may be functionally
relevant in this muscle. This is illustrated further by the fact that extra force after stretch
exceeds the optimum isometric force of SOL. Whether force enhancement of GM does indeed
occur in vivo depends on its operating length range and activation level during daily activities.
Estimates from cadaver material and locomotion studies have indicated that during
locomotion GM operates at length near optimum muscle length (Woittiez et al., 1985; Ettema,
1996). At this length region there is a considerable enhancement of isometric force in GM.
However, this does not immediately means that prestretch of GM enhances the force in the
subsequent shortening phase. Ettema et al. (1992) found that prestretch is more effective in
enhancing isometric force than contractile force during shortening. This suggests that the
direct effect of stretch on contractile force during shortening may be relatively small.
However, it is possible that stretch induced force enhancement affects the force during
shortening indirectly. As mentioned stretch is more effective in enhancing force during stretch
than force after stretch (fig. 9). As a consequence of such force enhancement more energy can
be stored in the tendons which may be utilized during the subsequent shortening. Although,
the operating range of GM seems suitable for the utilization of force potentiation after stretch,
GM will be not be fully activated during most daily tasks. EMG studies on rat hindlimb
muscles indicate that at slow to normal walking speed GM is activated at low levels, whereas
SOL is activated at a high level (Roy et al., 1990). However, the activity of GM increases if
walking speed is increased (Roy et al., 1990). Based on these observations and the fact that
stretch induced force enhancement increases at higher stimulation frequencies, it is suggested
that the capacity for stretch induced force enhancement of GM will only be used during high
intensity exercise and will be unused during normal activities. In addition, the question
remains whether GM is stretched actively during locomotion. Although, it has been disputed
that muscle fibers are actively stretched at all (Ingen Schenau et al., 1997), direct
measurements of fiber lengths during animal walking and hopping (Griffiths, 1989, 1991)
have provided convincing evidence for active fiber stretch. For example, stretch of cat
gastrocnemius fibers occurs at high locomotion speeds (Griffiths, 1989).

Conclusions
It is concluded that most effects of stretch in whole muscle can be explained from inter
sarcomere dynamics, although the theory needs to be refined to account for some of the
puzzling anomalies that remain. Furthermore, it is concluded that fast twitch muscle may
benefit more from active stretches than slow twitch muscles. However, definite conclusions
regarding this can only be made if the experimental data on isolated muscles is combined with
integrated measurements of fiber length, force and degree of activation of these muscles
during rat locomotion.
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Chapter 6

Abstract
A regular finding in experiments on muscles is that force during and after shortening is less
than is expected from the isometric length-force curve and the force-velocity curve. In single
fibers, shortening induced force depression is accompanied by non uniform changes in
sarcomere lengths. In the present study it was evaluated whether such inter sarcomere
dynamics can account for shortening induced force depression that is observed in whole
muscles. For this purpose a fiber model was developed that comprised an array of sarcomeres.
The sarcomeres were represented by Hill type models and the properties of individual
sarcomeres could be varied independently. A sensitivity analysis showed that the most
important parameters were the ones that determine the slope of the force-velocity curve at
zero velocity. With the model, a number of experimental isokinetic protocols were simulated.
Qualitatively, the model reproduced experimental findings well. However, the predicted
maximal post-shortening force depression was almost 30 % less than that observed in
experiments. Furthermore, the model was not capable of predicting force depression that is
observed during shortening. The reasons for these discrepancies are discussed.
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Introduction.
Studies on maximally stimulated isolated muscles have shown that active shortening causes
long lasting depression of isometric force (e.g. Abbot & Aubert, 1952; Deleze, 1961).
Systematic studies of this effect have shown that the force depression is largest if shortening
takes place at the descending limb of the isometric length-force curve (Herzog & Leonard,
1997; Marechal & Plaghki, 1997; Meijer, Grootenboer, Koopman & Huijing, 1997a).
Furthermore, these studies have shown that the depression is related to the amount of
shortening and that its is inversely related to the velocity of shortening. Recently, the
depressant effect of shortening has also been found in human muscles in situ (de Ruiter, de
Haan, Jones & Sargeant, 1998) suggesting that it is functionally important. The magnitude of
the depression varies considerably between different muscle preparations. For example,
maximal force depression ranges from 20 % in rat medial gastrocnemius muscle (Meijer et
al., 1997a) to 37 % in human adductor pollicis muscle (de Ruiter et al., 1998). Although some
of this variability may be caused by methodological differences it may also indicate that the
mechanism(s) responsible for shortening induced force depression is more effective in some
muscles compared to others.
At least three explanations have been forwarded to account for shortening induced force
depression in maximal activated muscle: a) stress inhibition of actin binding sites (Marechal
& Plaghki, 1979), b) metabolic fatigue (Granzier & Pollack, 1989) and c) inter sarcomere
dynamics (Edman, Caputo & Lou, 1993). All three explanations have their merits, however
direct experimental evidence is only available for the latter. Experiments on single fibers have
shown that shortening induced force depression is accompanied by an increased dispersion of
sarcomere lengths (Julian & Morgan, 1979; Sugi & Tsuchiya, 1988; Edman et al., 1993). In
fact, Edman et al. (1993) found that the coefficient of variation for sarcomere lengths, which
is a measure for the length distribution correlated highly with force depression.
Correspondingly, modeling studies have indicated that inter sarcomere dynamics can be
responsible indeed for shortening induced depression of isometric force (Edman et al., 1993;
Morgan, 1990). These studies predicted some of the basic movement history phenomena,
however they were confined to a rather limited range of target lengths and velocities. It is
necessary to test these models for a wider range of operating conditions to evaluate if inter
sarcomere dynamics is the principal mechanism for shortening induced force depression in
whole muscle. For example, the modeling studies did not consider the effects during
shortening, while experiments have shown that the depressant effect of shortening is already
active during shortening (e.g. Meijer et al., 1997a, de Ruiter et al., 1998) . In addition very
little is known on how the effects of inter sarcomere dynamics are influenced by sarcomere
properties (i.e. force-velocity curve) and possible distributions thereof. This is an important
issue if one considers the variability of the effects in different preparations.
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In the present study a muscle fiber model was developed similar to those presented by Edman
et al. (1993) and Morgan (1990). The fiber model consisted of a series of Hill type models
which represented the sarcomeres. Properties of individual sarcomeres could be varied by
changing the parameters in the Hill models. The two main objectives were: First, to
determine the parameters that were crucial for the occurrence of shortening induced force
depression as well as to study how the distribution of sarcomere lengths influenced the
depression. Second, to evaluate to what extend inter sarcomere dynamics can account for the
effects observed in whole muscles. For this purpose simulations were performed of isokinetic
shortening protocols similar to those used in experiments on whole muscle.

Methods
Fiber model.
The developed fiber model consisted of a serial arrangement of n sarcomeres in series with a
small spring. The spring represents the series elastics structures within a muscle fiber. The
sarcomeres were represented by Hill type models consisting of an active contractile unit
parallel to a passive elastic unit. The arrangement of the elements within the model are
represented schematically in figure 1.

sarcomere
active unit

series elastic spring

passive unit

ls,1

ls,2

ls,n

lse

lf
Figure 1. Arrangement of the structural elements within the fiber model. Sarcomeres are represented by an
active contractile unit and a passive parallel elastic unit. At the end of the fiber there is a small series elastic
element. ls,1..n = length of the sarcomeres, lf is fiber length, lse is the length of the series elastic element.

Figure 2 shows for the different model elements the force-length and force-velocity
characteristics as well as the parameters that characterize them. The corresponding equations
are represented in the appendix. The contractile properties of each sarcomere are governed by
an isometric length-force curve and a velocity-force curve. The isometric sarcomere lengthforce curve is represented by a polynomial function that was determined experimentally for
isolated fiber bundles of rat medial gastrocnemius muscle (Zuurbier, Heslinga, Lee de Groot
& van der Laarse, 1995). Although, this relationship deviates from the one predicted on the
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basis of the sliding filament theory it has the advantage of being a continuous function, which
makes it easy to implement in the fiber model. The relationship was characterized by
polynomial coefficients (A0..An), an optimum sarcomere length (lso) of 2.43 µm and optimum
sarcomere force (Fso).
The concentric part of the sarcomere velocity-force curve was described by the classical Hill
hyperbola (Hill, 1938). This relationship is characterized by two coefficients (a & b),
optimum sarcomere force and the maximal shortening velocity of the sarcomere (vmax).
In most simulations a double hyperbolic velocity-force curve was used, according to Edman,
Manson and Caputo (1997). This adjusted version of the Hill relationship, contains two
additional coefficients (e1 & e2) to describe the relationship between force and velocity in the
high force range (Fso*0.8
Fso). For the eccentric part of the sarcomere velocity-force curve
an inverse hyperbola was used. This relationship was characterized by a plateau force (Fmax)
and a constant (c1). Together, these parameters determine the slope of this curve at low stretch
velocities. The normalized velocity-force curve is assumed to be independent of sarcomere
length.

È

The passive sarcomere length-force curve was modeled as a non linear spring with force
depending quadratically on sarcomere strain. The curve was characterized by a stiffness
constant (kp) and a passive slack length (lsp,0 ) which represents the sarcomere length at which
passive force starts to develop. At sarcomere lengths smaller than passive slack length the
force of the passive unit was assumed to be zero. The series elastic spring at the end of the
muscle fiber was modeled in the same way as the parallel elastics elements of the sarcomeres.
The stiffness constant of this element was chosen such that the element is strained 4 % of its
slack length when the muscle fiber attains its optimum force.
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Force

Force

a

lsp,0
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0

1
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2
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3

0
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0
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vs (lso/s)

c

d

Force
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Fso

lse,0
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lse,0*4%
0.7
-0.1

0

lse

0

0.02
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Figure 2. Sarcomere properties a) active and passive lengths-force curves. Fso is optimum sarcomere force, lso is
optimum sarcomere length and lsp,0 is the passive slack length. b) Force -velocity curves. The Hill parabola
(continuous line) as well as the double hyperbolic curve of Edman (dashed line) are shown. Fmax is the eccentric
plateau force, vmax is the maximal shortening velocity. c) length-force curve of the series elastic element. lse,0 is
the slack length of the series elastic element. Force equals optimum force if the element is strained 4 % d) A
close up of the high force range for the force-velocity curves presented in c)

Inertial effects are neglected in the model. Hence, the serial arrangement of the sarcomeres
and the spring within the fiber model dictates that the forces of these elements are the same
and that they equal fiber force at each instant. Furthermore, the sum of the lengths and
velocities of these elements must equal the fiber length and velocity. Based on these
requirements, the change of force in time can be determined at the series elastic element
according to the following first order differential equation,
i= n
i=n
dFse
= 2 ⋅ k se ⋅ ( l f − ∑i=1 ls ,i ) ⋅ ( v f − ∑i =1 v s ,i )
dt

1)

In this equation Fse represents the force of the series elastic element, kse is its stiffness
constant, lf and vf are fiber length and velocity, ls,i and vs,i are length and velocity of the ith
sarcomere.
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Figure 3. Examples of the isokinetic (continuous lines) and isometric (dashed lines) contractions used in the
sensitivity analysis. a & b) sarcomere lengths (ls) and fiber force (Ff) as a function of time for the model
equipped with the Hill parabola. c & d) simulation results for the same contractions as in a & b, but now for the
model equipped with the double hyperbolic force-velocity curve.

Sensitivity analysis.
A sensitivity analysis was performed with respect to a parameter set that gave moderate force
depression: (n=11; sd ls = 1 %*lso ; a/Fso=b/vmax=0.2; e1 =-27 , e2 =0.79; Fmax=1.5,
c1=1/6; Fso=1; vmax=8 (lso/s); lso = 2.43 µm ). Parameters values as well as the degree of
distribution between sarcomeres in length, optimum force , maximal shortening velocity and
curvature of the force-velocity relationship (coefficients a & b) were varied systematically
with respect to this parameter set. Normal distributions were used with the range determined
by the standard deviation (sd). Special attention was paid to parameters that determine the
slope of the velocity-force curve near zero velocity (e.g. Fmax, c1, e1 & e2). The influence of
each intervention was evaluated by comparing the isometric force redeveloped after a test
isokinetic shortening with the isometric force at the appropriate target length.
Simulations.
Experimental contractions used to study shortening history effects, typically consist of an
isometric pre-phase followed by a shortening at constant velocity to a certain target length at
which the muscle or single fiber is kept isometric again. Shortening induced force depression
is determined by subtracting the post shortening isometric force from the force of a sustained

109

Chapter 6

isometric contraction at the same target length. In the simulations a similar procedure was
used to characterize shortening history effects. The following experimental protocols were
simulated:
1) Isokinetic concentric contractions with the same amplitude, but starting at different
sarcomere lengths (e.g. Meijer et al., 1997a) .
2) Isokinetic contractions with the same amplitude and starting length but with different
shortening velocities (e.g. Herzog & Leonard, 1997; Marechal & Plaghki, 1979; Meijer et
al., 1997a).
3) Isokinetic concentric contractions with different amplitudes ending at the same target
length. Target lengths chosen were just above or just below optimum fiber length (e.g.
Herzog & Leonard, 1997; Marechal & Plaghki, 1979; Meijer et al., 1997a)
4) Isokinetic concentric contractions of different amplitudes starting at the same length.
Starting length was well above or just over optimum fiber length (e.g. Meijer et al 1998b)
Note, in this study optimum fiber length is used to refer to the fiber length at which mean
sarcomere length equals lso .
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Figure 4. Simulation results for isokinetic contractions (continuous lines) of the same amplitude and velocity (3
% * vmax) and isometric contractions. Sarcomere lengths (ls) and fiber forces (Ff) are shown for contractions
performed below (a & b) and above (c & d) optimum sarcomere length. Mean sarcomere shortening was 0.24
µm.

Results
Sensitivity analysis.
Figure 3 shows examples of the sarcomere lengths and fiber forces in the contractions that
were used for the sensitivity analysis. This particular example illustrates the differences
between the model equipped with the Hill hyperbolic curve (fig. 3a, b) and that equipped with
the double hyperbolic force-velocity curve (fig. 3c, d). The length traces clearly show that the
degree of sarcomere length distribution increases considerably during shortening and that
after shortening it further increases slowly. There are three important differences between the
results for the two model configurations. 1) the rate of sarcomere length dispersion during
shortening was fastest for the model with the double hyperbolic curve. Hence, the range of
sarcomere lengths after shortening was larger (2.40-2.93 vs. 2.47-2.89 µm). 2) during the
post-shortening isometric phase, the redistribution of sarcomere lengths was slowest in the
model the with double hyperbolic curve. In fact, the sarcomeres were almost isometric (vs <
1% * vmax) . 3) for the model with the Hill hyperbola isometric force after shortening was
similar to that in a sustained isometric contraction (fig. 3b), despite a considerable difference
in sarcomere length distribution between the two. In contrast, shortening induced a
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considerable force depression (5 %) in the model with the double hyperbolic curve (fig. 3d).
Additional simulations for the model with the Hill hyperbola showed that it was very difficult
to obtain any appreciable amount of force depression with this relationship. Therefore, the
double hyperbolic curve was used in all further simulations.
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Figure 5. a) Post-shortening isometric length-force curve (o) together with the fully isometric length-force
relationship (+). b) Shortening induced force depression as a function of mean sarcomere length. Data is derived
from contractions shown in figure 4.

Parameter e2 of the double hyperbolic curve is shown to have a considerable influence on post
shortening isometric force. For simulations with an 11 sarcomere model, decreasing e2 from
0.9 to 0.7 increased the force depression from 4 % to 9 %. The parameters Fmax and c1 , that
determined the ratio between the slopes of the eccentric and concentric velocity-force curves,
also had a considerable influence on force depression. Reducing the slope ratio from 6 to 1.5,
increased force depression from 6 % to 9 %. In contrast, changing the normalized Hill
coefficients (a & b) from 0.2 to 0.4 had only a minor influence on force depression. (7.1
7.9 %).

È

The effects of the degree of distribution of various parameters (i.e. sarcomere length) were
studied with a 100 sarcomere fiber model. Changes in the degree of distribution of Fso , vmax
as well as the Hill coefficients (a & b) had only a minor effect on force depression. For
example, increasing the range of vmax dispersion from 20 % to 70 % of mean vmax increased
force depression from a mere 2 % to just 4 %. More effect could be obtained by increasing
the length distribution. Increasing the range of length dispersion from 1 % to 10 % * lso
increased the force depression from 2% to 9 %.
In most contractions, isometric force after shortening remained at a steady level, For these
contractions the force depression amounted to maximally 10 %. For such contractions
sarcomere lengths diverged very slowly at velocities of less than 1 % of vmax . However, in
some contractions post shortening isometric force declined at an increasing rate such that
force depression at the end of the period evaluated amounted to 20 % or more. This
accelerating force depression was caused by rapid lengthening of weak sarcomeres that
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approached their yield point (i.e. the point on the eccentric force-velocity curve beyond which
force is independent of velocity). Once a sarcomere is stretched beyond its yield point it will
undergo uncontrolled lengthening and finally end on the passive length-force curve. This
phenomenon is known as popping of sarcomeres (Morgan, 1990). This behavior was observed
especially if a shallow slope of the eccentric part of the velocity-force curve was combined
with a large sarcomere length distribution. In experiments isometric force after shortening
generally attains a steady level. Therefore, it was decided to choose the parameter sets for the
simulations of the experimental concentric protocols such that accelerating force depression
was avoided as much as possible.
Concentric protocols.
Based on the results of the sensitivity analysis, a parameter set was chosen for the simulations
of the experimental protocols that gave good results for most contractions (n=11; sd ls =2
%*lso ; a/Fso=b/vmax=0.2; e1 =-27 , e2 =0.79; Fmax=1.8, c1=1/7.5; Fso=1; vmax=8 (lso/s); lso =
2.43 µm ). To reduce the calculation time these simulations where performed with an 11
sarcomere model, which produced results similar to that of the 100 sarcomere model.
Figure 4 shows examples of the simulation results for isokinetic contractions with the same
shortening amplitude and velocity but different starting lengths. This particular example
shows contractions performed below and above optimum fiber length. Below optimum fiber
length the sarcomere lengths converged during shortening (fig. 4a), whereas above optimum
length fiber they clearly diverged (fig. 4c). For contractions above optimum fiber length, postshortening force was clearly depressed with respect to sustained isometric force and the
depression increased slowly in time. In contrast, for the contraction performed below
optimum fiber length, post-shortening force redeveloped to the level of the sustained
isometric force. These simulations were performed for a range of starting lengths that covered
a considerable part of the isometric length force-curve.
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Figure 6. Effects of shortening velocity on shortening induced force depression. a & b) Mean sarcomere lengths
(ls) and fiber force (Ff) as a function of time. Shortening velocities studied ranged from 3 - 50 % *vmax c)
relationship between force depression and shortening velocity determined 200 ms (o) and 500 ms (!) after
shortening stopped d) comparison between the sarcomere force-velocity curve (dashed line) and the forcevelocity data derived from the model calculations (0). Note, velocity is normalized for vmax .

Figure 5 summarizes the results of such simulations in the form of a post-shortening isometric
length-force curve. At lengths higher than optimum sarcomere length this curve deviates
progressively from the fully isometric length-force curve (fig. 5a). Force depression as a
function of mean sarcomere length was determined by subtracting these two length-force
curves (fig. 5b). This figure clearly shows that the depressant effect of shortening increases if
shortening is started at higher sarcomere lengths. Note, that force was somewhat depressed
even if shortening ended below optimum fiber length. For these conditions some sarcomeres
were still at their descending limb. Evaluation of post-shortening sarcomere lengths indicated
that there was a linear relationship between the coefficient of variation of the sarcomere
lengths and force depression.
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Figure 7. Effects of shortening distance on force depression. a & b) mean sarcomere lengths (ls) and fiber force
(Ff) traces for isokinetic contractions ending just below optimum sarcomere length. Shortening velocity 3% *
vmax . c & d) similar data for isokinetic contractions ending just above optimum sarcomere length.

Figure 6 illustrates that shortening induced force depression increases with decreasing
shortening velocity. A higher force depression was accompanied by a larger sarcomere length
dispersion. For the slowest shortening velocity studied force depression amounted to 10 %
and sarcomere lengths ranged from 3.09 - 2.32 µm. An interesting result of these simulations
was that force depression appeared to be related exponentially to shortening velocity (fig. 6c).
Figure 6c also illustrates the effect of time on shortening induced force depression. If force
depression was determined late in the contraction, the effects of slow velocities increased,
while the effects at high velocities diminished. This behavior attenuated the exponential
nature of the relationship between shortening velocity and force depression. An important
observation was that force during shortening was not different from that expected on the basis
of the force-velocity relationship (fig. 6d). This means that, in our model, inter sarcomere
dynamics do not influence the force during shortening.
Figure 7 shows examples of the isokinetic protocol in which the fiber was shortened by
different amounts from different starting length such that shortening ended at the same target
length. If shortening ended below optimum fiber length force depression was transient and its
magnitude was independent of the amplitude shortened (fig. 7a, c). Although, forces were
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similar, the dispersion of sarcomere lengths at the end of shortening was larger for the
contraction that covered the largest distance (2.59-2.16 vs. 2.31-2.23 µm). If shortening
ended at lengths higher than optimum fiber length force depression persisted and in some
contractions slowly increased in time (fig. 7b, d). Here force depression clearly depends on
the distance shortened. This effect was already visible during the shortening phase, however
the effects during shortening were much smaller than those after shortening.
Figure 8 shows an isokinetic protocol similar to that of figure 7. However in these simulations
the starting lengths were identical while the target lengths were changed. Shortening started
from well over optimum fiber length or near optimum fiber length and ended at target lengths
above and below optimum fiber length. The isometric forces redeveloped after shortening at
the different target lengths were used to construct post-shortening isometric length-force
curves for contractions initiated at the two starting lengths. Figure 8c shows these length-force
curves together with the fully isometric length-force curve. The amplitude of the postshortening length-force curves is reduced with respect to the fully isometric curve and this
reduction is largest for the curve belonging to the highest starting length. Note, the lengthforce data presented were determined 200 ms after the shortening phase. If isometric forces
were determined later in the post-shortening isometric phase then forces for contractions from
the low starting length approached fully isometric forces whereas the forces for the high
starting length were reduced even more. Hence, force depression after shortening from near
optimum fiber length was transient whereas for shortening from higher lengths the depression
was permanent and even increasing. An important finding was that the force redeveloped after
shortening was almost independent of the duration of the isometric pre-phase (results not
shown). This is related to the fact that sarcomere length distributions increase very slowly
during isometric contractions (e.g. fig. 4c).
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Figure 8. Isokinetic protocol to determine post-shortening isometric length-force characteristics for contractions
with different starting lengths. a) mean sarcomere length (ls) traces including standard deviations. b) fiber force
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Discussion
The main result of the present study is that a simple fiber model, consisting of multiple
sarcomeres with distributed properties, is able to reproduce many aspects of shortening
induced force depression found in experiments on whole muscles. For example, the fact that
force depression was inversely related to shortening velocity (fig. 6) agrees well with
experimental findings (Herzog & Leonard, 1997; Marechal & Plaghki, 1979; Meijer et al.,
1997a). Furthermore, the post-shortening length-force curves that were determined in the
present study (fig. 5 & 8) show a good agreement with those that were determined
experimentally using similar isokinetic protocols (Meijer et al., 1997a ,1998b). These
similarities between physiological experiments and numerical experiments support the
conclusion of Edman et al. (1993) that inter sarcomere dynamics is the principal cause for
shortening induced depression of isometric force.
Inter sarcomere dynamics has been rejected as a possible mechanism for force depression
(Herzog & Leonard, 1997) based on observations made on single fibers (Sugi & Tsuchiya,
1988). Sugi and Tsuchiya (1988) found that shortening induced force depression was
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accompanied by a similar reduction in stiffness and that the sarcomere length dispersion that
develops during shortening persist after shortening. Therefore, they concluded that after
shortening the sarcomeres were truly isometric and that force depression is caused by some
unknown mechanism other than inter sarcomere dynamics. However, our simulations using
the double hyperbolic force-velocity curve showed that force depression was accompanied by
very slow (vs < 1% vmax ) changes in sarcomere length (fig. 3c). The resolution of the
measurements of Sugi & Tsuchiya (1988) may have been to low to detect such small changes.
In addition, it is well known that shortening sarcomeres have a lower stiffness compared to
isometric sarcomeres (e.g. Linden, Meijer, Huijing, Koopman & Grootenboer 1998a), even if
velocity is slow (Edman et al., 1997). It is therefor concluded that these arguments against the
explanation of inter sarcomere dynamics are not tenable.

F1
S2
Fi

S1

F
F2

concentric

v1

0

v2

eccentric

velocity

Figure 9. Schematic representation of force-velocity
curves near zero velocity. Used to demonstrate the effects
of the slope of the force-velocity curve in the concentric
(S1) and eccentric part (S2) and the effect of strength
differences ( F1 > F2) on the force (F) of a fiber that
comprises two sarcomeres. Fi is the mean of F1 and F2. v1
and v2 are the sarcomere velocities in the isometric fiber.

Influence of force-velocity curve and sarcomere length distribution.
The sensitivity analysis revealed that shortening induced force depression was most sensitive
to: 1) changes in parameters that determine the ratio of slopes of the force-velocity curve at
zero velocity (i.e. Fmax, c1, e1 ) and 2) to the degree of sarcomere length distribution. The
influence of the slope ratio can be understood if we simplify the problem to a fiber with two
sarcomeres in series that both operate on the descending limb of the isometric length-force
curve (fig. 9). The two sarcomeres are assumed to have different isometric forces (F1 & F2)
caused for instance by a difference in sarcomere length. For the sake of argument we also
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assume that the eccentric and concentric parts of the force-velocity curve are linear functions
with different slopes (Se & Sc respectively). In the isometric fiber the sum of the sarcomere
velocities has to be zero. For this precondition the isometric force (F) that will be reached by
the fiber can be calculated from the following equation,

F=

S c ⋅ F2 + S e ⋅ F1
Sc + Se

2)

According to this equation the isometric force of the fiber will be less than the mean isometric
force of the two sarcomeres if the ratio Se / Sc is less than 1. If this condition is met then the
equation predicts that an increase in the sarcomere length distribution after shortening will
reduce the isometric force of the fiber. This simple analysis, which has been used before to
explain the slow rise in isometric force (creep) observed in contractions at the descending
limb of the isometric length-force curve (Morgan, Claflin & Julian, 1991), shows why force
depression is so sensitive to the slopes near zero velocity and why force depression increases
if the sarcomere length distribution increases. It also explains why the double hyperbolic
force-velocity relationship, which has a very large slope at high forces, is so effective in
predicting shortening induced force depression (fig. 3 of the present study, see also Edman et
al., 1993).
An intriguing conclusion, we draw from this analysis is that it is not possible to predict
shortening induced force depression and isometric creep with a single parameter set. To
obtain isometric creep the slope of the eccentric part of the force-velocity curve needs to be
larger than that of the concentric part, while shortening induced force depression requires the
opposite.
Inter muscle variability.
One of the issues raised in the introduction was the variability in force depression between
different muscles. The most likely explanation for this variability is that sarcomeres of these
muscles differ with respect to: a) parameters that determine the slope ratio of the forcevelocity curve at zero velocity, b) the degree of sarcomere length distribution. Unfortunately,
to our knowledge such information is not available. Studies that aimed to quantify
distributions in sarcomere length (e.g. Burton, Zagotta & Baskin, 1989; Julian & Morgan,
1979) and in optimum force and maximal shortening velocity (Edman, Reggianni & te
Kronnie, 1985) have not considered possible differences between fibers of different muscle.
There are indications that slow type muscle fibers can withstand stretches better than fast type
fibers (Malamud, Godt and Nicols, 1996). If this is also true for their sarcomeres than weak
sarcomeres in slow twitch fibers can resist strength differences better than those in fast twitch
fibers. As a consequence, slow twitch fibers would be less susceptible to depressant
influences of inter sarcomere dynamics.
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Maximal possible force depression
Our model predicts qualitatively shortening history effects for contractions at the descending
limb of the isometric length-force curve. However, persistent force depression never exceeded
10 %. This is rather modest if one considers that experiments on human muscles show
persisting force depressions as large as 37 % (de Ruiter et al., 1998). The relatively small
force depression in our model can be understood from the fact that the force-velocity curve
not only enables force depression, but also limits it. Two factors restrict the maximal possible
force depression: First, the slopes of the concentric and eccentric parts of the force-velocity
curve decrease disproportional for increasing velocities. For contractions at the descending
limb of the isometric length-force curve the sarcomere length distribution will increase
progressively and sarcomere velocities will increase accordingly. At a certain distribution the
velocities will be so high that slope of the corresponding concentric part of the curve becomes
smaller than that of the corresponding eccentric part, such that a further increase in
distribution will not result in additional lowering of isometric fiber force. Second, if the
distribution becomes to large the weaker sarcomeres will undergo uncontrolled lengthening
(popping) until they reach the passive length-force curve. For an extensive description of this
behavior we refer to the study of Morgan (1990). In our model popping of sarcomeres will be
accompanied by a rapid decline in isometric force followed by a slow recovery to a new level
of isometric force. This new force will be larger than the force earlier in the contraction,
because the stronger sarcomeres will have shortened on the descending limb thereby attaining
higher forces. In the model of Edman et al. (1993) popping of sarcomeres did not occur,
because they used a linear function for the eccentric part of the force-velocity curve and thus
did not incorporate a yield region.
Since the parameter values in the model were varied within physiological limits it is expected
that one has to come up with unphysiological force-velocity properties to explain a steady
force depression of more than 30% using the present model. This suggest that in whole
muscles other factors may be involved as well in shortening induced force depression. It is
conceivable that the model used in the present study is too simple to describe the effects of
inter sarcomere dynamics. Evidence is growing that sarcomere forces are not only transmitted
in longitudinal direction from one sarcomere to the other, as assumed in the present model but
that force transmission also occurs sideways to the connective tissue. This may occur via
connections at the level of the Z and M lines in the sarcomere (Huijing, Baan, & Rebel, 1998;
see Huijing, 1998; Patel & Lieber, 1997 for reviews). As a consequence, there will be a
complex interaction between active sarcomere forces and the passive properties of the extra
cellular matrix. Clearly, an interpretation of the effects of such parallel paths of force
transmission is beyond the scope of this study. More elaborate models, such as recently
developed Finite Element muscle models (e.g. Linden, Huijing, Koopman, Meijer &
Grootenboer 1998b), will be needed to provide insight in the influence of such interactions.
Alternatively, the discrepancy between modeled and experimentally determined maximal
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force depression should be taken as an indication that other mechanisms such as metabolic
fatigue (Granzier & Pollack, 1989) or stress inhibition of actin binding sites (Herzog &
Leonard, 1997; Marechal & Plaghki, 1979) cooperate to reduce isometric force after
shortening.
Force depression during shortening
Experimental studies have shown that force during shortening is depressed by the same
amount as force after shortening (de Ruiter et al., 1998; Meijer et al., 1997a). De Ruiter et al.
(1998) pointed out that this may influence experimentally determined force-velocity curves
considerably. Such effects have been shown to exist indeed (Becker and Murphy, 1988). In
contrast, our model results show that force depression during shortening is smaller than after
shortening (fig. 7 & 8). As a consequence, no major differences were found between the
sarcomere force-velocity curve and the force-velocity data predicted for the fiber model (fig.
6d). These observations can be understood from the fact that during shortening all sarcomeres
operate at the concentric part of their force-velocity curves. As a consequence, there are only
small differences in the force-velocity slope between sarcomeres. Thus differences in
sarcomere length distributions affect isometric force to only a minor degree. Interestingly,
Morgan et al. (1991) used this fact to avoid the influence of isometric creep in the
determination of the relationship between filament overlap and force. These results indicate
that other mechanisms, such as those mentioned in the previous paragraphs, need to be
considered to account for force depression during shortening.
Force depression below optimum length.
Our model predicts that shortening in a length range below optimum fiber length does not
result in any force depression (fig. 4b). In contrast, experiments on muscles have shown
considerable force depression for isokinetic contractions that are performed below optimum
muscle length (e.g. Meijer et al., 1997a). This discrepancy may be explained from the fact that
mean sarcomere optimum lengths within a muscle are distributed with respect to optimum
muscle length (e.g. Huijing 1995). This implicates that even below optimum muscle length,
sarcomeres of some fibers will operate at the descending limb of their isometric length-force
curve.

Conclusions
It is concluded that inter sarcomere dynamics is the principal cause for shortening history
effects observed in whole muscles. However, for a definite conclusion regarding the role of
inter sarcomere dynamics the effects of intra muscular force transmission need to be
evaluated.
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Appendix
The active as well as the passive sarcomere properties of the sarcomeres in the fiber model
were described by the following equations. The parameters are described in the main text.
The isometric length-force relationship is described by a polynomial function

Fsa (l s ) = Fso ⋅ (ao + a1 ⋅ l s + a 2 ⋅ l s 2 + .... + a n ⋅ l s n )

1)

A force-velocity relationship for which the concentric part was described by either the
classical Hill hyperbola (Hill 1938)
vs =

− b ⋅ ( Fsa (ls ) − F f )

2)

Ff + a

or by the double hyperbolic relationship that has been determined by Edman & (1998)
vs =

− b ⋅ ( Fsa (ls ) − F f ) 
1 
⋅ 1 −

 1 + ex 
Ff + a

3)

with

(

x = e1 ⋅ ⋅ F f − e2 ⋅ Fsa (lsa )

)

4)

The eccentric part of the force-velocity relationship was described by,

vs =

− c ⋅ ( Fsa (l s ) − F f )
Fmax ⋅ Fsa (ls ) − F f

5)

with

 b 
c = c1 ⋅ 

 a + 1

6)

The passive length-force characteristics were described by a quadratic function,

Fsp (l s ) = k p ⋅ (ls − l sp,0 ) 2
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After the early discoveries of contraction history dependent muscle force (Abbot & Aubert,
1952; Buchtal et al., 1951; Deleze, 1961) the topic seemed to have disappeared almost
completely from the literature at least for whole muscle experiments. However, in recent
years there has been a growing interest in the topic (De Ruiter et al., 1998; Herzog &
Leonard, 1997; Meijer et al., 1997a, the present thesis; Vance et al., 1994). This renewed
interest may be triggered by the need for more realistic muscle models in the field of
modeling of movement ( see Winters 1995; Huijing, 1995b for reviews).
The idea that muscle properties change during the course of movement has not been adopted
as yet in the study of motor control (e.g. Soest & Bobbert, 1993; Winters, 1995). However,
the magnitude of the movement history effects and the wide range of conditions under which
they affect muscle properties (see chapters 2, 4 & 5) indicates that these effects should not be
neglected. Movement history has a substantial impact on the isometric length-force and the
force-velocity characteristics. An important observation is that effects are not confined to
conditions of maximal activation but have also a considerable impact on properties of
submaximally active muscle. These results suggest that contraction history is an important
determinant of muscle performance and it may be expected to play a role in muscle function
during whole body movements.
Most results presented in this thesis have been discussed in considerable detail in the
individual chapters. In this last chapter some aspects will be addressed that deserve more
attention in the future.
Inter sarcomere dynamics in whole muscle ?
The idea of non-uniform sarcomere length and velocity of length change in whole muscle is
contrary to modeling practice of many (e.g. Bobbert et al., 1986; Soest & Bobbert, 1993;
Winters & Stark, 1987), who model muscle simply as one giant sarcomere. Such a
simplification would be correct, or even desirable, if non-uniform sarcomere lengths did not
seriously affect whole muscle properties. Yet the present thesis provides several pieces of
evidence that the changes in contractile performance after shortening (chapters 2, 3) or
stretching (chapter 5) of a muscle are related to non-uniform properties of sarcomeres. Firstly,
there is a striking qualitative resemblance of the experimental results presented in chapters 2
and 5 to those of similar experimental studies on isolated muscle fibers which show that
movement induced changes in contractile performance are related to non-uniform sarcomere
length change and velocity (e.g. Edman et al., 1993; Julian & Morgan, 1979). Secondly, the
magnitude of movement history effects in submaximally activated muscle appears to be
related to optimum muscle length, which is shifted to higher lengths at lower firing
frequencies (chapters 4 & 5). Thirdly, a simple fiber model that incorporates inter sarcomere
dynamics explains most of the movement history effects observed in whole muscles (chapter
6). Although, these results indicate that inter sarcomere dynamics is a principal cause for
movement history effects, it should be noted that this argument is based on indirect evidence.
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So far, there is no direct experimental evidence for non-uniform sarcomere behavior in intact
muscles. However, results from an elaborate muscle model, based on the Finite Element
Method, have indicated that inter sarcomere dynamics may also play a role in intact muscles
(Linden, 1998c). Interestingly, in this FEM muscle model, sarcomere length distributions
develop even if all sarcomeres have uniform lengths and properties at the start of a contraction
(Linden, 1998c).
It has been argued that non-uniform sarcomere behavior may be less prominent in intact
muscle compared to isolated fiber preparations (Herzog & Leonard, 1997). In intact muscles
fibers and sarcomeres are linked mechanically to connective tissue at various locations (see
reviews Huijing, 1998a; Patel & Lieber, 1997). Accordingly, in intact muscle large length
differences between adjacent sarcomeres are not expected. The mechanical linking also
suggests that sarcomere forces are not only transmitted in longitudinal direction, as assumed
in the model of chapter 6, but that force transmission also occurs sideways by the connective
tissue attachments. To study the impact of these factors more elaborate muscle models then
the ones used in the present thesis will be necessary. In the FEM model developed by Linden
(1998c) muscle elements represent bundles of muscle fibers with there connective tissue. The
modeling of muscle elements as a continuum implicitly arranges mechanical linkage of the
fibers and connective tissue so that the model accounts for parallel paths of force transmission
(Huijijng, 1998a). A preliminary study (Vries, 1998) has shown that it is possible to model
history dependent muscle force using a FEM model that more explicitly defines sideways
mechanical interaction of muscular and connective tissue. In this model the active properties
of muscle fibers and the passive properties of the connective tissue are modeled as separate ,
but mechanically linked elements. The stiffness of the mechanical links can be varied. The
modeling results showed that the difference in length between sarcomeres in adjacent muscle
elements was small. However, sizable differences were found in sarcomere lengths between
different regions within the muscle belly. It was found that these regional differences
increased if the model muscle was shortened or lengthened (Vries, 1998) and thus explained
the history dependence of muscle force. The modeling results for the FEM muscle models
(Linden, 1998c; Vries, 1998) indicate that the sarcomere inhomogeneities do occur in intact
muscle, although in a different manner than in isolated fibers.
To evaluate if such results of FEM models are related to events that actually occur in a
muscle, simulation results should be backed up by experimental evidence regarding
sarcomere strain distributions in intact muscles. This is clearly not a simple task. However,
with Magnetic Resonance Imaging (MRI) techniques it is possible to look inside intact
muscle. With some of these MRI techniques it is even possible to place markers in a muscle
(tagging) and trace them during contraction, without affecting muscle function (Axel &
Dougherty, 1989). Hence, the question whether inter sarcomere dynamics indeed affect whole
muscle performance may be resolved from research that combines FEM muscle modeling
with MRI experiments on muscles.
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Modeling movement history effects
Contraction history effects in muscle can be modeled at various levels of complexity. The
choice for a given model generally depends on the question one wants to answer. Such
questions may be concerned with the mechanisms behind the effects or with the functional
importance of the effects for locomotion. In general, different questions require different
models.
To elucidate the mechanism of movement history effects, more or less complex models of the
crossbridge mechanism (Atteveld & Crowe, 1980; Linden et al., 1998a) as well as for inter
sarcomere dynamics (Edman et al., 1993; Morgan, 1990; Chapter 6 ) were developed. With
these models it has been possible to explain certain aspects of movement history effects.
However, none of these models can fully predict all phenomena associated with movement
history. For example, the crossbridge model of Linden et al. (1998a) cannot explain the
length dependence of the effects, whereas the model, presented in chapter 6, taking into
account aspects of inter sarcomere dynamics has considerable difficulty to explain force
depression during shortening.
Several reasons may be explain the fact that these models fail to give a complete description
of the effects. First, the models may be too simple for their purpose. For example, the model
of inter sarcomere dynamics does not account for the complex mechanical interactions present
in intact muscles. Second, there is evidence that movement history effects originate from
several, possibly interacting, sources (see discussions in chapters 2, 4 & 5). This means that
the proposed models only account for a certain aspect of movement history effects. Third, the
mechanism for movement history effects is totally different than conceived in the models
mentioned afore. In this case an alternative model should be developed. An intriguing
mechanism which has not been modeled as yet is stress inhibition of actin binding sites
(Marechal & Plaghki, 1979; Herzog & Leonard, 1997). Hence, the search for mechanisms
behind movement history effects in whole muscle continues.
Although, the models mentioned above may help to elucidate the mechanism responsible for
movement history effects they are too complex to be used in the study of human whole body
movement. For this purpose simpler models that describe the main effects of movement
history are necessary. One of the first descriptive models of movement history was developed
by Barrata et al. (1996). However, this model is only valid for load moving contractions that
start shortening from the muscle’s passive length-force curve. Therefore, is not expected to be
of major use in the study of motor control. The Hill type descriptive model (chapter 3) may be
a more useful tool for such studies. With this model it is possible to describe effects of
shortening history on changes in muscle force for a variety of shortening contractions. In
addition, it is capable of describing the changes in muscle force during and after lengthening
of the muscle (Meijer et al., 1997c). Although, the model works well for maximal stimulated
muscles, it is not capable of describing effects for submaximally activated muscle (chapter 4).
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An additional draw back of this model appears to be that it cannot account for the effects that
occur during sinusoidal muscle movements (Ettema, 1998). Therefore, Ettema (1998)
proposed an alternative modeling approach based on the work of Kawai and Brandt (1980). In
this approach muscle performance is described by a series of exponential functions which
account for the muscle characteristics in different frequency domains.
It is concluded that descriptive models of movement history need considerable refinement
before such models can be applied successfully in the study of human movement.
Movement history effects and motor control.
In one of the main theories on motor control, the equilibrium point (EP) hypothesis, muscle is
assumed to be a tunable spring (Feldman, 1986). From a control perspective, the advantage of
this assumption is that there is a single valued relation between efferent stimuli from the
central nervous system and the mechanical state of the muscle: i.e. force, length and velocity.
In its simplest form the EP theory predicts that for a given stimulus pattern the muscles will
move the body segments to a single equilibrium position. It is assumed that this position is
primarily determined by the mechanical properties of the muscles involved in the movement
and is independent of the initial position of the body segments.
Alterations in the mechanical properties of the muscle caused by preceding movement , such
as shown in the present thesis, may complicate such a control scheme considerably.
Experiments on a simple muscle-joint system have shown that for a given stimulation pattern
there may be several equilibrium joint positions, depending on the starting position of the
system (Kostyukov & Levik, 1994). Similar observations on ambiguity in equilibrium joint
positions have been made for more complex systems such as the elbow of the cat (Tal’nov &
Kostyukov, 1992) and the human ankle (Tal’nov & Kostyukov, 1994). The ambiguity in joint
positions has been attributed to hysteresis in the mechanical properties of the muscles
(Kostyukov & Levik, 1994; Tal’nov & Kostyukov, 1992, 1994).
Hysteresis in muscle characteristics implies that accurate execution of movement relies on
feedback information and learning processes. Important feedback systems in intact organisms
are the somatosensory system, balance and vision. With respect to the somatosensory system
it is interesting to note that, during positioning tasks, ambiguity in joint position is not
compensated at the reflex level (Tal’nov & Kostyukov, 1994). Instead, visual information is
required for correction of any positioning errors. In conclusion, these observations indicate
that the effects of movement history on the mechanical state of the muscle have a
considerable impact on motor control. In fact, it emphasizes the importance of feedback
mechanisms.
Practical implications for FES
Alterations in muscle properties induced by preceding movement may pose practical
problems for Functional Electrical Stimulation systems, if they do not incorporate some sort
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of feedback mechanism. This is illustrated with a simple example. A major issue in FES is the
development of systems that allow patients to stand up from a chair. In such a task the patient
transfers from one dynamic posture (sitting) to another one (standing). Ideally, such a transfer
is accomplished using a single stimulation protocol which activates the relevant muscles in a
coordinated fashion. However, if muscle properties are affected by preceding movement it is
possible that the standing position attained by the patient may be influenced by the
configuration of the skeletal segments in the sitting position (thus by the type of chair). For
instance, an important muscle group for standing up are the knee extensors (quadriceps). It is
expected that the length of the quadriceps in sitting position is influenced by the height of the
chair, such that the muscles are longer if chair height decreases. For a given stimulation level,
muscle force as well as the length range over which force can be exerted diminish if starting
length is increased (chapter 2). Hence, it is possible that the contribution of the quadriceps to
the sit-stand transfer decreases if chair height is decreased such that the patient is unable to
rise to a full standing position. This problem can be compensated through incremental
stimulation applied to the quadriceps. Therefore, for a FES system to be practical, it needs to
incorporate feedback mechanisms to accommodate for changes in the environmental
conditions as well as muscular properties (adaptive control). Knowledge on how
environmental conditions affect the properties of the actuator system (muscles), such as
provided in the present thesis, will be useful in developing such systems.
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Summary
Muscles are the motors of human locomotion. To understand how we control such complex
movements, knowledge about muscle force production is important. It’s generally assumed
that, for a given level of activation, muscle force is an instantaneous function of muscle length
and velocity. However, there are several indications that preceding movement also influences
muscle force. For example, the maximal force produced by a muscle that is held a constant
length (isometric contraction) is reduced considerably if prior to the development of isometric
force the muscle is allowed to shorten actively. This is referred to as a history dependent
effect and the magnitude of such effects can be quite large.
The existence of history dependent effects has been known since the early fifties. However,
the most presented data is just illustrative or comes from experiments on isolated muscle
fibers. As a consequence, its is difficult to asses the importance of history dependent effects
for muscle function during voluntary movements. For this purpose, detailed knowledge of
these effects in intact muscles is necessary. The aim of the present thesis was to study
systematically the impact of history dependent effects in intact muscles. For this purpose,
experiments were performed on in situ medial gastrocnemius (GM) and soleus (SOL) muscles
of the rat. Furthermore, mathematical muscle models were developed that describe history
dependent effects.
In chapter 2 the depressant effect of previous shortening on isometric force of GM was
studied. Maximally stimulated GM was subjected to different isotonic as well as isokinetic
shortening contractions. Isometric muscle force and muscle geometry was analyzed after each
shortening. It was found that shortening reduced isometric force significantly. The magnitude
of the force reduction depended on the speed at which the shortening was executed, the
shortening amplitude and the muscle length at which the shortening took place. The reduction
in force was not accompanied by changes in muscle geometry, which indicates that the force
depression is related to intracellular processes. It was also found that active shortening
significantly changed GM length-force characteristics. ( I.e. maximal muscle force, optimum
muscle length and active slack length). It was concluded that the traditional, fully isometric,
length-force curve is a poor estimator of the length-force curve during dynamic contractions
of muscle.
In chapter 3 a Hill type model of GM was developed that accounts for the effects of
shortening history. For this purpose a function was derived that relates force depression to
shortening amplitude, contraction velocity and the length at which the muscle starts to
shorten. Parameters for this function were derived from the experimental data presented in
chapter 2. Simulations of isokinetic as well as isotonic experiments were performed with the
new model and a standard Hill type model. The simulation results were compared with
experimental results of chapter 2 and 4 to evaluate if incorporation of history effects leads to
improvements in model predictions. In agreement with the experimental results, the new
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model qualitatively described force reduction during and after isokinetic shortening as well as
the experimental observation that isometric endpoints of isotonic contractions are attained at
higher muscle lengths than is expected from the fully isometric length-force curve.
Consequently, the new model gave a better quantitative prediction of the experimental results
compared to the standard model. It was concluded that incorporation of history effects
improves the predictive power of a Hill type model considerably.
During voluntary movement muscles are activated submaximally. Thus to establish the
functional importance of history dependent effects it is important to study them in
submaximal stimulated muscles. Therefor, in chapter 4, the depressant effect of shortening
was determined in experiments on GM were the muscle was stimulated at frequencies that
yielded submaximal force responses (range 15-80 Hz). Isokinetic shortening contractions
were started at two different muscle lengths and the muscle was shortened by 1 -12 mm. It
was found that isokinetic shortening reduced isometric force for all studied stimulation
frequencies and target lengths. However, the characteristics of the history effects for high
frequency were different from those during low frequency stimulation. At 80 and 50 Hz,
shortening induced force depression depended on the lengths at which shortening started and
was largest for contractions from the higher starting length attaining values as high as 18 %.
At 30 and 15 Hz force depression was independent of starting length. For these conditions
target length was the dominant factor and force deficits up to 30 % were attained at low
muscle lengths. In addition, isokinetic shortening was also found to depress the rate of
isometric force development. This depressant effect was largest for low stimulation
frequencies. The largest depression was 90 % for contractions at 30 Hz. Based on these
results it was concluded that in whole muscle shortening induced force depression is mediated
by different mechanisms, whose relative influence depends on the specific conditions of
shortening. It was suggested that force depression at high stimulation frequencies is caused by
the non-uniform length behavior of the sarcomeres within the muscle, whereas at low
stimulation frequencies shortening somehow deactivates the contractile system within the
sarcomeres.
Chapter 5 deals with the enhancement of isometric force after active stretch of muscle. In the
past, the effects of stretch have been studied in more detail than the effects of shortening. Yet,
it is not known if force enhancement after stretch is present in submaximally stimulated
muscle. Neither is it known if the magnitude of the effect is muscle dependent. Therefor, in
chapter 5 stretch induced force enhancement was studied in maximally as well as
submaximally stimulated GM and SOL. The fully isometric length-force characteristics of
these muscles were determined for all used stimulation frequencies. The potentiating effect of
stretch was investigated at three target length ranges, below, at and above optimum muscle
length. It was found that stretch induced force enhancement increased with increasing target
lengths. Furthermore, it was found that stretch induced force enhancement was decreased
significantly at lower stimulation frequencies. This difference could be explained from the
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shift in optimum muscle length that was found for submaximal stimulation frequencies. Based
on this data it was concluded that non-uniform sarcomere length behavior plays a
considerable role in stretch effects in whole muscle. Maximal force enhancement for GM was
approximately twice as large than for SOL (18 % vs. 9 %), which indicates that the functional
importance of stretch induced force enhancement is larger for GM than for SOL.
In chapter 6 it was evaluated to which extent non-uniform length behavior of sarcomeres can
account for the shortening induced force depression that is observed in whole muscles. For
this purpose a muscle fiber model was developed that comprised an array of sarcomeres. Hill
type models represented the sarcomeres and the properties of individual sarcomeres could be
varied independently. A sensitivity analysis showed that the most important parameters were
the ones that determine the slope of the force-velocity curve at zero velocity. With the model,
a number of experimental isokinetic protocols were simulated (see chapters 2 & 4).
Qualitatively, the model reproduced experimental findings well. However, the predicted
maximal post-shortening force depression was almost 30 % less than that observed in
experiments. Furthermore, the model was not capable of predicting force depression that is
observed during shortening. These discrepancies may be caused by the fact that the simple
fiber model presented in this chapter does not account for the complex parallel force pathways
within the muscle through which force generated by the sarcomeres is transmitted to the
external tendon.
Finally, in chapter 7 some suggestions for further research regarding history dependent effects
are given.
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Samenvatting
Spieren zijn de motoren van de menselijke voortbeweging. Om te begrijpen hoe wij
bewegingen controleren is kennis nodig omtrent de krachtleverantie van spieren nodig. Over
het algemeen word er aangenomen dat voor een gegeven niveau van activatie de door de spier
ontwikkelde kracht enkel bepaald wordt door de lengte van de spier en zijn snelheid. Er zijn
echter vele aanwijzingen dat de ontwikkelde spierkracht ook gerelateerd is aan voorafgaande
spierbeweging. Om een voorbeeld te geven, de maximale kracht die een spier kan
ontwikkelen op een bepaalde constante lengte (isometrische contractie) word aanzienlijk
gereduceerd als de spier voor het ontwikkelen van de isometrische kracht actief verkort.
Dergelijke geschiedenis afhankelijke effecten kunnen een relatief grote invloed hebben.
Het feit dat spierkracht afhankelijk is van de voorgeschiedenis van de spier is al bekend sinds
de vroege jaren vijftig. Echter de gerapporteerde data is meestal slechts illustratief of is
afkomstig van experimenten aan geïsoleerde spiervezels. Het is daarom moeilijk vast te
stellen hoe belangrijk deze effecten zijn voor het functioneren van spieren tijdens vrijwillige
bewegingen. Voor dit doel is gedetailleerde kennis vereist over geschiedenis afhankelijke
effecten in intacte spieren. Het doel van dit proefschrift is om systematisch de invloed van
verschillende bewegingsgeschiedenissen op het functioneren van de intacte spier te
bestuderen. Daartoe zijn experimenten uitgevoerd aan de in situ mediale gastrocnemius (GM)
en soleus (SOL) spieren van de rat. Op basis van de resultaten van deze experimenten zijn er
wiskundige spier modellen ontwikkelt die de geschiedenis afhankelijke effecten kunnen
beschrijven.
In hoofdstuk 2 is de reductie in isometrische kracht na verkorting bestudeerd voor de GM. De
maximaal gestimuleerde GM onderging verschillende isotone alsmede isokinetische
verkortingen. Isometrische spierkracht en de spiergeometrie werden na iedere verkorting
geanalyseerd. De resultaten wezen uit dat verkorting de isometrische kracht van GM
significant reduceert. De mate van reductie is afhankelijk van de snelheid van verkorten, de
amplitude waarmee de spier verkort word en het lengte bereik, waarbinnen de verkorting
plaatsvind. Krachtdaling gaat niet gepaard met veranderingen in de spiergeometrie, hetgeen
aangeeft dat de reductie in kracht veroorzaakt wordt door intracellulaire processen. Er werd
tevens gevonden dat actieve verkorting een significante verandering teweegbrengt in de
lengte-kracht karakteristieken van GM (b.v. maximale spierkracht, optimum spierlengte en
actieve slacklengte). Op basis van deze observaties kan geconcludeerd worden dat de
traditionele volledig isometrische lengte-kracht relatie (een puur statische eigenschap) een
slechte schatter is van de lengte-kracht relatie tijdens dynamische spiercontracties.
In hoofdstuk 3 is voor de GM een aangepaste versie van het Hill type spiermodel ontwikkeld.
Om de effecten van geschiedenis te beschrijven is een functie afgeleid die de krachtdaling na
verkorting relateert aan de mate van verkorting, de contractie snelheid en de spierlengte
waarop de verkorting aanvangt. De parameters voor deze functie zijn bepaald aan de hand van
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de experimentele data uit hoofdstuk 2. Simulaties van isotone en isokinetische experimenten
zijn uitgevoerd met het nieuwe model alsmede met een standaard Hill model. Om te
evalueren of een model met geschiedenis afhankelijk gedrag leid tot betere voorspellingen
zijn de simulatie resultaten vergeleken met de experimentele resultaten uit de hoofdstukken 2
en 4. In overeenstemming met de experimentele resultaten is het nieuwe model in staat om
kwalitatief de krachtdaling tijdens en na isokinetische verkorting te beschrijven. Verder
reproduceerd het nieuwe model de experimentele observatie dat isometrische eindpunten van
isotone contracties bereikt worden op hogere lengten dan verwacht word op basis van de
volledig isometrische lengte-kracht relatie. Het nieuwe model voorspelt ook kwantitatief beter
dan het standaard model. Dus het betrekken van geschiedenis afhankelijke effecten leidt tot
een verbetering van het voorspellend vermogen van Hill spiermodellen.
Tijdens vrijwillige bewegingen zijn spieren voornamelijk submaximaal geactiveerd. Dus om
het functionele belang van geschiedenis afhankelijke effecten vast te stellen is het
noodzakelijke om deze in submaximaal gestimuleerde spieren te bestuderen. In hoofdstuk 4 is
krachtdaling na verkorting bestudeerd in de GM, waarbij de spier werd gestimuleerd met
frequenties die resulteerden in een submaximale krachtrespons (80-15 Hz). Isokinetische
verkortingen van 1-12 mm werden aan de spier opgelegd, waarbij de verkorting startte vanaf
twee verschillende spierlengten. De isometrische kracht na verkorting werd gereduceerd voor
alle bestudeerde stimulatie frequenties en spierlengten. Echter, de karakteristieken van de
geschiedenis effecten zijn bij hoge stimulatie frequenties verschillend vergeleken met die bij
lage stimulatie frequenties. Krachtdaling bij frequenties van 80 en 50 Hz is afhankelijk van de
lengte waarop de spier begint met verkorten. De reductie in kracht is het grootst voor
verkortingen vanaf de hoogste lengte, in sommige gevallen nam de kracht tengevolge van een
voorafgaande verkorting met wel 18 % af. Krachtdaling bij frequenties van 30 en 15 Hz
daarentegen is onafhankelijk van de lengte waarop de verkorting begint. Voor deze condities
is de spierlengte waarop de verkorting eindigd de bepalende factor. Op korte spierlengten kan
de isometrische kracht na verkorting met wel 30 % dalen. Naast een daling in spierkracht
werd in deze set experimenten ook gevonden dat de opbouw van de isometrische kracht
vertraagd na isokinetische verkorting. Dit effect was het duidelijkst bij lage stimulatie
frequenties. Tijdens contracties op 30 Hz was de krachtopbouw na verkorting bijna 90 %
langzamer. Op basis van deze resultaten is de conclusie getrokken dat in intacte spieren
krachtdaling na verkorting veroorzaakt word door meerdere mechanismen, waarvan de
relatieve bijdrage afhankelijk is van de specifieke eigenschappen van de contractie.
Krachtdaling tijdens hoge stimulatie frequenties word veroorzaakt door niet uniform gedrag
van in serie geschakelde sarcomeren, terwijl de reductie bij lage stimulatie frequenties
veroorzaakt wordt door een tijdelijke deactivatie van het contractiele systeem binnen de
sarcomeren.
In hoofdstuk 5 is de toename van isometrische spierkracht na actieve verlenging bestudeerd.
In het verleden zijn de effecten van verlenging op spierkracht in meer detail bestudeerd dan
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die van verkorting. Maar, het is nog niet bekend of krachttoename na rek ook optreed in
submaximaal gestimuleerde spieren. Verder is het niet bekend of er verschillen zijn in de
mate waarin kracht na rek toeneemt tussen verschillende spiertypen. Daarom is in hoofdstuk 5
toename van isometrische spierkracht na rek bestudeerd in maximaal alsmede submaximaal
gestimuleerde GM en SOL. De volledig isometrische lengte-kracht relatie van deze spieren
werd bepaald voor alle gebruikte stimulatie frequenties. Krachttoename na rek is bestudeert
op drie spierlengten, respectievelijk onder, op en boven optimum spierlengte. De resultaten
geven aan dat de extra kracht na rek toeneemt met toenemende lengte. Verder is er gevonden
dat de extra kracht na rek sterk afneemt bij lagere stimulatie frequenties. Dit effect van
stimulatie frequentie kan worden verklaard door de verschuiving van optimum spierlengte die
optreed bij een verlaging van de stimulatie frequentie. Op basis van deze resultaten is kan er
worden geconcludeerd dat niet uniform gedrag van sarcomeren in serie een belangrijke rol
speelt bij de toename van spierkracht na rek in de intacte spier. De maximale toename van
spierkracht voor GM is ongeveer twee maal zo groot als dat voor SOL (18 % vs. 9 %),
hetgeen duid op een groter functioneel belang van krachttoename na rek voor GM dan voor
SOL.
In hoofdstuk 6 is er geëvalueerd in welke mate niet uniform gedrag van sarcomeren in serie
verantwoordelijk kan zijn voor de reductie in isometrische kracht na verkorting. Voor dit doel
is een spiervezel model ontwikkeld dat bestaat uit een eindig aantal sarcomeren in serie. De
sarcomeren zijn gerepresenteerd door Hill type modellen en de eigenschappen van individuele
model sarcomeren konden onafhankelijk van elkaar gevarieerd worden. Een
gevoeligheidsanalyse gaf aan dat de belangrijkste parameters diegene waren die de helling
van de kracht-snelheids relatie rond snelheid nul bepalen. Met het model zijn een aantal
isokinetische experimenten gesimuleerd (zie hoofdstukken 2 en 4). Het model reproduceerde
de experimentele resultaten kwalitatief goed. Echter, de maximale reductie van spierkracht na
verkorting in het model was bijna 30 % minder dan die in de experimentele data. Daarnaast
was het model niet in staat om krachtdaling gedurende de verkorting te voorspellen. De
verschillen tussen model en experiment kunnen veroorzaakt zijn door het feit dat het simpele
spiervezel model geen rekening houd met de complexe manier waarop de kracht van de
sarcomeren via parallelle verbindingen in de spierbuik naar de uitwendige pees worden
geleid.
Uiteindelijk worden er in hoofdstuk 7 een aantal suggesties gedaan voor verder onderzoek op
het gebied van geschiedenis afhankelijk spiergedrag.
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