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General Introduction
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Human locomotion is a typical example of a complex movement of a body where efforts of the
central nervous systencNs) and the muscular-skeletal system are combined. die
coordinates movement by sending signals to the correct skeletal muscle at the correct moment.
After receiving a signal, muscle initiates movement by exerting force to body segments. For
locomotion the contribution of a large number of muscles of different size and shape is
necessary. With a feedback system, consisting of numerous specialized sensarss the
evaluates the initiated movements. In healthy humans all these complex coordinated actions
lead unconsciously to smooth movements. However, due to disease or accident an impairment
of one or more of these systems affects the ability to move smoothly or to move at all. For the
development of techniques to restore control and reduce disabilities, detailed knowledge is
needed of the different systems. Specific tasks ofctt®can be taken over by a functional
electrical stimulationAgS) system. Research of these systems focuses on the development of
specialized electrodes and stimulation techniques in combination with stimulation strategies.
For successful application of such a system, knowledge of muscle is essential. Another example
in which insight in muscle performance is necessary, is the development and improvement of
existing surgical interventions to reduce disabilities such as spasticity.

To increase the understanding of muscle functioning, questions have to be answered, such as:
How much force can muscle produce under specific conditions, why are there so many
different muscles. Individual muscle performance is on one hand defined by individual muscle
characteristics and on the other hand on generalized muscle characteristics that are valid for all
muscles. This thesis focuses on aspects such as geometry and material properties and not on
size or location of a specific muscle in the body. Therefore are several different models used.
Conclusions of the present thesis are applicable to the vast majority of muscle.

Examining muscle using models exclusively, one should not expect to reveal all essential
muscle properties determinating for muscle performance. Model results have to be compared
to experimental data. Therefore, simultaneous to the research project presented in this thesis, a
project has been executed with the emphasis on experimental determination of muscle
characteristics. The results of that project are reported in the thesis of Meijer (1998).
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1.1. Skeletal muscle

For many centuries (Stensen, 1664,
Borelli, 1680; Swammerdam, 1767
research is devoted to skeletal musc
which is the motor behind initiation an
counteraction of movement of body «
body segments. In skeletal mus( =
research, many authors (e.g. Bore '
1680, see fig. 1-1; Benninghoff ar g _

Rollhauser, 1952; Gans and Boc'z"_: i
1965) addressed the importance of R

geometrical arrangement of musc™ A
fibers in a muscle belly for exertion ¢
force. This arrangement of fibers

muscle makes a transformation of fib
characteristics necessary to obti »
muscle characteristics. Muscles appt
in  many different shapes, i.¢:
architecture, which suggests th
architecture is related to musc
function. Herewith is the focu:
introduced of this dissertation: thk
relation between muscle architectu. -

and the amount of force exerted undégure 1-1 Muscle structures according to Borelli (1680), and
a specific condition. the relation between force (R) and muscle architecture.

1.1.1. Morphology and physiology

The function of muscle is to contract. During a contraction is force produced and exerted at
origin and insertion of the muscle. If a muscle produces force without initiating a movement,
i.e. muscle length is constant, this is called an isometric contraction. Contractions in which
muscle shortens or lengthens are indicated as concentric and eccentric contractions,
respectively.

Muscles exert force when activated by stimuli from a nerve or artificially by an electegle (

These stimuli start a chain reaction of chemical processes that initiates, a connection to be
made between the actin filament and opposite myosin filament. Such a connection is addressed
as a cross-bridge. The myo-filaments, actin and myosin, form together the smallest functional

unit of a muscle, the sarcomere (fig. 1-2). In a muscle fiber a large number of sarcomeres are
arranged in series. The alignment of sarcomeres in series observed in parallel arranged fibers
attributes to the name of striated muscle. Movement is initiated when the myo-filaments slide
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past one another. A large number of muscle fibers arranged in parallel form a muscle belly.
Through aponeuroses (tendon-sheets) and tendons, the muscle fibers are attached to the bone
structure at origin and insertion. Therefore, aponeuroses and tendons are assumed to be in
series arranged with the fibers. An aponeurosis is made of tendinous tissue at which fibers are
attached at an angle. At one end an aponeurosis turns into a tendon.

Muscle belly

Bundle fibers

Myofibril

Cross-bridge S i
Actin Sarcomere

Figure 1-2 Muscle anatomy adapted from Gray's anatomy (Warwic and Willems, 1973)

The arrangement of the fibers with respect to the line of pull in muscle defines muscle
architecture. A schematic representation of a classification in architectural characteristics is
given in figure 1-3. The most common muscle architectures are the parallel fibered and the
pennate muscles. In parallel fibered muscle is assumed that, fibers are arranged along the line
of pull of the muscle and have lengths similar to the muscle length. In contrast with pennate
muscle in which fibers are relatively short compared to the muscle length and have an angle of
operation with respect to the muscle line of pull. That so many different muscle architectures

1l I 11
il
|

l i\!|

Ll

|

Figure 1-3 Variety of muscle architectures, with from left to right: two parallel fibered, two
uni-pennate and bi-pennate and multi-pennate muscle, adapted from Gray's anatomy
(Warwic and Willems, 1973).
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exist, suggests a relation with the amount of force a muscle can exert under a specific
condition.

1.1.2. Mechanics of muscle

Several aspects of muscle physiology and morphology have important consequences for the
mechanics of muscle tissue. Many of these consequences are addressed in detail in the present
thesis. The properties that define the amount of force exerted can be distinguished in material
and structural properties.

1.1.2.1. Material properties

Muscle is made of soft tissues, which allows for large deformations. It has, like other soft
biologic tissues, non-linear passive properties (Fung, 1981). Furthermore, since experiments
performed by Swammerdam in the ™ Zentury, as is reported in the M&entury
(Swammerdam, 1767) is it known that the muscle volume is constant during contractions. In
contrast with other soft tissues, muscle has the ability to exert force when activated. First of
all, the level of activation determines the amount of force exerted. However, the level of
activation depends on non-mechanical properties such as firing rate of nerves, reaction rate of
chemical processes and other activation dynamics. The present thesis only deals with
maximally activated muscle. Second, of great importance for the amount of force exerted, is
muscle length, expressed in the force-length curve. According to the sliding filament theory
(Huxley, 1957) sarcomere force depends on the amount of overlap of the myo-filaments. A
characteristic point in this curve is the length at which maximal force is exerted, addressed as
optimum length of sarcomere, fiber or
muscle. For lengths smaller than optimum
length, the force exerted is reduced. The
lowest length at which any force is exerted
is called active slack length. Over optimumi:
length, active force decreases with lengtH:
In addition, passive force contributes also
to the total force for lengths over passive
slack length; i.e. the smallest length any
force is exerted under passive conditions.
An isometric force-length curve s

constructed for data from numeroﬁ@ure 1-4 The variables of muscle function: force,

. . . di | velocity and length (Hill, 1938). The thick curves indicate
isometric contractions at different engtnﬁe isometric force-length curve and force-velocity curve at
The active force is obtained from thgtimal length.

subtraction of the total and the passive

force, to a custom in general myology. Third, during dynamic contractions force depends on
velocity of movement, expressed in the force-velocity relationship. If the force-length and
force-velocity characteristics are assumed to be independent (888), it is possible to
construct a three-dimensional surface (fig. 1-4). This surface is sufficient for most purposes of

isometric force-length
characteristic
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investigating the amount of force exerted. However, many authors reported that the force level
depends on properties that change in time during sustained contractions (e.g., Abbott and
Aubert, 1952, Edmart al, 1978, Sugi and Tsuchiya, 1988, Meijer et al, 1997). These
changes in force are addressed as the effects of contraction history, such as: fatigue, a force
deficit after shortening and force enhancement after lengthening.

A muscle-tendon complex consists besides muscle tissue of tendinous tissue. Aponeuroses
(tendon sheets) and tendons in general have non-linear elastic properties. Due to the fact that
force produced by fibers is transmitted to muscle origin and insertion through the aponeuroses
and tendons the tendinous structures are assumed to be arranged in series with fibers.

1.1.2.2. Structural properties

That sarcomeres are arranged in series with each other in a fiber suggests that force generated
by these sarcomeres is equal. The fact that not all sarcomeres in series are identical, results in
interactions that can lead to mechanical instable behavior at lengths over fiber optimum length
(e.g., Julian and Morgan, 1979a,b; Morgan and Proske, 1984; Sugi and Tsuchiya, 1988). In
addition, the number of sarcomeres in series determines the active length range of a muscle
fiber. The amount of fibers arranged in parallel, the physical cross sectionab@sepi$ a

measure for the maximal active muscle force. The alignment of fibers in muscle is an indication
that muscle has anisotropic properties. In pennate muscle, the fibers are arranged at an angle
with the line of pull of the muscle. Due to this angle, functional characteristics of muscle are
obtained from the transformation of fiber characteristics. Therefore, muscle architecture is an
important structural property as well.

1.2. Modeling

The attractiveness of modeling is that many research questions can be tested, i.e. the heuristic
purpose of a model (Huijind,995), and the number of animal or human experimental subjects

can be limited. The great virtue of models is the heuristic purpose, besides predicting specific
aspects of complex function. Another big advantage of a model is the freedom of the
researcher to make the model as simple or as complex as his questions require or as detailed as
the outcome require. This thesis deals with several sub-goals and therefore different types of
models are used to reach these specific goals of heuristic nature. Since" thentiify

(Borelli, 1680, see fig. 1-1), models are frequently used to study or describe muscle function.

A distinction is developed historically in addressing several types of models. These types are
distinguished by the level muscle structures are described.

1.2.1. Hill-type models

An extensively used model was proposed by H#I38). This model is based on experimental
observations and consists of a contractile element that is in series arranged with a spring. The
contractile element represents the contraction machinery with the force-length-velocity surface
(fig. 1-4). The spring represents the contribution of tendon and aponeuroses. A third element
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representing passive muscle properties is arranged in parallel and some aspects of activation
dynamics were incorporated in this model (e.g., Hatze, 1981) to increase thiitieapab
predicting force of different muscle. Hill-type model describes the interactions of the
contractile machinery and the series elastic structures.

1.2.2. Huxley or Cross-bridge models

A model of different nature is proposed by Huxley (1957) based on cross-bridges dynamics.
With this model experimentally determined force-velocity characteristic is described.
Furthermore, predictions of the energy metabolism have been improved. That this model
describes the dynamics of cross-bridges in time makes this model suitable for study of
variations of force in time. Extensions (e.g., ldilal, 1975; Eisenbergt al, 1980; Ma and
Zahalak, 1990) and approximations (Zahalak, 1981) of this model allow the study of force
transients, energy utilization and excitation dynamics in more detail.

1.2.3. Morphological models

Based on the knowledge that muscle the amount of force exerted under a specific condition is
strongly related to morphology, models have been developed that combine geometrical
aspects, such as fiber and aponeurosis length, fiber and aponeurosis angle. Modeling of
pennate muscle started with accounting for fiber orientation with respect to the line of pull.
Other geometrical characteristics are introduced in muscle modeling to account for relative
lengths and pennation angles. The demand of constant muscle volume is incorporated in the
model with the introduction of a planimetric model (Huijing and Woitti84) and a three-
dimensional version of it (Woittieet al, 1984). These models focus on the prediction of
muscle geometry as well as isometric force-length curve. The relation between the demand of
constant volume and internal muscle pressure inspired researchers (e.g., van Leeuwen and
Spoor 1992, 1993; Otten, 1988) to develop models for uni- and bi-pennate muscle that allow
the prediction of mechanically stable muscle geometries. These model results show that
muscles should have curved fibers and aponeuroses to be mechanical stable. They also stated
that a mechanical approach to muscle is essential for understanding of the mechanism that is
responsible for the amount of muscle force exerted.

1.2.4. Morpho-Mechanical models

Mechanical models that are based on the finite elements methagddre intrinsically stable.

Such models are developed for cardiac muscle (e.g. Huyghe, 1984; Hunter et al, 1988;
Horowitz et al, 1988; McCullochet al, 1992) and recently for soft tissue to study blood
perfusion by Vankaet al. (1996 and 1997). This method is able to handle the combination of
all specific structural and material properties of skeletal muscle mentioned in the preceding
sections. EM-models are the first models that account for several passive properties of muscle
tissue as a continuum. In addition, this method allows studying the mechanism of force
exertion by muscle in more detail than existing models without modeling every structure, as is
indicated in the results of cardiac muscle modeling.
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1.3. Scope of the thesis

As is referred to in the preceding sections this thesis focuses on the relation between
morphology and force of a muscle-tendon complex under various conditions. In this model
study, a distinction is made in material and structural properties, such as fibers, passive muscle
tissue, i.e. extracellular matrix, aponeurosis and tendons. The amount of muscle force and
muscle geometry are studied under isometric, concentric and eccentric conditions. Muscles are
assumed to be mechanical force generators, therefore mechanically relevant properties are
incorporated in the models.

Several research questions are dealt with in this thesis:

* How simple can models be to predict force of uni-pennate muscle?

* Why has a muscle a specific morphology and what is the consequence of this morphology
for the muscle force?

* What is the contribution of individual structures and properties to muscle force exerted?

* How can experimentally observed force changes during sustained contractions be
described?

* How is force, generated in the sarcomeres, transmitted to origin and insertion of muscle?

* What are the effects of surgical interventions on muscle?

In order to reduce the complexity, muscle is modeled in two dimensions. The plane, in which
muscles are studied, contains most characteristic properties and structures, to obtain a
representative model. In this thesis, it becomes apparent that this approach is justified. A great
deal of this study is applied to the gastrocnemius med@@li¥ huscle of the rat. This muscle

is chosen as a starting point for the study of muscle architecture, for its large angle of
pennation, and for the easy access to experimental data gathered by Meijer (1998).
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1.4. Contents of this thesis

The present thesis consists of chapters separately offered for publication, which can be studied
independently of each other. The goal of this thesis is addressed with three different types of
models. In chapter 2 and 3 morphological models are used. A cross-bridge model is presented
in chapter 5. In chapter 4 and 6 are the capacities explored of a morpho-mechanical model
based on the finite element method.

In chapter 2, a simple planimetric model of &at is used to study the effects of pennation on

the force-length characteristics of muscle and on linearized muscle geometry under isometric
conditions. Furthermore, the effect of an elastic aponeurosis on these characteristics is
addressed. The demand of constant muscle volume is challenged with this two-dimensional and
a simple three-dimensional extension of this model. Chapter 3 deals with the functional
transformation from fiber characteristics to muscle characteristics based on mechanical
equilibrium of the geometry of whole muscle, in contrast with equilibrium of the aponeurosis
as assumed in chapter 2.

In chapter 4, a newly developed two-dimensional finite element model of skeletal muscle tissue
is presented. The role of several muscle structural and material properties is studied with a
model of ratGM under isometric and concentric conditions. Furthermore is focused on
interactions of the structures such as fibers and aponeurosis.

In chapter 5, a cross-bridge model describes several phenomena experimentally observed that
lead to a change in force during sustained contractions, i.e. the effects of contraction history.
This model utilized with one simple alteration in the cross-bridge kinetics to describe the
effects experimentally observed.

The approach of chapter 4 is continued in chapter 6, which is focused on force transmission in
muscle and the role of aponeuroses. Furthermore, the effects of surgical operations applied to
a muscle-tendon complex are studied with a finite elements muscle model. The results indicate
that this model can be of relevance in clinical applications.

Finally, chapter 7 is used for a general discussion of results presented in this thesis. Reflections
are given on the consequences for the understanding of muscle functioning. Finally, some
recommendations are given for future research.
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Geometry
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2.1. Abstract

Muscle architecture is an important aspect of muscle functioning. Hence, geometry and
material properties of muscle have great influence on the force-length characteristic of muscle.
We compared experimental results for the gastrocnemius medialis meglef(the rat to

model results of simple geometric models such as a planimetric model and three dimensional
versions of this model. The capabilities of such models to adequately calculate muscle
geometry and force-length characteristics were investigated. The planimetric model with elastic
aponeurosis predictegM muscle geometry well: maximal differences are 6%, 1%, 4% and 6%
for fiber length, aponeurosis length, fiber angle and aponeurosis angle respectively. A slanted
cylinder model with circular fiber cross section did not predict muscle geometry as well as the
planimetric model, whereas the geometry results of a second slanted cylinder model was
identical to the planimetric model. It is concluded that the planimetric model is capable of
adequately calculating the muscle geometry over the muscle length range studied. However,
for modeling of force-length characteristics more complex models are needed, as none of the
models yielded results sufficiently close to experimental data. Modeled force-length
characteristics showed an over-estimation of muscle optimum length by 2 mm with respect to
experimental data and in addition force at the ascending limb of the length force curve was
underestimated. The models presented neglect important aspects such as non-linear geometry
of muscle, certain passive material properties and mechanical interactions of fibers. These
aspects may be responsible for shortcomings in modeling.

It is argued that, considering the inability to adequately model muscle length-force
characteristics for an isolated maximally activatedsftu) muscle, it is to be expected that
prediction will fail for muscle properties in conditions of complex movement with many
interacting factors. Therefore modeling goals should be limited to the heuristic domain rather
than expect to be able to predict or even approach medical or biological reality. However the
increased understanding about muscular mechanisms obtained from heuristic use of such
simple models may very well be used in creating progress in for example clinical applications.

(van der Linderet al, 1998a, J Electromyography Kinesiology, in press)
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2.2. Introduction

Already in the 17 century (e.g. Stensen, 1667; Blird681) scientific research was aimed at
skeletal muscle. More recently, a specific part of this research is dedicated to the strong
relation between architecture and functional capabilities. This relation is still not fully
understood even though muscle modelling has added to understanding.

A muscle can be considered as a volume with a specific geometry. Already in the seventeenth
century Swammerdam (1737) observed that muscle volume is constant during contraction and
length changes. One aspect of muscle geometry is the cross sectional area of the fibers which is
an estimate for the amount of force that can be exerted maximally. Other aspects of muscular
geometry are length and orientation angles of fibers, tendon, tendon-sheets. In case the fibers
are not parallel to the line of action of the muscle, the muscle is considered pennate. The
effects of pennation are among the most influential characteristics of muscle morphology on
muscle functioning (e.g. Braret al, 1986; Hijing and Woittiez,1984 & 1985; Otten, 1988;

Scott and Winter, 1991; Spectetral, 1980; van Leeuwen and Spoor, 1992 & 1996; Winters

and Stark, 1987). If number of sarcomeres in series is equal, for a given muscle volume
muscles with a lower degree of pennation will exert a lower maximal force but have a wider
active length range when compared to muscle with a high degree of pennation (e.g. Huijing
and Woittiez, 1984 & 1985; Hiing 1989; Scott and Winter, 1991). Therefore, the functional
consequences of pennation such as maximal muscle force and the maximal length range of
motion are expressed in the length-force characteristic. Due to growth (Heslinga and Huijing,
1990; Willems and Huijing,1992), and as a consequence of imilizabion (Heslinga and

Huijing, 1993), architecture is altered.

Since the presentation of the planimetric (Huijing and Woittl&84) and related models,

many models with increasing complexity have been developed to study effects of muscle
geometry on muscle functioning, (see review articles of Winters and Stark, 1987 and Zajac,
1989). A complex linearized three-dimensional version of the planimetric model (Weittiez

al., 1984) allowed prediction of muscle geometry and length-force characteristics. Van
Leeuwen and Spoor (1992) developed a model based on mechanitiatilegquin muscle.

The balance between internal pressure and external forces causes the aponeurosis and the
fibers to curve in their model. Such curvature is also predicted by Otten (1988). He proposed a
three-dimensional model based on the mechanical equilibrium in a discrete number of points in
the aponeurosis. Between these points he assumed springs representing the passive elasticity of
the aponeurosis. Fibers act independently and exert force in the same points. Equilibrium in all
points allowed him to calculate geometry and the internal pressure distribution of different
types of muscles. These models have in common that they need a large numerical effort and are
more focused on details of geometry and muscle pressure than on length-force and force-
velocity characteristics. The question rises whether these complex models are needed to study
the relation between muscle geometry and function. How well do the relative simple, two-
dimensional models perform?
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The goal of this study is to evaluate five of these simple models for their capabilities of
adequately modeling muscle geometry and length-force characteristics of the gastrocnemius
medialus ¢Mm) of the rat. The models are based on the planimetric model (Huijing and
Woittiez, 1984 & 1985) but are extended to incorporate different experimental observations.
All models have a linearized geometry and do not attempt to take into account curvature of
structures. This implies that mechanical equilibrium is not guaranteed in all points.

2.3. Methods and Models

The models presented in this paper are applied for the medial gastrocnemius amisce (

the rat. Figure 24 shows a schematic representation of this muscle and figusbdws the
linearized two-dimensional version based on the marker positions. This unipennate muscle is
suitable for studying the effects of architecture because of the large angle of pennation and the
enormous amount of experimental data available.

B lq ygf
B a
~ g ”,
N _—m”
\’

Figure 2-1 A. A schematic representation of rat gastrocnemius mediahg (
muscle. Markers are positioned on strategic positisn$he lower panel shows a
two-dimensional linearized representation ofgmtbased on the marker positions.
Such geometry is the foundation of the planimetric model (Huijing and Woittiez,
1984 & 1985) with muscle length (), fiber length {;) and aponeurosis length.),

the fiber angle d), aponeurosis anglg) and what is referred to as the angle of
pennation y=a+f3) (Model 2 and 3).

The model muscle is assumed to have the following properties:

* Muscle geometry is linearized, therefore curvature and bulging of fibers and aponeurosis are
neglected.

* Homogeneous muscle geometry is assumed and the fibers are modeled according the length
and orientation of the most distal fiber, i.e. all fibers have identical length and properties.

» Isometric contractions at different muscle length are performed in order to construct the
length-force characteristics of the muscle.

* Muscle volume remains constant during contraction (Swammerdam, 1737). This is
implemented for three-dimensional models to be used here. For the two-dimensional models
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it is assumed that the muscle area (figureBR+&mains constant, which is in agreement
with experimental observations (Zuurbier and Huijib§93).

 The fiber length-force curve is constructed on the basis of sarcomere length-force
characteristics and a fixed number of identical sarcomeres in series. Therefore, effects of
sarcomere length heterogeneity are not considered (Julian and Morgan, 1979a,b).

» Force-velocity characteristics are not considered.

» The muscle is fully recruited and activated maximally.

* The effects of fatigue and potentiation on muscle force are not considered.

* The aponeurosis is not constant in length for each contraction. Zuurbier ging H1994)
showed that the aponeurosis is very elastic. Therefore, the aponeurosis length depends on
force exerted on it. Bending forces are not considered, because the models presented in this
paper are not able to describe curved aponeuroses.

* The active muscle force {f depends on the active fiber force, faccording to eq. 1, in
which the angular effects of pennate muscle (Otten, 1988) are taken into account:

P = Fall e @

These assumptions are common to five models presented in this paper:

2.3.1. Model 1: parallel fibered model

A basic model in which no pennation properties are included. In this model the fibers act
parallel to the muscle line of action, i.e. a parallel fibered muscle model. This model represents
the properties of the fibers of the muscle and is included for purposes of comparison with the
other models to show effects of pennation.

2.3.2. Model 2: original planimetric model

This model represents the original planimetric model firstly presented by Huijing and Woittiez
(1984 and 1985). The model is based on the linearized mid-longitudinal cross-sectional area of
the ratem (fig. 1B), i.e. a model within one plane. The aponeurosis is assumed to be in
extensible. In this two-dimensional model the area of the muscle is kept constant. The muscle
area (Av) in the planimetric model is represented by the length of the cross section@hgyea (
multiplied by the fiber length:

Ap=0 Uy =10 U, Bin(a+B) (2)

The anglesn and 3 represent the angles between the muscle line of pull and the fibers and
aponeurosis, respectively (fig. )1 The reference of the model is based on the geometry of

the muscle at optimum length.{). The model area and the aponeurosis length are defined at
that length. In the studied muscle length range the muscle geometry and force are calculated

from the fiber length#), the aponeurosis length) and the muscle area (see Appendix).
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2.3.3. Model 3: planimetric model with elastic aponeurosis

This model is the same as the previous one but an iterative procedure is used to calculate the
aponeurosis and fiber length. The aponeurosis elongation is related to the fiber force. It is
assumed that the force exerted by all fibers is taken up by the entire aponeurosis. Furthermore,
the aponeurosis is assumed to have a quadratic length-force relationship (Eq. 3):

Faa(g aa) = Ffa(g fa) ECOS(G + B ): Cl:“ aa” ¢ aas} (3)

Where/,qsis the aponeurosis active slack lengtx @ctive aponeurosis length,: active fiber
length), defined as the aponeurosis length at which the active muscle exerts no force and the

constant c is chosen such that the best fit,atis obtained (Table 2-1).

Muscle Fiber: slanted Cylinder Models

shorten Top view fiber

<
P P A

At
//Q/ 7 Model4(C-C). > ‘
" NA L
Af Af
Model 5 (C-E) ‘ *.

Figure 2-2 Representation of slanted cylinder models. During shortening of the fibers of the slanted
cylinder models, the pennation angh fpas to increase due to constancy of muscle volume. As a
consequence of elastic properties of the aponeurosis the angle of pennation has to increase even more. The
bottom panel shows differences between the two slanted cylinder models used in this study. Eadel 4 (
keeps fiber cross-sectional areg)(éircular during shortening. For model &#) the movement of volume

is restricted to those directions for which increased fiber diameter can be accommodated by angular effects.
Therefore fiber cross-sectional area becomes elliptic during shortening.

2.3.4. Model 4: c-c model

The slanted cylinder model (Willems and Huijidg94; Zuurbier and Hjing, 1992), (fig. 2-2)

is a simple three-dimensional extension of the planimetric model. Where the fibers are
represented by a slanted cylinder. The circular cylinder ends are assumed to remain parallel to
each other and represent the aponeurosis. The slant angle varies as a combined result of fiber
shortening and aponeurosis length changes calculated in an iterative procedure. This model
includes an elastic aponeurosis, which length is proportional to the force exerted on the
aponeurosis, as described in equation 3. This model allows the fibers to re-distribute volume
equally in both the fiber diameter within longitudinal plane of the muscle as well as the one
perpendicular to the plane (i.e. the cross-section remains circular).
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2.3.5. Model 5: c-E model

The elliptic version of the slanted cylinder model initially {@f) has an identical geometry as
model 4. But the active fiber cross-sectional areg (Fecomes ellipticd-g) as fibers shorten

(fig 2-2, right panel). Fiber diameter is only allowed to increase in the plane in which angular
effects can accommodate such increases of diameter (i.e. longitudinal plane of the muscle). The
perpendicular fiber diameter is assumed to remain constant.

Sarcomere length-force characteristics

Two types of sarcomere length-force curves are applied in the model described. One is based
on contractions involving servo control, keeping sarcomere length constant (Gardbn
1966). This sarcomere length-force relationship is assumed to consist of two parts Alig. 2-3

Between sarcomere active slack length)(and sarcomere active optimum length the
force is a quadratic function of length. Betwegn and the sarcomere active maximal length
(“sam @ linear function is assumed. The characteristic lerfgth/aa /san) are determined from

filament length parameterd,( ‘liin, ‘ticks ‘vare Table 2-1) shown in figureB3using the
following equations:

Maximal active sarcomere length: Coam=" 0 gt 200 4, (4)
Optimum sarcomere length: lao =1t 0 et 200 i (5)

Approximation of active sarcomere slack length: 0 =090 . (6)
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Figure 2-3 A. Sarcomere length normalized force characteristics ofcrat The solid line indicates
characteristics according to the sliding-filament theory (based on servo-controlled sarcomere length). The
dashed line indicates mean sarcomere length force properties on the basis of experimental data from fixed end
contractions on small bundles of fibers (Zuurkderl, 1995).8. A schematic representation of sarcomeres at

sarcomere optimum lengths{). Indicated are lengths of respectively: thick filamefitif), thin filament
(¢min), Cross bridge bare zongJ and the z-band’f) (parameters see Table 2-1).

The second sarcomere length-force relationship incorporates effects of a non-uniform behavior
of sarcomeres in series in muscle fiber (e.g. Edetat, 1978; Julian and Morgan, 1979a&b).

This means that a muscle fiber does consist of a number of sarcomeres is series with lengths
that are not identical. Using fixed end contractions for small bundle of fibers, Zuetlzér

(1995) experimentally determined a mean sarcomere length-force curve, which is expressed as
4™ order polynomial function shown in figure 2-Zcoefficients see Table 2-1). It incorporates
some effects of in series homogeneities of sarcomere length. This is in contrast with the first
sarcomere length-force relationship where the sarcomere length is servo-controlled, and
therefore constant of length.

Table 2-1 Parameters of models 1 through 5, based on mean experimental data (n=6) of Zuurbier and Huijing
(1992). In the last two columns are the coefficients indicated of‘theeder polynomial function representing
the mean sarcomere force-length characteristic adwgZuurbieret al, 1995)

Myo-filament data Mean ratm data F-I (Zuurbieet al, 1995)
l, 0.1pm Limao 32.1 mm 5] -371.46351
Lhare 0.16pum lta0 11.7 mm R 407.83972
Lthin 1.04pm L aa0 21.2 mm R -93.47863
Linick 1.54pm Frmao 11.9N B 1.77145
#sarc 5765 0 gas 19.8 mm r] 0.14914
c 0.38 N/mm
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2.4. Results

Model results are compared to mean experimental (n=6) results for length-force characteristics
and linearized geometrical data of gt (Zuurbier and Huijing1992), the model parameters
are presented in Table 2-1.

Figure 2-4 shows length-force charac-=
teristics and geometry of the fiber modelE. 14 |
(model 1) and the planimetric model%
(model 2). Sliding filament theory based
sarcomere length force curves were use%
here for model 1 and 2. For model 2 8 [ *
fiber length agrees well with experi-
mental data (fig. 2-4, top panel), exce‘élg 1! w K
at very small muscle lengths where fibg:rf *
length is under-estimated by the modgl‘é I %

(by up to 1 mm at muscle active sladk © ”
20

12 ¢
10 ¢

length ¢ma9). In contrast muscle force is
not modeled well at all by model 2: 1y

Muscle force is largely underestimated §

at the ascending limb of the length forcié L *

curve (fig. 2-4, bottom panel).g %0'5’ ¥

Furthermore, muscle optimum Iengt@é %

" |—— Model 2 (plan) 7

— -Model 1 (par)
X  RatGM

(£mao) is over-estimated by 0 " .
approximately 2 mm. For fixed end 25 30 35
contractions mean length range of Muscle length [mm]

sarcomeres from ratm is enlargedFigure 2-4 Results of the planimetric model with non-elastic

(fig. 2-3). Therefore, it is expected thaponeurosis (model 2, plan) compared to the parallel fibered

model (model 1, par) and mean data of eat. Sliding-

using such a curve yield a bettﬁl@ment theory sarcomere length-force characteristics are

estimation of the  length-forc@sed. Fiber length, aponeurosis length and muscle force are
characteristics than using the sarcomefewn as a function of muscle length.

relationship based on the sliding-filament
theory. However, the improvement of length range predicted is still minor compared to
differences that exist with experimental data (results not shown).

The effect of pennation is visible when results of model 1 and 2 are compared (fig. 2-4, bottom

panel). The length range (frofiqas t0 /mag Of force exertion is larger for pennate muscle
(model 2) than for its fibers (model 1).
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Results of model 3 (incorporating an—
elastic aponeurosis and using mearg
sarcomere length force characteristics)a
are presented in figure 2-5. Comparisong
to results of models 1 and 2 shows tha% 107
effects of pennation increasef 8 |
substantially by introducing an elastic
aponeurosis. Modeling of fiber length i§ = —~—
improved (fig. 2-5, top panel) due t@é 21
better prediction of aponeurosis Ieng%%

using a  quadratic Iength-forc§-§

relationship (eq. 3) (fig. 2-5, middle 20
panel). However, the relation of muscle 1. V
length to force is not modelled correctl_g

147
12

at all lengths: modeledq,o still over-
estimates the experimental value (i.e.
improvement compared to model 2), bu

Model 3 (plan)
- — -Model 1 (par)

N

rmaalize
Muscle Force
©
(8]

in contrast, modeled,s is decreased . ¥ RatGM

S . n
and approximates experimental slack 25 30 35
length (mas = 25 mm). This vields an Muscle length [mm]

underestimation of force for length undeigure 2-5 Results of the planimetric model with elastic

fmao and an overestimation of mus(ﬁa@oneurosis (model 3, plan) compared to the parallel fibered
model (model 1, par) and mean data of . Mean

force for length ovefmao sarcomere length-force characteristics are used. Fiber length,
aponeurosis length and muscle force are shown as a function
of muscle length.

Results of the models 3 through 5 are

compared to experimental data on aspects of muscle geometry first (fig. 2-6). These models
have an aponeurosis with elastic properties and use the mean sarcomere length-force curve.
Fiber and aponeurosis lengths (fig. 2-&ndB) are predicted well by all models. For model 3

and 5, the maximal differences are 6% and 1% of fiber length, aponeurosis length respectively.
Furthermore, modelled fiber angla)(shows a good agreement with experimental data, for
model 3 and 5 the maximal difference is 4% of the fiber angle. A notable exception of model 4
(i.e. c-C) (fig. 2-6C). Near/mas model 4 underestimates fiber angle by about 10 degrees (i.e.
25%). For aponeurosis angl@)( models 3 and 5 show a reasonable agreement with
experimental data: atn.sthe difference is approximately 1 degree (6%, fig.D2-&However

for model 48 is calculated to be almost constant over the active muscle length range studied.
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Figure 2-6 Comparisons of geometric results of models 3 through 5 arsiwralata. The
models are the planimetric model with elastic aponeurosismodel andc-e model. The
fiber length &), aponeurosis lengtle), fiber angle €) and aponeurosis angle)(are plotted
as a function of muscle length.
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Figure 2-7 Muscle length force characteristics calculated by the models 3 through 5 compared to
mean raicm data. The models are the planimetric model with elastic aponewasisodel and
thec-e model. Note that the curves of model 3 and 5 are superimposed.
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On the basis of these results, it is expected that model 4 is not able to calculate muscle length-
force characteristics approaching those found experimentally. This was found to be the case
(fig. 2-7). However it should be noted that results for model 3 and 5 are identical and also
differ substantially from experimental muscle length-force characteristics @firat

2.5. Discussion

Improvement of the planimetric model by making the aponeurosis elastic, resulted in better
prediction of muscle active slack length. The effects of an elastic aponeurosis induced
additional changes in muscle geometry with muscle shortening and due to the changed angular
effects the muscle force is altered. It is concluded that two-dimensional geometrical linearized
models are able to predict (linearized) geometry oEratvell when an elastic aponeurosis is
included in the model. Additional assumptions such as fibers with circular cross-sectional areas
(changing diameters equally in all directions with length change, model 4) does lead to much
increased error of prediction of muscle geometry. This suggest that equal volume excursion in
all directions of the fiber cross-section is not a correct assumption. Model 3 and 5 predict the
linearized muscle geometry well and are therefore useful to study the effects of pennation on
geometry.

The persisting errors in the modeled force-length characteristics compared to experimental
data for ratem, result in over-estimating the active length range (between optimum and active

slack lengths) with 30% because over-estimatiag, is by 2.5 mm. The functional
consequence is an under-estimation of the muscle forgg.atf about 15%.

In addition, simple models (such as model 3) may fulffill their heuristic purpeseside they
lead to the question which additional factors may be active causing length force characteristics
not to be modeled well. A number of factors will be considered below:

1. Van der Linderet al. (1995) showed that even from an initially homogeneous muscle a
distribution in fiber length and possibly sarcomere length will develop at activation of the
muscle. Consequently, at muscle optimum length total fiber force decreases and therefore,
the series elastic components are elongated less, which will result in a ghifftofsmaller
length. Fiber length distributions can not be predicted by the models presented in this paper.
Huijing (1995) indicated that individual differences in the amount of mean sarcomere length
distributions in skeletal muscle has to be dealt with. Figure 8 presents model results for
model 3 based on an individual data of a &at. The difference between the model
predictions and the experimental data is much smaller (fig. 2-8) than the results of models
based on meamm data (model 3 to 5) (fig. 2-7). This suggests that individual differences of
muscles regarding fiber length distributions may explain some of the differences for models
that can not handle fiber length distributions or mean fiber sarcomere length distributions.

2. For experimental muscles the linearized geometry ofwvais asymmetrical with respect to
the line of pull. This results in a primary distribution fiber lengths: the proximal fiber is
about 10% shorter compared to the distal fiber (Zuurbier and Huii®g3). The fiber
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angle ¢) is not the same for all muscle fibers, nor are distal and proximal aponeurosis
angles B) similar. As the muscle shortens, muscle geometry changes in such a way that
more area is encountered above the line of pull, whereas the area below the line of pull is
decreased (Zuurbier and Huijint993). This change of muscle geometry may well account
for observed differences in length force curve between experimental and model results.

—— Model 3 (plan, GM97)
y - — Modell
: ¥ RatGM97

Normalized muscle force
o
ol

25 30
Muscle length [mm]

Figure 2-8 Example of length force characteristics of an individual rat
GM. In this case model results of the planimetric model with elastic
aponeurosis (model 3) comes much closer to experimental results than for
mean data. This is taken as an indication that individual variation should
be taken into account.

3. Although the assumption that muscle area is constant, it is not necessarily mimicking
preservation of muscle volume, the three-dimensional models (model 4 and 5) of the present
study did not show improved results compared to the planimetric model (model 3).
Therefore it is concluded that the mechanisms of conservation of volume assumed (fig. 2-2:
C-C or C-E) do not describe the real mechanism.

4. A property that is not included in the models presented is some aspects of passive stiffness
of muscle tissue. Strumgt al. (1993) showed in experiments on dog diaphragm that the
contribution of stiffness perpendicular to the fibers as well as shear are not negligible. The
models presented account for the elastic property of the aponeurosis, but also muscle tissue
itself has substantial resistance against deformation in fiber direction, perpendicular to the
fibers as well as against shear.

These considerations lead to the conclusion that in case a prediction of length-force
characteristics of maximally activated muscle is needed, more of the above mentioned
properties should be incorporated in the models. In fact, a model based on the Finite Element
Method €Em) has capabilities to do so (e.g., Huygh®86; van der Lindemt al, 1995;
Margulieset al, 1994). Such a model is based on mechanicaliteaqum of a continuum, with

the possibilities to adapt geometry and mechanical properties of this continuum to required
features of muscles. TheeEM model allows study of muscle morphology and its functional
effects in more detail. Effects and the interactions of these properties can be studied certainly
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for heuristic purposes (Huijing,995). It may also allow identification of important factors that
need to be incorporated in simpler models of muscles of different architecture if a more
adequate modeling of muscle length force characteristics of maximally activated muscle are
required.

When the results of this study are compared to results of other models, such as mentioned in
the introduction the following can be concluded. In case the interest of study is only the
prediction of linearized muscle geometry under static conditions, model 3 will give satisfactory
results. But when non linearized geometries are required, more complex models are needed
(e.g. Otten, 1988; van Leeuwen and Spoor, 1992 & 1996). Tihibaevat the cost of an
increased complexity and a less direct insight in the mechanism involved. Although, models of
van Leeuwen and Spoor (1992 & 1996) and Otten (1988) showed heuristic value regarding
internal muscle pressure as well as details of muscle morphology, the performance of these
models in calculating muscle force over the entire active muscle length range was not
evaluated. To some extent these models are able to handle fiber length distributions but they
also neglect passive properties as indicated above.

From the above it is clear that even simple models can help to increase our understanding of
muscle functioning. It is also clear that if we are not able to predict muscle length-force
characteristics for an isolated maximally activated sjtu) muscle it is to be expected that
prediction will fail in conditions of complex movement with many interacting factors.
Therefore also for those purposes it is advisable to use the simplest models possible, but limit
our goals to the heuristic domain rather than expect to be able to predict or even approach
medical or biological complex reality. However the increased understanding about muscular
mechanisms obtained from heuristic use of such simple models may very well be used in
creating progress in for example clinical applications.
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2.6. Appendix

The geometrical relationship of models 2 to 5 are based on a constant mid-longitudinal muscle
area (Ay). The linearized muscle geometry (fig. 2-1) consists of two equal triangles. The area

of an irregular triangle can be calculated, based on the length of the three sides with the
equation of Heron:

A=./s(s-a)(s—b)(s—¢)

) +b+
Wlthis=a b+c

To calculate the length of a third side if two lengths and the area are known, the equation of
Heron is inverted and yields determining the rootsdfthe polynomial function:

a‘ —(2° + 202 )@° - 2B [ +b* +c* +16[A2 =0
a’ =b? +c?+20/b? @7 -4

From the two different roots {and a the length of the third side (a) is easy to choose in
case of correct muscle geometry.
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Chapter 3

Revised Planimetric
Model of Unipennate
Skeletal Muscle: A

Mechanical Approach
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3.1. Abstract

Objective Planimetric models which are simple, in the sense that small numerical effort is
needed, are used to study functional consequences of skeletal muscle architecture. This paper
argues with the approach to derive force of a unipennate muscle based on only equilibrium of
the aponeurosis (tendon-sheet). In such an approach intramuscular pressure gradients are
neglected and no suitable aponeurosis force can be determined.

Method. The approach presented in this paper is based on mechanical equilibrium of whole
muscle. A volume-related force is introduced to keep muscle volume constant. Mechanical
equilibrium of whole muscle vyields a different relation between fiber and muscle force as well
as length changes as a consequence of pennation, compared to relations derived when only
equilibrium of aponeurosis is considered.

Results The newly derived relation improved prediction of the rat gastrocnemius medialis
muscle force-length characteristics.

Conclusion.t is concluded that prediction of muscle geometry as well as prediction of force-
length characteristics is very good with a simple model such as a planimetric model. This
conclusion suggests that the influence of properties neglected in such a simple model are either
small or are internally compensated for in the net effects.

Relevance

The revised planimetric model of uni-pennate skeletal muscle is a numerically simple model,
which allows studying the effects of pennation on muscle functioning. Furthermore, the model
enables to perform better predictions of length-force characteristics as well as linearized muscle
geometry. Therefore, effects of growth and clinical intervention (e.g. immobilization), surgical
operations (e.g. tenotomy, aponeurotomy) on muscle functioning can be modeled to acute
effects.

(van der Linderet al, 1998b, Clinical Biomechanics, in press)
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3.2. Introduction

The relation between skeletal muscle morphology and function has been studied in a large
number of experimental and model studies (e.g. Gans and Bock, 1965; Ettemaijiagd Hu
1989; Zajac, 1989). In this paper we focus on the planimetric model first presentedinyy Hu

and Woittiez (1984). This model is a numerically simple one, which allows the functional
consequences of skeletal muscle architecture to be studied. Variations of this model, in two
dimensions as well as three dimensions (e.g. Woittteal, 1984; van der Lindeet al,

1998a; chapter 2) have been proposed to improve predictions of the muscle force-length
relations and of muscle geometry. The additional features of these models are an elastic
aponeurosis and for the three dimensional versions conserving volume instead of area of the
two dimensional representations. Otten (1988) derived relationships between muscle force and
total fiber force for pennate muscle for planimetric models, which are commonly applied. Using
these relations, the planimetric model is able to predict linearized geometry of the mid-
longitudinal plane of the rat gastrocnemius medialis musa@ (vell (chapter 2; van der
Lindenet al, 1998a). However, the muscle force-length curve is not predicted well.

In this paper we approach the effects of pennation in skeletal muscle by considering mechanical
equilibrium of a whole muscle, in contrast with Otten’s approa®8g) which considered the
equilibrium of the aponeurosis only. By doing so, the aponeurosis force can not be determined
and intramuscular pressure gradients are neglected which results in an eccentrically placed
pressure force vector on the aponeurosis. In the same paper Otten (1988) showed, with his
tendon-sheet model, the existence of such pressure gradients.

The goal of the present work is to derive relationship describing force-length characteristics as
well as fiber and muscle length changes under the condition of mechanical equilibrium of
unipennate skeletal muscle in two dimensions. Consequently, the planimetric model is revised
without increase in complexity and numerical efforts needed.
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3.3. Methods

The planimetric model is a two-
dimensional linearized representation of aponeurosis
the mid-longitudinal plane of the
tendon
unipennate rat gastrocnemius mediaks
(cM) muscle(figure 3-1), wherex andf3
are the fiber and aponeurosis angle U 0,
respectively with respect to the line of
action of muscle. The fibers as well as o

the aponeurosis are assumed to be rigid o .
gure 3-1 Planimetric model of unipennate muscle

against bending. according to Huijing and Woittiez (1984). Fiber variables
(fiber length and angle with the muscle line of pull) are
represented by /¢ and o respectively, ¢, represents
aponeurosis length arfflaponeurosis angle with the muscle
line of pull. Muscle (belly) length is representedihy

fiber

The forces acting on the aponeurosis of
the muscle, are presented in figure 3-2
according to Otten (1988, cf. his figure
9), where E K, and F, are fiber, F,
pressure and muscle force respectivefy.
The pressure force acts perpendicular on y

the aponeurosis to conserve the muscle T_X,

volume. In this approach Otten assumggyure 3-2 Forces acting on the aponeurosis in unipennate
the aponeurosis not to stretch, the fibergscle according to Otten (1988, cf. his figure 9). F

to be straight and the pressure forcer%resents the force related to intramuscular pressuie, F

. . total fiber force and fforce exerted by the muscle.
act in the middle of the aponeurosis. Y

Force equilibrium of the aponeurosis yields a relation between the fiber and muscle force
(eq. 2).

_ in(a)
P T CosB) (1)
_ ECOS(O( +B)
Fm - Ff COS@ ) (2)

A consequence of this approach is that force exerted on the aponeurosis can not be
determined. Furthermore, this model yields no equilibrium for the moments of force unless the
pressure force is located eccentrically on the aponeurosis. This could for example be the case
as a result of a pressure gradient over the length of the aponeurosis as is shown by Otten
himself (1988) with other models as well as by other researchers (e.g. van Leeuwen and Spoor,
1993; Hujing, 1996). However, the intramuscular pressure acts also in the direction
perpendicular to the fibers, consequently bulging of fibers is obs@nvego. This pressure
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force component is neglected when only equilibrium of the aponeurosis is considered.
Therefore an alternative description which includes these characteristics is indicated.

The new approach is based
mechanical equilibrium in the cornef x
points of the parallelogram (fig. 3-3). In
the planimetric model the constancy g;
muscle volume is preserved hy o
assuming the area to be constant, which
is in agreement with experimental
observations of Zuurbier and Huijing
(1992). A volume-related force (Fis

assumed to act in the two corner poiRi§ure 3-3 Mechanical equilibrium of the planimetric model.
(8), which has the same function as I is force exerted by the muscle. The forcg {§ caused as a

in Otten’s approach: preserving musa@sequgnce of the constancy of muscle volume and acts at an
angled with respect to the muscle line of pull.

volume. This volume related force can

be considered as a combination of the intramuscular pressure force acting on the aponeurosis
as well as on the most proximal and distal fibers. This approach yields mechanical equilibrium
of force and moment of force under all conditions.

In the planimetric model, the aponeurosis and fibers are assumed to be straight in order to
avoid the model from becoming numerically complex and therefore the study of intramuscular
pressure distributions and gradients is not applicable in such an approach.

Figure 3-4 A: Mechanical equilibrium at corner A of the parallelogram. Equilibrium is
reached by muscle forceg, Faponeurosis forde, and half of the total fiber force.Frhe
fiber angle with the aponeurosis equals- (3. B: Mechanical equilibrium at corner B
of the parallelogram. Equilibrium is reached by volume related for@efing at angle

o with the line ofpull, aponeurosis fordg, acting at angl, and half of the total fiber
force F, acting at angle with the muscle line of pull

As a consequence of assuming identical properties for the fibers, the total fiber force acts in the
middle of the aponeurosis. Therefore half of this force acts at each endapairdg, fig. 3-3)
of the aponeurosis. When mechanical equilibrium is considered in poffiy. 3-4 A) a
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different relation between fiber and muscle force is obtained (eq. 4) compared to the one
derived by Otten (eq. 2).

1 ?in(a)
Fa -2 Ff Sin(B) (3)
_1p $iNO+B)
Fm -2 Ff Sln(B) (4)

In reality the aponeurosis force, Flepends on the local fiber force, and will be distributed
along the aponeurosis. In the present study the interest lays in the lengthening of the entire
aponeurosis, hence the aponeurosis force described by (3) is sufficient to calculate the
aponeurosis strain under elastic conditions. Based on equilibrium ingdiigt. 3-4 B) the

volume related force can be derived (eq. 5):

_ ?in(a) . sin@ - B)
EFSine) O TR ine)mosp ) )

The volume force is a summation of all forces that are related to preservation of muscle
volume. Muscle geometry depends on the constancy of area and is not influenced by this force.
Hence in this paper, no more attention will be paid to volume related force.

In addition to the effect of pennation on muscle force, the relation between the length change
of fibers and length change of muscle is also affected as a result of angular effects. This relation
is based on the geometrical constraint that the area of model must be constant over the entire
length range of the muscle. This is not compatible with the assumption (Otten, 1998) that work
of the muscle must be equal to the work delivered by the fibers, due to the fact that the
contribution of the pressure or volume related force may not be neglected. The geometrical
dependence of muscle length on fiber length is obtained from the derivative of the function that
yields the area of muscle (&), see the appendix.
df, {n (an@ +B)- tan@

ﬁ_ﬂmﬂ tan(@ )+ tanp ) ©)

The first quotient {.//;) as well as the second quotient between brackets in equation (6) are
larger than 1, therefore, the length change of muscle is larger than that of fibers. This equation
is based on the geometrical constraint of constant model area, therefore independent of force
exerted. Equation 6 is applicable in case an elastic as well as a non-elastic aponeurosis is
considered. It should be noted that for ladgethe error in the predicted/,, increases as a

result of the fact that the anglesandf3 are not constant.

The amount of work delivered by muscle and fibers can be calculated. The difference between
fiber work and muscle work is a measure of the work the volume related force delivers or
absorbs. For an extensive study of these features, the model should include dynamic properties,
which are not considered in the present study.
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Simulations of isometric force-length properties have been performed with the planimetric
model (chapter 2; van der Lindert al, 1998a). For a given fiber length, the geometry is
calculated under the condition that the area of the model is equal to the initial area (at muscle
optimum length:/n., See Table 3-1). Furthermore, the aponeurosis is assumed to be elastic,
which property is described by a quadratic force-length relationship (eq. 7).

_1 in@) _ _ 2
Faa(g aa) - % Ffa(g fa) % - ng aa ¢ aa; (7)

The active aponeurosis force,{Feq. 3) at active aponeurosis length)(is based on active
fiber force at active fiber length’s{) and depends on a constant~(©.16 N/mm) and the
aponeurosis slack length/,{). The parameters c anél,s are based on trial-and-error

approximation of the experimenté&-/, relationship (Table 3-1). An iterative process is used

to determine the aponeurosis length for the fiber force at a given fiber length, as described
previously by van der Lindeat al. (1998a; chapter 2). Based on the geometry determined,
muscle force is calculated according to equation (4) as well as (2) for purposes of comparison.
In order to assess the validity of the model simulations are performed of isometric contractions
and compared to experimentally determined mean force-length data and muscle geometry of
rat GM (Meijer et al, 1997). Experimental data is obtain from an isolatedcratwhich is
activated maximally at constant length. Force was measured by a force-transducer and muscle
geometry is registered by digitizing of photographic images made of the muscle-tendon
complex during the sustained contraction. For thorough description of experimental
procedures see Meijet al. (1997).

Table 3-1 Mean experimental data (n=7) of
ratem (Meijer et al, 1997)

Mean ratGM data
linao 31.7 mm
liao 12.5 mm
gm0 20.0 mm
Finao 11.3N
0 gas 18 mm

c 0.16 N/mm
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3.4. Results

The geometrical relations of the planimetric model as presented by van der ¢firadg(i998;
chapter 2) are unaltered. Consequently the prediction of muscle geometry is identical.

1 NN
0.8+
So06!
(S
=
© 04t ]
E0
LL
020 ¥ Mean rat GM |
' — Plan.Mod (eq. 4)
- - - Otten (eq. 2)
0 ‘ ‘

22 24 26 28 30 32 34
Muscle length [mm]
Figure 3-5 Comparison of experimental and modeled length force characteristics of rat
medial gastrocnemius muscle. Experimentalematis obtained from Meijeet al. (1997).
The normalized muscle force-length relationship predicted by the revised planimetric

model (incorporating eq. 4) is compared to the original prediction based on equation (2)
derived by Otten (1988).

However, prediction of muscle force is altered. Figure 3-5 shows a comparison between
experimental data of raim, the planimetric model using equation 2 (van der Lineteal,

1998; chapter 2; Otten, 1988) and using equation 4 of the revised planimetric model. The
prediction of muscle optimum length is improved, the difference between tk#irand the
revised planimetric model is about 0.5 mm. The experimentatwvaforce-length data is
predicted very well for the muscle length range studied.

3.5. Discussion

The improved planimetric model is capable of predicting muscle geometry as well as muscle
force rather well over the active muscle length range studied. The issue of this paper
emphasizes the importance of a mechanical approach in finding relations between force and
geometry in pennate muscle. The model presented is fairly simple and proves to be very useful
in providing insights into the functioning of pennate muscle as well as in the prediction of

muscle characteristics under static conditions. In clinical setting the model presented allows
prediction of muscle force after muscle geometry adaptation as a result of growth (Heslinga
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and Huijing,1990),immobilization (Heslinga and Huijind,992) or surgical operations such as
tendon lengthening (e.g. Friden and Lieber, 1994; Brunner, 1995) or aponeurotomy (Brunner
et al, 1997) where a gradual or instantaneous change of muscle geometry is observed.

The model presented assumed fibers and aponeurosis to be straight, although the contrary is
found in experimental observations (Zuurbier and Huifil892) and in model studies [e.g. van
Leeuwen and Spoor, 1992, 1993 as well as three-dimensional tendon-sheet model of Otten,
1988). In the present model, dipium is considered for the whole muscle geometry, which is

in contrast with models of van Leeuwen and Spoor and some models of Otten where geometry
is derived locally, based on equilibrium of local intramuscular pressure and fiber and
aponeurosis curvatures. This may explain why these models predict the force-length
relationship in-adequately.

An intriguing question is now, how it is possible that our simple planimetric model is capable
of predicting muscle functional characteristics so well, considering the number as well as the
nature of the assumptions made:

1. The model is a two-dimensional linear simplification of a complex three-dimensional
structure.

2. The primary fiber length distribution (Zuurbier and Huijiri®93; Hujing, 1995, 1996,
1998) is neglected by assuming the mid-longitudinal area to be shaped like a parallelogram
and fiber properties to be identical.

3. The muscle is modeled according to linearized presentation of the most distal fiber
representing the behavior of all other fibers, whereas experimental (HLf§igg) as well
as model studies (chapter 4; van der Lindstn al, 1998c) showed highly non
homogeneous fiber behavior suggesting different contributions for all fibers.

These neglected properties suggest that either the effects of individual fiber differences are
small or the effects compensate for each other in their contribution to muscle characteristics.
More research is needed to reveal the contributions as well as the interactions of properties
such as primary and secondary fiber length distributions and to take into account the fact that
muscles are complex three-dimensional structures.
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3.6. Appendix

To determine the relation between the muscle length change and the fiber length change the
derivative of the muscle area{f is calculated. The area of the planimetric model is defined
in the following ways:

E ¢ ¢ Bin(@)

Anus=0 I L8INE) (8)
Fall ; Sin(a +B)

Calculating the derivative, under the assumption that aponeurosis length and muscle area are
constant, three equations are obtained:

dgm dgf da

+ + =
¢, L, tan@)
dt, , dB _
. tan(]3)
df; | d(@+p)

l, tan(a +[3)

(9)

Solving these three equations yields the relation between the length change of the fibers and
the length change of the muscle, under the assumption of small length changes in such a way
that:da + dp = d(a+p).

de, ¢ an(@ +3)- tanf

m Lt
I Z% tan(@ )+ tan3 ) (10)
An alternative description is:
d ’. _K_m [Cos@ )lcosf ) sin(a)CEosP
de, ¢, G cos@ +B) sin(@ +B) (1)
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4.1. Abstract

To study the effects of muscle tissue properties and their interactions on mechanical muscle
functioning we developed a mechanical muscle model based on the Finite Element Method
(FEM). The strength of this method is the capability to combine non-linear material properties
of fibers as well as incompressibility and anisotropic behavior of muscle within solutions of
mechanically stable muscle geometries for various lengths and loadseNMheodel was
applied to the medial gastrocnemius muscle)(of the rat. Simulations of static and dynamic
muscle contractions are performed. Some modeling results were compared to experimental
data for ratGm.

The model indicates the functional importance of combining properties such as passive stiffness
(in fiber longitudinal direction, perpendicular to it and shear) as well as incompressibility. The
fact that the model allows fibers and aponeurosis to curve, introduces secondary fiber length
distributions in active muscle, even if the muscle tissue was initially modeled homogeneous.
Under isokinetic conditions the fibers develop a different shortening velocity. The observed
differences in length and velocity depend on the position of a fiber in the muscle belly and are
based on two independent passive properties, stiffness perpendicular to the fibers and shear
stiffness. It is concluded that these properties are of significant influence on whole muscle
functioning.

(van der Linderet al, 1998c, Comp Meth Biomech Biomed Eng, submitted)
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4.2. Introduction

Muscle morphology appears to be strongly related to muscle functioning (e.g., Benninghoff
and Rollhauser, 1952; Gans and Bock, 1965). The relationship between skeletal muscle fiber
and muscle properties is not fully understood. In pennate muscle a large number of fibers,
arranged in parallel with respect to each other and attached at anceft)leo( tendon sheets
(aponeuroses), form a skeletal muscle belly (fig. 4-1). The muscle belly is connected to the
skeleton by tendons. The muscle tissue has contractile capabilities and its mechanical
properties are dominated by anisotropic behavior (e.g. Fung, 1981) and constant muscle
volume (Swammerdam, 1767) as well as non-linear material properties (e.g. Fung, 1981;
Strumpfet al, 1993; Yinet al, 1987). Interactions of fibers and tendinous components have
important consequences for muscle function. The relations between fiber and muscle
characteristics, such as length-force and force-velocity characteristicd 938l) are essential

for understanding muscle function.

tendon

-«

proximal distal

Figure 4-1 A schematic representation of the muscle-tendon complex of rat
GM. The fiber ¢s) and aponeurosis lengti,) ratios and angles are according
to Meijer et al. (1997). The bottom part of the figure is an illustration of the
linearized muscle geometry based on tendon and aponeurosis ends.

In the last decades substantial experimental and modeling work has been devoted to these
relations. These studies showed important functional consequences of muscle properties such
as: pennation (e.g. Specter al, 1980; Hujing and Woittiez,1984; Savelbergt al, 1995;

van der Lindenet al, 1998), contribution of series elastic elements such as tendons and
aponeurosis (e.g. Ettema and Huijidi®90; Zuurbier and Hjing, 1992), incompressiity

(e.g. Woittiezet al, 1984; Otten, 1988; Hiing, 1995), curvature of fibers and aponeurosis

(e.g. Otten, 1988; van Leeuwen and Spoor, 1992, 1993) and fiber length distributions (e.g.
Zuurbier and Huijingl993; Hujing, 1995, 1996, 1998). In addition, experimental observations
showed complex passive stiffness of skeletal muscle tissue such as anisotropic behavior (e.g.
Strumpfet al, 1993; Margulie®t al, 1994) and lateral fiber interactions (Street, 1983). From
cardiac muscle modeling (e.g. Huyghe, 1984; Huyethal, 1992; Horowitzet al, 1988a, b;

Hunter et al, 1988; McCullochet al. 1992) using the Finite Element MethodEN)
(Zienkiewicz and Taylor, 1991, 1994) it is known that passive tissue in muscle has
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considerable influence on muscle functioning (Horowitzal, 1988a). These findings show
the importance of considering skeletal muscle as a mechanical continesmhas been
successfully applied to cardiac muscle, therefane is promising in skeletal muscle modeling.

This paper presents a mechanical formulation of a two-dimensiavalmodel to study
skeletal muscle functioning. The model is applied to a generalized skeletal muscle-tendon
complex. In a muscle-tendon complex, a distinction is made in muscular and tendinous tissue,
which represent the muscle belly and tendon and aponeurosis (tendon sheet). The properties of
muscle tissue do not fit in an element from the standard element library of commercial available
FEM software packages. Therefore, a muscle element is desigrexR{iRAN) and linked to a

finite element method software programn$ys 5.3"). In this paper we focus on uni-pennate
medial gastrocnemius musclesM) of the rat, and model results are compared with
experimental data of the ram. The model, composed of a finite number of muscle and tendon
elements is used to verify muscle functioning under isometric and concentric conditions.
Furthermore, the model is used to gain insight into muscle tissue mechanics, i.e. the heuristic
purpose of the model (Huijind,995) is explored. In such a way, the mechanical contribution

of the passive collagen network to muscle functioning is studied as well as the functioning of
individual fibers in the muscle belly.

4.3. Model and Methods

In this papeFeM is used as a tool, the basics of the method is treated in the standard textbooks
(e.g. Zienkiewicz and Taylor, 1991, 1994; see also for terminology in Fung, 1981). The
properties of muscle considered, are of geometrical and material nature. The material
properties are expressed in stress-strain relations. In the present work the theory is formulated
for a two-dimensional model of skeletal muscle.

4.3.1. Muscle tissue

In the present paper muscle tissue is considered of homogeneous muscle properties, therefore,
we ignore differences in slow and fast twitch fiber types. In muscle we anatomically distinguish

a collagen network of connective tissue and excitable muscle fibers surrounded by fiber cell
membrane (e.g. Fung, 1981). In the present model the collagen network is assumed to be two-
dimensional, in which we distinguish a muscle fiber related direction and a direction
perpendicular to the fiber, the cross-fiber direction. The total muscle stress is assumed to be a
result of stretching passive tissue and stresses generated by the activated muscle fibers. The
total stress in muscle tissue is defined as the sum of the passive stress and the active stress.
Muscle, connective and endomysial tissues are representesh imuscle model by a muscle
element. One muscle element represents a small bundle of muscle fibers arranged in parallel
with identical mechanical properties.

'ANsys® revision 5.3 (1996) is Bem program of Swanson Analysis Systems Inas(Bunder amnsys
License Agreement.
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4.3.1.1. Passive stress

Passive stress is a result of deformation of the connective tissue network as well as intracellular
elements. When we compose a passive stress-strain relation of muscle tissue, the following
aspects are taken into consideration:

* Non-linear stress-strain relations for three deformation types: strain (x, y-direction) and
shear (xy-direction), where y-direction is defined in the muscle fiber direction.

» Material anisotropic behavior i.e. different stress for equal strain in different directions.

* In order to incorporate the incompressibility of muscle, the area of muscle elements is kept
constant. The constancy of the mid-longitudinal area of wmlenuscle is confirmed by
experimental observations (Zuurbier and Huijit§92). Moreover, a modeling study (van
der Lindenet al, 1998a, chapter 2) based on a planimetric model where a circular cross-
sectional area of the muscle belly is assumed over the whole length range, showed no good
prediction of the force-length relationship, in contrast to a good prediction when the initial
circular cross-sectional area is allowed to become elliptical in such a way that the mid-
longitudinal area remains constant over the length range.

Viscous properties are neglected, because in the first place the muscle is considered under
static, i.e. isometric conditions, and in the second place are considered isokinetic conditions i.e.
guasi-static. Moreover, in the present study we are not interested in transient effects in which
viscous properties are expected to play a role of importance. The material is considered to be
hyperelastic, i.e. deformations are extremely large and strains are recoverable. The material is
defined by a unique relation between stress and strain. This property and the fact that there is
no energy dissipation in a closed cycle of application and removal of stress (i.e. the muscle is
pre-conditioned) (e.g. Fung, 1981), ensure the strain energy density function W to be a
function of strain. The stress can be calculated by differentiation of W with respect to the strain
tensor. The definitions for stress and strain used, are the second Piola-Kirchhoff stress and
Green-Lagrange strain (Zienkiewicz and Taylor, 1991). The strain energy density function (W)
in this study is composed of two parts.

W=W, +W, 1)
The first part (W) maintains the non-linear stress-strain relations and the passive anisotropic

material properties. The second part, Was been added to fulfil the incompressibility
condition of the muscle tissue.

The anisotropic and non-linear passive behavior is translated into three components, which are
related to the direction of the muscle fibers. According to Huyghe (1986), we chose, for W
exponential functions in the respective directions.

W, = W*+ W + W? (2)
With: W'(g,) = k[ﬁ@@i - a@i) for i= x yorxy
and:  WY(,<0) = -WY(|eq])
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Where & is the strain in a direction i. The

y-direction is defined to be the muscle fiber_ 0'2: ’
longitudinal direction and xy is the sheaNE 0.1 /
component. The parameters and k are E i RO 1
constants and will be discussed in the paragrazph 07 ----- .- —
(4.3.3) about the implementatiaf the model % 01 L - .—.i‘(ig(iabre(rygx)
(see also Table 4-1). A graphical representat'@p‘p o, - = shear (xy)|
of these passive stress-strain properties is showri0-2| - - ]
in figure 4-2. -0.8 -0.4 0 0.4 0.8
Strain

The second part of the strain energy density
function (W) contains a penalty function for tHdgure 4-2 Passive stress-strain relationship with

. - . . components in cross-fiber (x), along fibers (y)
incompressibility condition of muscle tissteem . " A
direction and shear (xy) at passive fiber slack

is a numerical method which approximates {Byth & ¢,.1.5 mm) all strains and all stresses
mechanical equilibrium of a continuum and the zero.

demand of constant area is approximated by

applying a penalty function. This procedure is chosen instead of assuming a Poisson’s ratio of
0.5, which leads to numerical problems. The change in surface area of an infinitesimal small
area is defined by the strain invariapt Muscle fibers can be considered as cells filled with
fluid. The intracellular fluid is assumed to have the ability to migrate freely within the cell. The
solid elastic structures, such as filaments, are restricted in their moving space. Therefore, we
used a penalty function to serve the demand of incompressibility conditions consisting of two
parts. This penalty function is applied to local muscle element areas, which are related to the
Gauss integration points (Zienkiewicz and Taylor, 1991). In every integration point with its
local aread is calculated, withzlrepresenting the determinant of the right Cauchy-Green strain
tensor. When the local muscle element areas are conserved by keepirg@dll ito one, the
element is modeled as a solid. When the mean value efittalculated ¢9) and kept equal

to one, the element is modeled as a fluid:

W, =p I, - D +A 59 - ) 3)
with weighting factorgp andA (Table 1), representing the amount of penalty given when the
local (solid,p) and the global (fluid\) area-parts deviate from the initial area respectively. W
will be zero if the area is constant. A combinatiop@ndA allows us to restrict migration of
fluid but allows large deformations of the muscle elements. From a number of penalty
functions, with exponential or higher order terms, equation 3 is chosen for the best results
preserving the muscle element area and numerical efforts needed.
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Table 4-1
Definition of constants used by them model of the ratm. In the last

column is referred to equation numbers in the text.

Const | Value Unit [ Description (equation)
& 2.5 - passive x-fiber stiffness (2)
& 1 - passive fiber stiffness (2)
3 - passive shear stiffness (2)
by 30 - active stress-strain (5)
-5 - active stress-strain (5)
b, 1 N/mn? | active stress-strain (5)
Co 0.29 - stress-strain velocity (6)
C 0.20 - stress-strain velocity (6)
G 1.50 - stress-strain velocity (6)
C3 2.50 - stress-strain velocity (6)
NS 250 mnt | tendon normal stiffness
BS: 1.5 mnf | tendon bending stiffness
NSy | 250 -20 mm | distributed A > B) aponeurosis normal stiffness
BSyp | 1.5-0.5 mm | distributed A > B) aponeurosis bending stiffness
p 1 N/mn? | weight factor solid part incompressibility (3)
A 5 N/mn? | weight factor fluid part incompressibility (3)
k 0.01 N/mnt | Initial passive stiffness (2)

4.3.1.2. Active stress

Active stress is exerted by the fibers in a muscle element when activated. The active stress in
skeletal muscle depends on a number of factors. It is assumed that active fiber gtretd®e(S
local Cauchy-stress in fiber direction) depends on three independent relations (Hatze, 1981):

Shiber = A LHE) IR Y (4)
Where q(t) represents the activation functiong p¢he length-force relation and S(v) the
force-velocity relation. The following factors have been taken into consideration:

» For reasons of simplification only maximally activated muscle is chosen to study and to be
able to compare with experimental results, therefore effects of sub-maximal activation and
alterations in activation dynamics, such as fatigue, potentiation O S@asitivity for
activation are ignored. This is defined by the muscle activation function q(t), which is set to

unity.
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» According to the sliding-filament theory of
Huxley (1957) the active stress depends @n 1
flament overlap and therefore, since af
sarcomeres are assumed to be identical, *Ee
active stress depends on fiber strain.
account for length dependence of musc 0.57
fiber force, we fitted the experimentally,:)
determined length-force curve of ram
fiber bundle (Zuurbieet al, 1995) with an
exponential function, &) (fig. 4-3a). The _
function for active stress is chosen to be Strain
continuously positive. Fiber straing( is B
defined as the proportional length change:q 5 .
(Cauchy-strain) with respect to the fibeg
optimum length, i.e. when a fiber is at itg 11 \
optimum length the fiber strain is zero and.,
the stress is one when the muscle @
activated.

bE" for s
S(g):ﬁldEe E»3fore <0 | | |
[@>* forge >0 05 0 05 1
Where bare constants (Table 4-1). Velocity

— Model fiber
—~— GM-fiber

Active
o

&l
o
ol

g
Stress velo
, (en)
H

 For the dynamic behavior of activatdtgure 4-3 A Active stress-strain relationship
skeletal muscle, a normalized force (Streégr_mahzed for the active stress at muscle fiber

. . ,Zttimum length. Comparison of model-fiber with
velocity relation (S(v), Hatze, 1981), vali perimental gm-fiber data from Zuurbieret al.

for maximally activated muscle, i81995) is mades: Active stress-velocity relationship,

implemented (see also fig. 4)3 fiber force normalized for the isometric force at given
length and for maximal shortening velocity,{v=1)
S(V) = G . (6)51dapted from Hatze (1981). According to
c + e_CZB'NH(CSD”ED%) physiological custom positive velocity indicates
. shortening.

Where v is the normalized shortening

velocity and ¢ are constants (Table 4-1). In accordance with physiological practice
shortening is indicated by a positive velocity (v&, strain velocity in local fiber direction)
and lengthening is negative. The constants ¢ are chosen in such a way that under isometric
conditions: S(v=0) = 1 and under the condition of maximal shortening velocity of the fibers,
where is assumedy = 1, eq. 6 yields: Sy, = O.

» Active fiber force is assumed to be generated by identical sarcomeres arranged in series
within the fiber and therefore exerting the same force. Consequently, the active fiber stress
is assumed to be constant over the length of the muscle fiber. The reference for the fiber
stress is the strain in the middle of the muscle fiber. The strain of muscle fibers arranged in
parallel is linearly distributed over the width of the muscle element as a result of a linear
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displacement function chosen perpendicular to the fibers. This choice is made based on the
expectation that there will not be large differences in deformationsafeadjmuscle fibers.

» Active stress is generated in fiber direction only. Consequently, the active fiber stress is
defined in the local fiber direction, regardless if the muscle fiber is curved or not. Hence, the
difference in global and local element coordinates is accounted for in application of active
fiber stiffness in the muscle element.

* No properties are incorporated that result in fatigue, potentiation and other time related
force changes other than the properties described by eq. 6.

4.3.2. Tendinous tissue

Both tendon and tendon-sheet (aponeurosis) are of tendinous tissue. The elasticities of these
structures are assumed to be linear. In the present two-dimensional model, the aponeurosis as
well as the tendon are modeled by the same type of element. This elear@mb4) is from

the standardansys element library and will serve the purpose of modeling tendinous
structures. TheBeam54 element allows incorporation of thickness of the aponeurosis by
applying a tapered shape for these elements. Hence a distribution of the normal stiffness, i.e.
the resistance against length changes is introduced from gpdmtpoint B in figure 4 and

yields in a constant strain over the aponeurosis (fsoto B). To prevent the model from
generating moments of force in the tendon element the bending stiffness is set to a small value
(table 1). Hence, the modeled tendinous structures are allowed to curve under applied forces.

Ettema and Huijing1993) measured a strain for the series elastic componeats wiuscle-

tendon complex of about 3 % for muscle optimum force. In this paper we assumed the tendon
to be homogeneous. Consequently, tendon strain at muscle optimum force is taken to be about
3%. The stiffness of the model aponeurosis is calculated at the muscle-model optimum force.
The aponeurosis stiffnesss,y) is chosen to be equal to the tendon stiffness at the tendon-end
(pointA) andNs,, at pointB is chosen such way that the aponeurosis strain is approximately
constant and about 3 %.

4.3.3. FEM-muscle model

With the muscle and tendon elements presented any muscle-tendon complex can be
constructed, under the condition that a (mid) longitudinal area can be defined in the direction
of the line off pull, which is a good representation of the muscle geomedity. In this study

we focus on functional characteristics of the medial gastrocnemius masgleof the rat

(fig. 4-1). The model is a two-dimensional representation of the mid-longitudinal area of this
muscle-tendon complex. The model simulations were performed using 16 muscle elements in
parallel with respect to each other and 40 tendon elements for the representation of tendon (2 x
4 elements) and aponeurosis ( 2 x 16 elements) (fig. 4-4). The curvature of the aponeurosis is
constructed of smooth curve with a start and end (poewmdBs) angle of 0° with respect to

the muscle line of action and consequently an angle of about 20° is introduced with the most
proximal or distal fiber. Initially, when the model muscle is not activated, all fibers are straight
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and of identical length and the fiber anglg (s the same for all fibers. This assumption is for
heuristic purpose, because insights in complex muscle functioning are gathered more easily of
homogeneous muscle geometries. When the model is activated, fibers will curve and the
aponeurosis will bend under the applied load.

proximal distal

tendon

Figure 4-4 Representation of the finite element muscle model with 16 muscle elements in
parallel. The muscle elements are numbered from left to right. The tendons are represented
by 4 elements and the aponeurosis consists of 32 elements with linearly distributed normal
stiffness, i.e. thickness. The beginning é&nd end ) of the aponeurosis are marked. At
pointB the angle between the fiber and the aponeurosis’ ia23 marked in the figure. The
geometry of the model presented is the initial shape where all fibers have identical length

(¢ = 12.5 mm) and are at muscle optimal lendgth(= 31.7 mm) under passive condition,
with linearized aponeurosis length:= 21.1 mm.

The number of elements used serves the goal of this paper, more elements in parallel did not
lead to different predicted muscle forces or significant changes in predicted muscle geometry.

In fiber direction only one element is used, to preserve the fact that active fiber stress is

constant for the length of the fiber. When in a muscle model more elements arranged in series
representing a small bundle of fibers, the active stress would be distributed over these

elements, which is in contradiction with the assumption that the fiber stress is constant over its

length. Consequently, one muscle element represents a bundle of muscle fibers arranged in
parallel.

In addition, material properties are defined for the muscular and tendinous tissue. The
properties of all muscle elements are identical. Active fiber stress is described by equation (5)
and (6) and presented in figure A&B. The values for constants of these equations are shown

in Table 4-1. Passive stiffness of the fiber tissue in fiber longitudinal direction has been
estimated from experimental data of e (Meijer et al, 1997). According to experiments of
Strumpfet al. (1993) on dog diaphragm, the passive stiffness perpendicular to the fiber
direction is larger than in fiber direction (Table 4-1). The incompressibility of skeletal muscle is
modeled by equation (3). The constants for the fluid and solid parts are chosen in such a way
that area loss is restricted to maximal 3% of the initial area. Large element deformation i.e.
simulating migration of fluid, is restricted by constant3).

The present model (fig. 4-4) is used to simulate isometric and isokinetic contractions. Under
isometric conditions muscle force is calculated at different muscle lengths in a range from
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active slack length/f..Jd, i.e. the length at which the active muscle exerts no external force, to

about 4 mm above muscle optimum length,.d. Simulation results are compared to
experimental data of the rat (Meijer et al, 1997). Under isometric conditions geometry of

the modeled muscle and rat1 are compared. For this comparison &t as well as model
geometry is linearized as is indicated in figure 4-1 (bottom part). Muscle geometry is expressed
in the parameters: fiber length)( aponeurosis length’4, fiber angle ¢) and aponeurosis

angle @), which are plotted against muscle length).( For isokinetic contractions muscle

force is calculated with different shortening velocities imposed at the tendon esis the

FEM package used allows study of the internal strains and stresses as well as the morphology of
the muscle-tendon complex during the contractions.

Although, FEM models a continuum and not individual fibers it is possible to study single fibers

in a muscle belly. As a result of the fact that the longitudinal fiber direction is defined in the
length direction of the muscle elements, single fibers can be addressed for example based on
the distance to the most proximal/distal fiber.

4.4. Results

For verification, the model predictions under isometric and isokinetic conditions are compared
to experimental data. Furthermore, the influences of passive properties on muscle functioning
are presented.

4.4.1. |sometric conditions

Modeled and experimental results regarding isometric normalized force-length characteristics
are shown in figure 4-5. The model predicts the force—length characteristics well for the length

range from muscle active slack-lengthJ to optimum length{u.. see fig. 4-B). For muscle
lengths over/n, the total normalized muscle force is under-estimated by the model.
Normalized passive muscle force is over-estimated by 5%.Qf(Fuscle force atm.) at
lmagt4 mm.
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Figure 4-5A Length-force relationships of the model is presented versus experimental datanaf rat
Experimental data is according to Meigral. (1997). The total and passive force is normalized for

the maximal muscle force at muscle optimum lengthX. B The active fiber force versus the active
muscle force based on the subtraction of the total and the passive force calculated by the Tinedel.
normalized forces of some muscle elements are presented versus muscle length. The most distal/
proximal elements (el. 1; el. 16 is identical as a result of symmetrical geometry, see fig. 4-4) exert the
largest force below muscle optimum length.

To obtain an estimate for active force the passive length-force curve is subtracted from the
total curve (fig. 4-8). With the present model we are able to study actual active force, based
on the exerted active fiber stress. In figureBdtbe total normalized active fiber force is
plotted against muscle length and compared to the estimate of active muscle force, based on
the subtraction of the total and passive force. Note that,ed considerable active fiber force

is exerted, despite the fact that no active force is exerted by the muscle. The actual fiber force
of some fibers is presented in figure d-Fhe contribution of the most distal and proximal
fibers (element 1 and 16, fig. 4-4) to the total muscle force is largésisat his phenomenon

is a result of interactions of passive tissue stiffness perpendicular to the muscle fibers, the
active fiber stiffness and the fact that fiber volume is constant during contraction.

The forces calculated are based on mechanical equilibrium of a continuum. The mechanical
equilibrium results also in a specific geometry. Muscle geometry can be described during

isometric contractions. A comparison is made of geometrical paraméteesq and versus
¢y of the two-dimensional linearized muscle geometry to experimental data (fig&8)6
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Figure 4-6 Prediction of linearized muscle geometry compared with experimental datacoi.rat~iber

and aponeurosis length versus muscle length are predictedswElber and aponeurosis angles versus
muscle length, where the fiber angtg (s predicted well and the maximal difference for the aponeurosis
angle @) is 2.5.

Muscle geometry is predicted well fér 7, anda, the maximal difference is: 6%, <1% and 8%

respectively. The aponeurosis ang[® (s over-estimated by 20%=(2.5°) at (m.s this
difference can be attributed to the fact that theamathas a distal fiber and a proximal
aponeurosis of shorter length modeled (Zuurbier and Hulilig§3) compared to the muscle
geometry.

During an isometric contraction a fiber length distribution is developed as a result of change in
curvature of the aponeurosis and curving and bulging of fibers. This so-called secondary fiber
length distribution (Huijing,1995) is quantified in figure 4A7for all muscle elements at four
different muscle lengths/ifas ‘mac4.5, !mao and /magt4.5 mm). The largest difference occurs
between the middle fibers (element 8 and 9) and the most distal/proximal fibers (element 1 and

16): 6 % of fiber optimum length/d,) at muscle optimum length. At..s the middle fibers

have higher lengths compared to their neighbors, but are 5% shorter compared to the most
distal/proximal fibers. It should be noted that these length differences are developed by fibers
with identical material properties and are initially of identical lengths. As a result of a difference
in length fibers exert different forces. The active fiber stress, related to muscle elements, is
presented in figure 4effor four muscle lengths. The maximal difference in stress of the muscle
elements compared to the middle element is 10% of maximal active stress. A large difference in
length does not automatically lead to a large difference in active stress. The maximal fiber
length difference atn.c4.5 mm is 3% but the maximal difference in exerted fiber force equals
10% of the exerted stress in the middle fiber. This shows that the contribution of individual
fibers to total muscle force is different.
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Figure 4-7 A: The difference in fiber strain in the elements compared to the middle element (el. 8 and 9) at four
different muscle length {as fmag4.5, fmao magt4.5 mMm). The maximal difference of 6% is foundéat, for

the most distal and proximal fibers (element 1 and d:6).he difference in fiber active stress in the elements
compared to the middle element at the same four muscle lengths. Note that at the descendipgHi®) of

the stress-strain relationship the longer middle fibers exert a larger stress compared to the fibers more located
towards the outside of the muscle belly.

4.4.2. Concentric conditions

Simulations of isokinetic contractions were performed for a length range of 3 mm, started at
mas3.5 mm and for a length range of 10 mm, startef,at3.5 mm with shortening velocities

of 1 and 10 mm/s. Hence, the end-lengths of all contractiohgs#6.5 mm (equalgm, = 25.5

mm). Muscle force during shortening is plotted versus muscle length (force length trajectories,
fig. 4-8a). The isometric length-force curve is added for comparison. As expected, muscle
force during shortening is lower and the difference in force depends on shortening velocity. In
the early phase of shortening muscle force drops, which is a result of interaction of fibers and
series elastic structures. In the final phase of shortening muscle force only depends on muscle
length and on shortening velocity, and not on start length or shortening range. This is
expressed by the fact that force length trajectories for v = 1 mm/s and for v = 10 mm/s coincide
over a length rangé,n,= 27.5 to 25.5 mm and., = 26 to 25.5 mm respectively. After

shortening muscle force re-develops to the isometric vale=(E.5 N at/ma= 25.5 mm).
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Figure 4-8 A: The force trajectories of the model during shortening with a shortening velocity of 1 and 10
mm/s over a muscle tendon complex ranfyg.) of 3 and 10 mm versus muscle length compared with the
isometric length-force curve: The shortening velocity of some fibers compared with the middle fiber during
the above mentioned concentric contraction versus time. The contractiof/gyer 3 mm (thick curves) are
shifted over the time axis in order to coincide with the contractiod¥,gf = 10mm at the same time (t =

14.6 s) wherr,s6.5 is reached. Consequently it is visible that the velocity trajectories are identical over the
last seconds (t = 8 - 12s) of contraction.

Secondary fiber length distributions are observed during isometric contractions lead to
differences in individual fiber velocities in concentric contractions. For concentric contractions
at 1 mm/s, the differences of fiber velocities within the muscle are plotted versus time

(fig. 4-88). The contraction over a length rand¥ ) of 3 mm is started at t = 7s, therefore

both contraction over a range of 3 and 10 mm reach at the same time (t £,48 5.5 mm.

The shortening velocity of the middle fiber (‘f9") is subtracted from the velocity of a fiber. The
difference in shortening velocity between the most distal/proximal fiber (‘f1’) and the middle
fiber is most extreme. The distal/proximal fiber reacts quicker to geometrical changes
compared to the other fibers, see in the first phase of shortening as well as after shortening (t >
10s) when the tendon-ends are kept isometric. The differences in shortening velocity can be
10% (i.e. 0.1 of 1 mm/s) of the applied shortening velocity. In figure 4k& force length
trajectories during shortening show that the start length of contractions did not lead to
differences in muscle force predicted during end phase of the concentric contraction. In
addition to the overlap of the force length trajectories (figa¥tBe individual fiber velocities

(fig. 4-88) of contractions over a length rand¥ {.) of 3 and 10 mm for t > 8s, are identical

as well.
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During muscle shortening initiated from-

fmast3.5 and velocity 1 mm/s, the muscE 1! — T
force increases (after a small decreaé.) ————— /_4-" ' \
from 4.5 to 8.5 N {(na = 35 to 31 mm,.*L:>)‘ el (.,«"‘ — Vo
see fig. 4-8), consequently the% 0.6 > Pl Vim
aponeurosis increases in length €v0, > 4| Vid
lengthening) as a result of interactions & = = Vimn
the muscle belly and the series elasfg 0.2 . _ - - Va
components. In addition, the muscg 0 e — !
belly shortening velocity ) is larger &__) ‘ ‘ ‘ ‘ ‘
compared to the applied velocity on the 26 28 30 32 34
muscle tendon complex (fig. 4-9). Muscle length [mm]

Experimental observations of Zuurbl‘ﬁ’gure 4-9 The shortening velocity of the muscle bellyXv
and Huijing show similar results (theifistal fiber (v4), mean fiber () and aponeurosis Jvare
figure 4, 1993). Except that thelotted against muscle length of a concentric contraction with
.. . a velocity of 1 mm/s applied to the muscle tendon complex.
aponeurosisn vivo does not IengthensI’he mean fiber shortening velocity is larger compared the
due to an increase in muscle force duripgocity of the most distal fiber. In contrast with the trace of

shortening started ofm.. The distal distal fiber predicted by the model which is in consistence

. . . with the experimental distal fiber observed by Zuurbier and

fiber — velocity —predicted  (y) S Huijing (1993). The aponeuroses lengthen over a range of 35
consistent with ratem distal fiber. to 31 mm (y < 0).

However, the mean fiber velocity
predicted (vmn) is larger compared to the muscle shortening velocity.

4.5. Discussion

Simulation of isometric contractions yielded good prediction of the length-force characteristic,
below muscle optimum length as well as the linearized geometry @fwaiThe cause of
prediction error in the length-force characteristic over muscle optimum length is unknown and
needs further investigation.

The model presented is useful for the study of individual fiber functioning in whole muscle.
The present study revealed that muscle fibers interact. Interactions of fibers are a result of the
passive muscle tissue present, which has a specific, anisotropic, resistance against deformation.
Two components of this passive resistance have a significant influence on muscle functioning.
First, shear stiffness that is the resistance of fibers to slide along one another. Consequences of
this property are the limited distributions in fiber length (fig.24-@nd fiber velocity (fig. 4-8)

of adjacent fibers, compared with the length and velocity differences of fibers far apart in the
muscle belly. With different fiber lengths and velocities the contribution of individual fibers to

the total muscle force is different. It is very likely that shear stiffness contributes to the fact that
the regular striation pattern of skeletal muscle remains intact over a large muscle length range.
Another consequence of shear stiffness is that fiber force is not only exerted at the fiber ends
but also on adjacent fibers. In cardiac muscle shear is observed to be a moderator of stresses
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(Horowitz, 1988b). Hence no large differences, i.e. peaks in stresses were found, which is
consistent with findings of the present study. Experiments on specially prepared skeletal
muscle fiber bundles (Street, 1983) showed thityabf fibers to transmit tension in lateral
direction, which can also be attributed to shear stiffness.

The second passive property with great implication for muscle functioning is the stiffness of
muscle tissue perpendicular to the fibers (x-fiber direction). Stretnpf. (1993) showed in

their bi-axial experiments on dog diaphragm that x-fiber stiffness in not negligible. The present
model shows the functional consequences: as fiber shortens, the fibers get thicker,
consequently the x-fiber strain increases, as well as x-fiber stress. This stress is compensated by
the active fiber stress in fiber direction as a result of the following mechanism. Deformation in
fiber direction is coupled with deformation in x-fiber direction because of the fact that muscle
volume is constant. Imagine a cylinder with a constant volume which length is decreasing,
consequently the diameter has to increase. If the cylinder wall is of elastic material, a force is
needed to increase the diameter. The active fiber force is the only force to compensate for this
force. At the ascending limb of the active fiber length-force curve the force decreases with
shortening, the fiber diameter increase and also the x-fiber stress. At a certain fiber length an
equilibrium is developed between the active fiber stress and the passive x-fiber stress where no
force is exerted at the fiber ends. For the model presenting a amadeconsiderable active

fiber force is exerted at muscle active slack length (figg4-bherefore, is it concluded that an
active muscle consumes energy at slack length where no force is exerted at the tendon ends. It
is the mechanism that is important here and not the amount of active fiber force, because this
amount depends entirely on the stiffness assumed in the direction perpendicular to the fibers.
The mechanism described can also explain the experimentally observed ghifttofhigher

muscle lengths due to sub-maximal activation (Rosteki, 1994). Moreover, in studies on
skinned fibers (e.g. Maughan and Godt, 1979; Brenner and Yu, 199Xt Jali, 1993)
researcher found evidence for x-fiber stiffness under passive as well as active conditions. It
should be noted that cautiousness is needed when observations on skinned fibers are
extrapolated to muscle because in skinned fiber the demand of constant isilleat furf

more (van der Lindest al, 1997). This is in agreement with the observation of Horoeititz

al. (1988a) that the incompresiitly property results in a rather high compressive stiffness of
cardiac muscle tissue due to an interaction of mechanical properties of fibers. This stresses the
importance of the combined properties of passive tissue and the demand of constant volume.
The results of the present model suggest that geometrical models such as the planimetric model
(e.g. Huijing and Woittiez1 984, Otten, 1988, van der Lindenal, 1998) have no mechanical
foundation. The planimetric model assumed a relationship between the fiber and the muscle
force based entirely on the angular effect. Such a relationship leads to the erroneous
assumption that at muscle active slack length, no active fiber force is exerted. The present
model showed that as a result of mechanical equilibrium the fibers exert a considerable amount
of force at muscle active slack length. Therefore, a relationship between fiber and muscle force
should include contributions of passive tissue properties.
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In the present model, we assumed the sarcomeres to act in series and therefore exert all the
same active stress in series. Consequently, no in-homogeneous behavior of sarcomeres in series
is allowed in the present model. As a result of this assumption, the model is not suitable to
study the effects of sarcomere heterogeneities in muscle fiber (Julian and Morgan, 1979a,b;
Edman et al, 1993). Himinary results with another version of the model presented, a version
where inhomogeneous behavior of sarcomeres is allowed, showed that sarcomeres in series do
not necessarily have to exert the same force as a result of equilibrium in the continuum. The
position of the sarcomere in the muscle belly defines the contribution of the sarcomere. This
suggests that force exerted is passed through to neighboring structures in parallel as well as in
series by shear and pulling forces.

In conclusion, the model in the present form is able to predict the length-force characteristic to
some extent. Moreover, the predicted linearized geometry compares well with the experimental
observed linearized geometry of the mat. Hence, the present model is a description of
skeletal muscle as a mechanical continuum, incorporating properties such as shear and x-fiber
stiffness as well as the conservation of muscle volume with important functional implications.
Therefore, the present model is of great heuristic value in understanding skeletal muscle
functioning. The model presented showed that a muscle can not be considered a ‘lumped’
fiber. Fibers in a muscle belly have different contribution to the functional characteristics of a
whole muscle, which depends on their position in the muscle belly.
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5.1. Abstract

A model based on the sliding-flament and cross-bridge theory is used to describe effects of
contraction history during sustained contractions with phases where shortening or lengthening
are imposed. The model presented has some modifications with respect to the general Huxley
model, such as: a force-length relationship, a Kelvin element arranged in series with the
contractile filaments and a cross-bridge detachment function for cross-bridges, stretched over
their maximal binding length, that detach without consuming energy. The main model
extension is the assumption that the number of available cross-bridges is reduced each cycle,
thus introducing effects of fatigue. The obtained model is referred to as the reducing cross-
bridge @cB) model. Therce-model is compared to the general Huxley model and to
experimental observations under different conditions.

In accordance with experiments, thes-model is able to describe post-shortening force deficit

in the entire sarcomere length range and post-lengthening force enhancement in the length
range below sarcomere optimum length. Over optimum sarcomere lengtRcevmodels
arranged in series are able to predict an enhanced force after lengthening. Furthermore, it is
shown that exerted sarcomere force changes, due to superimposed high-frequency vibrations,
compared to conditions without vibrations, as a result of changed cross-bridge distributions. A
dissociation of force and number of attached cross-bridges is found, which implies that
experimentally obtained stiffness, based on contractions with superimposed vibrations, does
not relate to the number of attached cross-bridges.

(van der Linderet al, 1998d, Biological Cybernetics, submitted)
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5.2. Introduction

Many studies have shown that muscle fiber force does not solely depend on length and velocity
of shortening or lengthening during maximal activation. Force changes in time seem therefore
to depend on contraction history. Interactive effects that influence force exerted during
sustained contraction are:

1. Fatigue related effects

2. A previous phase where shortening is applied

3. A previous phase where lengthening is applied
4. Velocity of shortening or lengthening

5. In-homogenous behavior of sarcomere in series.

A major factor of decrease in isometric force in time can be attributed to effects of fatigue,
which has been defined historically as the failure to maintain force output, leading to a reduced
performance and stiffness (Edman and Lou, 1990). Several authors (see reviews of Fitts, 1994
and McLester, 1997) attribute this reduction in performance to accumulation of metabolites. In
the present paper, we focus on the effects of fatigue but not on the underlying mechanisms.

If an activated muscle is exposed to a stretch phase, enhancement of force can be observed in a
subsequent isometric phase compared to the force at the same length of a sustained isometric
contraction (e.g. Abbott and Aubert, 1952; Ednedral, 1978; Sugi and Tsuchiya, 1988).

When activation is sustained after the stretch phase, a part of the force enhancement is
maintained; as is observed in frog (Edreamal, 1978; van Atteveldt and Crowe, 1980; Edman

and Tsuchiya, 1996); rat (Etteratal. 1990; Meijeret al,, 1997) and human muscle (Coek

al., 1995). The force enhancement after stretch is independent of the stretch velocity (Sugi and
Tsuchiya, 1988).

For shortening this phenomenon is reversed, i.e. a force deficit is observed during and after a
shortening phase (e.g. Buchthal and Kaiser, 1951; Edman, 1975; Etalari993, Sugi and
Tsuchiya, 1988; Granzier and Pollack, 1989). This deficit is inversely related to the shortening
velocity. Length dependence of force reduction after shortening has been shown experimentally
in rat gastrocnemius medialis muscle (Megéral, 1997). Below muscle optimum length the
force deficit after shortening is smaller compared to that of a contraction with the same
distance of shortening (and velocity) over muscle optimum length. Mgijk (1997) found

no evidence for differences in geometry of rat gastrocnemius muscle due to the force deficit
after shortening and concluded that the force deficit has its origin at the intracellular level.
Granzier and Pollack (1989) suggested that accumulation of metabolites during sustained
contraction might underlie the deficit in force after shortening.

The sliding-filament theory (A.F. Huxley and Niedergerke, 1954; H.E. Huxley and Hanson,
1954) describes the sliding of myo-flaments during length changes in muscle fibers.
Furthermore, the cross-bridge theory (Huxley, 1957) describes the motor behind this sliding of
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filaments. This is expressed in a mathematical model that combines existing knowledge of
structures, mechanics and energetics of muscle, by means of a partial differential equation
(PDE). This combination of theories, generally referred to as the Huxley-model, is useful for
comprehending muscle fiber dynamics during length changes as well as during isometric
contractions. Subsequent modifications of this model were basically:

1. to increase the number of possible states a cross-bridge can have, which allows the study of
force transients (e.g. Huxley and Simmomh8y71; HIl et al. 1975 and Eisenbergt al,
1980);

2. to decrease numerical efforts by assuming Gaussian cross-bridge distributions (e.g.
Zahalak, 1981, Ma and Zahalak, 1987) and consequently approximatingetpeoposed
by Huxley (1957);

3. to extend the model with excitation dynamics (Zahalak and Ma, 1990). However,
contraction history effects could not be explained.

In the present paper we propose that effects of contraction history during sustained
contractions can be attributed to a change in cross-bridge cycling dynamics in such a way that
effects of fatigue (Granzier and Pollack, 1990) and the change in stiffness, i.e. number of
attached cross-bridges (Sugi and Tsuchiya, 1988) can be described. We assume that the
number of cross-bridges available for force exertion is reduced is sustained contractions. The
magnitude of this reduction is related to the number of cycles performed. The model thus
obtained is an extended version of Huxley's model and referred to below, as the reducing
cross-bridge §cB) model. The model is applied to simulate sustained contractions with
isometric and isokinetic phases and to study effects of altered contraction dynamics. The
results of the model are compared to experimental data at sarcomere lengths below as well as

over sarcomere active optimum lengthJ.

5.3. Methods

5.3.1. Huxley-model

Similar to Huxley (957) a number of assumptions regarding cross-bridge dynamics were
made:

1. Cross-bridges are independent elastic force generators arranged in parallel.

2. At any instant in time, each cross-bridge has access, with a certainifisptbalonly one
actin-binding site.

3. Cross-bridge force is proportional to the bond length or stretch (x) from the neutral
equilibrium position (x = 0) of the cross-bridge (fig. )1

4. Two cross-bridge states are assumed: one attached state and one detached state, where the
probability of cross-bridge attachment is defined by a function f(x) and the probability of
detachment by the function g(x) (fig. )1 Two states are sufficient for studying steady
state contractions. However, if force transients are studied more cross-bridge states are
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necessary (e.g. Huxley and Simmoh871; Hil et al. 1975 and Eisenberet al, 1980).

The rate constants ‘f and;’@re rough estimates concerning cross-bridge cycling (Huxley,
1957). However, the relation between the ‘f and Gnstants determines the maximal
shortening velocity and the maintenance heat and work production under various
conditions as experimentally observed by Hip38).
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Figure 5-1 Schematic representation of the cross-bridge thepi§everal model parameters are shown, X
indicates cross-bridge bond length, tmaximal bond lengthl: distance between the locations on actin
filament where cross-bridges heads can attach (A-sites}fwo cross-bridge states and a schematic
representation of the rate function depending on bond length (x). Values for model parameters are given in
Table 5-1.c: Representation of the model used, where the contractile filaments has the properties of the
reducing cross-bridge modeldg-model) and is arranged is series with a Kelvin element.

Mathematically this is formulated as follows. Let n(x,t) be the distribution function
representing the fraction of attached cross-bridges with a displacement or binding length (x) at
time t. The actin-myosin bonding kinetics satisfy ke

anlxh _on onox_ o dnN-nix - o 0 x) (1)

dt ~ dt Jx ot

Where: %f =v, is the sliding velocity of myofilaments with respect to each other and N is the

maximal number of available cross-bridges. This equations describes the change of the number
of attached cross-bridges (n) in time, and because n depends on x an t, n is partial differentiated
to t and x. The right side describes the fraction of available cross-bridges that attach minus the
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fraction of cross-bridges that detach at time t. Where these fraction of cross-bridges depend on
the bonding length (x).

5.3.2. The reducing cross-bridge model

Basically the model presented in this paper is identical to the above described Huxley-model,
but has been enlarged with the following extensions:

1.

The model is extended with force lengthp
characteristics. According to the sliding-filament !
theory the amount of force exerted §B
proportional to the amount of myo-filamergo'5
overlap for the length range over sarcome_’j!_re
i

optimum length (9. However, below /sy Y 2 2.5 3 3.5
flament overlap remains maximal but force ;
decrease is related to length decrease. A nurﬁ)er
of possible explanations have been propo%mﬂs
(e.g. Gordoret al, 1966): 1. The actin filaments
of one side in a sarcomere interacts with actin®
flaments on the other side, which result in les€
space for cross-bridges to attach. 2. Crosms-1
bridges attach to an opposite (i.e. wrong) acgroll5
and exert an opposite force. 3. myosin filamergs
tend to penetrate the z-lines and will develop'_aO
resistive force. 4. Finite element analysis (van der 1 2 N 2t5 | 3 35
Linden et al, 1997) of muscle fiber mechanics crLHT

showed that a resistance force is developly'® 5-2 Determinants of sarcomere force-

. .enPth characteristic. A. filament overlap
below optimum length as a result of me(:hanlﬁjz?iction 5 resistance function. c.  In

interactions of passive properties parallel agghbination they yield the experimentally

perpendicular to the line of pull due to tltermined mean sarcomere force-length
demand of constant volume of muscle fiber.r1 gg;)nshlp of raism muscle (Zuurbieret al,

Due to radial expansion at short fibers length

myo-filament spacing increases and consequently the longitudinal force exerted by cross-

bridges decreases as radial force increases (e.gt 2u1993). In any case, the amount of

force exerted by a sarcomere belbwis related to its length. Therefore, we incorporated

an overlap function that is constant beléywand decreases with increasing length (fig. 5-
2A). A resistance function is multiplied with the overlap function and is assumed to be zero

at sarcomere active slack-length and increases with length to attains unityfat 5-28).

The overlap and resistance functions together (figc)5y2ld the 4' order polynomial fit of

mean sarcomere force-length data of rat gastrocnemius medialus nanscl@urbieret

al., 1995). This distinction between an overlap and a resistance function is introduced to
model length dependence of contraction history effects observed (e.g. Meijer et al, 1997).
This specific force-length characteristic is used to allow the simulation of sustained
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contractions of sarcomeres, and model results will be compared to experimental data of
single fibers and muscle. Implementation of such length dependence in the model causes the
number of available cross-bridges (N) to depend on length of the contractile filaments (

such that N = N(cp).

2. We assume contraction history effects to be related to the number of cross-bridge cycles
performed: after each cycle a percentagd the cross-bridges available for attachment will
no longer take part in the force generating process. Consequently, during sustained
contraction the total amount of available cross-bridges decreases with the number of cycles.
This is in accordance with observations of Edman and Lou (1990) on frog fibers that fatigue
induces a decrease of stiffness as well as force. Therefore, the model presented is called the
‘Reducing Cross-Bridge'RcB) model. The percentageis chosen such that force decrease
during sustained isometric contractions is proportional to the force decrease per second
observed in ratm (figure 3 in Meijeret al,, 1997). Equation (1) becomes:

O v = £ (O NG er) = (D= Ty (6 0} = d 301 ) @
With nec(x,t) is the distribution of detached cross-bridges from which a perceatége
taken out of the recycling process due to effects of contraction history. This equation is
solved numerically with fixed time stepAt(= 0.1 ms) and length ste@x = 0.5 nm), see
appendix A for details. This solution method is preferred above the approximatme of
with quasi-static distribution moments as proposed by Zahalak (1981) based on Gaussian
cross-bridge distributions. Length dependence of the effects of fatigue are ignored at this
point, which are negligible in a range from -4 mm to +2 mm of muscle optimum length
(Meijer et al, 1998).

3. Huxley and Simmons1071) showed experimentally the existence of two structural
elements in series with the contractile element in isolated frog fiber with additional elastic
and viscous properties. Incorporation of a Kelvin element, i.e. a parallel arrangement of
linear spring and a dashpot, placed in series with the contractile filaments (Gy.irbthe
model results in slower responses to length changes. The implementation, especially the
interaction of the contractile flaments and Kelvin element, is described in appendix B.

3. In order to describe low-energy cost during lengthening many authors (e.g. Sugi, 1972;
Zahalak, 1981; T.L. H et al, 1975) assumed that if cross-bridges stretched over their
maximum bonding length (i.e. x>h), they detach without utilization of energy. Furthermore,
it is assumed that the rate of detachmegtf(g cross-bridges stretched over their maximal
bonding length is larger compared to the rat¢ kgthe range from zero to h (i.e. 0<x<h,
fig. 5-1B). This is implemented in thece-model. Since these force-fully detached cross-
bridges (Sugi, 1972) do not contribute to the accumulation of metabolites, the reducing
process (equation 2) is not applied to these cross-bridges. The parametssnofdel are
listed in Table 5-1.
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Table 5-1Model parameters

s |2.4143um | f(O<x<h) | 100 &%, 0.5 (o |2.433um

h |15.6 nm @0<x<h) | 25 8%, 0.007 Fpafsag |20-75

| |5.5nm g(x<0) |500 & 1% V]  |4.13pm/s
m, k|1 a(x>h) |30 8%, HACB(fsa) |23-1

The model parameters as shown in figure 5-1 and eq. 3, parameters C and D (appendix B) represent
constants of the in series arranged Kelvin element, i.e. the spring and dashgptite percentage of
cross-bridges that is taken out of the recycling process due to effects of contraction history. On the right

in the table some values which are based on an isometric contractibg, ahd are used for
normalization purposes.

The main output of the model is the distribution of attached cross-bridges in time. From this
distribution, we determine force of the contractile elemeg) (kith the following equations
(according to Huxley, 1957):

Fee ()= o [ XIR(x 9 Tt @

With: m: number of cross-bridges

s: optimum length of contractile elementRkias-model Qcrop)

k: cross-bridge stiffness

l:  distance between cross-bridge binding sites on actin filament
Only maximally activated sarcomeres are modeled and therefore activation dynamics are
ignored. In addition, the effects of length dependence &f €msitivity are assumed not to

play a role of importance.

5.3.3. Stiffness

The general output of the model is the cross-bridge distribution, i.e. the number of attached
cross-bridges @cB) and their bond length. Since cross-bridges are independent force
generators the number of attached cross-bridges is a measure for sarcomere stiffness (Julian
and Sollins, 1975). Experimentally 4B is determined by measuring muscle stiffness.
Therefore, high-frequency length perturbations are applied and the quotient of the length
change of the contractile elemeit« fig. 5-1c) and the force change is called 'quasi-stiffness'

by Latash (1993). In present paper, it is referred to as high-frequefjcgtiffness. With the
present model a comparison is made betweestiffness and #cB under isometric and
isokinetic conditions. It is shown that application of high-frequency length perturbations on
sarcomere have effect on the cross-bridge distribution when compared to the same contraction
without perturbation.




A Reducing Cross-Bridge Model 75

5.3.4. Contractions modeled

The rRce-model is used to perform contractions with concentric and eccentric phases are

performed below and over sarcomere optimum lenfth (vith different velocities and these

are compared to sustained isometric contractions at the target length of the isokinetic
contractions. Furthermore, the results are compared to data from the literature éEdman

1978, 1993; Sugi and Tsuchiya, 1988; Meigral, 1997). Only experimental results of
contraction on ra6M with a lengthening protocol are presented in figure 5-6. The results are
obtained from an identical experimental setup and procedure followed as described by Meijer
et al. (1997), except for the applied length protocol (figureAd-5Sustained isometric
contractions are performed wit tReB-model at 70%, 85%, 115% and 130%/gf (i.e. 1.70,

2.07, 2.80 and 3.18m, respectively). Contractions with concentric phases are performed with
10% and 50% of maximal shortening speegh(® -4.125um/s) of the model (i.e. -0.4 and -

2.1 um/s respectively), during the eccentric phases lengthening is performed with velocities of
10% and 25% of wx Shortening velocities are indicated with negative values. Isokinetic
phases are initiated at t = 0.5 s after a pre-isokinetic phase at the start length in which a fully
isometric force is exerted, in figure B-3his is indicated for a sustained contraction with an
concentric phase. The isokinetic phase ends when the sarcomere is shortened or lengthened
with 15% of /s, and target length is reached. Finally, the model sarcomere is allowed to
redevelop isometric force at target length during the post-isokinetic phase (for at least 1 s) up
tot = 2.5 s, which is indicated in figure B-2s the post-concentric phase. Presented forces
and number of attached cross-bridgesc@) are normalized for the respective maximal values

determined from a sustained isometric contractioi,aait about t = 0.3 s (table 5-1).
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5.4. Results

5.4.1. Reducing cross-bridge-model versus Huxley-model

The reducing cross-bridge mode&cg) has a number of properties that are different from
those of the Huxley-model. A comparison of results from both models for an isometric and
concentric contraction is presented in figure 5-3, for lengths below sarcomere active optimum
length (sa9. The effects of the additional properties of Hes-model on sustained isometric
contraction is clear as force decreases about 10% per second, compared to no decrease for the
Huxley-model (fig. 5-8). Responses to force and length changes (at t= 0, 0.5 and 1.4 s) by the
RcB-model are slower when compared to the Huxley-model due to the additional structural
elements arranged in series with the contractile element. The maximal tetanic isometric force
exerted by th&kcB-model is lower than that of the Huxley-model, as a result of the fact that

the process of reducing cross-bridges is active from the very beginning of the contraction.
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Figure 5-3 A comparison of result for the original Huxley model andrbe-model

A. The length protocols applied to both models, two contractions were performed in a
length range belows,; 1. sustained isometric contraction 2. contraction with a pre-
concentric phase, a concentric phase and a post-concentric phasthe
corresponding forces of the Huxley and tws-model under both conditions. Force is

normalized for the optimal force exertedéat under isometric conditions (tab. 1).
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Furthermore, the deficit in force developed during a concentric contraction is not recovered

during the post-concentric phase, despite the fact that target length is identical for the
concentric contraction and the sustained isometric contraction. In contrast, the Huxley-model
shows a force that recovers completely to the level corresponding the actual length during the
post-concentric phase. In this way, effects of contraction history on force exerted were

introduced in th&ce-model.

Table 5-1Effects of contraction history in percentages.

Condition Differences determined
VI[% Vimad; | £ [% (ead | A Force [%)] | A #ACB [%)]
-10 70 -11.9 -12.3
-50 70 -6.1 -6.0
-10 115 -7.6 -6.8
-50 115 -3.1 -2.3
10 85 4.8 4.6
25 85 2.9 3.1
10 130 -0.5 -1.3
25 130 -1.5 -1.7
two sarcomeres in series
Alinitiar 0.1 Ali=p551.6%
10 125 3.5

The differences at t = 2.5 s between isometric contractions and
contractions with an isokinetic phase. The velocity during the isokinetic
phase and target-length;,(length at which isometric contraction is
performed) are presented in the first two columns, the force difference in
percentages in the third and the change in the number of attached cross-
bridges (#cB) in the last column. In the bottom rows, the differences of
two rRce-models (sarcomeres) arranged in series at t = 2.5s of the
sustained isometric contractiong £ 125% ¢s,9 and contraction with
eccentric phase (v = 10%.). An initial sarcomere length difference of

0.1 % increases to 1.6 % length difference.
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5.4.2. Effects of shortening velocity

In addition to contractions shown in figure 5-3, concentric contractions are modeled with the
rRcB-model with two different speeds of shortening (-10% and -50%mgf fig. 5-4). A
comparison is made between sustained isometric contraction at target length and contractions
with a concentric phase. During the concentric phase force depends on velocity of shortening
(fig. 5-4B). During the post-concentric phase force recovers but a deficit of force is maintained
compared to the sustained isometric force at the target length. A high velocity of shortening
results in a smaller deficit (-6%, see tab. 2) compared to low velocity of shortening (-12%,
tab. 2). These observations are in agreement with experimental resultsconatiMeijer et

al. (1997) as well as on frog fibers Edmatnal. (1993). If the same length protocol is applied

for contractions ovefs,, quantitatively similar patterns are found (not shown), although the
differences in post-concentric force are smaller compared to the contractions performed below

lsa0 The force deficit after shortening at 50% @fwand 10% of Max are -3% and -8%,
respectively (tab. 2). The pattern of force in time matches that of the number of attached cross-
bridges (#cB) (fig. 5-48+C). It is concluded that force decrease during shortening is a result

of decrease in number of attached cross-bridges. Moreover, during shortening cross-bridge
bond-length decreases and can be negative for some cross-bridges, i.e. negative forces are
exerted by these cross-bridges. Furthermore, the rate of detachment is higher for these cross-
bridges and therefore the number of cross-bridge cycles per unit time increases, which results
in a decrease in number of cross-bridges attending the cycling process due to the reduction
factor a. Finally, this results in smaller amount oA@8 in the post-concentric phase and
therefore, less force is exerted. The final differenceaime#at t = 2.5s (tab. 2) between the

two concentric contractions is a measure for the difference in number of cross-bridge cycles
performed during shortening. The concentric phase with a high velocity of shortening needs
fewer cross-bridge cycles to reach the target length compared to a low velocity of shortening
and therefore the force deficit at t=2.5s is smaller compared to the sustained isometric
contraction.
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Figure 5-4 Effects of shortening according tkee-model in a length range belai,

A. The length protocol applied to tiRee-model. Three contractions are simulated: a sustained isometric
contraction at 70% o5, (‘i 70%’) and two contractions with a concentric phase, with start length 85% of
Lsao@nd two different shortening velocities (-10 and -50%,f \(‘'c 85% -10%’ and ‘c 85% -50%"), with
identical target lengths at 70% &f, B. The corresponding force traces. Tkes-model predicts a force
deficit after shortening, which depends inversely on velocity of shorteniige corresponding number

of attached cross-bridgesa@B) during these contractions. The decrease in force is clearly caused by the
change in number of attached cross-bridges for post-concentric conditions.
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5.4.3. Effects of eccentric velocity

The lengthening protocol imposed on the model is presented in figukefd-Eontractions

within a length range belovs,, Force is enhanced during eccentric phase (figg)5-bhe
increase in force exerted during stretch depends on the velocity of lengthening as is expected
from the eccentric part of the force-velocity curve. An enhancement in force remains after the

eccentric phase belo¥y,, (fig. 5-58) compared to force of the sustained isometric contraction.
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Figure 5-5 Effects of lengthening according tkes-model. The left panel indicates effects for a length range
below /¢,, and the right panel length range ovef, A. The lengthening protocol applied to thes-model.
Three contractions are simulated: a sustained isometric contraction at 8%% ¢f 85%’) and two
contractions with an eccentric phase, with start length 70844&nd with two different lengthening velocities

(10 and 25% of ¥y (‘e 70% 10%’ and ‘e 70% 25%"), with identical target lengths at 85%.9fs. The
corresponding force traces. Thee-model predicts a force enhancement after lengthening which depends on
velocity of lengthening belovs,, c. The corresponding number of attached cross-bridgessj#during the
contractions. The post-eccentriagg is proportional with force. However, during lengtheningcg is not
proportional to the force exerten. An identical length protocol is applied to the model cdgy A sustained
isometric contraction at 130% 6f,, (‘i 130%’) and two contractions with atcentric phase, with start length
115% of /s, and with two different lengthening velocities (10 and 25%.8) (‘e 115% 10%’ and ‘e 115%
25%’)., with identical target lengths at 130%/gf, E. The forces determined after the eccentric phase do not
show an enhancement compared to the force of sustained isometric contraction at target length, the small

deficit is hardly visible, see table 5-2 for detasThe #cB is less than for the sustained isometric contraction
during the post-eccentric phase, (see also tab. 2).
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The surplus of force at t = 2.5s depends on a previous velocity of lengthening in such a way
that lower velocity leads to a greater increase (4%, tab. 2) of force compared high velocity of
lengthening (2%, tab. 2). These findings are in agreement with experimental observations on
rat GM™m (fig. 5-6) and on frog (e.g. Edman et al, 1978, Sugi and Tsuchiya, 1988).

During lengthening the force exerted increases, even thoaagghdecreases as is predicted by

the model, it must be concluded that the average bond length of the attached cross-bridges is
increased. For more details about this finding is referred to the section on stiffness below.
Force enhancement observed after an eccentric phase at t=2.5s is caused by adarger #
compared to ACB of the sustained isometric contraction (fig. &-9Moreover, higher velocity

of stretch result in fewer attached cross-bridges at t=2.5s.

A post-eccentric force deficit (-3% and -4%, tab. 2) is found for modeled eccentric

contractions performed in a length range o¥gg (fig. 5-58), which is in contrast with
observations (e.g. Edmagt al, 1978; Sugi and Tsuchiya (1988). Thacg is smaller
compared to that of sustained isometric contraction (figr, 248d tab. 2).
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Figure 5-6Experimental results regarding effects of lengthening.

A. Experimental protocol applied to ratv with phases of muscle lengthening and a
sustained isometric conditiore. Measured muscle forces under three conditions. An
enhancement of force is observed after a contraction with an eccentric phase. Furthermore,
this enhancement depends inversely on the velocity of lengthening. An identical
experimental setup is used as is described by Mgijat. (1997).
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Figure 5-7 Effects of superimposed high-frequency perturbations vibratimn€ontraction performed with
superimposed high-frequency length perturbations on the protocol shown in figuréd®@mparison is made
between these contractions performed without (‘i 130%’, ‘e 115% +10%") and with high-frequency vibrations
(iv 130%’, ‘ev 115% +10%’).B. The exerted forces are increase as a result of applied vibration, under
isometric conditionsc. The corresponding number of attached cross-bridgessf##acB is decreased as a
result of applied vibration under isometric conditions. Arrows indicate moments at which the cross-bridge
distribution is plotted in figure 58 pb. Comparison of #cB andHF-perturbations is made and it is clear that
during the eccentric phases an increase-itiffness is observed, which is in contrast with a decreasecin #
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5.4.4. Stiffness

Sarcomere stiffness is determined by modeling an identical protocol as is shown in figure 5-5
with additional high frequency length perturbation (frequency: 500 Hz; amplitude: 1 nfxt and

= 0.05 ms) (fig. 5-K). It should be mentioned that the frequency and amplitude applied had no
periodical effect on theA€B, i.e. the ripple found on then&B curve is negligible. In contrast

to experimental observations (Sugi and Tsuchiya, 1988; Edman and Lou, 1990), the length
perturbations applied to the mode effect the force exerted (fig).9vibdeled pre-eccentric

force increases with about 10% (fig. B}.7However, #cCB is decreased about 20% during
isometric phases (fig. 5¢J. This can be explained as follows: due to additional length
perturbations applied bond length of attached cross-bridges changes with higher detachment
rates (x<0 and x>h, fig. 58). Below x = 0 detachment rate,ds much higher thansgor

x>h, therefore relatively more cross-bridges with small length detach. In figuxecEe8s-

bridge distributions are shown during the contractions with an eccentric phase at three
moments (t=0.4, 1 and 2.4 s) indicated with an arrow in figure. 5-fie effect of the applied
length perturbation is best visible during the isometric phases (t = 0.4 and 2.4), where a wider
range of cross-bridges bond lengths is found, with a small shift to larger bond lengths.
Consequently, the mean cross-bridge bond length increases (fig). &8 more force is
exerted. Therefore, despite the fact thatsfis decreased during high-frequency length
perturbations, the force is increased, and consequently force is not proportionaBtoA#

similar effect is observed during lengthening under non-perturbed conditions, as force increases
and #AcB decreases, a shift to longer bond-length of attached cross-bridges is found £fig. 5-8
middle) and consequently, the mean bond length increases (#). Bx&ontrast with stiffness
based on #cB, HF-stiffness is proportional to the amount of force exerted and increases during
lengthening (fig. 5-8&D).
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Figure 5-8 Effects of lengthening on cross-bridge distributions.

2.5

A. The cross-bridge distribution (n(x,t)) at three moments in time (0.4, 1 and 2.4 s), indicated
with and arrow in figure 54, are presented for contractions with and without an applied
length perturbation. The left and the right panel are under isometric conditions and the
middle panel shows the distribution during the eccentric plgadehe average cross-bridge

bond length during the sustained contractions at 0.1 s intervals, based on the cross-bridge
distribution. The applied high-frequency vibrations result in an increase of the average bond
length of the cross-bridges under isometric conditions. Note that during the eccentric phase
the average bond length is larger than the maximal bond length (h).
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Figure 5-& presents the mean cross-bridge bond length at intervals of 0.1 s. It should be noted
that at these specific moments in time the force is at its minimal value of the periodically
changing force. Therefore, under isometric conditions cross-bridges are extended at least an
additional 1 nm due to the length perturbations imposed. At the maximal value of the
periodically changing force (1 ms later, due to 500 Hz frequency) cross-bridges are extended
even more. During the eccentric phase the extension of cross-bridges is fluctuating between
minus 1 nm (see fig. 583 and about plus 1 nm at 1 ms later (not shown in figg)5-8

5.4.5. Sarcomeres in series

The rRcB-model, i.e. one sarcomere, is not able to predict isometric force well after the

eccentric phase, for contractions performed okgr(fig. 5-5€), which is in contrast with
experimental observations on raw (figure 5-6) and on fibers (e.g. Julian and Morgan,
1979a,b; Morgan and Proske, 1984; Sugi and Tsuchiya, 1988). However, RicBamodels

are arranged in series such enhancement of force is found due to initial length inhomogeneity
of sarcomeres. The length difference between the ra®models slowly increases from
initially 0.1% to 1.6% at the final time t = 2.5s. During isometric condition the length
difference increases continuously and is therefore a (slow) dynamic condition. The post-
eccentric force is enhanced 3.5% compared to the force of sustained isometric contraction at
the same target-length (table 5-2). For contractions bélgwerformed with twaRcs-models
arranged in series an initial length difference will disappear during the contractions.

5.5. Discussion

In contrast with original Huxley model, tirce-model predicts: 1. force enhancement during

and after lengthening, 2. force decrease during and after shortening, as well as 3. effects of
fatigue. Thus effects of contraction history are introduced in a Huxley based model. In the
model presented, coupling of cross-bridge cycling to effects of contraction history leads to a
better prediction of force during sustained contractions of sarcomeres. Recycle rates increase
under isokinetic conditions when compared to isometric conditions, which results in a larger
reduction of the maximal available number of cross-bridges in time and consequently a force
deficit after shortening (fig. 5-4) is introduced. This is consistent with observations of Sugi and
Tsuchiya (1988) that fiber stiffness is decreased after shortening. However, during lengthening
the process of reducing available cross-bridges is influenced by the fact that more cross-bridges
are stretched beyond maximal bond-length (h, see figure fei@dle panel) and these cross-
bridges are forcefully detached (with ratg gnd without consuming energy. Therefore, the
reduction in number of available cross-bridges by the faxt® depressed, consequently an
enhancement of force after an eccentric phase is observed (f#). B-Brger velocities are
applied, concentric as well as eccentric, the cross-bridge cycle rate increases in time, and
consequently the reduction of available cross-bridges increases. However, fewer cross-bridge
cycles are needed to reach target length. Finally, the force deficit found is smaller compared to
the deficit of contractions with slow concentric phases.
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The above described mechanism shows good predictions for contractions performed within a
length range below optimum length. However, for contractions performed within a length
range over optimum length another process is involved as well, namely the change in filament
overlap. For sustained contractions with a concentric phase this results in smaller force deficits
(see table 5-2), than for similar contractions performed within a length range below optimum
length. During lengthening, filament overlap decreases and therefore the number of available
cross-bridges decreases more dramatically than can be ‘saved’ for the force generation by
forceful detaching of cross-bridges at a length higher than the maximal bond length. Based on
present results it is concluded that, an another mechanism is responsible for the observed force
enhancement after lengthening over optimum length. A mechanism, thoroughly discussed in
literature (e.g. Morgaet al. 1990, Edmaret al, 1978 and Sugi and Tsuchiya, 1988) is the
interaction of sarcomeres in series in such a way that heterogeneities of sarcomere lengths are
found. When length differences between tRa@B-models arranged in series are allowed, this
mechanism causes a force enhancement after an eccentric phakg, @ldrough only a small
increase in exerted force is observed (tab. 2).

5.5.1. Length dependence

The length dependence of force was introduced by assuming an overlap function and a
resistance function, which together yield the (mean) sarcomere force-length(figurée2).

This results in different behavior of the sarcomere under dynamic conditions below and over
optimum length. In case no distinction is made between an overlap and resistance function, the
maximum number of available cross-bridges would depend entirely on the force-length
relationship, unlike the constant overlap function in the present model. The force deficit after a
concentric phase in a sustained contraction would be smaller below optimum length than for a
contraction with the same amplitude and velocity over optimum length. This would be in
agreement with results of Meijet al. (1997) on whole ratM muscle and implies that some

other mechanism is involved, if the number of available cross-bridges bglasvsmaller than

the maximum assumed in the present model. In case of stretch this process is also influenced by
the forcefully detachment of cross-bridges. This results in larger enhancements in force when

the number of available cross-bridges increases (length range hg)owlue to a combined
effort of this increase and no reduction in available cross-bridges, compared to the situation

that these processes counteract each other, which is the case for a length rafage over

5.5.2. Other model adjustments

The assumption that the reduction of the number of available cross-bridges, due to the effects
of contraction history, appears to be not enough to explain the force enhancement after stretch.
Based on experimental observations Edman and Lou (1990) suggested, that the force per
cross-bridge decreases due to effects of fatigue as well as the number of available cross-
bridges. When the assumption that force per attached cross-bridge decreases in time is
incorporated in the present model, result will show proportional lower force instead of an
additional difference. Therefore, force decrease per cross-bridge withaootunt for the
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differences found between the experiments and the present model for contraction performed in
a length range ovek,,

Another process proposed in literature (Cologh@l, 1986; Edman 1975, 1980) that may be
responsible for observed post-shortening force deficits, is de-activation of the contractile
machinery. With the presented model only, maximally stimulated sarcomeres were studied.
Effects of sub-maximally stimulation, such as the de-activation machinery, are ignored without
making large errors, because it is not expected to play a role of importance in tetanic
contractions (Edman, 1975, 1980; Coloatal, 1986).

The fact that high-frequency perturbations affects force is in contrast with experimental
observations of Sugi and Tsuchiya (1988) who found identical forces with and without applied
high-frequency perturbations. This suggests thaRtteemodel is conceptually different from

the real situation, because sinusoidal perturbed cross-bridtiesacgording to the cross-

bridge theory shorten and extend to lengths with higher rates of detachment. Alternative
models are needed to explain this behavior. Such models may be based on helix-coil
transactions (e.g. Flory, 1956; Pollack 1990). These models assume that contraction is initiated
by helix-coil transitions of a small segment of the myosin rod (S-2). Another alternative is a
model with more different cross-bridges states with rate functions that depend different on
contraction history. Mijailovichet al. (1996) reported in their model study that filament
extension under applied forces results in a dissociation of force and stiffness in such a way that
stiffness develops before force, suggesting that cross-bridges are attached but exert no force.
Without incorporating elastic filaments in tRes-model this model shows a dissociation as

well, which is caused by the presence of the in series arranged Kelvin element. Our model
shows a remarkable dissociation between force and number of attached cross-bridges during
lengthening, unlessr-stiffness is calculated, which is proportional to force (van der Lietlen

al., 1996). Models with extensible filaments are not likely to be able to overcome the
discrepancies found between tikes-model and experimental results. With regard to
statements about stiffness in which a relation is assumed between force, stiffness and number
of attached cross-bridges, one should interpret these statements with great care, as is shown is
the present study.

5.5.3. Conclusions

Coupling of contraction history effects to the cross-bridge recycle process describes
experimentally observed phenomena like force enhancement after lengthening and force deficit
after shortening as well as velocity dependence of these phenomena to some extent. The
assumption of forcefully detached cross-bridges has already proven its value in the energy
approach of muscle contraction (e.g. T.L. Hill at 4B75; Ma and Zahalak, 1990). In the
present work it explains force enhancement after stretch. The distinction between an overlap
function and a resistance function was an attempt to predict the length dependence of force
generation after contraction with isokinetic phases, and is debatable based on the present
results. A refinement of the model in a sense of more cross-bridge states may lead to better
results. The present study showed that, due to the reduction of the number of available cross-
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bridge per cycle, several different effects of contraction history during sustained contractions
can be predicted better.

5.6. Appendix A

The equation to be solved is a first order, linear and partial differential equation (2). After
rewriting and discretizating it becomes:

AHA(i[(,t) = f(X)[{N(/\cF)_ n(x ) —a Mecy( % D} - d 3016 xx- ‘BAnA(ixxit) (A- 1)

The distribution of cross-bridges (n) at time t is kept in an array over a large range of bond
lengths (x). Finally, at every time instant £t} n(x) is numerically determined:

nxtean = nx 0+ 13 Noder)— %)@ Oy x}| B ¢
(A 2)
- 909 o0 § - v PO iy
N X 0

To prevent the ternv ("2 [t to become larger than n(x,t), which is the case for large
velocities, the time steg\{) becomesAt” = 252

Force exerted by the contractile element is numerically determined based on eq. (3) over de
range of bond lengths from,xto Xmax

X

F(1) :mZE;]D(_ S x, 0h(x, 1) X (A 3)

=X min

Thercs-model is programmed in C-language and linkesiADLAB °.

5.7. Appendix B

Force equilibrium of the linear spring, dashpot and the contractile element is determined by an
iterative procedure where the following continuity conditions are valid at any t:

{=Acr+Ass D
V:/\CF"'/\S&D (B. l)
Fcr(Acr) =Fs p=ClAg pt DAse D

For description of symbols is referred to figure&-parameters C and D represent the elastic
spring and dashpot respectively (table 5-1). To find the length of the spring and dashpot

combination at the next time step( ,(t +At)) the root finding method of “Wijngaarden-

2 MatLaB" is Copyright of The Mathworks, Inc.
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Dekker-Brent” is used (Press al, 1992). ThereforeAcg(t + At) is substituted for v in eq.
A.2, a new cross-bridge distribution is determined, which results in a sewe§. A.3).
Finally, the root f ¢, ,(t + At)) is found, when the error (B. 2) is minimized.

Fer (t +At) — D [Asg p(t + At)
C

error = Agg p(t + At) - (B. 2)




Chapter 6

Acute Effects of
Tenotomy, Aponeurotomy
and Myotomy Modeled to
Study Intramuscular
Force Transmission in

Skeletal Muscle



92 Chapter 6

6.1. Abstract

The present study focuses on force transmission in a model of uni-pennate extensor digitorum
longus of the rat. In addition, the role of the aponeurosis and shear stiffness are addressed. A
distinction is made between myotendinous and myofascial force transmission, where force is
transmitted from fibers to aponeurosis and from fibers in sideward direction, respectively. The
two dimensional model is based on the finite element method. Surgical interventions such as
tenotomy, aponeurotomy and myotomy are performed to study the effects on the force-length
characteristic, fiber length, active fiber stress, shear stress and fiber strain. The interventions
implicated removal at several locations of direct myotendinous connection to insertion of a
considerable amount of muscle fibers. In addition is in two stages myofascial connection
removed of sideward connected fibers.

After surgical intervention a considerable amount of the fibers had no direct myofascial
connection to insertion but force decrease was only minor. The shortening of these fibers was
small and not enough to explain the decrease in muscle force. The force decrease found is
caused by a decrease in active fiber stress just distally of the invention in the intact part of the
muscle as a result of high local fiber strain. The results indicated that up to 48% of the force
exerted, was transmitted through myofascial pathways under specific conditions. Due to
myofascial force transmission fibers without direct myotendinous connection to insertion are
prevented to shorten much, and generate a substantial amount of active fiber stress. The force
decrease found after interventions performed is strongly related to the amount of deformations.
If muscle integrity is thoroughly disturbed by myotomy or by removal of a large part of the
aponeurosis, the force reduction is significant. The results indicated that the role of the
aponeurosis is besides transmitting force form fibers to origin and insertion, extended with the
maintenance of muscle integrity in such a way that muscle is capable of producing optimal
force. On the basis of the present results an explanation for the success of intramuscular
aponeurotomy performed on spastic muscle is suggested.
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6.2. Introduction

In a classical view of skeletal muscle, fibers are considered to transmit force, generated in the
sarcomeres, to aponeuroses and through the tendons onto the bony structures. How force is
transmitted from sarcomeres through fibers, aponeurosis and tendons is not fully understood.
Myotendinous connections at the ends of muscle fibers are held responsible for the longitudinal
force transmission to the tendinous tissue, i.e. the aponeuroses or tendons (e.g. Schippel and
Reissig, 1968; Trotter, 1993).

Experimental observations on isolated muscle fibers (Street and Ramsey, 1965; Street, 1983)
and on whole muscle (Huijingt al, 1998) indicate that this classical view is over simplified
(Huijing, 1998b). Moreover, Trotter (1990, 1993) found evidence of fibers with gradual
tapered endings, which do not run from one tendon to the other tendon or aponeurosis. They
suggested that force is transmitted from one fiber onto a neighboring fiber.

These studies indicate that force produced within muscle fibers is not only transmitted in
longitudinal direction within the muscle fiber but also in sideward direction onto the
intramuscular connective tissue. Such transmission has been referred to as myofascial force
transmission (Huijinget al, 1998; Hujing, 1998a). Force transmission in sideward direction
between the intracellular elements and the extracellular space is made possible by
transsarcolemmal connections (see review by Patel and Lieber, 1997).

The role of myofascial force transmission in muscle functioning is not fully understood, neither
for intact muscle, nor for specific experimental conditions and surgical interventions such as
tenotomy, aponeurotomy or myotomy. Despite such lack of detailed knowledge of these
phenomena, surgical interventions such as intramuscular aponeurotomy (Bauman and Koch,
1989) are performed with success on spastic children for restoration of a more natural gait
(e.g. Reimers, 1990; Barnes and Herring, 1991). More detailed knowledge about the
mechanisms responsible for such results and their effects on muscle characteristics are highly
desirable and a major goal of this study.

In an experimental approach access to muscle fibers islivetyd and therefore detailed
interpretation of results is severely hampered. The use of a model allows identification of the
contributions of structures responsible for force transmission, without modeling every
anatomical detail of muscle. Such an approach may be based on the Finite Element Method
(FEM). This method showed its value in the study of mechanical properties in intact cardiac
muscle (e.g. Huyghe, 1984; Horowitz et al, 1988; Hueteal, 1988; McCulloctet al,, 1992)

as well as skeletal muscle (van der Lind¢ral, 1998a). Therefore, is in the present study a
model based on this method, used to model surgical and experimental interventions such as
tenotomy, aponeurotomy and myotomy. Furthermore, the contribution of material properties,
such as shear stiffness for muscle performance is studied under different conditions. The role of
the aponeurosis for muscle integrity and characteristics is also considered. The effects of these
interventions are studied by considering changes of force-length characteristics, fiber stress and
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strain. The variety of conditions are compared to each other and to those of the model of intact
muscle.

6.3. Method

6.3.1. Fem-skeletal muscle element

The muscle element used, representing muscle tissue in the model, is a modification of that
presented by van der Lindex al. (1998a). Muscle tissue is modeled as a two-dimensional
anisotropic and incompressible continuum with non-linear material properties. The total stress
generated equals to the sum of active and passive stress. Active stress is developed only in
fiber direction, if the muscle is activated. Active stress depends on strain of the muscle fiber
(fig. 6-1). The active stress-strain curve is an exponential fit of the experimental data for mean
sarcomere force-length characteristic of the rat gastrocnemius meshgligZuurbieret al,

1995). In the present study only passive and maximally activated muscles are studied.

Passive stress consists of two parts. The first; 4 o Active-fibelr — m <-fiber ()‘()
part of the passive stress is defined by strain |— o~ fiber (y) — 2~ shear (xy),
in directions in relation to the fiberg 1 o /
orientation, i.e. along fibers (y), perpendiculzz \ ;-’
to the fibers (x) and shear (xy) (fig. 6-1% 0.6 / \\ /f
Positive strain in fiber direction represenis ‘\ P
fiber lengthening. The second part yields the ol
contribution of a penalty function. The 0= ———=——"""5"7 -
penalty function depends on change of muscI(_—:' ;

element area compared to the initial area. In— 04 02 0 02 04 06
this way the constant volume of muscle Strain

(Swammerdam, 1737) is modeled in thigure 6-1Stress-strain relationship

present two-dimensional model. In the modgle passive and active stress-strain relationships of
the mid-longitudinal area representing thged by the model. Active fiber stress is only defined in

muscle belly is assumed constant ﬂiW fiber qlrectlon (y), the gurve is an exponential fit of
the experimentally determined mean sarcomere force-

accordance with to experimental Observat'q’é}%th characteristic of the ram (Zuurbier et al,

(Zuurbier and Huijing1992). 1995). Passive stress is defined in directions in

] o reference to the fibers. Consequently, a component is
An important modification of muscle elemegkfined in fiber direction (y), perpendicular to the fibers

characteristics compared to previous wdrkand a component for shear (xy).

(van der Lindenet al, 1998a) is the

assumption that active fiber stress need not to be constant over the length of the fiber. In the
present model the active fiber stress is dependent on the local fiber strain. The assumption that
active stress is exerted only in the longitudinal direction is unaltered. If fiber stress is based on

local strain a fiber bundle can be modeled as more muscle elements in series. This modification
allows us to use length-width ratios for the muscle elements, which result in more liable
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interpolations of element deformations. Consequently, local area of a fiber bundle is preserved,
large deformations in a part of a fiber bundle are compensated for within this local part instead
of somewhere else in the fiber bundle. With more elements is series the non-linear displacement
function in fiber direction is simplified to a linear function, i.e. displacements of points between
the nodes are linearly interpolated, to reduce the muscle element complexity: the muscle
element is converted from a 6-nodal point element to a 4-nodal point element. The muscle
element is programmed inORTRAN and linked to the standamhsys® software as a user-
defined element.

The tendinous structures, i.e. aponeuroses and tendons, are represented by tapered shape beam
elements §EAM54) from the standardNsys element library. These elements have linear
material properties. The fact that they are tapered is used to decrease the normal stiffness, i.e.
resistance against elongation, towards the end of the aponeurosis. Due to the nature of this
element, it can resist compressive forces, which is not expected to occur in tendinous tissue.
Compressive forces in the aponeurosis can be expected at low muscle length and will have a
reducing effect on the total muscle force. It is assumed that these compressive forces will not
affect the general results of the present study.

6.3.2. The EDL model

The rat extensor digitorum longusb{) is an unipennate muscle with a special morphology
(Ballice-Gordon and Thompson, 1988). Rat. has 4 different muscle heads connected each

by their own aponeurosis and distal tendon to one of the four digits of the rat foot (fig. 6-2).
The numbers assigned to the digits I(1, Iv andV), to which the tendons are connected,
indicate the muscle heads. Proximally the muscle heads have one collective aponeurosis as well

proximal distal
/‘/.
Zurosis_/ S d
N tendons
I aﬂﬁ v >
lower triangle 'éa, upper triangle
’ 5 a fd pp g
tp= 9.26mm / ; £, =11.99 mm
£y 4=19.67mm ap B 7 £, ,=17.03mm
a, =10.58° fp a.d 4 =10.09°
Ba = 4.96° P fm: 287 mm ——» B = 7.08°

Figure 6-2Extensor digitorum longu&pL) muscle of the rat

Schematic representation of geometry ofgmt, with the muscle heads connected to
digits 1 to v of the rat hindlimb. In bottom panel are indicated the linearized length
of proximal and distal aponeurosis and fibers and total muscle belly length.

3 ANsYs® revision 5.3 (1996) is eem program of Swanson Analysis Systems Inas(Bunder amnsys
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as one proximal tendon. The muscle heads are not equal in size, their relative mass as
determined experimentally is shown in Table 6-1 (Huijetgal, 1998). These values are
reasonable estimates for the respective physiological cross-sectional aredsHé heads. In

a ratepL the tendons of the different muscle heads are arranged in parallel. It is assumed that
the strain in theebL tendons is constant. The four separate tendons are modeled by one
continuous distal aponeurosis. Increasing the normal stiffness of the beam-elements
(representing the aponeurosis) from proximal to distal end preserves a constant strain of this
aponeurosis. In this way is compensated for the removal of the separate tendons.

Linearized muscle-tendon complex geometry of the mid-longitudinal areaLdfig. 6-3A) is

modeled according to a pilot study for the work presented imglet al. (1998). The lengths

and angles of the linearized muscle geometry are shown in figure 6-2. The curved aponeuroses
are described by splines with a zero angle with line of pull of the muscle at both ends. Initially
the fibers have a distributed length range from 9.3 mm for the proximal fiber to 12 mm for the
distal fiber and all fibers are modeled initially as straight lines. This initial distribution in fiber
length is referred as a primary fiber length distribution (Huijih§95). The stress-strain
properties of all fibers are assumed identical. Zero fiber strain corresponds to fiber optimum
length. Consequently the short (proximal) fibers have fewer but identical sarcomeres arranged
in series compared to the longer distal fibers. The muscle belly is constructed of 51 muscle
elements, in 3 elements arranged in series, representing a small bundle of muscle fibers. 17 of
those groups of elements are arranged in parallel (fig) 69he relative number of muscle
elements arranged in parallel per muscle head, is a measure for the cross-sectional area (Table
6-1&2).

As force is transmitted in sideward direction, it is difficult to identify the contribution to the
total force. However, for tenotomy, aponeurotomy and myotomy conditions, an estimate of a
minimal value can be made. The enhancements in force foliRg .{,), compared the
expected force based on the physiological cross sectional ajeaitfAdirect myotendinous
connection, is attributed to myofascial transmitted force (eq. 1). Therefore, the fasge (F
produced at muscle optimum lengtfy4) is compared to Awith a direct myotendinous
connection to the tendons under several conditions. The minimal relative contribution of the
myofascial force to the total force in a specific condition, is thus estimated as follows:

HFmaqcondition — Af ,condition
— Fmagint act At jintact — [ ( At ) [6Fmao) ]
(AFMF'mm )condition O F 00%={ FmaoJcondition \ A Jintact [100% (1)

mao,condition

|:| Fmaqint act |:|

Where: Fwoinact:  force at muscle optimum length of the intact model
Fmao.condition: force at muscle optimum length under a specific conditions
Atintact : cross-sectional area of the whole intact muscle
Atcondiion:  Cross-sectional area with direct myotendinous condition to origin and
insertion of the muscle

License Agreement.
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For comparison of experimental and model dataijsAepresented by mass of the EaiL
muscle heads determined in the experiments (Table 6-1) and in the migletpresented by
the number of elements arranged in parallel per muscle head (Table 6-2).

A

distal

. . ents
proximal osis elem

apOY\e\-“
tendon

muscle ap.Il
element

Figure 6-3Model of ratepL

A. Finite element mesh of rabL in 2D, with the aponeurosis and muscle elements as well as the location of
the separate aponeurosis of the muscle heads ami, apiv andapy indicated . The distinction made for
muscle heads to v in gray scales is only for clarity reasoms.Schematic representation of tenotomyas
performed to the modelr{iv), by removing one aponeurosis element. The gray area indicates tfigh&

muscle that has direct myotendinous connection to both tendons. The white area has no direct myotendinous
connection to the distal tendarn.. Aponeurotomy at the location of headsi andiv performed to the model,

by removing one aponeurosis elemextti(, AT andATIV). b. Two phases of myotomy performed to the model
between muscle head andv, under conditionmT1/3 one element of these heads is sideward disconnected, in
contrast withmt2/3 where two elements are disconnected. The aponeurosis of the disconnected heads is left
intact.E. Aponeurotomy at the location of head(aTiv ;) performed by removing all aponeurosis elements of

the heads, 1 andiv.
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Table 6-1RateDL data

EDL Mass [%] EDL Frao  AFyemin [%] A fmao [MM]
Intact 100 100 0
TTI 77 99 22 0.3
il 60 92 35 1.0
TTVI 45 84 46 1.6
MT1/3 45 67 33 3.4
MT2/3 45 52 14 >3

Experimental data of rapL (Huijing et al, 1998). For each condition the amount of
mass with a direct myotendious connection to origin and insertion, the fofgg,ahe
minimal amount attribute to myofascial force transmission according eqg. 1. In the last
column is the shift of,,,, indicated.

6.3.3. Tenotomy

Tenotomy {TIv) is modeled by removing the most distal aponeurosis element of a muscle head
Iv (fig. 6-38). Consequently no force is transmitted from the disconnected aponeurosis of
headasl, 11 andiv to the intact head and the distal tendon. Only muscle fibers of hedrhve

a direct myotendinous connection to origin and insertion of the muscle. The aponeurosis of
headv is left intact. Fibers without a direct myotendinous connection to muscle insertion
(headsll, 1 andiv) can only contribute to muscle force, if force is transmitted in sideward
direction by the connective tissue. This simplification of tenotomy is based on the assumption
that the effects of only one element of the disconnected aponeurosis are negligible.

6.3.4. Aponeurotomy

The distal aponeurosis of the modeL is continuous and is therefore suitable for performing
aponeurotomy at different locations. For convenience these locations are chosen such that they
match the interfaces of the identified muscle head®ofIn fact this is model of an imaginary
muscle with geometry of the rabL. Aponeurotomy implies cutting the aponeurosis and is
modeled by removing a aponeurosis element as is done for tenotomy. Aponeurotomy applied
to the several locationsAtil, AT and ATIV) is shown in figure 6-8 The condition of
aponeurotomy at locatiaw is in fact identical to modeled tenotomy of head

6.3.5. Myotomy

One of the acute effects of stretch and activation after aponeurotomy is progressive tearing of
muscle connective tissue along the direction of the fibers at the location where the aponeurosis
is cut (Brunneret al, 1998). The present model is used to study two phases of the rupture.
First, the rupture is modeled with a depth of one-third of the fiber length. A rupture with a
depth of two-thirds of local fiber length models the second phase of myotomy. Myotomy is
applied at the interface between headsndv by sideward disconnecting muscle elements
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arranged in parallel. Myotomy is modeled in the first phase by disconnecting sideward one
element and in the second phase two elements in series are disconnected jig. 6-3
Consequently, no force can be transmitted from the aponeurosis ofiheadsdiv to the

intact aponeurosis of head Furthermore, over a considerable length, is sideward connection
of fibers and thus myofascial force transmission between heaaslv removed.

6.3.6. Shear stiffness

The ability of transmitting force in sideward direction is attributed (e.g., Stt888; Trotter,
Richmond and Purslow, 1995; king, 1998a) to the resistance against shear. The present
model allows studying the effects of reduced shear stiffness of muscle tissue on the force-
length characteristics and the contribution of myofascial force transmission. Aponeurotomy is
applied at the location of head to the model with a 50% reduced shear stiffn@gs/ ()
compared to the original model.

6.3.7. Role of the aponeurosis

After aponeurotomy is applied, the remaining but disconnected part of the aponeurosis may
seem without function if it is considered as an elastic structure arranged at an angle with the
muscle fibers. To test if this is the case, we removed all aponeurosis elements of muscle heads
Il, m andiv following aponeurotomyv (ATIV ., See fig. 6-B) and determined the effects on
force-length characteristics, fiber stress and strain.

We determined force-length characteristics of passive and active muscle for each modeled
intervention. The total and passive force-length characteristics are fitted Wipinder
polynomial functions, and subtracted to obtain an estimate of the active force-length curve.
Though this procedure is commonly accepted particularly in an experimental context, an error
is made. Due to different muscle geometry under passive and active conditions at the same
muscle length, the contribution of the total passive stress to muscle force is different in passive
and active muscle.

Under all active conditions all fibers, i.e. muscle elements are uniformly activated, the maximal
fiber stress is unity. Depending on their length, fibers have an active fiber stress in the range
from O to 1. Local fiber active stress, strain and shear stress are presented in the deformed
mesh of the muscle in 9 intervals of gray scales. A dashed line indicates the contour of the
undeformed mesh. For reasons of comparison is chosen to present these values in a limited
range. If a value in a specific condition is out of the range defined, the maximal or minimal
value is presented separately in the figure.

The lengths of 17 fibers spread equally distanced over the muscle belly are determined based
on the lengths of three muscle elements arranged in series. For reasons of comparison only the
length changes of fibers are presented with respect to their initial length, i.e. optimal length.
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Table 6-1epL model data

#elements  A[%]  Fmao[N] Fmao[%] AFyemin [%] A frao
[mm]
Intact 17 100 2.4 100
ATII 13 77 2.2 95 20 -0.1
ATIII 10 59 2.1 92 36 0
TTVI / ATVI 8 47 2.1 90 43 0.1
MT1/3 8 47 1.6 68 31 1.7
MT2/3 8 47 1.1 47 0 -0.5
ATIV gp 8 47 1.6 70 33 -0.5
ATVl 8 47 2.0 86 46 0

For each condition the number of muscle elements arranged in parallel with a direct
myotendious connection to origin and insertion, the relative cross-sectional area
corresponding to the number of elements in the previous column, the fotgg, ahe
relative Fae the minimal amount attribute to myofascial force transmission according eq.
1. In the last column is the shift 6., indicated.

6.4. Results

6.4.1. Model of intact EDL

Figure 6-4 shows model results for the intact muscle. These results will be used below as
reference for comparison for the surgical interventions modeled. In agreement with common
practice in myology, force-length characteristics (fig.A§-dre presented as passive force and
active force. The length at which the muscle exerts optimal forge & identified by muscle

active optimum lengthf,ag).

The modeled primary fiber length distribution, results in a larger active fiber length range for
the most proximal fibers (-27% to +20%, f&¥.c4 to {mast2) compared to the active length
range of the most distal fibers (-23% to +15%, f@ks4 tO /magt2) (NOt shown). On
activation, the primary fiber length distribution is modified in a secondary fiber length
distribution (Huijing, 1995) (fig. 6-4), due to bulging of the fibers (van der Lindenal,

1995). At/ma0 the maximal difference in active fiber length is 3% of the fiber’s initial length
(see also fig. 64 right panel). That atn,, the secondary fiber length distribution is
symmetrical with respect to the central fiber, suggests that though initially the fiber have
distributed lengths, the same pattern in the secondary distribution is found as was observed for
initial homogeneous muscle (van der Linddral, 1998). The different active length ranges of

the fibers found, suggests that the active length range of sarcomeres of the short proximal

fibers is larger compared to length range of sarcomeres in the distal fiber, which are larger in
number.
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Figure 6-4Model results of the intaebL A. The active and passive muscle force length charactegstitie

lengths () of 17 fibers spread equally distanced from proximal to distal over the muscle heads¢hu,

hdiv and hadv) in their initial passive condition and at active muscle optimum length).(Note the primary

and the secondary fiber length distributianThe local fiber strain plotted in the deformed mesh of the active
model até,,, The initial passive contour is indicated with a dashed line. The strain is presented in 9 ranges of
gray scales. Negative strain represents local shorter fiber, i.e. sarcomerébe active fiber stress
corresponding to the local fiber strain of figureThe small strain differences near zero strain and the plateau

of the active stress-strain relationship (fig. 6-1) result in a nearly homogeneous active fiber stress. In most parts
of the muscle the active stress is between 99.9 and 100% of the active stress, indicated in white.

Local fiber strain at/ma is imaged in figure 6@ This figure shows that a distribution of
lengths of sarcomeres in series within muscle fibers is found. This suggests that force generated
in sarcomeres is transmitted not only from sarcomere to sarcomere but also in sideward
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direction (myofascial force transmission). However it should be noted that,.gtthe
combined effects of the secondary fiber length distribution and length distribution of
sarcomeres in series are relatively small, so that the active stress deviates less than 1% of the
optimal active stress (fig. 624. In most sarcomeres an active fiber stress larger than 99.9% of
the maximal active stress (white color).

6.4.2. Effects of tenotomy

By tenotomy of headv (TTIv) the direct tendinous connections of nearly 55% of the muscle
fibers to the insertion of the muscle is removed. Compared to the intact condition, the
geometry of the active muscle @ty is not affected much as a result of tenotawmyfig. 6-

5e&F). The effect oftTiv on muscle force-length characteristics is shown in figure.6-5
Optimum force (ka9 is decreased by only 10% compared to the intact condition. Thus F

48% higher than expected from the muscle mass that has direct myotendinous connections
with both proximal and distal tendons (Table 6-2). This ‘extra’ force can only reach the distal
tendon by myofascial force transmission and thus represents the minimal amount that can be
attributed to this type of transmission. Tenotomydid not lead to a change 6f.o In

contrast, muscle active slack length.0 shifted to lower lengths. This can be explained on the
basis of changes in fiber length. The relative length changes of 17 fibers spread equally over the

whole muscle belly with respect to their initial length, is plotted in figur®.G\N&ar /s, the
fibers of head, 1 andiv, have higher lengths compared to the intact condition.

Consequently a higher force is exerted at low muscle length. fNgafi.e. 29.3 mm) the

length of fibers of head, 1 andiv is 6% shorter compared to their lengths in the intact
muscle. This means that these fibers are prevented from shortening and still contribute a
considerable amount of force to the total muscle force. Note that, despite the difference in fiber
lengths, the secondary distribution of lengths within these heads gndiv) shows a pattern

similar to that found in the intact muscle (parallel curves),at the most proximal fiber (# 1)

Figure 6-5Modeled effects of tenotomy @pL muscle {TIv) A. The active and passive muscle force exerted
normalized for gy, Of intact muscle after tenotomy of head(TTiv) compared to the intaepL. Note that
optimum force is decreased by 1086.The difference in length of 17 selected fibers compared to their initial
length QA¢s,), at muscle lengths neér.sandimn.. The length of both modeled conditions is identical: 25.6 and
29.3 mm. The relative J5, exerted at these lengths is presented in the legend. The location of intervention is
indicated with a gray bar{iv). Note that in the proximal part (fiber nr 1 to 8) a distribution of fiber lengths is
developed.c. The active fiber stress nedgqo ({m = 29.3 mm) plotted in the deformed mesh under intact
condition is indicated in gray scales from 0.6 to 1. The initial passive contour is indicated with a dashed line.
Due to the limited range (95 - 100%) differences in active fiber stress shown in figoraré-8ot visiblep.

Active fiber stress after tenotomy. The locations of intervention are indicated with an arrowe.fidasllocal

fiber strain presented in the deformed mesh after. One fiber is indicated by a dashed line in the intact part

of the muscle. The different gray scales along this fiber show a strain distribution which indicate short

sarcomeres at the-proximat-end to tong sarcomeres at the distatend near the tocationof interventior.
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is 2% longer compared to the most distal fiber of heag 8) (fig. 6-B). Note that the fibers

of headv distal to the location of intervention are approximately 1% longer than in the intact
muscle. These results regarding fiber lengths account for a reduction of muscle force by only
2% compared to the intact condition, leaving 80% of decrease of optimum force to be
explained.

If active fiber stress is imaged within the deformed muscle contour, additional effects of
tenotomy become clear (fig. ®p Tenotomy causes a substantial reduction of the active fiber
stress within the intact part of the muscle (hegadThe minimal active stress expressed, as
fraction (0.7) of stress in the intact condition (fig. &% located justistally of the location

of intervention (indicated by the arrowhead, fig.®-9Note that this highest decrease in active
muscle fiber stress is found predominantly at the distal end of the fibers. The reduced active
stress found at this location is a result of an increased local fiber strain there fig. 6-5

A compensating shortening at the proximal end of these fibers causes the fact that the total
length of fibers, near the location of intervention, is not increased. See for example the strain
along one fiber, indicated by a dashed line in fig.F6®roximally the relative fiber strain
is-0.20 and distally it isr0.3. Furthermore, it should be noted that aftev the local fiber

strain in a large area of the muscle is decreased from a range {-0.03 .. 0.03} in the intact
condition to {-0.1 .. -0.03} (fig. 6-8). This is an indication that a large amount of sarcomeres
have a lower length. However, within the proximal half of the muscle (h¢adughiv) any
deviation from the intact condition is very small (fig. B;:5active stress 0.95 - 1.0, white
color).

It is concluded that myofascial force transmission prevents the proximal fibers to shorten and
allow them to contribute very substantially to the total muscle force. The small decrease in
muscle force found, is caused predominantly by a localized increase of sarcomere lengths just
distally of the location of intervention, thus in the intact part of the muscle.

Figure 6-6 Modeled effects of aponeurotomy enL musclea. Normalized muscle force-length characteristics
after aponeurotomy applied to three locationmi( ATII andATIV) at the distal aponeurosis compared to the
intact condition. Note, the more the intervention is located to the distal side of the aponeurosis, thgfisore F
reduced.s. The difference in length of 17 selected fibers compared to their initial ledAgth, @ muscle
lengths near,,sand /.. The length of both modeled conditions is identical: 25.6 and 29.3 mm. The relative
Finao €xerted at these lengths is presented in the legend. The location of intervention is indicated with a gray bar
(ATII, ATII @andATIV). €. The active fiber stress neéq (4m = 29.3 mm) plotted in the deformed mesh under
intact condition is indicated in gray scales from 0.6 to 1. The initial passive contour is indicated with a dashed
line. b. Active fiber stress aftesTii: a reduction is found locally on the distal side of the intervention. The
locations of intervention are indicated with an arrow headctive fiber stress aftextii. Note, the reduction

found locally on the distal side of the intervention is increased compareul t&. Active fiber stress after

ATIV. Note the reduction found locally on the distal side of the intervention is increased compemned i
combination with the increase of area with reduced stress.
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6.4.3. Effects of aponeurotomy per se

Aponeurotomy performed in experimental setting has as a secondary consequence: tearing of
the muscle along the direction of the muscle fibers below the location of aponeurotomy. The
model allows to study the isolated effects of aponeurotomy.

At three different locations on the distal aponeurosis, aponeurotomy is mosieled Tl and

ATIV). If the intervention is located more to the distal end of aponeurosis, an increasing number
of fibers (23, 41 and 53 % fauTil, ATII andATIV respectively) is no longer connected directly

to the distal tendon. Despite that fact, the reduction in optimum forgg E@mpared to that

of the intact muscle is only minor: 5, 8 and 10 % respectively (figp)6& /mae the minimal

force that can be attributed to myofascial force transmission is 20, 36 and 48% feii

andATIV respectively (table 6-2). Only a small shift/jp, is found (table 6-2). The shift 6f.as
to lower muscle lengths is similar for all aponeurotomy locations and is explained by the fact
that the proximal fibers attain a higher length for low muscle lengthsgfitg® panel).

At /ma the fibers attached to the disconnected aponeurosis are somewhat shorter than they
were in the intact muscle at that length, and those within the intact parts of the muscle
somewhat longer (Figure @6 right panel). Between conditionsTii, ATHI and ATIV
differences in length of these fibers are small (0-2%), but the number of fibers with a lower
length increases progressively with a more distal location of interventiomtile. ATIV).

These results for fiber length can explain a reduction in optimum force after aponeurotomy by
1-2% only, leaving 80-90% of the decrease in force to be explained.

The plots of the active fiber stress (fig. 6t F) reveal that the area with lower local active
stress is increasing with a more distal location of the intervention. These areas are always
located just distal to the location of aponeurotomy. The minimal active stress in the muscle
fiber direction decreases from 0.86 fori to 0.6 forATIvV. Note that just proximal to the
location of intervention active fiber stress is not decreased by more than 5%. This creates a
very high gradient of stress across the intramuscular interface of heads.

Due to the local decrease in active fiber stress as well as the increase of the area with lower
active stress, less force is exerted by the muscle after aponeurotomy. If aponeurotomy is
modeled at a more distal location, the decrease in force augmented. This is due to an increase
in a small deformation of the muscle at the location of the intervention/&@rthis is
visualized in figure 6-6 to F, by comparing the deformation of the muscle as a resultigf

ATIII andATIV in relation to the initial passive contour (dashed lines).

It is concluded that fibers attached to a disconnected aponeurosis are prevented from
shortening substantially and are contributing considerably to the muscle force. The main part of
the reduction in force after aponeurotomy is caused by local deformation of the muscle just
distal to the location of intervention in the intact muscle parts.
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6.4.4. Effects of myotomy

The tearing a of the muscle along the direction of the muscle fibers seen in experiments and
patients’ muscles below the location of aponeurotomy was modeled as myotomy in the present
model. Myotomy was performed on the model muscle for 1/3 and 2/3 along the length of the
fibers at the interface head andv.

Effects of myotomy on force length characteristics are shown in figure ®3timal muscle

force (Fnag IS decreased by 32 and 53% for conditions with one and two muscle elements
disconnected sideward, respectively. For both conditions this force is produced with only 47%
of the muscle volume connected directly to the origin and insertion of the muscle. At muscle
lengths over’ o Of the intact muscle, passive force is reduced considerable compared to that
of the intact muscle. The gap developed between heaalsdv allows muscle lengthening to

be accompanied by a much reduced increase in passive force. The Shift@figher length
after MT1/3 is caused by the operation of proximal fibers near their optimum fiber length at
higher muscle length. Consequently, at a higher muscle lepgtls Feached.

At /mae theminimalfraction of force that can be attributed to myofascial force transmission is
reduced to 31% and 1% ferT1/3 andvmT2/3 respectively. However this shouldt be taken

as a suggestion that, in the2/3 condition, the contribution to muscle force by the fibers
proximal to the myotomy without a direct tendinous connection to distal tendon, has nearly
disappeared. It merely indicates that muscle force has dropped close to values expected on the
basis of cross-sectional area. FigurecGstlll shows that for those proximal fibers considerable
active stress in the fiber direction is found. Therefore, the decrease of force is the net result of
two opposing effects: (1) a decreased contribution of the intact distal part and (2) a remaining
contribution (albeit much decreased comparedt® andmMT1/3 conditions) via myofascial

force transmission by the proximal muscle fibers of approximately absolute value. A rough
estimate of this absolute value was obtained by integration of active fiber stress on the basis of
gray scales. This estimate indicates that the force produced by the intact muscle part is reduced
by about 10% of the force expected from physiological cross-sectional area. Therefore it is
concluded that maximal force compensated for by contributions from the proximal part via
myofascial force transmission less than 10% for this condition. It is concluded that myofascial
force transmission is dependent on the length of intact interface between muscle fibers and is
limited to a value between 1 and 10% in the2/3 condition.

A general feature of a myotomized or torn muscle is a shift of muscle mass away form the line
of pull (e.g. see muscle contours of fig. ©-&o allow the line of pull to pass through the
remaining intact segment of the interface of muscle parts. As a consequence, in the distal part
of the muscle, fiber angles and aponeurosis angles with the line of pull are decreased at any
muscle length. In the proximal muscle part this is also true for the aponeurosis angle but
muscle fiber angle is not lowered.

The effects of myotomy on the fiber lengths are more pronounced compared to those of
aponeurotomy ATIv) (compare fig. 6-8 and fig. 6-@). The length range of the active
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proximal fibers is decreased dramatically but remained well above zero: For example in the
MT1/3 condition the active fiber length range encompasses values of -15% (of the initial fiber

length) at high muscle lengthf,{ = 31 mm, not shown) and -25% &, Note that, if the
modeled rupture is twice as deewr2/3 condition), the active fibers of the proximal muscle
part without direct myotendinous connection to the distal tendon, remain at a nearly constant

length (of approximately -26% of their initial length, compare figB@eF Als, at £masandfmao)

for this muscle length range. However, at higher muscle lengths (not shown) a small increase
of lengths of proximal fibers was seen. This is an independent indication of the occurrence of
some myofascial force transfer even in this condition at higher muscle lengths.

At low muscle lengths the fibers of the proximal muscle part have higher lengths compared to
their length in the intact muscle, consequehtly shifts to lower muscle length. Maximal local
fiber strain in the fiber direction @, is limited to -0.3% (Fig. 6-7F).

Figure 6-7 Modeled effects of myotomy oepL musclea. Normalized muscle force-length characteristics of
myotomizedepL model at the interface of headandv in depths: 1/3 and 2/3 of the fiber lengtir{/3 and
MT2/3) compared taTiv and the intact condition. The development of the gap between keaddv allows
muscle lengthening with a reduced increase in passive tessidhe difference in length of 17 selected fibers
compared to their initial lengthA(s), at muscle lengths ned,s and 4. The length of both modeled
conditions is identical: 25.6 and 29.3 mm. The relatiyg €xerted at these lengths is presented in the legend.
The location of intervention is indicated with a dashed hmg.(Note thatvT1/3 in not near,,,, at this length

(fig. 6-a). c. The active fiber stress nedra, (/m = 29.3 mm) plotted in the deformed mesh under intact
condition is indicated in gray scales from 0.6 to 1. The initial passive contour is indicated with a dasbed line.
The active fiber stress afterr1/3. In general the location of maximalx) and minimal ¥N) active stresses

are indicated, if these values exceed the color range in the legend, these are mentioned sepHnatalstive

fiber stress aftemT2/3. Note, the original location of the modeled rupture is closed, after activation a gap is
developedr. Local fiber strain aftemt2/3 in deformed muscle mesh. Note, a reduced length of sarcomeres in
the proximal muscle half and sarcomeres with an increased length is found distally of the rupture.
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6.4.5. The role of shear stress and effects of decreased shear stiffness

Shear stiffness is supposed to play an important role in myofascial force transmission. In figure

6-8 the shear stress is imaged within the muscle contour foupg, after modeled tenotomy,
aponeurotomy and myotomy. In intact active muscle at that length, shear stress is rather
homogeneous and slightly positive (Fig. 8-8However after the intervention, surrounding

the location of aponeurotomy and myotomy (i.e. immediately distally as well as proximally to
it) shear stress is altered dramatically to relative large values (figlt&H#. Such shear stress
concentrations are consistent with experimental and surgical observations that the muscle tears
at this point in the direction of the fibers. Note that at the tip of the modeled rupture, for the
MT1/3 condition, shear stress has a relative maximal value, i.e. very negative value gjig. 6-8

In contrast to theaT2/3condition (fig. 6-8), where no shear stress concentration is found at
this tip. It is therefore concluded that the rupture has stabilized and will not increase up to the
proximal aponeurosis at this muscle length. However, it is expected that rupture continue at
higher muscle lengths.

In the rest of the muscle no large deviations in shear stress are found compared to the intact
condition. Forces transmitted by the intact distal aponeurosis are higher at the distal end
compared to the proximal end, due to number of fibers with direct myotendinous connection to
this aponeurosis. Because of this larger force a larger deformatiomafte(fig. 6-8D) is

found, compared taTi and AT (fig. 6-88&cC). Consequently higher stresses and stress
differences are found near the location of the intervention.

Figure 6-8Shear stress df, = 29.2 mm {,,o of EDL muscle after modeled surgical interventions

The shear stress under conditions studied, is indicated in gray scales from -0.1 to 0.035. The muscle belly is
presented in deformed shape, where a dashed line indicates the outline of initial passive shape).(fig. 6-2
general the location of maximahX) and minimal ¢N) shear stresses are indicated, if these values exceed the
color range in the legend, they are mentioned separateéBhear stress under intact conditienc, b. Shear
stressafter aponeurotomy is applied to hegdi andiv (AT, ATII andATIv, respectively), the latter is identical

to tenotomy of heads (TTiv). The locations of intervention are indicated with an arrow head. The minimal
shear stress value is found just proximal situated of the location of intervention, this value decreases with the
intervention is located more in distal directien.Shear stress afterr1/3. Noted the maximal shear stress is
located at the tip of the rupture, which suggests that it is not skal8bear stress afterr2/3. G. Shear stress

after aATiv with a reduced shear stiffnessrif/.,). The overall shear stress in the muscle is reduced. The
minimal value $mN) is reduced with 75% compared to minimal valuexiny (fig. 6-D). Note the somewhat
increased deformation comparedamv (fig. 6-D). H. Shear stress after aponeurotomy with partial removed
aponeurosisT(Tivay). All shear stress extremes are found on the distal end of the fibers, minimal stnagses (

on the side without aponeurosis and maximal stressep dt the intact side. also visible if initial muscle
contour is compared to the deformed shape.
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If tenotomy1v is applied to the model with reduced shear stiffness (50%), an additional 4%
decrease of f (90 2> 86%) is found (fig. 6-8). Consequently the minimal amount of force

that can be attributed to myofascial force transmission is not altered much (from 48% to
45.6%, Table 6-2). Throughout the muscle, reduced shear stiffness results in somewhat smaller
negative values of shear stress (compare fip&e3. However, a reduction of shear stiffness

has a sizable effect on passive force (figAp-3t seems that with reduced shear stiffness the
model lengthens due to shear deformation, more than when shear stiffness is not reduced.
Passive lengthening of the muscle is accompanied by increase of fiber strain and shear. If the
resistance of one of these deformations is reduced, that will dominate lengthening of the
muscle, as is the case for shear under the conditiamofs. Passive fiber stress is increased

less compared to the large decrease of shear stress, and therefore is passive muscle force
decreased.

Figure 6-9Role of shear stiffness and aponeurosisdin model

A. The normalized muscle force-length characteristics of the model under conditiosngartial removed
aponeurosis ATIvV,) and with reduced shear stiffnessriy.,). Passive force afteaTivys and ATV, are
decreased about 50% compared to the intactaand conditions.s. The difference in length of 17 selected
fibers compared to their initial length4,), at muscle lengths nedk,s and ‘.o The length of both modeled
conditions is identical: 25.6 and 29.3 mm. The relatiyg €xerted at these lengths is presented in the legend.
The location of intervention is indicated with a gray bem\). c. The active fiber stress neéf,, (/m= 29.3

mm) plotted in the deformed mesh afterv condition is indicated in gray scales from 0.6 to 1. The locations
of intervention are indicated with an arrow head. The initial passive contour is indicated with a dasied line.
Active fiber stress aftexTIv 4. In the proximal muscle half less active fiber stress is fomnictive fiber stress
after ATIvVy. The area of decreased active stress has increased in the distal half of thermB#me.strain

after ATIvV 5, plotted in the deformed mesh, indicated in gray scales from -0.3 to 0.3. Negative strain represents
local lower length than optimal length for sarcomeres.
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6.4.6. The role of the disconnected aponeuroses after aponeurotomy

If all aponeurosis elements in the model are removed from musclelheadsdiv (condition

ATIV 5, We have effectively removed any possibility for myotendinous force transmission in
this part of the muscle. In contrast to results inAhe condition a large effect on muscle
force is found (fig. 6-8): Optimal muscle force (&) decreased by an additional 20%, to 70%

of Frnao Of the intact muscle. The passive force is decreased, due to the reduced contribution of
the distal aponeurosis as well as of the fibers without myotendinous connection to the distal
tendon as a result of a reduced passive stretch. The minimal contribution to muscle optimum
force of the proximal fibers, without myotendinous force transmission, is reduced by an
additional 15% (48> 33%, tab. 2), based on the expected muscle force frorctreof the

intact muscle part. It should be noted that the length of the interface of lkeaddv is
unaltered compared to the intact armd conditions.

Total removal of the aponeurosis is also responsible for a substantial shortening the fibers of
the proximal muscle part &t (fig 98, right panel) explaining most of the reduction of
optimum force. The increase in length of the most proximal fibers (# 1-3) /ngaafter
removal of the aponeurosis (fig,9left panel) is a result of an increased local fiber stretch at
the proximal end near the proximal tendon. This local fiber stretch is ascribed to myofascial
force transmission.

It should be noted that the lengths of all proximal fibers still increase by approximately 2-17%
(comparing values dtn.sand/mag fig. 6-9B left & right panel) with increasing the length of the
active muscle, depending on their location within the muscle partalEbisdicates that some
myofascial force transmission is still present. However total removal, of the already
disconnected, aponeurosis from the proximal fibers decreased the amount of force transmitted
via myofascial pathways. Plots of active fiber stress show thdf,,atin a large part of the
proximal half of the muscle belly active stress is reduced by removal of the aponeurosis
(fig. 6-9D0) and therefore less force is exerted. This is also evident from higher negative values
of local fiber strain (fig. 6-6).

An additional factor responsible for the force reduction after removal of the aponeurosis is to
be found in the distal muscle part. The area of low local active fiber stress in this part of the
muscle increased é&ta, as did the minimal active fiber stress located just distally with respect
to the interventions (compare fig. €8D).

After removal of the aponeurosis, &, an increased deformation of the muscle is seen
(compare fig. 6-8&D). This is accompanied by increased proximal fiber angleg @nd
decreased distal fiber angles {) with the line of pull.

It is concluded that even after severing the direct myotendinous connection of fibers to the
insertion, an important influence of intact but disconnected aponeuroses on muscle
characteristics is still present. This disconnected aponeurosis prevents the fibers from
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shortening extremely and limits deviations of muscle geometry. After removal of large parts of
the aponeurosisrfIv ,) muscle integrity is compromised resulting in quite different forces.

6.5. Discussion

6.5.1. Muscle integrity and role of aponeurosis

In general the aponeurosis is viewed to be an elastic structure, arranged in series at an angle
with the muscle fibers. The major role of this structure is thought to be transmission of force,
exerted by the fibers, to the tendons. However, the results of present study lead to an extension
of the role ascribed to aponeuroses in muscle functioning. In addition to force transmission, the
aponeurosis also affects the morphological integrity of the muscle. Removing it or parts of it,
results in large local deformations of fibers. This brings them to less effective length ranges of
force generation, compared to the intact muscle. Therefore, the aponeurosis of unipennate
muscle should be considered an important boundary condition for the muscle enhancing the
capability to produce force optimally.

The role of the aponeurosis in the intact muscle is different over the active muscle length
range. Due to the angle at which fibers are attached to the aponeurosis, at low fiber lengths,
the fibers compress the aponeurosis. For muscle length just bBglewhe point where no

force is transmitted by the aponeurosis is found at the end of the aponeurdsisthd point

is located at the other end of the aponeurosis where it is connected to the tendon. It should be
noted that the compressed parts of the aponeurosis do not transmit force from muscle fibers to
the tendons. Therefore, it seems likely that at low muscle length, force is transmitted
predominantly by myofascial pathways. However, at length éygrforce exerted by the

fibers is also transmitted through myotendinous structures to the aponeuroses and to origin and
insertion. Compression of aponeuroses at low muscle length is also observedcwm rat
(Zuurbieret al, 1994). These authors reported that,atan aponeurosis was found of a 10%
shorter length compared to the aponeurosis passive slack length.

It should be mentioned that in the present model aponeuroses are modeled by simple beam
elements with linear (stiffness) properties. To bring these elements to lower lengths than their
initial passive length, i.e. negative strain, compression forces are needed. These compression
forces counteract the muscle force, so thdt,atthese two forces are in equilibrium. Without

this counteraction by aponeuroses, it is expected/thashifts to lower muscle length. This

extra shortening may allow a decrease of fiber length. Consequently, a lower active fiber stress
may be found compared to 40% active stresgé.atreported for a muscle fiber (van der
Lindenet al, 1997).
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Tenotomy
Comparison of model results and experimental data

In the present study we modeled tenotomy by removing a small part of an aponeurosis, as is
done for modeling of aponeurotomy. This assumption is justified due to the modification made
to the distal aponeurosis. The stiffness of the separate tendons is added to the continuous
aponeurosis to preserve a constant strain. Consequently, a larger stiffness is implemented in
distal direction of the distal aponeurosis. If no increase of normal stiffness was assumed, the
aponeurosis of headfor example would have been more stretched compared to the condition
where the distal tendons were modeled separately. In intact condition this assumption seems
reasonable. ThebL model in intact condition is therefore a sound representation of the rat
EDL. However, after surgical interventions applied (tenotomy), the stiffness of an aponeurosis
distally of the intervention is too high and consequently the strain too low. Nevertheless, an
aponeurosis with high stiffness will not lead to other patterns in force transmission and
therefore the modeled aponeurotomy can serve as a condition of tenotomy.

The present model results for muscle forceTim, ATl ATIV conditions are in agreement with
results of experimental distal tenotomy performed orepat muscle (Huijinget al, 1998):
Optimal muscle force &y of ratEDL after experimentatTi, TTii andTTiv is 99, 92 and 84%
respectively of ko in intact EDL, versus 96, 92 and 90% for modeling conditiams AT,

and ATIV respectively. Also for estimates of minimal contributions of myofascial force
transmission, the model results are in good agreement with experimental data with differences
of only a few percents (Table 6-1&2). The consistence is striking, but it should be noted that
for the EDL model, the three distal tendons of the separate muscle headsaqdiv) were
integrated within one continuous distal aponeurosis. This possibly suggests that the role of the
separate distal tendons in etiL do not play an important role for variables considered in the
present study. For instance, for control of movement of separate digits the influence of this
factor is expected to be quite determining. Knowing the role of the aponeurosis is more than
that of a force transmitter only it is more surprising these model and experimental results are so
consistent.

However, due to the continuous distal aponeurosis with increasing stiffness to the distal end,
deformations of the aponeurosis of headre reduced after tenotonw (or aponeurotomy),
compared to the experimentalyv. This may explain why no shift df,,. is found aftelTiv in

the model, as is observed in experimemtsv(). A similar explanation yields foxTi andATi,

consequently a shift df.., under these conditions is expected as well.

In contrast to experimental observations onerat (Huijing et al, 1998), proximal fibers of

the model did not decrease in length with aponeurotomy performed at a location more distally
situated on the distal aponeurosis (fig. B-ight panel). That the aponeurosis elements of
head i, Iv and v have a higher normal stiffness, will reduce lengthening of the distal
aponeurosis at higher muscle length and therefore the proximal fibers are lengthened with
higher muscle length. Reduced normal stiffness of the aponeurosis will lead to shortening of
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the proximal fibers as is showed unambiguously in the condition where the aponeurosis is
removed over a considerable amouxti(,5), consequently, this part has no normal stiffness
(fig. 6-98B, right panel).

Following distal tenotomies performed on mbL intramuscular ruptures do occur only
exceptionally (Huijinget al, 1998). This is in contrast with a acute rupture occurring after
aponeurotomy on rapL (unpublished) andm (Jasperet al, 1998). This suggests thabL,

due to its specific function, may be specially adapted to avoid high stress concentrations at the
interface of muscle heads. Such adaptations may be in a sense of locally weaker connective
tissue that allows large deformations without tearing or stronger, i.e. stiffer to prevent tearing
at high stress concentrations.

On the basis of length measurements of the most proximal and distal fiber, HLGB®R]
hypothesized that the fiber at higher distances from the location of intervention would have
progressively shorter length. Myofascial force transmission would prevent the most distal fiber
without direct connection to insertion from shortening to its slack length, however due to shear
it is allowed to shorten somewhat, the next fiber further away would be shortening some more.
The present study showed the opposite phenomenon, the fiber located far from the intervention
has a higher length, due to curving and bulging, compared to the fiber located nearer the
intervention. Furthermore, suggestedijidg (1998a) that force decrease observed in the
experiments can be assigned entirely to the reduced length of the fibers in the proximal muscle
part without myotendinous connection to origin and insertion. However, the present study
indicates that the reduction in length of these fibers explained only a small part of the force
decrease. Most of the force reduction is explained in the intact muscle part where just distally
of the intervention less active force is produced, due to an increased local fiber stretch.

Integrated effects of aponeurotomy

Aponeurotomy is performed on human muscle to lengthen an overactive muscle due to
spasticity (Baumann and Koch, 1989). Before and after aponeurotomy performed on the
gastrocnemius muscle the ankle angle is measured under passive condition. A decrease of this
angle is an indication for muscle lengthening. This procedure of measuring the angle is in our
opinion not a solid evidence of muscle lengthening. 1. It is not clear what is meant with a
passive condition of a spastic muscle. If such a muscle is passive, and no spastic reactions are
observed, the passive force found in the present modehafi¢8 andvT2/3 should be used

for comparison. Due to the reduction of passive force aftdr3 andmT2/3 it is concluded

that with the same force higher muscle length could be found and the impression is a

lengthened muscle. 2. Is a shift/@f, an indication for muscle lengthening, due to fact optimal
force is reached at a higher muscle length? A shift,gfis not found in the present study,
expect formT1/3 a shift of 1.7 mm is found, however this shift is not maintained1f@/3.

The shift of/qa0to higher length aftenT1/3 is caused by the fact that the proximal fibers reach
their optimum fiber length at higher muscle length. 3. An increase of active muscle length
range is found, due to the shift Gf,sto smaller length. However, that seems not logical to be
addressed as muscle lengthening.
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On the basis of the present results an explanation for the success of the operation performed on
human is found elsewhere. The fibers without direct myotendinous connection to the distal
tendon are 10 to 20%horter (MT1/3, MT2/3, fig. 6-B) compared to the intact condition.
Moreover, in the present study is found that after aponeurotomy pergg the overall fiber

strain, i.e. sarcomere is decreased in almost the whole muscle (fijy. BAB consequence of

the reduced fiber strain will be that muscle spindles at specific locations are less excited.
Particularly this effect of aponeurotomy will create a less spastic muscle and could realize a
smaller ankle angle.

However, present results are based on the acute effects of the operation performed. Success of
operations on human muscle is found after a recovery period of at least several weeks. By that
time muscle may adapted to its new situation. The situation found after performi/g) is

the situation where adaptations during the recovery start. The adaptation process hypothesized
by Herringet al. (1984) is that sarcomere number in series is adjusted so as to achieve an
optimum sarcomere length when the muscle is experiencing a high level of tension. For fibers
just distally located from the rupture with an extreme sarcomere length distribution this
hypothesis yields adding sarcomeres at one end and removing sarcomeres at the other end.
This suggests a complicated process and the outcome is hard to predict based on the present
study.

Muscle integrity is thoroughly disturbed by myotomy or tearing of the muscle, due to high
shear stress concentrations at the location of aponeurotomy, and an increase in deformation of
muscle geometry is observed. At optimum muscle length, fibers without direct myotendinous
connection to origin and insertion shorten and consequently generate less force. If
aponeurotomy is applied to ram it causes acutely a decrease @f,Fo 55% (Brunneet al,

1998; Hujing, 1998a). This is in agreement with the present model resutts 3, fig. 6-A).

Full recovery of ki, as is found in normal ram (Brunneret al,, 1998), is expected when the
muscle integrity is restored, as a result of filing the rupture with connective tissue or
reconnecting the severed aponeuroses ends.

The results indicated that the location at which aponeurotomy is performed has implications
for the force exerted. This location can be optimized, if the goal of the surgical operation is
formulated well. Moving the location in more distal direction, comparexrito will lead to a

larger reduction in muscle force. Increasing the number of locations for interventions will result
in more fibers proximally located, with decreased lengths compared to the results of the
present study. More fibers with a reduced fiber strain may lead to less active muscle spindles
and less active spastic muscle.

6.5.2. Force transmission and shear

An elastic continuum such as intact muscle, does not allow for large local deformations and
consequently stress concentrations are limited. Tuggests that in skeletal muscle, as in
cardiac muscle (Horowitet al, 1988), shear stiffness plays an important role in ctéintgo

stress concentrations. However, this study revealed that the model is not very sensitive for the
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value of shear stiffness, as myofascial force transmission is changed only minimally under the
condition of considerably reduced shear stiffness/(.s).

In conclusion, the present study showed that pathways of force transmission are complex. In
intact muscle at low muscle lengths, force is mainly transmitted by the connective tissue, in
contrast to higher muscle lengths where force is also transmitted by the aponeuroses. After
surgical interventions a considerable amount of force is transmitted through myofascial
pathways with as a consequence high local stretch distally of the intervention, in the intact
muscle part. This local stretch causes a decrease in active muscle force. However, the decrease
in muscle force is not proportional to the number of fibers without a direct myotendinous
connection to origin or insertion. A substantial force decrease is found if muscle integrity is
thoroughly disturbed by myotomy or partly removal of the aponeurosis. Nevertheless, after
two thirds of the sideward connection of fibers is removed by myotomy some force is still
transmitted by myofascial pathways. Furthermore, the results indicated that the role of the
aponeurosis is more than a simple transmitter of force but also responsible for maintenance of
muscle integrity. Muscle integrity is necessary for optimal performance of the muscle.
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7.1. Introduction

In order to answer questions regarding muscle function, several models have been used to gain
insights in mechanism of force transmission at different levels of detail in muscle. Insight is
gained in how force is generated in the sarcomeres and is transmitted, due to interactions of
structures. Furthermore, is indicated how well muscle performance can be predicted. Most of
the results are extensively discussed in the individual chapters.

7.2. Transmission of force

7.2.1. Sarcomere, the force generator

In most of this thesis, the force-length and force-velocity characteristics are assumed
independent. However, as is indicated in several experimental studies (mentioned in chapter 5),
force depends on previous length changes and fatigue during a sustained contraction. For
example the decrease of force during isometric sustained contractions, due to effects of
fatigue; An isometric force deficit is found after a phase of muscle shortening and an

enhancement after a phase of lengthening during sustained contraction.

The reducing cross-bridge¢B) model is able to incorporate qualitatively the phenomena as
observed in experimental studies, such as a force deficit after shortening and force
enhancement after lengthening during sustained contractions. A shortcoming of the model in
the present form is that it is not able to predict the length dependence of these phenomena. If
this model is assumed to be a good representation of the mechanism involved, an additional
mechanism exists in muscle to overcome these discrepancies. Such as the one discussed in the
next section.

7.2.2. Sarcomere-sarcomere interaction in series

Mechanical interactions of sarcomeres in series are the second mechanism that can describe
effects of contraction history phenomena. This mechanism yields non-uniform length and
velocities of sarcomere in series. Due to small differences in sarcomere material properties or
to different initial conditions, considerable sarcomere length distributions can be developed.
After length changes during a sustained contraction the sarcomere length distribution is
different from length distribution after a sustained isometric contraction at identical fiber
length. This difference in sarcomere length distribution leads to a different force at the same
fiber length (e.g. Morgaet al. 1990; Edmaret al, 1978, 1993; Sugi and Tsuchiya, 1988).

This mechanism is addressed by Megéral. (1998). In their Hi-based fiber model with a

large number of sarcomeres arranged in series, experimentally observed phenomena could be
described based on interaction of sarcomere in series. That these interactions of sarcomeres in
series result in force changes, is caused by in-stable behavior of sarcomeres on the descending
limb of this force-length curve. However, Meijet al. (1998) reported that this mechanism

was not able to predict quantitatively the force changes found in experiments. This result
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indicates that a combination of thRes-model and sarcomere non-uniformities, is a promising
approach. Such a combination is presented in chapter 5 by arrangirg#waodels in series

and can describe length dependence of the effects of contraction history to some extent
(chapter 5). As tworcB-models arranged in series incorporated force enhancement after
lengthening over optimum length.

Though, effects of contraction history are observed in single fiber as well as in whole muscle,
model results are of single fibers. If non-uniformities of sarcomeres occur in whole muscle to
such an extent as where necessary in single model fiber (Meigr, 1998) to predict the
effects of contraction history, is discussed in the next section.

7.2.3. Myofascial force transmission

Force transmission by the myofascial connections is addressed when force is transmitted by
fibers to adjacent fibers through the connective tissue. In their single fiber model dlijer

(1998) had to introduce initial differences in sarcomeres in series, either in length or in material
properties, to allow for a sarcomere length distribution in series to be developegenFhe
model indicate that in muscle, differences in sarcomere lengths are found, based on their
location (chapter 4 and 6). This is in spite of the fact that fibers irFekemnodel have
identical material properties. However, in muscle a large number of fibers are arranged in
parallel. Myofascial force transmission will prevent large differences in length of elastic
sideward connection of fibers to the connective tissue. This suggests that sarcomere non-
uniformities should be similar in adjent fibers, which is not so surprising with the observation

of the regular striation pattern in skeletal muscle. That, the small differences in fiber strain
distribution seem large enough to result in force differences, as is confirmed by a preliminary
study (de Vries, 1998) performed withFam muscle-tendon complex. Force differences are
found over muscle optimum length if very slow eccentric and concentric contractions are
compared. The velocities during these modeled contractions were too small to explain the
differences in force found, however a different strain distribution in both conditions could
explain the observed force differences. These model results suggest that force of whole muscle
depends on contraction history, as a result of strain distributions developed during a sustained
contraction. Furthermore, is suggested that for muscle length over optimum length at least two
states can be found with a different fiber strain distribution at the same muscle length. The
force differences diminish quickly during a post-isometric phase, in contrast with experimental
observations where effects are maintained for several seconds (e.g.eMaijet997; Herzog

and Leonard, 1997).

More research is necessary to identify the mechanism responsible for these results as found in
FEM-modeling. Difference in lengths of sarcomeres or fibers in parallel are restricted by the
resistance against shear. It is possible that reducing the coupling of fibers and the connective
tissue in muscle, by modeling these structures separate with elastic connections, will lead to an
increase in fiber strain distributions under conditions of different contraction history.
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Another option is incorporating properties that result in effects of contraction history in the
FEM-model by implementingrce-model. However, it will make theem-model unnecessarily
complex, since the observed effects of contraction history can also be implemented by a
descriptive function as is proposed by Meigral. (1998). This function is determined by
experimental observations of concentric contractions performed byratith this function,

effects of shortening history can be described. Due to the linear character of this function,
effects of lengthening history can be described to some extent as well (&ledjer1997b).
Implementing such a function in tlEM-model to account for these effects, in combination
with in the FEM-model observed fiber strain distributions, may lead to better modeling of
muscle force during sustained contractions.

A major finding of the present work is that the contribution to total muscle force of fibers or
sarcomeres, depends on its location in the muscle. Due to shear stiffness the difference in
length of adjacent sarcomeres is small compared to sarcomeres located far apart. This is a
result of the fact that muscle is modeled as a continuum. Along with the development of
sarcomere length distributions in fiber, a secondary distribution of fiber lengths is developed
within the muscle during activation, both depending on the location in the muscle belly. These
distributions are developed from an initial homogeneous situation, at which all sarcomeres have
the same material properties. Consequently, the contribution of fibers to the total force exerted
is different per fiber. Furthermore, it is concluded that if non-uniform sarcomere lengths are
found in series, force produced by sarcomeres is transmitted by myofascial connections in
sideward direction in addition to the general excepted longitudinal fiber direction.

Fibers have different lengths in activated muscle. This suggests that different forces are exerted
by fibers if the number of sarcomeres in series is identical. An intriguing question is: Do
different fiber forces appear in real muscle, when assuming that the number of sarcomeres in
series adjusts according to the hypothesis of Hegirag. (1984). This hypothesis postulates

that the number of sarcomeres adjusts to achieve an optimum length when a high tension is
experienced by the fiber. This suggests the making of sarcomeres in the outer fibers with high
fiber length, due to the secondary fiber length distribution. However, there is no experimental
evidence for a larger number of sarcomeres in series in the fibers on the outside of the muscle
belly. It is therefore concluded that the hypothesis of Herring in not correct based on the
results of this thesis.

Modeling muscle withFEM-models indicates that shear stiffness as well as stiffness
perpendicular to the fiber has consequences for the muscle force exerted. A notable result is
that at/mas i.€. muscle length at which no force is exerted by the muscle, substantial active
fiber stress is found. This suggests that muscle fibers are active and consuming energy at a
muscle length at which no force is produced. Due to the limited knowledge of properties in the
model, such as shear stiffness and stiffness perpendicular to the fibers, the amount of active
fiber stress generated is difficult to estimate. The model properties responsible for this active
stress are the passive stiffness perpendicular to the fibers and the demand of a constant muscle
area. Constant muscle area is assumed a good approximation of a constant muscle volume
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(chapter 2). The stiffness perpendicular to the fibers seems be more complex than is indicated
by Strumpfet al. (1993). They only found a passive contribution of stiffness in directions
perpendicular to the fibers. For skinned muscle fibers several authors (e.g. Maughan and Godt,
1979; Xu and Brenner, 1993) showed experimentally on that stiffness perpendicular to the
fibers depends on activation. This suggests that cross-bridges generate radial as well as
longitudinal forces. Consequently, an active force is generated perpendicular to the fibers at
low fiber lengths in addition to the passive force found, as a result of stretch of the connective
tissue surrounding the fiber at low muscle length. Nevertheless, an active fiber stress at muscle
active slack length is a result of mechanical equilibrium of the continuum and is expected to
occurin situas well. However, for quantification of the active fiber stress at this muscle length
more research is necessary for the quantification of the parameters. For this reason, it is
expected that muscle will not operate at these inefficient low muscle lengths.

7.2.4. Motor-unit interactions

Muscles in this thesis are modeled homogeneously and maximally activated. However, muscle
can also be sub-maximally or partly activated, due to recruitment of one or more motor units.
A motor unit is a number of fibers spread or clustered in the muscle belly and innervated by a
single nerve branch. If the muscle is activated partly, a passive fiber from one motor unit will
resist an active neighbor fiber from another motor unit in its movements. Moreover,
experimental evidence indicates that fibers of single motor units can appear in series, as is
observed in parallel fibered muscle (e.g., Letll, 1987; Bodineet al, 1988). Based on the
present study seem in series arranged motor units in parallel fibered muscle to be rather
inefficient. Because of the fact that myofascial force transmissibnot prevent shortening of
activated fibers at the cost of in series arranged passive fibers. However, fibers from one motor
unit are randomly distributed in series as well as in parallel, as is experimentally observed by
staining end-plate zones (Loebal, 1987). This may be efficient because active fibaltlsnat

shorten at cost of passive fibers arranged in series due to the resistance of activated fibers that
are arranged in parallel to the passive fibers. Shortening of active fibers at cost of lengthening
passive fibers arranged in series will depend on the distances of these passive fibers and the
active fibers arranged in sideward direction. Letkal. (1987) found that in series arranged

fibers of a single motor unit appear in strips with a length of the whole muscle length.
Consequently, the effects of shear will reduce the loss of efficiency over small distances. This
suggests that based on the results of the present study it is not necessary for in series arranged
fibers belonging to one motor unit to be aligned exactly, as is questioned bgtLale(l987),
resistence against shear will prevent passive fibers in a small strip with active fibers arranged in
parallel from shortening (chapter 6; Huijirk998a).
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7.2.5. Myo-tendinous force transmission

The force generated by the fibers is transmitted through the myo-tendinous connections to the
aponeurosis and tendons. Force exerted by the fibers causes lengthening of the aponeuroses
(chapter 2). If aponeuroses are assumed elastic, the prediction of muscle force and linearized
muscle geometry improved, which indicates that these structures are of some importance.
However, in chapter 6 is indicated that interactions of fibers and aponeuroses can also result in
a shortening of aponeuroses as well. Under such conditions, the aponeuroses do not transmit
force from fibers to origin and insertion of the muscle. At this point, the aponeurosis can not be
considered a series elastic structure in the classical sense. However, if the aponeurosis is not
transmitting force, it is not without function, as is indicated when the aponeurosis removed
(chapter 6). A considerable deformation of the muscle is observed and consequently force
exerted is reduced, suggesting that aponeuroses are of considerable importance to preserve
muscle integrity.

An experimental study on two dimensional strain distributions on the surface of the passive
aponeurosis of rat gastrocnemius mediadig)( did not show compression in the direction of

the line of pull (van Bavedt al, 1996). However, they found during passive stretch away from
the central region a negative strain perpendicular to the line of pull, i.e. compression. This
suggests that the widths of aponeuroses are reduced primarily in a region further from the
central region. Extrapolating these observations to the active condition is rather speculative,
nevertheless this study indicates that compression of tendinous tissue is possible.

Muscle integrity is also disturbed effectively by surgical interventions. These interventions
performed on muscle are aimed at improving or altering muscle force. Due to the complex
cooperation of structures in muscle, it is difficult to predict the result of such interventions.
Though, clinicians know how to perform an operation effectively, there is a lack of detailed
knowledge about the mechanism responsible for the success. and in future to increase clinical
knowledge regarding success. THmm-model is valuable tool to study the effects of a variety

of surgical interventions (e.g. chapter 6). Knowing the effects of the presently modeled
interventions on muscle performance, and a detailed clinical goal of an operation is aimed for,
the next stage in research is to optimize interventions in dialogue with clinicians.

7.3. Prediction of muscle performance

The preceding paragraphs indicate which role the various structures play in muscle force
exertion. Insight is gained in how force generated by the sarcomeres is finally exerted a origin
and insertion of the muscle. Besides the heuristic purpose of this study, it is also of interest if
muscle force under specific conditions can be predicted well (Huli@g8b). The revised
planimetric model is rather simple and good in predicting muscle force over a large active
muscle length range. These are ingredients for such a model to be applied in large-scale multi-
segment models for the predictions of movement. A large number of parameters necessary for
this model are experimentally determined for humans and documented (e.g., Winters and Woo,
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1990). However, information about the aponeurosis active slack length is lacking. The
aponeurosis slack length under passive and active condition is different (by 5 - 10%) as results
of compression due to shortening of fibers at low muscle length (chapter 6). The length
differences are expected to depend on the angle of pennation, in such a way that a small angle
of pennation result in large differences between aponeurosis slack length under passive and
active conditions. Further research is necessary to reveal the relation between properties of
aponeurosis in active and passive muscle to make the revised planimetric model applicable in
large-scale segment models. However, this model has the ability to predict the functional
characteristics well, which are expressed in muscle force and linearized muscle geometry, of
uni-pennate muscle (chapter 3). It is therefore concluded that the revised planimetric model is a
valuable tool in its present form. It is a useful heuristic tool for showing understanding the
effects of pennation on muscle force-length characteristics and the importance of an elastic
aponeurosis in combination with the preservation of the longitudinal area, for the prediction of
muscle geometry.

7.4. Reconsideration isolated muscle research

The way of modeling muscle performance of single muscle based on the results of the present
study leads to the following consideration regarding muscle perforramoa. For simplicity

reasons is in studies, experimentalysitu and in modeling, generally focused on one muscle.
Nonetheless, based on this study one should consider the following effects of doing so. Muscle
shape is expected to be changed in isolated condition, compamedvita conditions and
consequently performance will be altered. This is in contrast with whatiggested by
experiments on isolated musatesitu condition. Nevertheless, comparison of results fiom

situ experiments and model results seems acceptable. However, the extrapolation of
observations from model as well as from experimentis tavo muscles with complex three-
dimensional geometries, which interact with surrounding muscles, organs and bony structures
is highly speculative. Due to the existence of adhesive connections between adjacent muscles,
which are experienced by every one that has dissected muscle, the mechanical interactions
between adjacent muscle can be more pronounced.

Very illustrative is a study of Riewald and Delp907), where in human subjects is tried to
convert a knee extensor into a knee flexor. The result was that when the newly attached flexor
was activated an extension moment was found, which suggests that a mechanism exist that
transmits force form the activated flexor to adjacent passive extensors. This is an indication
that interaction between fibers also occur between adjacent muscle, due to force transmission
between adjacent muscle (fihg, 1998a). It is possible that the influence of mutual muscle is

not so large as that of fibers within a muscle, but a small connection allows force transmission.
Within a muscle, these lateral connections are strong either, as is observed bydtujing
(1998), and strong enough to transmit force in sideward direction. Finite element models are
based on mechanical equilibrium of continua, whether a model is build for one muscle or a
muscle group. Properties of interfaces between muscle should be defined, but based on
experimental observations, these properties can be estimated. When a model is build of a group
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of adjacent muscles, contributions of individual muscle or combinations of muscles in the
group, to the muscle performance can be studied. This could be studied with the existing two-
dimensional model, but it is recommended to use a three-dimensional version of the present
model.

7.5. Recommendations

For heuristic purposes, tieEM-model has proved to be powerful. Though, many parameters
need to be identified, this model revealed contribution to muscle performance of several
properties. Nevertheless, validation of parameters is difficult, due to the limited amount of
information that can be obtained experimentally of internal deformations. An indirect way of
determining internal deformations can be obtained from intramuscular pressure. Commercial
available pressure sensors are so small that penetration of the muscle belly occurs without
damaging muscle fibers. It is therefore assumed that pressure can be measured of an intact
muscle. The experimentally determined intramuscular pressures can be compared to the
hydrostatic pressure calculated by the model. In the model pressures can be determined based
on the calculated stresses. In this way, model validation can be realized under various
conditions.

7.5.1. Muscle element

Muscles as complex three-dimensional structures are treated in this thesis in two dimensions.
Consequently, the mechanism of force exertion of muscle is simplified, but insights in these
mechanism have been increased. However, a two dimensional model has its limitations as
mentioned in this thesis. An obvious step is to convert the présentmodel in a three
dimensional version. It should be noted that has to be dealt with a number of aspects: the
number of additional unknown parameters, three-dimensional geometries have to be defined, a
distinction should be made in tendon and aponeurosis elements, due to the different
morphology, and an other type of aponeurosis element should be used (see next paragraph).
However, this conversion should only be done when predictions of the three-dimensional
model are improved or for specific three-dimensional problems, such as: What is the effect of a
constant muscle volume compared to a constant mid-longitudinal area of muscle? How do
fibers not located in the central region of the line of pull contribute to the total muscle
performance? What effects have interactions of fibers and aponeurosis further away from the
mid-longitudinal area of muscle and to the line of pull on muscle force exerted?

7.5.2. Aponeurosis element

In this thesis a considerable amount of attention is paid to muscle tissue, which is modeled by a
specially designed element forram-model of a muscle-tendon complex. However, chapter 6
indicated that the role of the aponeurosis is underestimated and is more than a transmitter of
force produced by the fibers to origin and insertion. Muscle integrity is to some extent
preserved by the aponeuroses for optimal exertion of muscle force. Furthermore, it is revealed
that, at low muscle lengths, the aponeurosis is compressed by shortening of fibers attached at
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an angle to the aponeurosis. Due to the linear character of the aponeurosis element,
compression results in negative force. This negative force, which counteracts the muscle force,
which is not expected to exist vivo, due to the fact that a passive elastic structure can not
resist compression below slack length. Without this counteracting force, muscle force will be
higher and consequentl§in,s will shift to lower muscle lengths. In future studies it is
recommended to use an element to represent aponeuroses with non-linear stiffness, with a zero
stress for negative strains, in accordance with experimental evidence (Ettemaijagd Hu
1989; Zuurbieret al, 1994). Consequently, compression of such a modeled aponeuroses is
then only allowed without compression forces. This thesis showed mechanisms, interactions
and pathways of force transmission and those are expected not to be altered by a revised
aponeurosis element.

7.5.3. Adaptation

If interest of muscle performance lies in long term processes, muscle adaptation should be
implemented in the muscle element. Muscle adaptation, as is expected to happen during
growth, after immobilization or after surgical interventions, is assumed to change muscle
performance. The hypothesis tested by Herghgal. (1984) indicated that the number of
sarcomeres in series would be altered. In the muscle-element such an adaptation at sarcomere
level yields altering the constants of the active fiber stress-strain relationship during for
example sustained and cyclic contractions (chapter 4, eq. 5).
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Summary

For movement of body or body segments is combined effort needed of the central nervous
system and the muscular-skeletal system. This thesis deals with the mechanical functioning of
skeletal muscle. That muscles come in a large variety of geometries, suggest the existence of a
relation between muscle morphology and the ability to exert force. Models are utilized to
gather detailed knowledge about the way muscle work, i.e. the heuristic approach and to some
extent to predict muscle force under specific conditions. Several types of models are used to
study different aspects of muscle performance. These aspects are of material and structural
nature. The material properties addressed are active and passive elasticity and
incompressibility. Structural properties studied are pennation, anisotropy, in series and in
parallel arrangement of functional units. A great deal of muscle force under a specific condition
can be attributed to interactions of these aspects. During modeled isometric and isokinetic
contractions muscle geometry, force, fiber lengths and velocities are monitored. A great deal of
the results is compared to uni-pennate gastrocnemius medialis mesglearfd some to
extensor digitorum longu&L) of the rat.

In chapter 2, model results of simple geometric models such as a planimetric model and three-
dimensional versions of this model are compared to the experimental results ofahe The
capabilities of such models to adequately calculate geometry of muscle and force-length
characteristics were investigated. The planimetric model with elastic aponeurosis (tendon-
sheet) predictedM muscle geometry well: maximal differences are 6%, 1%, 4% and 6% for
fiber length, aponeurosis length, fiber angle and aponeurosis angle respectively. A slanted
cylinder model with circular fiber cross section did not predict muscle geometry as well as the
planimetric model, whereas the geometry results of a second slanted cylinder model was
identical to the planimetric model. It is concluded that the planimetric model is capable of
adequately calculating the muscle geometry over the muscle length range studied. Modeled
force-length characteristics showed an over-estimation of muscle optimum length by 2 mm
with respect to experimental data and in addition, force at the ascending limb of the length
force curve was underestimated.

An improvement of the predicted force-length characteristic is found when mechanical
equilibrium of whole muscle is guaranteed of the linearized geometry (chapter 3). A volume-
related force is introduced to keep muscle volume constant. Mechanical equilibrium of whole
muscle yields a different relation between fiber and muscle force as fiber and muscle length
changes as a result of pennation, compared to relations derived when only equilibrium of
aponeurosis is considered (chapter 2). The newly derived relation improved prediction of the
rat GM muscle force-length characteristics. It is concluded that prediction of muscle geometry
as well as prediction of force-length characteristics is very good with a simple model such as a
planimetric model. This conclusion suggests that the influence of properties neglected in such a
simple model are either small or are internally compensated for in the net effects.

In chapter 4 a mechanical muscle model based on the Finite Element Methgdig
presented, to study the effects of muscle tissue properties and their mechanical interactions on
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muscle force exerted. The strength of this method is the capability to combine non-linear
material properties of fibers as well as incompressibility and anisotropic behavior of muscle
within solutions of mechanically stable muscle geometries for various lengths and loads.
Simulations of static and dynamic muscle contractions are performed and compared to
experimental data of ratM. The model indicates the functional importance of combining
properties such as passive stiffness (in fiber longitudinal direction, perpendicular to it and
shear) as well as incompressibility. That Hee1-model allows fibers and aponeurosis to curve,
introduces secondary fiber length distributions in active muscle, even if the muscle tissue was
initially modeled homogeneous. Under isokinetic conditions, the fibers develop a different
shortening velocity. The observed differences in length and velocity of fibers depend on the
position of a fiber in the muscle belly and are based on two independent passive properties,
stiffness perpendicular to the fibers and shear stiffness. It is concluded that these properties are
of significant influence on force exerted by a whole muscle.

The generation of force in a sarcomere is addressed in chapter 5. A model based on the sliding-
filament and cross-bridge theory is used in to describe effects of contraction history during
sustained contractions with phases where shortening or lengthening are imposed. The model
presented has some modifications with respect to the general Huxley-model, such as: a force-
length relationship, a Kelvin element arranged in series with the contractile flaments and a
cross-bridge detachment function for cross-bridges, stretched over their maximal binding
length, that detach without consuming energy. The main extension of the model is the
assumption that the number of available cross-bridges is reduced each cycle, thus introducing
effects of fatigue. The obtained model is referred to as the reducing cross-kRaodgenodel.

The rce-model is compared to the general Huxley model and to experimental observations
under isometric and isokinetic conditions.

In accordance with experiments, thes-model is able to describe post-shortening force deficit

in the entire sarcomere length range and post-lengthening force enhancement in the length
range below sarcomere optimum length. Over optimum sarcomere lengtiRcBamodels
arranged in series are able to predict an enhanced force after lengthening. Furthermore, it is
shown that exerted sarcomere force changes, due to superimposed high-frequency vibrations,
compared to conditions without vibrations, because of changed cross-bridge distributions. A
dissociation of force and number of attached cross-bridges is found, which implies that
experimentally obtained stiffness, based on contractions with superimposed vibrations, does
not relate to the number of attached cross-bridges.

Chapter 6 deals with force transmission Fe&-model of uni-pennate rabL. In addition, the

role of the aponeurosis and shear stiffness is addressed. A distinction is made between
myotendinous and myofascial force transmission, where force is transmitted from fibers to

aponeurosis and from fibers in sideward direction, respectively. Surgical interventions such as
tenotomy, aponeurotomy and myotomy are performed to study the effects on the force-length
characteristic, fiber length, active fiber stress, shear stress and fiber strain. Aponeurotomy
implicates removal of direct myotendinous connection to insertion of a considerable amount of
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muscle fibers at several locations. In addition is in two stages myofascial connection removed
of sideward connected fibers, i.e. myotomy.

After surgical intervention, a considerable amount of the fibers had no direct myofascial
connection to insertion but force decrease found, was only minor. The shortening of these
fibers was small and not enough to explain the reduction in muscle force. The force reduction
is cause by a decrease in active fiber stress just distally of the invention in the intact part of the
muscle as a result of high local fiber strain. The results indicated that up to 48% of the force
exerted, is transmitted through myofascial pathways under specific conditions. Due to
myofascial force transmission, fibers without direct myotendinous connection to insertion are
prevented to shorten much, and generate a substantial amount of active fiber stress. The force
decrease found after interventions performed is strongly related to the amount of deformations.
If muscle integrity is thoroughly disturbed by myotomy or by removal of a large part of the
aponeurosis, the force reduction is significant. The results indicated that the role of the
aponeurosis is besides transmitting force from fibers to origin and insertion, extended with the
maintenance of muscle integrity, to allow the muscle to produce optimal force. Based on the
results an explanation for the success of intramuscular aponeurotomy performed on spastic
muscle is suggested.

In the final chapter the results of this thesis are discussed in general, model improvements are
suggested and some recommendation for future research are indicated.
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Samenvatting

Voor de beweging van het lichaam of lichaamsdelen is een gekombineerde inspanning nodig
van het centrale zenuwstelsel en het spierskelet systeem. Dit proefschrift heeft betrekking op
het functioneren van de skelet spier. Het feit dat spieren voorkomen in een grote variéteit aan
vormen, suggereert het bestaan van een relatie tussen de morfologie van de spier en de
mogelijkheid tot het leveren van kracht. Modellen zijn gebruikt om gedetailleerde kennis te
verzamelen over de manier waarop een spier werkt, met andere woorden de heuristische
benadering. Tot op zekere hoogte worden de modellen ook gebruikt voor het doen van de
voorspellingen van de spierkracht onder bepaalde omstandigheden. Verschillende typen
modellen zijn gebruikt om verschillende aspecten van spierente bestudezeradpecten zijn
onderverdeeld in materiaal eigenschappen en structurele eigenschappen. Bij materiaal
eigenschappen is onderscheid gemaakt in actieve en passieve elasticiteit de constantheid van
spiervolume. Structurele eigenschappen zijn pennatie, anisotropie en serie en parallelle
rangschikking van functionele eenheden. Een groot deel van de spierkracht onder een bepaalde
conditie is te wijten aan wisselwerking van deze eigenschappen. Tijdens de gemodelleerde
isometrische en isokinetische contracties zijn de spiergeometrie, spierkracht, vezel lengten en
snelheden bestudeerd. Veel van model resultaten zijn vergeleken met de uni-pennate mediale
gastrocnemiusgMv) van de rat en enkele resultaten met de extensor digitorum loeow)s (

van de rat.

In hoofdstuk 2 zijn model resultaten van simpele geometrische models, zoals een planimetrisch
model en driedimensionale varianten daarop, vergeleken met experimentele resultaten van de
rat GM. In de twee dimensionale modellen wordt het spiervolume beschreven door een constant
mid-longitudinaal oppervlak. De mogelijikheden van dergelijke modellen om de spiergeometrie
alsmede de spierkracht-lengte karakteristiek adequate te voorspellen zijn onderzocht. Het
planimetrisch model met een elastische aponeurose (pees-plaat) voorspelt de spiergeometrie
goed: de maximale verschillen zijn 6%, 1%, 4% en 6% voor respectievelijezidlengte,
aponeuroses lengte en de vezelhoek en aponeuroses hoek. Een model gebaseerd op een
scheve cilinder met een circulaire dwarsdoorsnede vanedelsvis niet in staat de spier
geometrie zo goed te voorspellen als het planimetrisch model. Desalniettemin, de resultaten
van een tweede cilinder model met een variabele elliptische dwarsdoorsnede, zijn identiek aan
die van het planimetrisch model. Hieruit is geconcludeerd dat het planimetrisch model met een
constant mid-longitudinaal oppervilak beter in staat is om de spiergeometrie te berekenen dan
een 3D-model met een circulaire dwarsdoorsnede. Daarentegen laat de gemodelleerde kracht-
lengte karakteristiek een overschatting zien van de spier optimum lengte van 2 mm in
vergelilking met experimentele data. Bovendien is de spierkracht op de stijgende flank van de
kracht-lengte curve onderschat.

Als mechanisch evenwicht van de hele gelineairiseerde spiergeometrie is gegarandeerd, wordt
een verbetering van de voorspelling van de kracht-lengte karakteristiek gevonden (hoofdstuk

3). Een volume gerelateerde kracht is geintroduceerd om een konstant volume te waarborgen.
Mechanisch evenwicht van de hele spier resulteert in een andere relatie tussen de vezel- en de
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spierkracht, in vergelijking met de relaties verkregen wanneer alleen evenwicht is beschouwd
van de aponeurosis (hoofdstuk 2). Deze nieuw afgeleide relatie verbetert de lhogrspe

de kracht-lengte karakteristiek van de at. Hieruit is geconcludeerd dat het mogelijk is om

een goede voorspelling te doen van zowel de spiergeometrie als de kracht-lengte
karakteristiek, met een simpel model als het planimetrisch model.

In hoofdstuk 4 is een spiermodel gepresenteerd dat is gebaseerd op de Eindige Elementen
Methode EEM), om de effecten van spierweefseleigenschappen en de mechanische interacties
op de spierkracht te bestuderen. De kracht van deze methode is dat het Ijiehedderedt

niet lineaire materiaal eigenschappen van spieren, het constante volume van spieren en het
anisotrope karakter van spieren binnen mechanisch stabiele spiergeometrieén te combineren op
verschillende lengten en onder verschillende belastingen. Simulaties van statische en
dynamische spiercontracties zijn uitgevoerd en vergeleken met experimentele datacvan de

van de rat. Model resultaten wijzen op het functionele belang van het combineren van
eigenschappen als passieve stijfheid (in zowel vezelrichting, loodrecht daarop en afschuiving)
en onsamendrukbare karakter van spieren. Deze combinatie van eigenschappereni het
model resulteert het krommen van de vezels en de aponeuroses. Dit introduceert een
secondaire vezellengte distributie in een actieve spier, zelfs als de spier initieel homogeen in
materiaal en vezellengten is gemodelleerd. Onder isokinetische condities ontwikkelen de vezels
verschillende verkorting snelheden. De geobserveerde verschillen in lengte en snelheid van de
vezels is afhankigk van de positie in de spierbuik. Hiervoor zijn twee onafhankelijke passieve
eigenschappen verantwoordelik: de stijfheid loodrecht op edels en de weerstand tegen
afschuiving. Er is geconcludeerd dat deze eigenschappen significante invioed hebben op de
geleverde spierkracht.

De ontwikkeling van kracht in een sarcomeer is bestudeerd in hoofdstuk 5. Een model
gebaseerd op de sliding-flament en cross-bridge theorie is gebruikt om effecten te beschrijven
van contractie geschiedenis tijdens een volgehouden contractie met fases waarin verkortingen
en verlengingen zijn uitgevoerd. Het gepresenteerde model heeft enkele modificaties ten
opzichte van het orginele Huxley-model: een kracht-lengte karakteristiek, een Kelvin element
gerangschikt in serie met de contractiele filamenten zijn toegevoegd, een crossbridge
ontbindfunctie voor crossbridges die verder zijn gerekt dan de maximale bindlengte. Bovendien
worden deze crossbridges losgemaakt zonder dat het energie kost. De belangrijkste aanpassing
in het model is de aanname dat het aantal beschikbare cross-bridge afneemt per cross-bridge
cyclus, van binding en ontbinding. Hiermee zijn effecten van vermoeidheid tijdens een
contractie geintroduceerd. Het aldus verkregen model is aangeduid als het “reducing cross-
bridge” (RcB) model. Hetrce-model is vergeleken met het originele Huxley-model en
experimentele observaties onder isometrische en isokinetische condities.

In overeenstemming met experimenten is ReB-model in staat de post-verkortings
krachtsdaling te beschrijven over de gehele sarcomeer lengte range and de post-verlengings
krachtstoename voor sarcomeerlengten onder de sarcomeer optimum lengte. Boven sarcomeer
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optimum lengte zijn twee in serie geschaketd®-modellen in staat een krachtstoename te
voorspellen na een fase met een verlenging. Daarnaast, heeft met dit model laten zien dat de
geleverde kracht veranderd, door het opleggen van hoog-frequente trillingen om de
spierstijfheid te bepalen. Dit wijst op een ontkoppeling van kracht en het aantal gebonden
cross-bridges, wat impliceert dat experimenteel bepaalde stijfheid, gebaseerd op contracties
met additionele trillingen, niet is gerelateerd aan het aantal gebonden cross-bridges.

In hoofdstuk 6 wordt aandacht besteed aan de krachtsoverdracheEvesodel van de uni-
pennate €DL) van de rat. Bovendien is de rol van de aponeurose en de bijdrage van
afschuiving nader belicht. Een onderscheid is gemaakt tussen myotendineuse en myofasciale
krachtsoverdracht, waarbij respectievelijk kracht is overgedragen weaplsv naar de
aponeuroses en tussen vezels onderling in zijdelingse richting. Chirurgische ingrepen zoals
tenotomie, aponeurotomie en myotomie zijn gesimuleerd om de effecten op de kracht-lengte
karakteristiek, vezel lengten, actieve vezel spanning, afschuifspanning en vezelrek te
bestuderen. Aponeurotomie houdt in dat van een aanzienlijke hoeveelheidkzsgiéenye

directe myotendineuse verbinding met insertie van de spier wordt verwijderd. Vervolgens zijn

in twee stadia myofasciale verbindingen van zijdelings verbonden vezels verwijderd, wat is
aangeduid met myotomie. Na deze chirurgische ingrepen, hebben eenliganh@eveelheid

vezels geen directe myotendineuse verbinding met de insertie van de spier, daarentegen is de
krachtsafname minimaal. De verkorting van deze vezels is klein en bovendien niet genoeg om
de gevonden krachtreductie te verklaren. De krachtsreductie wordt veroorzaakt door een
afname van de actieve vezel spanning net distaal van de locatie waar de ingreep heeft
plaatsgevonden, dus in het intacte gedeelte van de spierbuik. De sterke afname van de actieve
vezelspanning wordt veroorzaakt door een sterkte toename van de lokale vezel rek. De
resultaten suggereren dat onder deze specifieke condities 48% van de geleverde spierkracht
wordt overgedragen via myofasciale verbindingen. Tengevolge van de myofasciale
krachtsoverdracht wordt voorkomen dat de vezels zonder directe myotendineuse verbinding
met de insertie van de spier, veel verkorten, dientengevolge leveren ze nog steeds een
substantiéle hoeveelheid actieve spanning. De krachtsreductie is sterk gerelateerd aan de
grootte van de vervorming van de spier tengevolge van een chirurgische ingreep. Indien de
spier integriteit grondig is verstoord door bijvoorbeeld myotomie of het gedeeltelik
verwijderen van een aponeurose is de krachtsreductie significant. Deze resultaten geven aan
dat de rol van de aponeuroses meer is dan alleen het doorgeleiden van vezelkracht naar origo
en insertie van de spier, maar ook belangrijk is voor het bewaken van de spierintegriteit, zodat
de spier optimaal kan presteren. Op basis van de resultaten gepresenteerd in dit hoofdstuk zijn
suggesties gedaan die het succes van intramusculaire aponeurotomie die zijn uitgevoerd op
spastische spieren.

In het laatste hoofdstuk zijn de resultaten van deze dissertatie bediscussieerd, model
verbeteringen voorgesteld en aanbevelingen voor toekomstig onderzoek gedaan.
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