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ABSTRACT

At present there are little available data which can explain what structures
deform and how changes take place in unipennate cat medial gastrocnemius (MG)
during contractions. Therefore the purposes of this thesis were (1) to quantify using
sonomicrometry (MG, n = 8) the contribution of tendon and aponeurosis deformation
to changes in fascicle geometry during isometric contractions, (2) to determine how
fibre pinnation and series elasticity influence length changes in relaxed and activated
fascicles during whole muscle excursion and, (3) to identify the functional range of
sarcomere lengths in relaxed and active unipennate muscle. When going from the
relaxed to the maximally activated state, fascicle lengths decreased on average by
27 %, angles of pinnation increased on average by 42 %, and muscle height remained
constant. Observed changes in fascicle geometry during force production were
primarily attributed to deformation of the aponeuroses. A decrease in the pinnation
angle and elongation of the series elastic structures were responsible for differences in
excursion between relaxed and activated fascicles and the whole muscle. It was
concluded that pinnation and series elasticity allow sarcomeres of relaxed and

activated fascicles to work on distinctly different [imbs of the force-length relation.
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DEFINITION OF TERMS

Activated State:

Aponeurosis:

Fascicle:

Force-Length Relationship:

In-Series Elastic Structures:

Isometric Contraction:

Muscle Fibre:

Muscle Height:

The state of the muscle when peak force is
produced during maximal muscle activation.

Tendinous expansion into which the muscle fibres
insert, serving mainly to connect muscle and
tendon.

(Fibre bundle), consists of a number of muscle
fibres surrounded by a connective tissue sheath
called perimysium.

The relation between the maximal force a muscle
(or fibre, or sarcomere) can exert and its length.
Force-length relations are obtained under isometric
conditions and for maximal activation of the
muscle.

The passive elastic or viscoelastic tendons and
aponeuroses that run in-series with the contractile
element (muscle fibres). By their morphological
arrangement, the in-series elastic structures transmit
the forces from the muscle to the bone (Epstein &
Herzog, 1998).

A contraction of a muscle in which length remains
constant. The length referred to may be that of the
muscle-tendon complex, the fibre, or the sarcomere,
depending on the context.

An individual muscle cell.

The distance between the medial and lateral
aponeuroses of the cat medial gastrocnemius.
Muscle height was determined as the product of
fascicle length and the sine of the corresponding
pinnation angle.



Myofibril:

Pinnation Angle:

Relaxed State:

Sarcomere:

Skeletal Muscle:

Sonomicrometry:

Tendon:

Thick Filament:

Thin Filament:

Unipennate Muscle:

A tiny fibril containing myofilaments that runs
parallel to the long axis of the fibre (cell).

(Denoted as alpha or by the symbol a), The angle
between a muscle fascicie (fibre) and the line of
action of the muscle. In pennate muscles, fascicles
are arranged obliquely with respect to the tendon,
and this angulation (pinnation angle) changes by
contraction (Kawakami et al.. 1998).

The passive (non-contracted) state of the muscle
prior to muscle activation.

The basic contractile (or functional) unit of striated
muscle. It contains the region of a myofibril that
lies between two adjacent dark lines called the Z-
lines (Herzog, 1994).

Striated muscle attached to bones responsible for
skeletal movements; controlled by the somatic
nervous system.

The measurement of distances using sound.

A fibrous cord-like structure of connective tissue by
which a muscle is attached to bone (Herzog & Gal.
1999).

Filament predominantly composed of myosin
proteins.

Filament predominantly composed of actin,
tropomyosin and troponin proteins.

Fascicles (fibres) run at a distinct angle to the line
of action of the entire muscle, and all fibres are
approximately parallel to one another (Herzog,
1994).



Every man’s condition is a solution in hieroglyphic to those inquiries he would put.
He acts it as life, before he apprehends it as truth. In like manner, nature is

already, in its forms and tendencies, describing its own design.

Ralph Waldo Emerson, Nature, edited by Hershel Parker (New York: W.W. Norton, [995), p. 440.



CHAPTER 1.

INTRODUCTION

1.1 A Brief Historical Highlight

Research on unipennate muscle is not 2 new concept. In fact, during the period of
the scientific revolution, the Danish scientist Niels Stensen described the structure of
unipennate muscle and formulated an early theory of the mechanics of muscular
contraction (Kardel, 1990). In 1663, Stensen made a sketch of a unipennate muscle
(figure 1.1), and described the structure as having equally long muscle fibres forming a
parallelogram between parallel tendons (Kardel, 1990). Extending to his geometric
model in 1667 Stensen developed and published the following theory in the book
Elementorum: *during uniform contraction of motor fibres, tendon plates move in parallel
planes, the muscle shortens but the distance between the two tendon surfaces remains
constant’ (Kardel, 1990). Stensen’s theory however was received with much resistance
from the scientific community for its suggestion that contractions may occur without
changes in muscular volume (Herzog, 1994; Kardel, 1990). Consequently, in {675
Stensen took holy orders and abandoned the study of the natural sciences for the
remainder of his life (Kardel, 1990). Interestingly, Niels Stensen’s work lay dormant for
over 300 years until the 1980°s when researchers found structural similarities between

vartous pennate muscles and Stensen’s description (Kardel, 1990).
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Now moving into the new millenium with many modern advances in technology
it is possible to see with ultrasound images (figure [.2) that Stensen’s geometric model
(figure 1.1) matches closely to the actual structure of unipennate muscle (human MG)
(image from video courtesy of Dr. Y. Kawakami, Tokyo). The ultrasonography further
lends support to Stensen’s theory of contraction, demonstrating qualitatively that muscle
deformation consists of a parallel sliding of the two tendinous plates relative to one
another during contraction. From this brief historical highlight it is clear that work on
unipennate muscle started long ago, and began with a simple geometric description. The
simple planimetric model proves to have a place in the context of today’s research and
will be used in this thesis to represent qualitatively and quantitatively the deformation of
unipennate cat medial gastrocnemius. The following section details what is known at
present regarding changes of muscle geometry during isometric contractions, and what
information is still missing in this area of research.
1.2 Introduction
There are many studies in which changes in fascicle length and pinnation angle in
unipennate skeletal muscle were examined during fixed-end, isometric contractions
(Muhl, 1982; Griffiths, 1987 & 1991; Fukunaga et al., 1997; Kawakami et al., 1998;
Maganaris et al., 1998). When going from zero to maximal force, fascicles of the medial
gastrocnemius have been found to shorten by 18-28 % and 47-49 % in the cat and human,
respectively (Griffiths, 1991; Maganaris et al., 1998). Simultaneously, pinnation angles
increase by up to 33 % in the cat, and by 90-110 % in humans (Brooks et al., [994;

Maganaris et al., 1998).
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Figure 1.1. Stensen’s drawing of a unipennate muscle from a letterin 1663 to T.
Bartholin. Printed in 1667 Copenhagen (Kardel, 1990). A,B and D,C represent
tendon plates, E represents muscle fibres.

Figure 1.2. Ultrasonographic image of the human medial gastrocnemius;
obtained from a video courtesy of Dr. Y. Kawakami in Tokyo. A representation of
Stensen’s (figure 1.1) geometric sketch is superimposed on the ultrasound
image, notice the similarity between the sketch and the actual muscle structure.
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Although large changes in fascicle length and pinnation angle have been reported during
isometric contractions in unipennate muscles, there has been no systematic attempt to
explain how these changes occur. It has been speculated that compliance in the series
elastic structures of the muscle enable fascicles to shorten and pinnation angles to
increase during force production (Griffiths, 1991; Gans & Gaunt, 1991). However, no
direct measurements of tendon or aponeurosis elongation have been made to determine
the contribution of these elements to muscle and fascicle deformation.

Although much information has been generated regarding changes of muscle
architecture during isometric contractions and whole muscle excursion (Muhl, [982;
Griffiths, 1991; Fukunaga et al., 1997; Kawakami et al., 1998), little is known about the
associated functional implications of such changes. Specifically, there exists limited
information regarding how series elasticity and pinnation may influence the contractile
properties of whole muscle. Recently, Kawakami and Fukunaga (1999) estimated that the
functional range of sarcomere excursion for relaxed and activated fascicles of human
medial gastrocnemius occurs on different parts of the force-length relationship. Relaxed
sarcomeres were found to work on the ascending, plateau and descending regions of the
force-length relationship, while activated sarcomeres only worked on the ascending limb.
However, Kawakami and Fukunaga (1999) could not explain how sarcomere lengths
shifted from one part of the force-length relationship to another during muscle activation.
In order to understand how changes in muscle deformation during contraction may
influence muscle function, it is imperative to know how muscle deforms and how such

deformations affect force production in whole muscle.



1.3 Purpose and Hypotheses

In this investigation, we measured the changes in fascicle lengths, pinnation
angles, aponeurosis and tendon lengths, and muscle height in the unipennate cat medial
gastrocnemius from the relaxed to the maximally activated state. The purpose of these
measurements was to determine the contribution of the tendon, and medial and lateral
aponeuroses to fascicle deformation, and how pinnation and series elasticity may
influence the functional contractile properties of the muscle. It was hypothesized, (1) that
fascicles will shorten, pinnation angles will increase and muscle height will remain
approximately constant during maximal muscle activation; (2) that changes in muscle
geometry during activation can primarily be accounted for by elongations in the
aponeuroses, and (3) that the presence of long compliant series elastic structures and a
pennate fibre arrangement will reduce the range of excursion of fascicles and sarcomeres,
and shift the sarcomere functional length range to the left on the length axis of the force-
length relationship.
1.4 Rationale

At present limited data are available which can explain what structures deform
and how structural changes take place in unipennate muscle during contraction. Without
such information little progress can be made in understanding the relation between
muscle structure and function, specifically how force is produced by whole skeletal
muscle. [ hope that this thesis will provide valuable data that can fill some of the gaps in
our understanding of unipennate muscle, and will be useful in other areas of research

which delve into muscle modeling and motor control.



1.5 New and Notable

The new and notable results that emerge from this thesis should be emphasized.
This study is the first to:
L. Describe how large deformations of fibre length and pinnation can occur, and give a

detailed account of the contribution of the tendon and aponeuroses.

2. Show how changes of muscle architecture during isometric contractions influence the
functional working range of sarcomeres on the force-length relationship.
1.6 Overview of Thesis

The thesis continues with a review of literature in Chapter 2, providing
background information on relevant issues related to the structure and deformation of
unipennate muscle during contraction, and functional considerations. In Chapter 3, the
experimental methods are described. Chapter 4, details the results of the thesis, and
Chapter 5 follows with a discussion of the results. Chapter 6 contains a summary of the
main results and some general conclusions of the thesis. This thesis ends in Chapter 6
with some comments on future directions for related muscle research, and suggestions for

the potential clinical applications of this work.



CHAPTER 2.

REVIEW OF LITERATURE

2.1 Pennate Muscle Structure

In an attempt to better understand the mechanics of muscular contraction, and the
relation between morphological structure and function, many investigators have chosen
to study the deformation of pennate muscles during contractions (Hoffer et al., 1989:
Griffiths, 1991; Kawakami et al., 1998 & Maganaris et al., 1998). In contrast to fusiform
muscles in which fibres run parallel to the line of action of the muscle (the line
connecting proximal and distal tendons), pennate muscles contain fibres which are
arranged at a distinct angle to the muscles line of action (Kardel, 1990; Herzog, 1994).
Further structural and functional differences that exist between pennate and non-pennate
muscles are influenced by fibre length, and the arrangement of fibres within a given
volume of muscle (Herzog, 1994). In fact, pennate muscles by design have shorter fibres
than fusiform muscles of equal volume (Epstein & Herzog, 1998). Consequently, the
absolute length range over which pennate muscles can generate force is smaller compared
to fusiform or parallel-fibred muscles of equal volume (Muhl, 1982). However, pennate
muscles are afforded the functional advantage of greater strength, or maximal peak force

potential than fusiform muscles, because of the larger number of fibres that pennate
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muscles can accommodate in parallel in a given muscle volume (Gans, 1982; Herzog,
1994).

With a diversity of organizational structures, pennate muscles are further
subdivided into several categories based on the number (n) of distinct fibre directions
within a muscle (Epstein & Herzog, 1998). For example, bipennate (n = 2) or
muitipennate (n > 3) muscles contain two or more bundles of fibres running in different
directions at a distinct angle to the line of action of the muscle (Gans, 1982:; Herzog,
1994; Epstein & Herzog, 1998). The muscle under investigation in this thesis is the cat
medial gastrocnemius, a unipennate (n = 1) muscle. Unipennate muscles contain fibres
which run in the same direction and insert at a distinct angle into two virtually parallel
tendon sheaths known as aponeuroses (Kardel, 1990; Zajac, 1989). Interestingly, to
describe structural and functional properties of pennate muscles, many investigators have
created geometric muscle models based on experimental data (Alexander & Vernon,
1975; Huijing & Woittiez, 1984; Maganaris et al., 1998). Some investigators suggested
that differences between bipennate and unipennate muscle models are small, and that the
unipennate structural arrangement can be used to explain the function of even more
complex fibre arrangements (Zajac, 1989; Spoor et al., 1991). Consequently, the
unipennate human and animal medial gastrocnemius has been frequently chosen for
architectural analysis during muscular contractions, because of its pennate fibre
arrangement, superficial location, and bi-articular crossing of two joints; the knee and the
ankle (Griffiths, [991; Zuurbier & Huijing, 1991; Caputi, 1992; Maganaris 1998;

Kawakami, 1998).












































































































































































































































































































































