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Preface

The human triceps surae muscle-tendon unit is a complex muscle group comprised
of two biarticular gastrocnemii and one monoarticular soleus. All three muscles join to
the common Achilles tendon distally, while intricated aponeuroses are located in both
posterior and anterior surface regions of each muscle belly. The main function of triceps
surae muscle-tendon unit is plantar flexion, and it plays an important role in human
motor performance, such as walking. During human motor performance, the muscles
work as actuators while the tendinous tissues (tendon and aponeurosis) work as spring,
and both muscles and tendinous tissues interact with each other anatomically and
functionally. The muscle-tendon interaction during motor performance works in such a
way that the spring-like function of tendinous tissues contribute to energy saving and
power enhancement. However, being as a substantially large and sheet-like tendinous
tissues, the aponeurosis in the triceps surae can function both as a spring and muscle
fibers’ attachment base. A large number of studies have focused on the mechanical
property of the Achilles tendon, but morphological and mechanical properties of the
complicated aponeuroses still remain unclear. This thesis compiles a series of studies
which were carried out on the morphological and mechanical properties of the human
triceps surae aponeuroses in vivo and ex-situ, in an attempt to understand how this

elastic sheet tissue contributes to human motor performance.



Table of contents

Preface i
Table of contents ii
Chapter 1 Aponeuroses within the triceps surae 1
1-1 Introduction 1
1-2 Terminology 3

1-3 Literature review 8

1-3-1 Ex situ and in vivo approaches in tissue morphological and mechanical
properties 8
1-3-2 Architecture and function of the triceps suraec muscles and aponeuroses 1/
1-3-3 Muscle-aponeurosis interaction during muscle contraction 16
1-3-4 Mechanics of human triceps surae muscles and aponeuroses in motor
performance 18

1-4 Purpose 19

Chapter 2 Morphological and mechanical properties of the human triceps surae
aponeuroses taken from elderly cadavers 28
(PLOS One, 2019, 14(2): e0211485)

2-1 Introduction 28
2-2 Materials and methods 29

2-3 Results 34



2-4 Discussion 36

2-5 Conclusion 42

Chapter 3 Inhomogeneous and anisotropic mechanical properties of the triceps

surae muscles and aponeuroses in vivo during submaximal muscle contractions 52

3-1 Introduction 52
3-2 Materials and methods 53
3-3 Results 59
3-4 Discussion 60
3-5 Conclusion 64

Chapter 4 Inhomogeneous and anisotropic mechanical properties of the triceps

surae aponeuroses in older adults: correlations with muscle strength and walking

performance 75

4-1 Introduction 75
4-2 Materials and methods 76
4-3 Results 80
4-4 Discussion 81
4-5 Conclusion 84
Chapter S General discussion 92

5-1 Main findings of each chapter 92



5-2 Generalization of the findings: site- and direction-dependence 94

5-3 Applicability of the findings 96
5-3-1 Implications for muscle-aponeurosis interaction during contraction 96
5-3-2 Implications for motor performance 98

5-4 Limitations 99

5-5 Conclusion of the thesis 102

5-6 Future directions 103

References 108

Acknowledgements 129



CHAPTER 1 Aponeuroses within the triceps surae
1-1 Introduction

The human triceps surae (TS), is a muscle group comprised of two biarticular
gastrocnemii [medial and lateral gastrocnemius (MG and LG)] and one monoarticular
soleus (SOL), contributing to human posture control and locomotion (Branthwaite et
al., 2012; Honeine et al., 2013; Tokuno et al., 2007). It has aponeuroses in the proximal
and distal sites, and the distal sites insert into the calcaneus by sharing the common
Achilles tendon (Blitz and Eliot, 2007, 2008). The tendinous tissues (tendon and
aponeuroses) play a significant role in human movements functioning as a spring and
contributing to energy saving and power enhancement of the muscle-tendon unit
(Fukunaga et al., 2002; Kawakami, 2012; Maganaris, 2002). Unlike the cord-like
structure of tendon, the sheet-like structure of aponeurosis serves as an attachment site
of muscle fascicles on the surface of a muscle belly, and can bear the pressure and
tension during muscle contraction (Raiteri et al., 2016; Scott and Loeb, 1995).

To date, anisotropic and inhomogeneous properties of the TS aponeuroses have
been reported (Muramatsu et al., 2001; Slane et al., 2017), and site-dependent
differences of aponeuroses strains have been found during human movements through
in vivo studies (Bojsen-Moller et al., 2004a; Finni et al., 2003; Magnusson et al., 2003).
Few studies, however, focused on the site-dependent morphology and mechanical
properties of TS aponeuroses. During muscle contraction, the aponeurosis is stretched
both in the longitudinal (along the muscle’s line of action) and transverse directions,

and larger transverse deformability has been documented (Iwanuma et al., 2011).



Likewise, intrinsic bidirectional differences of aponeurosis have been confirmed in an
animal cadaveric study (Azizi and Roberts, 2009), however, it remains unclear if
intrinsic mechanical properties of human aponeurosis are direction-specific.

Recent advance of the ultrasound shear wave elastography (SWE) allows
investigators to measure muscle and tendinous tissue stiffness during muscle
contraction (Jeon et al., 2018; Mendes et al., 2018; Ryu and Jeong, 2017; Yoshitake et
al., 2014), which has provided a method for investigating the muscle-tendon behavior
during muscle contraction in vivo. Some studies (Ates et al., 2015; Bouillard et al.,
2012; Bouillard et al., 2011) reported a linear relationship of muscle stiffness and torque
during muscle contractions, while others found a non-linear relationship for the
mechanical properties of aponeurosis and exercise intensities (Arampatzis et al., 2007).
Moreover, biaxial (longitudinal and transverse) strain of aponeurosis during muscle
contraction was previously reported (Arellano et al., 2016). However, it remains
unresolved whether the changes in stiffness are also direction-dependent.

Since the interaction between the foot and ground is extremely important for
human beings’ unique bipedal characteristics, the TS has achieved distinctive
development (Hanna and Schmitt, 2011; Kumakura and Inokuchi, 1991). In addition,
the essentiality of TS to walking which is human’s most basic motor performance has
been particularly recognized (Honeine et al., 2013), and the distinctive architectures of
TS muscle and tendinous tissues (tendons and aponeuroses) are considered to be the
results of adaptation to their required functions. Moreover, walking is one of the major

daily physical activities of humans, and its performance is particularly important in the



elderly. However, walking performance has been shown to decline as people get older,
and this can cause serious impact on life quality of the elderly (Yonei et al., 2008).
Muscle strength of the TS and spring-like function of their tendinous tissues are known
to play considerable roles in walking performance. In order to know how the tendinous
tissues of the TS with various length and shapes function as springs, it is necessary to

characterize their mechanical properties.

1-2 Terminology
1-2-1 Morphological property
Triceps surae
In this thesis, the triceps surae (TS) is a skeletal muscle (hereinafter muscle) group
located in the posterior aspect of lower leg, comprised of three pennate muscles, which

are medial gastrocnemius (MQG), lateral gastrocnemius (LG) and soleus (SOL).

Triceps surae aponeuroses

Triceps surae aponeuroses are mainly distributed in eight regions: posterior and
anterior regions of medial gastrocnemius (MG), lateral gastrocnemius (LG), medial part
of soleus (SOL-med), lateral part of soleus (SOL-Iat). In addition, aponeuroses in the
anterior region of gastrocnemii and posterior region of soleus were named adjoining

aponeuroses between gastrocnemii and soleus in chapter 3 and chapter 4 of this thesis.

Triceps surae muscle-aponeurosis-tendon unit



In this thesis, triceps surae muscle-aponeurosis-tendon unit (MTU, Fig. 1-1) is
defined as a junctional complex connected by muscle fibers and connective tissue (e.g.,
aponeurosis and tendon) structures from proximal to distal. The muscle fibers and
connective tissue structures within the MTU are not only simply combined with each

other, but also interact anatomically and functionally (Kawakami, 2012).

Inter-muscular difference
In this thesis, inter-muscular difference is defined as difference of aponeurosis
thickness between muscles (MG, LG and SOL), e.g., differences between gastrocnemii

and soleus, or differences between medial gastrocnemius and lateral gastrocnemius.

Intra-muscular difference
Intra-muscular difference is defined as difference of aponeurosis thickness within
a muscle (e.g., proximal and distal site of MG, posterior and anterior region of MG

aponeuroses).

Inhomogeneity (site-dependence)
In this thesis, inhomogeneity feature is defined as site-dependent differences of
aponeurosis thickness in chapter 2. The aponeurosis specimens were dissected from

proximal, middle and distal site of each region of aponeurosis.

Muscle architecture



In this thesis, muscle architecture means the muscle fibers’ geometrical
arrangement within a muscle, such as pennation angle. Pennation angle of TS is defined
as the angle of the muscle fascicle and the aponeurosis between gastrocnemii and soleus

(Kawakami et al., 1998).

1-2-2 Mechanical property
Stiffness

In chapter 2, stiffness means the extent to which the aponeurosis specimen resists
deformation in response to the applied tensile force. It was calculated from the slope of
linear region of force-displacement curve. In chapter 3 and 4, the stiffness means the

muscle or aponeurosis tissue property, which can show how stiffer the tissue is.

Young’s modulus

In chapter 2, Young’s modulus of aponeurosis specimen was calculated from the
slope of linear region of stress-strain curve during the tensile test. In chapter 4, Young’s
modulus was calculated from the propagation speed of shear wave in tissue and the

tissue density. Higher Young’s modulus of tissue in this thesis means stiffer tissue.

Hysteresis
In chapter 2, the hysteresis was calculated from the areas under the loading and
unloading force-displacement curve during tensile test. It can indicate the energy

dissipation of aponeurosis specimen during loading and unloading process.



Shear wave velocity

Shear wave velocity (SWV) is determined by the propagation velocity of
ultrasonic pulse in tissue and detected from the ultrasound shear wave elastography
(SWE). In this thesis, SWS was used to determine aponeurosis and muscle stiffness in

vivo.

Inhomogeneity (site-dependence)

In this thesis, inhomogeneity of mechanical property means differences from
proximal to distal site. In chapter 2, the aponeurosis specimens were dissected from
proximal, middle and distal site of each region of aponeurosis. In chapter 3 and 4, the
proximal site was determined at the level of 30% lower leg length from the proximal
end, and the distal site was determined at the level of distal end of gastrocnemii muscle-

tendon junction point.

Anisotropy (direction-dependence)

In this thesis, anisotropy is defined as direction-dependent differences of
mechanical properties of TS aponeuroses between longitudinal and transverse direction,
thereinto, longitudinal direction corresponding to direction along the muscle’s line of
action, and transverse direction corresponding to direction orthogonal to the muscle’s

line of action.



Viscoelasticity
In this thesis, viscoelasticity of aponeurosis is determined as viscous and elastic
characteristics undergoing deformation, and the hysteresis was used to identify the

viscoelasticity of aponeurosis under tensile test in chapter 2.

1-2-3 Function
Muscle-aponeurosis interaction

Since aponeurosis serves as an attachment site of muscle fascicles on the surface
of a muscle belly, muscle-aponeurosis interaction means the mutual influence between
muscle fibers and aponeurosis during movement. Muscle plays like an actuator while

the aponeurosis plays like a spring during motor performance.

Myofascial force transmission

Within the muscle-tendon unit, the forces produced from muscles fibers can not
only serially transmit to the tendon, but also can transmit forces to the adjacent muscles
through connective tissue (i.e., aponeurosis and facia) (Huijing and Baan, 2001; Huijing
and Baan, 2003), later of which was defined as myofascial force transmission in this

thesis.

Ex situ
The specimens of TS aponeuroses were dissected from human cadavers and they

were applied to tensile test to determine the mechanical properties, which was termed



“ex situ” condition to test intrinsic aponeurosis mechanical properties in this thesis.

In vivo
The term “in vivo™ in this thesis refers to the ultrasound experiment done in the

living human TS muscles and aponeurosis.

1-3 Literature Review

The purpose of this thesis is to examine the site- and direction- dependent
differences of morphological and mechanical properties of TS aponeuroses ex situ and
in vivo, and how the muscle-aponeurosis behavior changes during muscle contraction,
and to examine correlations between aponeuroses’ stiffness and walking performance.
The following topics will be overviewed in this literature review: 1) Ex situ and in vivo
approaches in tissue morphological and mechanical properties, 2) architecture and
function of the TS muscles and aponeuroses, 3) muscle-aponeurosis interaction during
muscle contraction, and 4) mechanics of human TS muscles and aponeuroses in motor

performance.

1-3-1 Ex situ and in vivo approaches in tissue morphological and mechanical
properties
1-3-1-1 Ex situ (cadaveric study)

In order to enhance the understanding of the function of the soft tissues, a tensile

test is an common and reliable measure to evaluate the mechanical properties of the soft



tissues, and has been applied to obtain the stiffness and/or Young’s modulus of muscle,
aponeurosis and tendon (Azizi et al., 2009; Louis-Ugbo et al., 2004; Morrow et al.,
2010; Takaza et al., 2013). The basic idea of a tensile test is to fix a tissue sample by
grips of the test instrument, dimensions (e.g., width, thickness, length) and cross-
sectional area of the tissue sample are measured before tensile test, load and
displacement are recorded during tensile test, the stiffness (N/mm) and tensile modulus
(Young’s modulus, MPa) were calculated from the slope of the linear region of the
load-displacement relationship curve and stress-strain relationship curve respectively.
However, previous studies on the tensile test of viscoelastic tissues (e.g., ligament and
tendon) mentioned that the results could be affected by the experimental conditions and
implemented procedure, the humidity, temperature and stretching speed of the machine
should be carefully considered (Innocenti et al., 2017; Sta et al., 1999; Woo et al., 1991).
In addition, Gras et al., (2012) reported that the parameters of tensile test were sensitive
to experimental conditions rather than the changes in velocity. To our knowledge,
although tensile test of muscles has been performed on both animals and humans (Gras
etal., 2012; Morrow et al., 2010; Takaza et al., 2013), few studies focused on the tensile
test of human aponeurosis. Even though the soft tissues such as ligaments and tendon
have been tested, but only small dimension of tissue specimens were dissected which

omitted the entire region of soft tissues.

1-3-1-2 In vivo

Magnetic resonance imaging (MRI) has been considered “gold standard” imaging



technique used to noninvasively measure the human muscle size. Previous studies have
using MRI to assess the muscle adaptations in response to training in sport science
(Fiatarone et al., 1990; Maeco et al., 2018a; Maeo et al., 2018b). In addition, except for
the muscle size changes after training, studies on the tendinous tissues using MRI were
also carried out recently (Backer et al., 2019; Haims et al., 2000; Prasetyono and Sisca,
2019). However, MRI are still limited to measurements at rest, even though Iwanuma
et al. (2011) reported in vivo deformation of the Achilles tendon in the longitudinal and
transverse directions during isometric contractions (Fig.1-2). For the muscle
architecture changes during movement, real time ultrasonography (B-mode) provides a
method to delineate the individual muscle architecture with higher validity and
reliability. Previous studies used B-mode ultrasonography to investigate the muscle
architectures at rest and during contractions (Ito et al., 1998; Kawakami et al., 1993;
Kawakami et al., 1998). Additionally, B-mode ultrasonography was used to tract the
muscle fascicle length changes during human walking (Arnold et al., 2013; Fukunaga
et al., 2001), as well as the in vivo deformations of tendinous tissues during walking
(Franz et al., 2015; Fukunaga et al., 2001).

Since the common ultrasonography has limitations to measure the biomechanical
properties of tissue, a new ultrasonography technology named shear wave elastography
(SWE) has been developed to quantify the mechanical properties of tissue by
determining the propagation speed of shear wave through tissue (Fig. 1-3) (Bercoff et
al., 2004). During the past few years, SWE was applied to assess the tissue stiffness

(Brandenburg et al., 2014; Cortes et al., 2015; Martin et al., 2015; Taljanovic et al.,
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2017; Zhang et al., 2016b), and spatial variations in shear wave velocity of muscles and
tendons have been reported (DeWall et al., 2014; Slane et al., 2015; Slane et al., 2017;
Yoshida et al., 2017). In addition, recent advance of the ultrasound SWE allows
investigators to measure muscle and tendinous tissue stiffness during muscle
contraction (Jeon et al., 2018; Mendes et al., 2018; Ryu and Jeong, 2017; Shinohara et
al., 2010; Yoshitake et al., 2014), which has supplied a method for the investigation of
the muscle-tendon behavior during muscle contraction in vivo.

SWE could be a promising tool to measure mechanical properties of muscle and
tendon, and some studies reported the repeatability and validity of SWE in muscle-
tendon measurement (Ates et al., 2015; Baumer et al., 2017; Eby et al., 2013; Ting et
al., 2015). Baumer et al. (2015) reported that the intraclass correlation coefficient (ICC)
values of day-to-day reliability was greater than 0.33 for passive muscle, 0.65 for active
muscle, 0.48 for passive tendon and 0.94 for active tendon. In addition, Ates et al. (2015)
showed that the ICC values of measured muscle during isometric contractions were
from 0.73 to 0.98. Otsuka et al. (2019) and Shiotani et al. (2019) reported that the SWE
measurements were highly repeatable for human fascia lata (0.68-0.99) and plantar
fascia (ICC > 0.93) tissues. Moreover, Eby et al. (2013) and Ting et al. (2015)
demonstrated valid SWE results for muscles, however, the orientation of transducer and

depth of detection should be taken into consideration for valid measurement.

1-3-2 Architecture and function of the triceps surae muscles and aponeuroses

1-3-2-1 The triceps surae architecture

11



The TS structure refers to the muscle size, shape and arrangement of fibers. The
human TS is composed of two biarticular gastrocnemii (MG and LG) and one
monoarticular soleus (Gray anatomy, 1995), and within soleus, the muscle belly has
been shown to be divided into two portions, which are the posterior portion and anterior
portion (Martin et al., 2001) (Fig. 1-4). Both gastrocnemii and soleus belong to pennate
muscle depend on their muscle fibers architecture. As pennate muscle, muscle fascicles
insert into the aponeurosis obliquely relative to the line of muscle action, and the
pennation angle (PA) has been reported as an important factor of muscle function
(Fukunaga et al., 1997b).

To date, data of muscle architecture such as PA derived from cadaver specimens
(Friederich and Brand, 1990; Martin et al., 2001) has been used to understand the gross
muscle fiber architectures. Friederich and Brand (1990) found the difference of PA
between gastrocnemii (6.5-17.5 deg) and soleus (32deg) through measuring on a
cadaver, while Martin et al., (2001) reported the different value of PA of gastrocnemii
(21-32.5 deg) and soleus (30.3 + 7.3 deg). However, cadaver studies do not allow us to
understand its dynamic behavior (i.e., during muscle contraction).

In the last few decades, the technique of ultrasonography has been developed to
directly measure the structural parameters of muscles in vivo (Chow et al., 2000;
Fukunaga et al., 1997a; Kawakami et al., 1998; Kwah et al., 2013; Maganaris et al.,
1998; Stenroth et al., 2012). Chow et al., (2000) found significant differences of muscle
thickness and PA of the TS in males and females. Stenroth et al., (2012) reported that

the TS muscle size was smaller (p < 0.05) and muscle fascicle length was shorter (p <
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0.05) in old subjects than young counterparts. As Kwah et al., (2013) documented, the
ultrasound measurements of muscle architecture are reliable (ICC were always > 0.5)
in many experimental conditions, while for the validity, validity coefficient value can
be over 0.7 only in certain conditions (e.g., rest state). Studies on muscle architecture
during muscle contraction should consider the test validity. During muscle contraction,
the changes of muscle fascicle length and PA were deduced to be related to muscle
force-producing capabilities and elastic features of tendinous tissues (tendon and

aponeurosis) (Kawakami et al., 1998).

1-3-2-2 Triceps surae aponeuroses and tendon structure

Within the muscle-aponeurosis-tendon unit, the tendinous tissue was divided into
the free tendon and aponeurosis, later of which covered on the surface of muscle belly
portion in a white, flat and sheet-like structure (Benjamin et al., 2008). The aponeurosis
1s composed of fibroblasts and ordered arrangement of collagenous fiber bundles. It
provides attachment points for muscle fibers to attach to the tendon, and microscopy
study has showed the connection between muscle fibers and connective tissues (Trotter
et al., 1985) (Fig. 1-5). The human TS has aponeuroses in the proximal and distal
aspects, covering both posterior and anterior region of gastrocnemii and soleus. The
adjoining aponeuroses exist between gastrocnemii and soleus and ultimately insert into
the calcaneus by sharing the common Achilles tendon (Blitz and Eliot, 2007, 2008; Oda
et al., 2015) (Fig. 1-6 & 1-7).

Studies on the morphology of aponeurosis and tendon were mainly conducted by
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using finite element simulation (Rehorn and Blemker, 2010) and cadaver study (Oda et
al., 2015). Rehorn and Blemker (2010) developed computational model of aponeurosis
to investigate how the aponeurosis morphology influences muscle stretch distribution,
and the simplified model of aponeurosis architecture used uniform thickness throughout
the whole length. However, the information of aponeurosis thickness distribution was
not considered during previous simulation study. Thus, Oda et al. (2015) directedly
measured the cross-sectional thickness of TS aponeuroses from a human cadaver. The
results showed that higher thickness of aponeuroses was observed near the aponeurosis-
bone and aponeurosis-tendon junction. Although studies to date have examined the
thickness heterogeneity of aponeurosis, further studies are required to understand the

morphology of TS aponeuroses and how it affects the muscle-tendon function.

1-3-2-3 Mechanical properties of the triceps surae

The TS mainly works as ankle plantar flexion, which lifts the heel up, contributing
to human locomotion such as walking (Honeine et al., 2013). However, previous studies
(Francis et al., 2013; Neptune et al., 2001) reported that gastrocnemius and soleus make
different contributions to walking performance. Both studies found that gastrocnemius
and soleus have opposite effect on forward progression of leg during walking. Function
of the TS is greatly associated with the mechanical properties of muscle fibers
(Kawakami et al., 1998). Therefore, differences of the mechanical properties of
synergist muscles (inter-muscular differences) need to be clarified. For the inter-
muscular differences of the TS, previous study found different passive stiffness among
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GM, GL and SOL depending on the ankle positions (Lacourpaille et al., 2017). In
addition to the inter-muscular differences, intra-muscular difference within a muscle
was also examined (Giordano and Segal, 2006; Segal and Song, 2005). Both studies
found that site-dependent differences of muscle activity exist within the individual

muscle of the TS.

1-3-2-4 Mechanical properties of the triceps surae aponeuroses and tendon

The tendinous tissue (aponeurosis and tendon) has been proved to perform an
important role in locomotion (Fukunaga et al., 2002). It plays a significant role in
human movements functioning as a spring and contributing to energy saving and power
enhancement of the muscle-tendon unit (Fukunaga et al., 2002; Kawakami, 2012;
Maganaris, 2002). Unlike the uni-axial loading pattern on the cord-like structure of
tendon during contraction, the sheet-like structure of aponeurosis serves as an
attachment site of muscle fascicles on the surface of a muscle belly, and can bear the
pressure and tension with more complicated shape changes during muscle contraction
(Raiteri, 2018; Raiteri et al., 2016; Scott and Loeb, 1995). During muscle contraction,
the aponeurosis is stretched both in the longitudinal (along the muscle’s line of action)
and the transverse directions, and higher transverse deformability has been documented
in previous studies (Azizi and Roberts, 2009; Iwanuma et al., 2011; Maganaris et al.,
2001). However, the aponeurosis strain was less (14%) during muscle contraction than
the strain (24%) during passive tensile loading condition, which indicates that the
aponeurosis stain could be affected by the muscle contraction (Bojsen-Mgller and
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Magnusson, 2019; Lieber et al., 2000). Furthermore, previous studies have reported
anisotropic (different material properties in the transverse and longitudinal directions)
and inhomogeneous properties of the TS aponeuroses (Muramatsu et al., 2001; Slane
et al., 2017), and site-dependent differences between aponeuroses and tendon strains
have been found during human movements through in vivo studies (Bojsen-Moller et
al., 2004a; Finni et al., 2003; Magnusson et al., 2003). However, Muramatsu et al.
(2001) reported that there was no significant difference in the maximal strain between
aponeurosis (5.9 = 1.6%) and Achilles tendon (5.1 = 1.1%), and even no significant
differences between proximal and distal region of aponeurosis. On the other hand,
Iwanuma et al. (2011) the stain of Achilles tendon (3.3%) was higher than that of
aponeurosis (1.1-1.6%) at submaximal contractions. The different functional roles

during muscle contractions between the aponeurosis and tendon still remain unclear.

1-3-3 Muscle-aponeurosis interaction during muscle contraction

Within the muscle-tendon unit, muscle fibers and tendinous tissues act as
contractile and elastic components, respectively (Lieber et al., 1992). And Lieber et al.
(1992) demonstrated the interaction between the contractile and elastic components by
the finding that internal muscle fiber shortening causes the elongation of tendon length
during force development. In addition, another study further proved that the
aponeurosis tissue plays a major role in muscle-tendon interaction (Kawakami and
Lieber, 2000). Muscle-aponeurosis-tendon mechanical function is determined by

interaction between muscle fibers and the connective tissues (Stenroth, 2016).
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Depending on the thickness distribution of aponeuroses (Oda et al., 2015) and
architecture of muscle fibers (Maganaris et al., 1998), the muscle-aponeurosis
interaction could lead to non-uniform behaviors of muscle-tendon unit (Finni, 2006;
Kawakami et al., 1998). Previous in vivo studies (Arampatzis et al., 2006; Ates et al.,
2018; Bojsen-Moller et al., 2004b) reported different muscle behaviors under different
knee-joint positions during muscle contractions, and the TS was proved to activate
differently from proximal to distal sites during submaximal plantarflexions (Giordano
and Segal, 2006; Segal and Song, 2005). The architectural heterogeneity and different
muscle activation may make the aponeurosis behavior more complicated.

The force generated by individual actin-myosin cross bridges is transmitted within
the fiber both longitudinally and transversely, then the transmission of force reaches the
aponeurosis, tendons, and joints, which causes the movement. Some studies (Ates et al.,
2015; Bouillard et al., 2012; Bouillard et al., 2011) reported linear relationship of
muscle stiffness and torque during muscle contractions, while non-linear relationship
of mechanical properties of aponeurosis and sports intensities was also reported
(Arampatzis et al., 2007). This signifies that the relationship existing between muscle-
aponeurosis stiffness and torque still remains unclear. Moreover, during isometric
muscle contraction, the architecture of muscle changes with the increasing level of
contraction, such as PA (Ito et al., 1998; Narici et al., 1996). The aponeurosis’s length
and width could be altered by the shape changes of muscle belly, which indicates
mechanical loading of aponeuroses is more complex than that of tendons (Arellano et
al., 2016; Scott and Loeb, 1995).
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1-3-4 Mechanics of human triceps surae muscles and aponeuroses in motor
performance

Human motor performance is regarded as a subfield of human performance, it can
be affected by capacity of information processing and movement output. The
movement output need not only agonist muscle contraction, but also control of synergist
muscles (Kaurranen, 1999). As described above for the structural and functional
features of human TS, it works as a major plantar flexor and generates forces for
propelling forward and stabilizing the body in human common movement (e.g.,
walking, running) (Bassey et al., 1988; Hof et al., 2002; Honeine et al., 2013). During
human walking, although the bi-articular gastrocnemii and mono-articular soleus were
proved to have different mechanical behavior of muscle fascicles (Ishikawa et al., 2005),
they all contract and were stretched during the gait cycle, which is regarded as a stretch-
shorten cycle behavior in the muscle-tendon unit. Because of the interaction between
muscle fascicles and tendinous tissues, spring-like behavior of tendinous tissues (i.e.,
tendon and aponeurosis) of these muscles also contributes to the maintenance of
walking speed by storing and releasing elastic energy (Franz and Thelen, 2016;
Fukunaga et al., 2001; Hof et al., 2002). The matching of muscle fibers as force
generators and tendinous tissues as elastic springs can influence walking performance
(Stenroth et al., 2017). Another previous study suggested that the relationships between
musculotendinous properties and walking performance can be changed by aging

(Stenroth et al., 2015). Such a change may be due to the reduced muscle strength and
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altered mechanical properties of tendinous tissues with aging (Foster-Burns, 1999;
Narici et al., 2008), which awaits empirical verification. In addition, it is unknown
whether enlargement of inter-individual variability of walking ability in the elderly is

attributable to the changes in muscle strength or tendinous tissue, or both.

1-4 Purpose

As mentioned in the literature review, little is known about the morphological and
mechanical properties of human TS aponeuroses not only in vivo but also ex situ, and
consensus was not reached on the muscle-aponeurosis changes of morphological and
mechanical properties during muscle contraction. Therefore, the general purpose of this
thesis is to investigate the intrinsic morphological and mechanical properties of TS
aponeuroses ex situ and in vivo.

In Chapter 2, data on site- and direction-dependence of the material properties of
human TS aponeuroses under biaxial tension with their functional implications are
presented.

In Chapter 3, using ultrasound SWE to measure the architecture and stiffness of
TS muscles and aponeuroses during different levels of muscle contractions, and
examine the relationships between relative tendon length change and stiffness of
muscles and aponeuroses.

In Chapter 4, using ultrasound SWE to examine the site- and direction-dependent
differences of the TS muscles and aponeuroses in the elderly, and to investigate the

relationships between TS aponeuroses stiffness and muscle strength and walking
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performance.

In Chapter 5, the main findings of each chapter are listed. Then, the following
sections are discussed: 1) generalization of the findings: site- and direction-dependence,
2) applicability of the findings, which are implications for muscle-tendon interaction
and motor performance, 4) limitations. Finally, conclusion of this thesis and future

direction are addressed.

20



Muscle
|

| |
Aponeurosis

Fascicle

External Internal

I
Tendon

Fig. 1-1 Parallelogram model of a muscle-aponeurosis-tendon unit comprised of

muscle fibers and connective tissues (aponeurosis and tendon). (Zajac 1989)
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Fig. 1-2 Typical MR images at the positions corresponding to 0% (middle) and 90%
(left) of aponeurosis length and 80% (right) of tendon length. Dashed lines: tendon

width; a: medial edge; b: lateral edge. (Iwanuma et al., 2011)
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Fig. 1-4 Posterior view of the human triceps surae comprised of medial
gastrocnemius (MG), lateral gastrocnemius (LG), posterior portion of soleus and

anterior portion of soleus. (Martin et al., 2001)
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Fig. 1-5 Transmission electron micrograph of the muscle-tendon inter-face of a

single plantaris muscle fiber. (Trotter et al., 1985)
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Fig. 1-6 Sonography of the triceps surae adjoining aponeuroses between
gastrocnemius and soleus. GA, gastrocnemius muscle; SO, soleus muscle. The
adjoining aponeuroses were seen on the ultrasound image as two distinct entities with

a small separating space. (Magnusson et al., 2001)
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CHAPTER 2 Morphological and mechanical properties of the human triceps

surae aponeuroses taken from elderly cadavers

2-1 Introduction

As mentioned in Chapter 1, although the aponeurosis is reported to stretched more
in the transverse direction than in the longitudinal direction, the intrinsic bidirectional
differences in the human aponeurosis mechanical properties still remain unclear.
Previous studies have reported anisotropic (different material properties in the
transverse and longitudinal directions) and inhomogeneous properties of the TS
aponeuroses (Muramatsu et al., 2001; Slane et al., 2017), and site-dependent differences
of aponeuroses strains have been found during human movements through in vivo
studies (Bojsen-Moller et al., 2004a; Finni et al., 2003; Magnusson et al., 2003). Few
studies, however, focused on the site-dependent morphology of TS aponeuroses. While
a cadaveric study revealed the geometry and thickness distribution of the TS
aponeuroses using one leg of an elderly male cadaver (Oda et al., 2015), there is still a
paucity of information on the intrinsic morphological properties of human aponeurosis.
Another previous study showed the gradient in aponeurosis thickness appeared to match
the gradient in tension transmitted along aponeurosis structure (Scott and Loeb, 1995),
therefore we hypothesized that thinner aponeuroses are more compliant than thicker
aponeuroses. Additionally, it remains unknown whether or not the anisotropy,
inhomogeneity and inter-muscular differences of human aponeuroses are due to

differences of their morphological and mechanical properties. These issues cannot be
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approached by in vivo studies where one cannot directly and accurately measure
intrinsic morphological and mechanical properties of aponeuroses. This study therefore
aimed to identify the intrinsic morphological and mechanical characteristics of the
human TS aponeuroses, in particular, the site- and direction-dependent differences and

differences between gastrocnemii and soleus.

2-2 Materials and Methods
2-2-1 Materials

This study was approved (2017-M001) by the ethics committee of Aichi Medical
University. Twenty-five TS muscle-tendon units (324.2 + 98.8 g, mean + s.d.) were
procured from 13 human donors (formalin fixed, 6 males, 7 females) aged 67-92 years
(82.2 £10.1, mean * s.d.). The sample size (n = 25) exceeded the necessary number of
samples for this study (n = 24, determined by power analysis with the power: 0.80 and
effect size /= 0.75) (Faul et al., 2007). The cadavers were donated to Aichi Medical
University, Aichi, Japan. Before they died, the donors signed the informed consent
agreeing to body donation and its use for research. The cadavers were embalmed by
using 20% formaldehyde, a Porti-boy pump with cannula was used to inject embalming
fluid into the body through the femoral artery (toward the feet) and common carotid
artery (toward the cephalad). Once embalming was completed, the body was placed in
a sealed plastic body bag and stored at room temperature (Hayashi et al., 2014).
Specimens of aponeuroses were excised from eight regions: posterior and anterior
regions of gastrocnemius medialis (GM), gastrocnemius lateralis (GL), medial part of
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soleus (SOL-med), lateral part of soleus (SOL-lat). In each region, three size-matched
rectangular pieces of aponeuroses (2-4 cm x 2-4 cm) were harvested from the proximal,
middle and distal sites (Figs. 2-1B, 1C, 1D). The muscles and aponeuroses specimens
were kept moist by using Alcohol (50% by volume) throughout the dissection process

(Otsuka et al., 2018).

2-2-2 Measurements

The average thickness of each aponeurosis specimen was calculated after
measuring the thickness at four different sites (Fig. 2-1E) of each specimen by using a
digital vernier caliper (LIXIL VIVA, Japan) (Hwang et al., 2012; Kumar et al., 2011).
It was not possible to perfectly remove muscle fibers from each sample (otherwise we
could break it) but we took great care to trim them as much as we could while not
destroying the aponeurosis, and to avoid inclusion of remaining fibers during thickness
measurement. For each site, we repeated at least 3 times to avoid variations between
trials, then the value of thickness was recorded. The specimen’s average thickness and
width (or length) were used to calculate the cross-sectional area of the specimen. The
uniaxial tensile test was implemented by using an instrument (IMADA CO., LTD,
Japan) that was equipped with one test stand and two sets of force gauges (1: ZTA-
500N, 1000Hz; 2: ZTA-5N, 1000Hz, Fig. 2A). Before placing and fixing each specimen
of aponeurosis on the instrument, sandpapers (5 cm x 0.5 cm) were glued to the top and
bottom ends of the specimen to prevent slipping from the thin film grips during the
tensile test (Lynch et al., 2003) and the synchronous loading-unloading curve that was
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displayed real-time during measurement to ensure slippage did not occur. In such a case
with an irregular shape of the curve, the test was repeated after adjusting the grip
interface. The specimens of aponeuroses were loaded longitudinally (along the
muscle’s line of action) and transversely, to avoid the order effect of testing in one to
the other directions, the order of testing on the two directions was randomized and
counterbalanced (Otsuka et al., 2018). According to the previous study (Azizi et al.,
2009) and our pilot experiment, the aponeuroses were expected to be stiffer in the
longitudinal than the transverse direction. Thus, the force gauge 1 (ZTA-500N) and 2
(ZTA-5N) were used for the longitudinal and transverse direction test respectively. The
load and displacement during the tensile test were displayed simultaneously in the kit
software. The speed was set at 25 mm-min™' (Otsuka et al., 2018) both for the stretch
and relaxation, and five identical cycles were performed during the cyclic tensile test.

All the tensile tests were carried out at a room temperature (20-26°C).

2-2-3 Analyses

The data of all tested specimens were used for the analyses unless the specimens
were damaged during dissection or tensile test processes. Out of the five cycles of the
tensile test, forces obtained from the first and second cycles were slightly smaller due
to the initial aponeuroses settling within the film grips of the force measurement
instrument. We used only the third cycle for analysis in order not to introduce possible
force reduction in the last two cycles (4th and 5th) (Azizi et al., 2009). The stress (o)
and strain (¢) were calculated using the following equations.
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oc=F/A 2-1)

e=(-L1)/L (2-2)

Where F'is the tensile force, 4 is the initial (unloaded) cross-sectional area of each
specimen, / and L are the final and initial lengths of the aponeurosis, respectively. The
initial length (resting length) of each specimen was determined using the same threshold
force (when the load cell reached 0.1N).

For the load-displacement and stress-strain curves, the linear region was identified
based on a previous study (Mogi et al., 2013) as follows: First, loads were normalized
to the maximum load and then elongation was recorded at relative loads of 10%, 20%,
30%, 40%, 50%, 60%, 70%, 80%, 90%, and 100%. Secondly, from the relationship
between the relative loads and elongations, slopes at adjacent data points were
calculated to find the transition point (when the slope is zero) from the toe- to linear-
region (Fig. 2-2B). The stiffness (N/mm) and tensile modulus (MPa) were calculated
from the slope of the linear region of the load-displacement relationship curve and
stress-strain relationship curve respectively (Figs. 2-2C, 2D), and were used as
mechanical variables of the aponeuroses. The mechanical hysteresis was calculated in

the same way as in a previous study (Maganaris and Paul, 2000) using equation (2-3).

HyStereSiS (%) = [(Sloading - unloading)/sloading] X 100 (2'3)

Where Sioading 1 the area under the loading curve and Sunioading 1s the area under the
unloading curve (Fig. 2-2E). All calculations were performed by using the software
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Origin 9.0 (OriginLab, Northampton, MA, USA).
We did not find significant sex differences in any of the measurements and the

derived parameters, therefore we pooled the data for males and females.

2-2-4 Statistics

All the data are shown as mean + standard deviation. Accounting for unequal
sample size (number of specimens) between sites, and variations among and within
individuals, a one-way factorial mixed-model ANOVA (analysis of variance) with
individual as a random effect and sites (proximal, middle and distal) as fixed factors
was used to determine the site-dependent differences in thickness. To test the site- and
direction-dependent differences in stiffness, Young’s modulus and hysteresis, a two-
way factorial mixed-model ANOVA with individual as a random effect and fixed
factors [sites (proximal, middle, distal) and directions (longitudinal and transverse)]
was performed. To compare across regions (posterior and anterior) within a muscle and
then compare the differences among muscles (GM, GL, SOL-med and SOL-lat), the
average [proximal/middle/distal (P/M/D)] thickness and Young’s modulus were
calculated, and a two-way factorial mixed-model ANOV A with individual as a random
effect and fixed factors [muscles (GM, GL, SOL-med and SOL-lat) and regions
(posterior and anterior)] was used. A post-hoc test (Bonferroni) was performed when
appropriate. All the statistical analyses were performed using SPSS Statistics 24.0 (IBM

SPSS Statistics, SPSS Inc., Chicago, USA). The significance level was set at o < 0.05.
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2-3 Results
2-3-1 Thickness

In the posterior and anterior regions of GM and GL, significant differences among
the proximal (P), middle (M) and distal (D) sites were showed [posterior region of GM:
P (0.52 £0.21 mm) > M (0.46 + 0.18 mm) > D (0.40 = 0.20 mm), posterior region of
GL: P (0.59 £0.23 mm) > M (0.47 = 0.20 mm) > D (0.39 £ 0.20 mm), anterior region
of GM: D (0.57 £ 0.15 mm) > M (0.53 £ 0.17 mm) > P (0.47 £ 0.15 mm), and anterior
region of GL: D (0.45 + 0.16 mm) > P (0.38 £ 0.15 mm), p < 0.01]. In the posterior
regions of SOL-med and SOL-lat, the proximal site was significantly thinner than the
distal site [SOL-med: D (0.39 £ 0.13 mm) > P (0.33 £ 0.16 mm), SOL-lat: D (0.41 +
0.18 mm) > P (0.36 £ 0.17 mm), p < 0.05], and there was no significant difference
among sites in the anterior regions of SOL-med and SOL-lat (Fig. 2-3).

For the average (across the P/M/D sites) thickness of aponeuroses in the posterior
and anterior regions of the TS (GM, GL, SOL-med and SOL-lat), there was significant
muscle % region interaction (p<0.001) while the main effects of muscle (»<0.001) and
region (p<0.001) were both significant (Fig. 2-4). In the posterior regions, GL = GM >
SOL-med = SOL-lat (p<0.01, Fig. 2-4), and in the anterior regions, GM = SOL-lat >

GL = SOL-med (p < 0.05, Fig. 2-4).

2-3-2 Stiffness
Stiffness in all regions of the TS aponeuroses showed significant differences

between the longitudinal and transverse directions (p < 0.001, Table 2-1). Significant
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differences in the longitudinal stiffness among the proximal, middle and distal sites
were showed in the posterior (P =M > D, p <0.01) and anterior (P =M > D, p <0.01)

regions of GM and anterior region (P <M = D, p <0.05) of GL (Table 2-1).

2-3-3 Young’s modulus

For the Young's modulus, there was no significant interaction between sites and
directions in any regions of TS aponeuroses, while the values in the longitudinal
direction were significantly higher than those in the transverse direction in all regions
(p <0.001, Table 2-2).

For the average (across the P/M/D sites) Young’s modulus of aponeuroses in
posterior and anterior regions of the TS, in the longitudinal direction, the muscle x
region interaction showed no significance while the main effect of muscle was
significant (posterior region: GL > GM = SOL-med = SOL-lat, and anterior region: GL
> GM = SOL-med = SOL-lat, p < 0.001, Fig. 2-5). In the transverse direction, the
Young’s modulus of posterior region of SOL-lat was significantly higher than GM (p

<0.001), GL (p = 0.003), and SOL-med (p = 0.012) (Fig. 2-5).

2-3-4 Hysteresis

The hysteresis in the transverse direction was significantly larger than in the
longitudinal direction at the middle and distal sites of posterior region of GM (p <
0.001), proximal and middle sites of anterior region of GL (p = 0.001), all three sites of
posterior region of GL (p = 0.01) and SOL-med (p = 0.001), anterior region of SOL-
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med (p = 0.002) and SOL-lat (»p = 0.009). In contrast, the hysteresis in the distal site of
anterior region of GL was higher in the longitudinal than the transverse direction (p =

0.005, Table 2-3).

2-4 Discussion

In the present study, we measured morphological and mechanical properties of the
human TS aponeuroses by using uniaxial tensile tests, and found the site- and direction-
dependent differences in anisotropy and heterogeneity of aponeurotic tissues. In
addition, differences of material properties of aponeuroses in synergist muscles
(gastrocnemii and soleus) were provided which would help us better understand the

contributing factors for the force transmission in muscle-aponeurosis-tendon complex.

2-4-1 Site-dependent differences of morphological and mechanical properties of
aponeurosis

In each region of the TS aponeuroses, except for the anterior regions of soleus, the
thickness distributed inhomogeneously from the proximal to distal sites (Figs. 2-3 and
2-6), which is consistent with the previous study (Oda et al., 2015) that showed site
differences of soleus aponeuroses thickness. Being continuous with the free portion of
the tendon and further extending upon the muscle belly, the aponeurosis not only acts
to transmit forces in its longitudinal direction, but also bears all the possible tension and
deformation of the contracting muscle belly in the longitudinal as well as transverse
direction (Huijing, 1999). A flat sheet-like structure with anisotropic stiffness covering
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the muscle belly surface would contribute to such contraction-induced muscle behavior.

As for the longitudinal direction of the aponeurosis, the aponeurotic parts around
the proximal and distal ends of muscle belly would experience forces developed from
the majority of muscle fibers, while the parts near the termination of the aponeurosis
experience forces with far fewer fibers (Magnusson et al., 2001). During muscle
contraction, the aponeurosis would be stretched more around the ends of muscle belly
while less around the termination of the aponeurosis. If however the aponeurosis
exhibits a similar stretch regardless of its part, it should have higher stiffness around
the muscle belly ends and less around its termination. This is exactly consistent with
our findings of site-dependent differences of stiffness within the gastrocnemius
aponeurosis (Table 2-1). On the other hand, The Young’s modulus did not show site-
dependent differences in any regions, although there were tendencies in the values
being smaller around terminations of both anterior and posterior aponeuroses of the
gastrocnemius (Table 2-2). Thus, the reason for the site-dependent differences in
aponeurosis stiffness, is due to different aponeurosis thicknesses rather than a
difference in the material property. A previous study reported that the longitudinal
stiffness of aponeurosis influences the muscle fascicle behavior and probably favors the
magnitude of force production (Raiteri, 2018), which indicates that the aponeurosis

would act to control the muscle fascicle behavior during movement.

2-4-2 Differences of aponeuroses between gastrocnemii and soleus in
morphological and mechanical properties
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Compared to other regions of gastrocnemii and soleus, thinner thickness but higher
Young’s modulus in the anterior region of GL aponeurosis (longitudinal) and posterior
region of SOL-lat aponeurosis (transverse) are somewhat unexpected findings (Fig. 2-
4 and 2-5). Such findings were not found in any other region of GM aponeurosis and
SOL-med aponeurosis. The anterior region of GL aponeurosis and posterior region of
SOL-lat aponeurosis are adjoining aponeuroses which connect to the Achilles tendon
serially. The medial-lateral differences in thickness and Young’s modulus may reflect
different muscle-aponeurosis interaction between synergist muscles (GM, GL and
soleus), which affects the muscle force transmission to the tendon differently, and
contributes differently to the limb movement control between medial and lateral side.
A previous cadaveric study on site specificity of structural and mechanical properties
of human fascia lata found that higher transverse Young’s modulus accompany with
higher proportion of transversely directed fibers (Otsuka et al., 2018). Such differences
in aponeuroses morphology and mechanical properties may be related to the unique
arrangement of collagenous bundles (Lake et al., 2010; Miller et al., 2012) in the

adjoining aponeuroses, which awaits future investigation.

2-4-3 Direction-dependent differences of mechanical properties

The differences of mechanical properties (stiffness and Young’s modulus) of
human TS aponeuroses between longitudinal (along the muscle-tendon unit’s line of
action) and transverse (orthogonal to the muscle-tendon unit’s line of action) directions
found in the current study are consistent with the features of a turkey’s aponeuroses
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(Azizi et al., 2009) and human fascia lata (Otsuka et al., 2018). All previous studies
indicate that the aponeuroses are more compliant in the transverse direction, and our
study further showed that the stiffness and Young’s modulus in the transverse direction
were much smaller (<1%) than the values in the longitudinal direction, regardless of
regions (Table 2-1 and 2-2). As previously documented (Azizi et al., 2009), most of the
collagen fiber bundles of aponeurosis appear to be arrayed longitudinally, so the loading
regime of aponeurosis is greatly limited to the longitudinal direction. This may cause
the distinct differences between longitudinal and transverse directions in strain. Higher
stiffness and Young’s modulus of the aponeurosis in the longitudinal direction, may
reflect its role as a mechanical spring within the muscle-tendon unit, whilst being more
compliant in the transverse direction possibly helps to accommodate the expansion of
the contracting muscle belly in this direction. Compared with the results of turkey’s
aponeuroses, the transverse Young’s modulus of human aponeurosis was much lower.
One of the possible reasons may be that they used frozen turkey materials while our
samples were tested following formalin fixation which may have altered the tissue
properties. Another possibility may be the differences in the magnitude of the transverse
strain between species (humans: 6-21% (Iwanuma et al., 2011; Maganaris et al., 2001),
turkeys: 8% (Azizi and Roberts, 2009)). On the other hand, another study (Otsuka et
al., 2018) on human formalin-fixed fascia lata showed similar results of Young’s
modulus in the longitudinal direction (71.6-275.9 MPa) as well as in the transverse
direction (3.2-41.9 MPa). The anisotropy of the aponeuroses is also far more

pronounced in the current study than that reported in a previous in vivo human study
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(Iwanuma et al., 2011). The Young’s modulus determined for the linear region of the
stress-strain curve in this study was 100-500 MPa (at 3-5% strain) in the longitudinal
direction which was about 100 times higher than in the transverse direction (0.5-3 MPa,
at 5-30% strain), whereas an in vivo study reported values of the longitudinal strain
being only 5-10 times larger than the transverse strain (Iwanuma et al., 2011). Their
study also found no significant differences in the strains of aponeurosis between 30%
maximal voluntary contraction (MVC) and 60% MVC along the longitudinal (1.1 and
1.6%) or transverse (5.0-11.4% and 5.0-13.9%) direction. The elastic feature of
aponeurosis in the present study was found in the isolated condition, thus the in vivo
finding of their study could be due to the condition where contracting muscle fibers
were attaching onto the aponeurosis. In this condition, the aponeurosis mechanical
properties might be modulated by the stiffened, contracting muscle fibers. The maximal
load of aponeurosis during the tensile test of the present study was about 37.8 £ 18.3 N
with the strain at 4.9 + 1.4%. Previous in vivo studies reported that the aponeurosis
strain was 1.1-1.6% during 30%-60%MVC muscle contractions (Iwanuma et al., 2011)
and 5.9-7% during maximal voluntary contraction (Arampatzis et al., 2007; Maganaris
et al., 2001; Muramatsu et al., 2001). Regarding the aponeurosis strain, the magnitude
of elongation in our study is comparable to those under the maximal voluntary
contraction in vivo. Thus the present findings on inter- and intra-muscle variability in
aponeurosis mechanical properties and their anisotropy may relate to the situations of
highly active muscle contractions in humans. However, due to substantially variable

reported values of aponeurosis strains in vivo, and a large number of estimations and
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assumptions in the parameters to be used for individual muscle forces, we do not feel
justified to attempt describing the muscle-aponeurosis behavior during exercises.
Future studies to accurately determine individual muscle forces will lead to reasonable

and useful modeling of the functional roles of aponeuroses in motor performance.

2-4-4 Viscoelasticity of triceps surae aponeuroses

The aponeurosis serially connects to tendon which enables it to transmit the forces
produced from muscle fibers to tendon, and finally to the bones. However, the work
produced by muscle fibers cannot be fully transmitted to the bone due to the
viscoelasticity of aponeurosis and tendon tissues. The energy dissipation during loading
and unloading process is called hysteresis, and tendon hysteresis has been measured in
in vivo human studies (Farris et al., 2011; Foure et al., 2012; Foure et al., 2010; Kubo
et al., 2002) with diverse values between studies. A previous study suggested that
hysteresis is a quite sensitive measure largely influenced by the method utilized (Finni
et al., 2012). In our results, the energy dissipation along longitudinal and transverse
directions was different, with the former being smaller than the latter (Table 2-3). The
aponeuroses were much softer transversely, and during the unloading phase, more
energy was lost (dissipated as heat), so the efficiency (unloading energy/ loading
energy) decreased. Since the amount of hysteresis may influence the efficiency of
muscle contraction with the same conformation (Foure et al., 2012; Herzog et al., 2012;
Kostyukov et al., 1995), lower hysteresis in the longitudinal direction may make the
muscle more efficient, which can relate to the high efficiency of human stretch-
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shortening cycle movement such as walking where the TS are the major agonists (Hof

et al., 2002).

2-5 Conclusions

In the present study, site-related differences of thickness were found from
proximal to distal in TS aponeuroses, with different morphology and mechanical
properties among aponeuroses of synergist muscles. The reason for site-dependent
differences in stiffness is due to a reduced aponeurosis thickness rather than a reduction
in the material property. The anisotropic elastic feature (differences between
longitudinal and transverse directions in stiffness and Young’s modulus) of the
aponeuroses were more pronounced than in vivo observations, suggesting inherent
material design of the aponeurosis that matches three-dimensional contractile behavior

of muscle fibers.
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Fig. 2-1. Specimen preparation, three size-matched rectangular specimens of
aponeuroses were dissected from three sites of each region. (A) Lateral sagittal view
of triceps surae muscle-tendon unit with aponeuroses. (B) Posterior view of posterior
part of gastrocnemii. (C) Posterior view of anterior part of gastrocnemii and posterior
part of soleus. (D) Anterior view of anterior part of soleus. (E) One typical specimen of
aponeurosis. GM gastrocnemius medialis, GL gastrocnemius lateralis, SOL-med

medial part of soleus, SOL-lat lateral part of soleus.
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Fig. 2-2. Mechanical testing and data process. (A) A tensile test machine with an
inset showing a gripped specimen. (B) A relationship curve between relative loads (to
maximal) and elongations. (C) A representative load-displacement curve recorded by
the tensile test. (D) A representative stress-strain curve recorded by the tensile test. (E)
A representative load-displacement curve during tensile test. The arrows indicate

loading and unloading directions.
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Fig. 2-3. Average (mean + s.d.) thickness of aponeuroses from proximal to distal
sites in each region. a: denotes different from proximal site, p < 0.05; b: denotes
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Fig. 2-4. Average (proximal/middle/distal sites, mean =+ s.d.) thickness of
aponeuroses in posterior and anterior regions of the triceps surae. *: denotes
differences between posterior and anterior regions, p < 0.05; a: denotes different from
GM, p <0.05; B: denotes different from GL, p <0.05. GM gastrocnemius medialis, GL

gastrocnemius lateralis, SOL-med medial part of soleus, SOL-lat lateral part of soleus.

46



Table 2-1. Mean and standard deviations (s.d.) of the stiffness values for the tested specimens (N/mm)

GM-posterior GM-anterior SOL-med-posterior SOL-med-anterior

IL, T L T L T L T
Proximal 114.2+36.7 0.7+1.4* 107.1£33.3 0.9+0.9* 83.7+£27.3 0.9+0.7* 74+26.6 0.9+1.5*
Middle 114.3£37.5 0.4+0.7* 125.4+40.1 0.6+0.5" 89.6+38 0.9+1.1% 78.7£32.3 0.7+0.6"
Distal 83.3+34.8%° 0.3£0.4* 143.6+£45.22 0.8+1.1* 106.9£35.9 0.8+0.7* 69+26.5 1+0.9%

GL-posterior GL-anterior SOL-lat-posterior SOL-lat-anterior

L T L T L T L T
Proximal 108.24+35 0.7+0.6" 102+45.9 0.8+0.9* 64.5+£29.1 1.2+1.3# 75.9427.2 0.8+0.9"
Middle 109.7+36.1 0.9+1% 144.7+41.4* 1.2+1.3% 80.9+35.1 1.5+1.4* 73.9+£30.2 0.8+0.7*
Distal 87.5+18.7 0.8+0.5" 129.6+46.7% 1.8+1.6" 88.4+34.2 1.3£1.1* 80.1+31.3 1.5+£1.2*

#: denotes different from longitudinal direction, p < 0.05; a: differences from proximal site; b: differences from middle site. GM gastrocnemius medialis, GL
gastrocnemius lateralis, SOL-med medial part of soleus, SOL-lat lateral part of soleus, L longitudinal, T transverse.
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Table 2-2. Mean and standard deviations (s.d.) of the Young's modulus values for the tested specimens (MPa)

GM-posterior

GM-anterior

SOL-med-posterior

SOL-med-anterior

L T L T L T L T
Proximal  207.1+118.7 0.6+0.9" 198.2+118.3 1.141.2% 264.3+£155.5 1.2+1% 211.6+166.1 0.7+0.9*
Middle 210.4+96 0.4+0.6" 196.1+£89.2 0.8+0.9* 261.7£196.9 1.4+1.6 199.1£113.1 0.8+0.9%
Distal 182.8+106.6 0.6=0.6" 207.5+103.2 0.5+0.5" 262+127.7 0.9+0.9* 177.6+120 0.8+0.5"

GL-posterior GL-anterior SOL-lat-posterior SOL-lat-anterior

L T It T It T L T
Proximal 289.1+214.5 0.5+0.5" 283.9+168.9 1.1£1.1% 185.7£132.2 2.3+2.2% 164.1+124.6 0.8+0.9"
Middle 280+104.4 1£1.2% 323.3+151 1.4+1.4" 225.4+168.8 2+1.9% 197.9+181.2 0.7+0.5*
Distal 191.9466.5 1.3+0.7* 304.6+157.1 1.9+1.9* 256.2+159.2 1.9+1.9% 173.8+£75.6 1.3£1.4*

#: denotes different from longitudinal direction, p < 0.05; GM gastrocnemius medialis, GL gastrocnemius lateralis, SOL-med medial part of soleus, SOL-lat

lateral part of soleus, L longitudinal, T transverse.
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Fig. 2-5. Average (proximal/middle/distal sites, mean £ s.d.) Young’s modulus in
L (longitudinal) and T (transverse) directions of aponeuroses in posterior and
anterior regions of the triceps surae. a: denotes different from GM, p <0.05; :
denotes different from GL, p < 0.05; y: denotes different from SOL-med, p < 0.05.
GM gastrocnemius medialis, GL gastrocnemius lateralis, SOL-med medial part of

soleus, SOL-lat lateral part of soleus.
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Table 2-3. Mean and standard deviations (s.d.) of the hysteresis values for the tested specimens (%)

GM-posterior

GM-anterior

SOL-med-posterior

SOL-med-anterior

IL T L T L T L T
Proximal 41.1£8.5 47.5+20.7 38+8.4 40.5+16.8 26.1£7.8 40.6+20.3" 31.347.1 45.2+15.1%
Middle 33.9£9.9 54+17.8% 45.2+8.8 40.2+9.6 33.7+11.5 38.7+18.7* 36.8+11.7 40.4+12.2*
Distal 28.2+8.7 53.8+15.8% 46.6£7* 48.6+18.32 34.8+8.2 38.8+12.9% 33.7+8.7 44 .5+21.6"

GL-posterior GL-anterior SOL-lat-posterior SOL-lat-anterior

L T L T L T L T
Proximal 41.4+6.9 46.6+19.2" 29+8 50.3+£21.3" 29.5+7.9 39.7+17.8 37.949.6 44.7+16.4*
Middle 36.5+£8.2 37.8+16.4% 34.5+8.7 39.6+18.2% 35.3+9.9 32.4+9.7 38.1+11.3 48.5+16.4"
Distal 29+4.92 41£9.4%% 40.7+8.7 35.8+12.4% 35.6£10.2 39.1£17.4 34.6+10.3° 37.9+12b#

#: denotes different from longitudinal direction, p < 0.05; a: differences from proximal site; b: differences from middle site. GM gastrocnemius medialis, GL

gastrocnemius lateralis, SOL-med medial part of soleus, SOL-lat lateral part of soleus, L longitudinal, T transverse.
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Fig. 2-6. Sagittal view of the triceps surae and schematic representation of
aponeurosis thickness distribution. Orange color (with gradation) denotes tendinous

tissue (i.e. tendon or aponeurosis).
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CHAPTER 3 Inhomogeneous and anisotropic mechanical properties of the triceps

surae muscles and aponeuroses in vivo during submaximal muscle contractions

3-1 Introduction

In chapter 2, the adjoining aponeuroses exist between gastrocnemii and soleus
were found thinner but higher Young’s modulus, which indicates different morphology
and mechanical properties among aponeuroses of synergist muscles. In addition, the
anisotropic elastic feature of the aponeuroses was more pronounced than in vivo
observations, suggesting inherent material design of the aponeurosis that matches three-
dimensional contractile behavior of muscle fibers during muscle contractions. The
aponeurosis’s length and width could be altered by the shape changes of muscle belly,
which indicates mechanical loading of aponeuroses is more complex than that of
tendons (Arellano et al., 2016; Scott and Loeb, 1995). Therefore, biaxial (longitudinal
and transverse) stiffness changes of aponeurosis during muscle contraction need to be
clarified. Kawakami et al. (1998) reported that different muscle architectures may have
relation to differences in mechanical behaviors of muscles and aponeurosis.
Consequently, information on changes of muscle architecture and muscle-aponeurosis
stiffness becomes essential for the study of muscle-aponeurosis interactions during
movement. Thus, the present study aims to 1) investigate the site- and direction-
dependent differences of TS muscle and aponeuroses stiffness in vivo, during graded
submaximal plantarflexion efforts and 2) examine the relationships between

architecture changes and mechanical property changes of TS muscles and aponeuroses
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in vivo.

3-2 Material and methods
3-2-1 Subjects

Twelve young male subjects (age: 27 & 4 years, height: 171.8 = 6.3 cm, body mass:
65.9 + 11.9 kg, lower leg length: 39.3 + 2.0 cm, body fat percentage: 18.0 + 5.9%;
means + s.d.) volunteered for the current work. The subjects were non-active in any
sports within 6 months prior to the test time. All subjects were informed about the study
information and required to fill the informed consent before their participation. This
study was approved by the Local Ethics Committee and conducted in accordance with

the principles of the Declaration of Helsinki.

3-2-2 Experimental setup

A custom-made dynamometer (VTE, VINE, Japan) was used to measure the
1sometric plantar flexion torque. The signal from the dynamometer was processed by a
strain amplifier (DPM-900, Kyowa, Japan). Then, it was acquired at 1000 Hz rate using
a data acquisition system (PowerLab, ADInstruments, Australia) and recorded using a
data acquisition software (LabChart 8.0, ADInstruments, Australia). B-mode and shear
wave imaging could be obtained using ultrasound shear wave elastography (SWE,
Version 6.4, Supersonic Imagine, Aix-en-Provence, France) with constant settings (pre-
set, MSK; persistence, high; smoothing, 9). A foot pedal (SE2, Kinesis, USA) was used
to synchronize videos recording (12Hz) of SWE and torque signal.
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3-2-3 Torque and ultrasound shear wave imaging recordings

The subjects were asked to lay in the prone position with knee joint fully extended
and ankle joint in neutral position. At first, the subjects were asked to keep relaxed and
the passive torque was recorded. In the meanwhile, the transducer (L15-4, Aixplorer,
Supersonic Imagine, Aix-en-Provence, France) of SWE was positioned longitudinally
(along the muscle’s line of action) on the proximal (30% level of lower leg length) and
distal site (distal end of gastrocnemii) of the TS to measure shear wave imaging of
proximal and distal sites of medial gastrocnemius (MQ), lateral gastrocnemius (LG),
medial side of soleus (SOL-med) and lateral side of soleus (SOL-lat). Furthermore,
superficial aponeuroses of MG and LG (MPS and LPS) at the proximal site, adjoining
aponeuroses (Fig. 3-1) between MG and SOL-med at proximal and distal sites (MPA
and MDA) as well as adjoining aponeuroses between LG and SOL-lat at proximal and
distal sites (LPA and LDA) were measured with the longitudinal transducer direction.
Additionally, the transducer was changed to the transverse direction to measure the
adjoining aponeuroses between gastrocnemii (MG and LG) and soleus at distal site
(MDA-t and LDA-t) (Fig. 3-1). Videos of shear wave imaging were recorded twice
over 5 s period. Subsequently, the subjects performed at least two maximal voluntary
contractions (MVCs) of isometric plantar flexions after a warm-up (several submaximal
contractions) in case that the difference between two MVCs was lower than 10%.
During each MVC, the subjects were instructed to produce the maximal isometric force

and hold at the maximal level for 3s. Thereafter, submaximal contractions at 20%, 40%
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and 60% of MVC were performed. Besides, the subjects were asked to maintain at least
5 s period, during which, the shear wave imaging videos of the same muscle and
aponeurosis locations as described in the above section were recorded. The order of
transducer locations and muscle contraction levels was designed with randomization
and counterbalance. After the completion of first cycle of submaximal contractions
(20%, 40%, 60%), the second cycle of submaximal contractions was repeated to
calculate the test-retest reliability (Fig. 3-2). All the ultrasound measurements were
performed by the same tester, and the ultrasound transducer was maintained on the skin
with minimal pressure. It should be mentioned that strictly, what we measured on
aponeurosis are the surface acoustic wave signals, which can reflect the stiffness of the
sound wave transmission direction, and they have been identified to have the same
meaning as shear wave, therefore, we defined our measurements as SWV (Saavedra et

al., 2017; Shiotani et al., 2019).

3-2-4 Data analysis
3-2-4-1 Plantar flexion torque

The signal of torque data was low-pass filtered with a cutoff frequency of 10 Hz.
Initially, the MVC value was calculated from the average value of 2 s duration of
highest torque value. Afterwards, the submaximal torque value was represented by the
mean value of the two repeated measurements, while the value of each measurement

was averaged from 3 s duration at each contraction level.
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3-2-4-2 Shear wave velocity (SWYV)

As the SWE videos were synchronized with torque signal using the foot pedal
pulse, therefore, the start time of submaximal contraction was calculated by the time
difference between foot pedal pulse and the start point of 3 s torque calculation period.
Subsequently, the start image frame was found, and another 2 images were picked up
every 12 frames (Fig. 3-3). The SWV of muscle or aponeurosis were measured using
an adjustable region of interest (ROI, trace function) in the SWE machine. SWV of
muscle or aponeurosis was represented by the mean value of the two repeated
measurements, while the value of each measurement was averaged from 3 images of

each second.

3-2-4-3 Pennation angle

Three images during at rest and submaximal contractions were obtained the same
as those for SWV analysis, as described in the above section. For each muscle within
one image, two visible muscle fascicles were used to calculate the pennation angles.
Then, the averaged value of two pennation angles was used as pennation angle of each

muscle in one image (Fukunaga et al., 1997a; Kawakami et al., 1998) (Fig. 3-4a).

3-2-4-4 Tendon length change index (cosa — cosa’)
In this study, we used the index of cosa — cosa’ to represent the tendon length
change of the muscle-tendon unit from at rest to submaximal contractions (20%, 40%,

and 60% of MVC) (Chino et al., 2008; Purslow, 2003). The basis of using it was as
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follows:
FL - cosa — FL' - cosa’' = ATL
FL - sina = MT = FL' - sina’

FL - sina = FL' - sina’

FL sina sina

= — - FL' =— :

FL' sina’ sina’
sina

FL-cosa ————"-FL-cosa' = ATL
sina
sina , ATL
cosa — -cosa’ = ——
sina’ FL

Where FL is the fascicle length at rest, FIL’is the fascicle length during contraction,
a is the pennation angle at rest, o is the pennation angle during contraction, A7L is the

tendon length change, MT is the muscle thickness (Fig. 3-4b).

3-2-5 Statistics

All the data are shown as means + standard deviation (s.d.). At first, we assessed
the test-retest reliability of the SWVs of TS muscles and aponeuroses using the
intraclass correlation coefficient (ICC), standard error of measurement (SEM) and
coefficient of variation (CV) (Hopkins, 2000).

To test the site-, muscle- and level-dependent differences in SWVs and pennation
angle of the TS, a three-way analysis of variance (ANOVA) [sites (proximal and distal),
muscles (MG, LG, SOL-med, SOL-Iat), levels (at rest, 20%, 40%, 60% of MVC)] was
performed. If significant interactions and main effects were found, a one-way ANOVA
with post hoc tests (Bonferroni) was used to compare the differences among muscles

or contraction levels and a paired t-test was also used to compare the differences

57



between sites.

To compare the site-, side- and level-dependent differences in SWVs of TS
adjoining aponeuroses, a three-way ANOVA [sites (proximal and distal), sides (medial
and lateral) and levels (at rest, 20%, 40%, 60% of MVC)] was used. In addition, to
determine the direction-dependent differences in SWVs of the adjoining aponeuroses,
a three-way ANOVA [directions (longitudinal and transverse), sides (medial and
lateral) and levels (at rest, 20%, 40%, 60% of MVC)] was also used. If significant
interactions and main effects were found, a one-way ANOVA with post hoc tests
(Bonferroni) could be used to compare the differences among contraction levels and a
paired t-test was used to compare the differences between sites, sides or directions.

The average SWVs (in m/s) of MDA and LDA in the longitudinal and transverse
directions during linear region (no significant increase) were calculated as aponeuroses
stiffness and were compared by using a two-way ANOVA [directions (longitudinal and
transverse) and sides (medial and lateral)]. If significant interactions and main effects
were found, a paired t-test was also used to compare the differences between directions
or sides.

Finally, the Pearson product-moment correlation coefficient was used to test the
relationship between relative changes of tendon length and SWVs of TS muscles and
aponeuroses.

All the statistical analyses were performed using SPSS Statistics 24.0 (IBM SPSS
Statistics, SPSS Inc., Chicago, USA) and Origin 9.0 (OriginLab, Northampton, MA,
USA). The significance level was set at p < 0.05.
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3-3 Results
3-3-1 Shear wave velocities of triceps surae muscles and aponeuroses

Table 1 showed low SEM values (0.05 — 0.2 m/s) and high ICC values (0.84 —
1.00) for TS muscles and aponeuroses at rest, indicating the high reproducibility of the
SWVs of TS muscles and aponeuroses at rest. However, lower ICC values (lowest:
0.34) could be shown in some cases during submaximal contractions.

There existed no significant site x muscle x level interaction on SWVs of muscles,
while we observed significant site X muscle, site x level and muscle x level interactions
(p < 0.001), and the main effects of site, muscle and level remained significant (p <
0.001). Only the SWVs of LG (3.2 — 9.1m/s) and SOL-lat (2.6 — 7m/s) at proximal site
increased significantly from at rest to 60% of MVC levels. The SWV of soleus (4 —
7m/s) showed significantly lower than that of gastrocnemii (5.2 — 9.1m/s) during
submaximal contractions (p < 0.05). In addition, the SWV of proximal site was higher
than distal site for MG and soleus during submaximal contractions (p < 0.05) (Table 3-
2).

LPS showed significantly graded increase from at rest to 60% as LG and SOL-lat
(p <0.05). For the SWVs of adjoining aponeuroses, the values of distal site (5.2 — 7.8
m/s) were significantly lower than that of the proximal site (6.7 — 9.7, p < 0.05) during
submaximal contractions. SWV of LPA increased significantly from at rest to 40% of
MVC, while MPA and LDA increased significantly from at rest to 20% of MVC (p <

0.05) (Fig. 3-5a). Significant differences existing between aponeuroses SWV of
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longitudinal and transverse directions in the lateral side could be observed during at rest
and submaximal contractions (p < 0.05). However, in the medial side, there was no
significant difference between longitudinal and transverse directions at 40% and 60%
of MVC levels (Fig. 3-5a). During the linear region, significant differences between
longitudinal and transverse SWVs were shown, and the longitudinal SWV of LDA was

significantly higher than that of MDA (p < 0.05, Fig. 3-5b).

3-3-2 Pennation angle of triceps surae muscles

There was no significant site x muscle % level interaction on pennation angle of
the TS, while we observed significant site x muscle and level x muscle interactions (p
< 0.01). The main effects of muscles and levels were significant (p < 0.001). For the
pennation angle of both MG and LG, significant changes occurred at 40% of MVC
level. However, for the pennation angle of SOL-med and SOL-Iat, significant changes
happened at 20% of MVC level. The pennation angle of soleus was higher in
comparison with gastrocnemii during submaximal contractions (p < 0.05, Table 3-3).

Only the relative changes of SWVs of gastrocnemii and superficial aponeuroses
were significantly correlated with the relative tendon length changes from at rest to

submaximal contractions (r = 0.43 — 0.63, p <0.01, Fig. 3-6a, b).

3-4 Discussion
The result showed inhomogeneous and anisotropic mechanical properties of the

TS muscles and aponeuroses during submaximal muscle contractions. Clear non-linear
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relationships between the stiffness of TS muscle-aponeurosis and muscle contraction
levels except for proximal LG and SOL-lat muscle bellies and the superficial
aponeuroses of LG were found.

For the passive stiffness of the TS, the distal site (near to the muscle-tendon
junction point) was stiffer than proximal site, whereas during submaximal contractions,
muscles in the distal site became softer than the proximal site. Consequently, TS
muscles in the proximal site stiffen more accompany with the increasing level of plantar
flexion. As documented by previous studies, there is inhomogeneous (proximal-distal
differences) activation and adaption within the quadriceps femoris (QF) (Blazevich et
al., 2006; Ema et al., 2013; Maeo et al., 2017) during muscle contraction and/or after
exercise training. Additionally, studies (Giordano and Segal, 2006; Segal and Song,
2005) on the site-dependent activation of TS found that the proximal site of
gastrocnemii and soleus activated higher than the distal site during calf-raising
exercises or submaximal plantarflexions. Thus, higher stiffness of the TS at proximal
site in the present study may be related to higher level of activation of muscles, but the
reason for this different spatial activation within a muscle is still not clear, which need
to be further investigated.

Besides, similar results of site-dependent changes in aponeuroses stiffness could
also be shown in the present study (Fig. 3-5a). Previously, the aponeuroses were
reported to play an important role in extra-muscular myofascial force transmission
(Huijing and Baan, 2001; Huijing et al., 2007; Maas and Sandercock, 2010) between
adjacent muscles. During muscle contraction, an in vivo study (Lieber et al., 2000) on
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the frog semitendinosus demonstrated that muscle activation can increase the
aponeuroses stiffness, so the higher activation of the TS at the proximal site influenced
the adjoining aponeuroses stiffness. In addition to site-dependent differences, we also
compared directional differences of the adjoining aponeuroses stiffness during
submaximal contractions. As shown in Fig. 3-5a, the stiffness in the longitudinal
direction was higher than that in the transverse direction from at rest to submaximal
contractions, especially the aponeuroses between LG and soleus. This anisotropic
difference between longitudinal and transverse directions showed larger in the lateral
side than the medial side. A previous study reported that the transverse aponeurosis
stiffness of MG increased in rats (Holt et al., 2016), which was consistent with our
findings of differences on medial-lateral anisotropy. Azizi and Roberts (2009) reported
that the aponeuroses can be stretched 4 times greater in the transverse direction than the
longitudinal direction during active force production, showing consistence with
findings in the present study. Different from the free tendon, aponeuroses increase both
in length and width under biaxial load to modulate the muscle shape changes (Arellano
et al., 2016). However, the stiffness of aponeuroses (LDA and LDA-t) both increased
and then kept at a constant level during submaximal contractions, while stiffness of
MDA did not make any change. Different behaviors of aponeuroses between medial
and lateral side during force production waited to be explored.

Unexpectedly, significant non-linear relationships between SWVs of TS muscles
and aponeuroses and levels of contractions were found except for LG and SOL-lat

muscle bellies and LPS at proximal site. An in vitro study (Ettema and Huijing, 1994)
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on gastrocnemius medialis (GM) muscle-tendon unit of the rat found a linear model for
the force-stiffness relationship during isometric contractions. Additionally, previous in
vivo studies proved that muscle shear modulus is linearly related to muscle torque not
only during moderate-level (0-60% of MVC) isometric contractions (Bouillard et al.,
2012; Bouillard et al., 2011) but also during higher levels (0-100% of MVC) (Ates et
al., 2015). In our findings, even the synergists (LG, MG and SOL) behave differently,
with the LG and SOL-lat showed graded increase of SWV while MG and SOL-med did
not. For MG and SOL-med, rather than a linear relationship with contraction levels, the
muscle stiffness kept increasing until reaching a certain contraction level and the reason
may come from the influence from adjacent aponeuroses. A previous in vivo study
(Iwanuma et al., 2011) documented that the strain of aponeurosis close to the Achilles
tendon presents no differences at 30% MVC and 60% MVC in the longitudinal
direction (1.1 and 1.6%), which was similar with our results, and this characteristics
happened not only at distal site but also at proximal site for the TS aponeuroses. Another
study (Arampatzis et al., 2007) found that the mechanical properties of the TS
aponeurosis do not show a graded response to the intensity of sports activity, which just
support our findings of aponeurosis behavior. Rehorn and Blemker (2010) reported that
the muscle along-fiber stretch distribution can be influenced by morphological
properties of the aponeurosis during stretching, suggesting the existence of muscle-
aponeurosis interaction within the muscle-tendon unit (MTU). As a result, due to the
muscle-aponeurosis interaction during active muscle contraction, the neighboring
muscles and aponeuroses showed similar changes (medial: non-linear, lateral: linear)
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of mechanical properties in the present study.

Our results of muscle architecture obtained in vivo suggest that the TS muscle
architecture changes as a function of force development during isometric plantar flexion,
yet the significant increase of pennation angle was only within a range of submaximal
contraction levels. A previous study (Narici et al., 1996) reported that MG pennation
angle increased (15.7-33.7 deg) from at rest to MVC, which is similar to the results of
the present study (from at rest to 60% MVC: 17.3-24.9 deg). Besides, we only asked
the participants to perform from at rest to 60% MVC to match the common activity
levels in life. The following step for higher level of contractions can make us better
understand the effect of intensive training on muscle architecture. Regarding to the
relationships between SWV of TS muscles and aponeuroses and the relative length
changes, only the SWV of superficial aponeuroses of gastrocnemii significantly
increased in response to the relative tendon length changes during submaximal
contractions. This indicate the superficial aponeuroses are more compliant than the
adjoining aponeuroses in the longitudinal direction to accommodate the expansion of

the contracting muscle belly (Purslow, 2003) (Fig. 3-7).

3-5 Conclusion

The results further indicate that the TS muscles and aponeuroses showed
inhomogeneous and anisotropic mechanical properties during submaximal muscle
contractions, and the stiffening effect of muscle belly possibly make influence on the

mechanical properties of aponeuroses during muscle contractions.
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Fig. 3-1 Locations of shear wave elastography transducer and typical maps of
shear wave velocities of triceps surae muscles and aponeuroses. The irregular
yellow shapes represent regions of interest (ROIs) to measure the shear wave velocity

values of muscles and aponeuroses.
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Fig. 3-2 Experimental protocol design. Participants first lay prone and stay at rest,

then performed 2 maximal voluntary contractions (MVC) after warm-up, next, 2

cycles of submaximal contractions (20%, 40%, 60% of MVC) were conducted. The

torque was collected during the whole process, while the ultrasound shear wave

elastography (SWE) was used to measure triceps surae muscles and aponeuroses during

at rest and submaximal contractions period.
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Fig. 3-4 Typical ultrasound images of gastrocnemii and soleus (a) and schematic

diagram showing the relative tendon length change arising from a change in
penneation angle (b). The yellow lines represent gastrocnemii fascicles, the orange
lines represent the adjoining aponeuroses between gastrocnemii and soleus, the white
lines represent soleus fascicles. The pennation angle was averaged for gastrocnemii (o1

and ¢2) and soleus (01 and 62).
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Fig. 3-5 The shear wave velocities (mean *+ s.d.) of triceps surae aponeuroses
between different sites and directions plotted with the different relative isometric
contraction levels (% MVC torque) (a) and the averaged shear wave velocity of
the adjoining aponeuroses in the linear region between longitudinal and
transverse directions (b). a, vs. at rest; b, vs. 20%; c, vs. 40%; #, vs. proximal site; *,

vs. medial side; T, vs. longitudinal direction
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Fig. 3-7 Simulated model of triceps surae muscle-aponeuroses-tendon unit.
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Table. 3-1 Reproducibility for shear wave velocities of triceps surae muscles and aponeuroses at different contraction levels

At rest 20% 40% 60%

CV SEM CV SEM CV  SEM CV  SEM
Direction Site ICC ICC 1CC ICC

(%) (m/s) (%) (m/s) (%) (m/s) (%) (m/s)
MPS 1.57 005 1.00 11.85 083 0.71 7.16 0.63 088 433 042 095
MG 242 006 098 1062 0.7 048 7.06 068 047 522 038 084

Longitudinal Proximal
MPA 43 018 095 463 033 09 624 044 094 6.12 044 097
SOL-med 323 0.1 097 855 052 08 1032 0.63 0.87 72 048 0.82
LPS 193 006 099 11.67 086 0.75 872 0.68 089 926 098 0.51
LG 224 0.07 0098 97 073 073 1062 0.77 068 599 0.65 037
Longitudinal Proximal

LPA 272 008 096 883 0.6 0.7 528 037 092 697 057 091
SOL-lat 289 007 096 697 029 08 698 043 062 8.02 061 0.63
MG 1.81 006 099 526 031 086 488 025 095 7.69 042 0283
Longitudinal Distal MDA 392 0.18 098 1523 0.78 0.73 1472 0.68 087 11.88 0.55 0.86
SOL-med 374 014 096 1782 0.71 041 1403 06 068 1493 0.63 0.74
Transverse Distal ~ MDA-t 399 008 098 1198 0.52 068 18.17 0.79 034 13.62 0.58 0.82
LG 328 015 097 872 054 09 653 049 093 942 086 0.75
Longitudinal Distal LDA 272 014 097 766 053 09 861 055 093 807 0.66 0.84
SOL-lat 523 019 0.84 821 047 0.5 146 09 042 1124 0.65 0.65
Transverse Distal LDA-t 737 02 093 10.16 045 0.63 114 045 071 1121 053 057

CV, coefficient of variation, SEM, standard error of measurement; ICC, Intraclass correlation coefficient
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Table. 3-2 Shear wave velocities (mean = s.d.) of the triceps surae at rest and during
submaximal contraction levels

Muscl Contraction Shear wave velocity (m/s)
uscle
level Proximal Distal
at rest
3.3+0.5 3.7+£0.8
MG 20% 6.4+0.8 a 5.2+0.8 a, #
40% 7.6+£0.8 a,b 6+1.1 a, #
60% 8.3+0.9 a,b 6.3+1 a, b, #
at rest
3.2+0.4 4.340.8 #
LG 20% 54+13 a 7.1£1.6 a, I, #
40% 74+1.2 a,b 7.6£1.9 a,l
60% 9.1+£0.6 a,b,c 8.7x1.5 a,l
at rest
3.1£0.5 3.8+0.8 #
SOL-med 20% 5.3+1.1 a 440.7 1II
40% 6+1.9 a, I II 441 LI #
60% 7+1.1 a, b, I 1I 4+1.1 LI #
at rest 2.6+0.4 LI 3.7£0.4 #
SOL.lat 20% 5+0.7 a,l 5.44+0.9 a, I, TIT
-la
40% 5.7+£0.7 a, I, Il 5+1 a, II
60% 7+0.8 a,b,c, I1I 5.7+1 a, II, II1, #

Note: a, vs. at rest; b, vs. 20%; ¢, vs. 40%; 1, vs. MG; 11, vs. LG; 111, vs. SOL-med; #, vs.
proximal site; p < 0.05
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Table. 3-3 Pennation angle (mean = s.d.) of the triceps surae at rest and during submaximal
contraction levels

Pennation angle (°)

Contraction level

Proximal Distal

at rest 18.4+2 17.3+£2.3
20% 21.3+£2.5 19.1+£2.5

MG
40% 23.8+3.4 a 21.3+£2.8 a
60% 24.9+3.7 a,b 222432 a,b
at rest 15.6+2.2 15.1£2.1

LG 20% 16.6+£2.3 I 16.2+1.9
40% 18.9+1.2 a,l 17.7£2.1 a
60% 20.6+2.2 a,b, 1 18.6£2.5 a,b
at rest 21.1+4.7 I 25.7£3.8 LI
20% 26.4+4 .4 IO 28.3+2.9 LI

SOL-med
40% 29.7+4.9 a, I, 11 30.7+2.1 a, I, II
60% 29.1+4.8 a, I, 11 31.5+£2.6 a, I II
at rest 21.243 II 22.7+3 LII
20% 27.1£3.6 a, I, 11 28.1+£2.8 a, I 11
SOL-lat

40% 29.243.6 a, I, 11 30.3+£3.5 a, I 11
60% 30.9+3.2 a, I, 11 31.6+£2.8 a, I 11

Note: a, vs. at rest; b, vs. 20%; [, vs. MG; 11, vs. LG; p <0.05
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CHAPTER 4 Inhomogeneous and anisotropic mechanical properties of the triceps
surae aponeuroses in older adults: correlations with muscle strength and walking

performance

4-1 Introduction

The main function of TS muscle-tendon unit is plantar flexion, which is closely
related to human bipedal walking performance. Since the changes of aponeurosis
mechanical properties during different levels of plantar flexion have been investigated
in chapter 3, it becomes necessary to clarify the relationships between aponeurosis
mechanical properties and muscle strength and walking performance. Walking
performance is of major importance to human physical activity, especially for the
elderly (Valenti et al., 2016). Previous studies (Bendall et al., 1989; Himann et al., 1988;
Song and Geyer, 2018) reported a decline in walking speed over the aging process,
which was associated with deteriorated quality of living in the elderly. The TS work as
the major agonist for stabilizing the body while thrusting it forward (Bassey et al., 1988)
during human walking. In addition, spring-like behavior of tendinous tissues (i.e.,
tendon and aponeurosis) of these muscles also contributes to the maintenance of
walking speed by storing and releasing elastic energy (Franz and Thelen, 2016;
Fukunaga et al., 2001; Hof et al., 2002). The matching of muscle fibers as force
generators and tendinous tissues as elastic springs can influence walking performance
(Stenroth et al., 2017). However, it is unknown whether enlargement of inter-individual
variability of walking ability in the elderly is attributable to the changes in muscle

strength or tendinous tissue, or both. In chapter 3, different behavior between medial
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and lateral side of TS muscles and aponeuroses were found, and aponeuroses stiffness
showed inhomogeneous and anisotropic during submaximal muscle contractions.
Variations and direction-dependent differences (anisotropy) of mechanical properties
of aponeuroses have been confirmed in chapter 2, but anisotropic features of
aponeurosis dimensions and mechanical property have not been confirmed in vivo,
especially in the elderly. Besides, the extent to which free tendon and aponeuroses
mechanical properties contribute to walking performance in the elderly is not clear to
date. In the present study, we sought to investigate the site- and direction-dependent
variations of TS aponeuroses stiffness in vivo using SWE, and examined correlations
between aponeuroses’ stiffness and muscle strength and walking performance in the

elderly.

4-2 Material and methods
4-2-1 Subjects

Seventy-nine healthy older adults (38 males and 41 females, age 73 + 5 years,
height 158.8 + 9.0 cm, body mass 58.1 &+ 9.5 kg; mean = s.d.) participated in this study.
All participants provided written-informed consent prior to the study. This study was
approved by the Institutional Research Ethics Committee and was carried out in

accordance with the Declaration of Helsinki.

4-2-2 Elastography measurements
The participants lay prone on an examination table with the feet off the edge of the
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table, keeping fully relaxed in a neutral position (i.e., knee fully extended, ankle at 90°
with neutral rotation). The right lower leg was chosen for the measurement. The SSI
measurement of TS aponeuroses was performed using an Aixplorer ultrasound scanner
(Version 6.4, Supersonic Imagine, Aix-en-Provence, France) with constant settings
(pre-set, MSK; persistence, high; smoothing, 9). A linear transducer (L15-4, Aixplorer,
Supersonic Imagine, Aix-en-Provence, France) was used to locate TS aponeuroses from
the proximal (corresponding to the level of 30% of lower leg length) and distal (the
distal end of gastrocnemii) sites. On the proximal site, superficial aponeurosis of MG
and LG (MPS and LPS) and adjoining aponeuroses of gastrocnemii and soleus (MPA
and LPA) were collected. On the distal site, adjoining aponeuroses of gastrocnemii and
soleus (MDA and LDA) were collected (Fig. 4-1). The transducer was placed parallel
(longitudinal) to the muscle’s line of action to each site and at least 5s of shear wave
data were collected for each scanning location. In addition, at the distal site of adjoining
aponeuroses of medial gastrocnemius and soleus (MDA), the transducer was rotated
(90°) from parallel to perpendicular (transverse) to the muscle’s line of action to acquire
a transverse view of the adjoining aponeuroses (MDA-t, Fig. 4-1). All ultrasound

measurements were performed by an experienced examiner.

4-2-3 MRI measurement
T1-weighted gradient-echo transaxial cross-sectional images of the right lower leg
were collected using a 1.5T magnetic resonance imaging (MRI) scanner (Signa EX-

CITE, GE Medical Systems, USA). The scan parameters were as follows: echo time,
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3.332 ms; repetition time, 7.816 ms; slice thickness, 4 mm; gap, 0mm; matrix size, 288
x 288; pixel bandwidth, 122Hz; field of view, 100 mm. Subjects were asked to lie on
the magnet bore in a supine position with both legs fully extended and relaxed during
the test. The MR images were exported to a computer, and an image at the 30% length
of right lower leg level was selected to measure the cross-sectional area (CSA) of MG,
LG and SOL with a software (ImageJ, National Institutes of Health, USA) (Saito et al.,

2016). CSA of the TS was defined as the sum of CSA of MG, LG and SOL (Fig. 4-2).

4-2-4 Muscle strength and walking performance protocol

Isometric plantar flexion torque on the right leg was measured with a custom-made
dynamometer (VTE, VINE, Japan) in a seated position, and the footplate was adjusted
to make sure the knee was fully extended and the ankle at approximate neutral position.
The thigh and ankle of each participant were secured with a broad strap and three
practice trials were performed in accordance with careful instruction, and then at least
two maximal voluntary contractions (MVC) of plantar flexion were conducted. In the
case of >10% variation between the two MVC trials, he or she was asked to perform
further trials interspersed with sufficient recovery until the two best values fell within
the range of 10%. The best value of the two was then used for further analysis.

The walking trials were conducted on an over 10 m expanse of floor, on which
two infrared velocimeters were set at 5 m distance to measure walking speed. Several
meters were provided for participants to accelerate and decelerate before and after the

5 m test distance. The participants were asked to walk in normal (comfortable) and fast
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(as fast as they could safely without running) speed twice, respectively.

4-2-5 Data processing
Plantar flexion torque was normalized to CSA of the TS for each subject. Shear
wave data were exported from the machine, Young’s modulus was analyzed with a
customized code of Matlab (Mathworks, Natick, MA, USA) and the shear wave
velocity was calculated from Young’s modulus (equation 4-1).
pc? =u=E/2(1+V) 4-1)
Where u is the shear modulus, p is the tissue density, c is the shear wave velocity,
E is Young’s modulus, v is the Poisson’s ratio, and the Poisson’s ratio v = 0.5 for the
connective tissue (Vergari et al., 2011). Strictly, SWV measurement of the fascial
structures included the surface acoustic wave signals from the thin layer of the soft
tissues, but in the present study we defined our measurements as SWV according to our

preceding study (Shiotani et al., 2019).

4-2-6 Statistical analysis
All data are shown as means + standard deviations (s.d.). An independent sample
t-test was used to examine gender differences in the subject characteristics, that is, CSA
of the TS, SWVs of TS aponeuroses, MVC of plantarflexion torque and walking speed.
Differences in SWVs of TS aponeuroses were examined with two-way analysis of
variance (ANOVA) [sides (medial and lateral) x sites (superficial of gastrocnemii,
proximal and distal sites of adjoining aponeuroses between gastrocnemii and soleus)].
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A post-hoc test with Bonferroni corrections was performed where appropriate. Eta
squared (5°) or Partial eta squared (5,°) were calculated as an index of effect size
(Levine and Hullett, 2002).

A paired t-test was used to test the differences in SWVs of aponeuroses between
longitudinal and transverse directions, and Cohen’s d was calculated as an index of
effect size.

Pearson product-moment correlation was used to examine the relationships of
SWVs between longitudinal and transverse directions, walking speed and CSAs of MG,
LG and SOL, walking speed and plantar flexion torque, SWVs of TS aponeuroses and
CSAs of MG, LG and SOL, normalized plantar flexion torque and SWVs of
aponeuroses, walking speed and SWVs of aponeuroses. All the statistical analyses were
performed using SPSS Statistics 24.0 (IBM SPSS Statistics, SPSS Inc., Chicago, USA)
and Origin 9.0 (OriginLab, Northampton, MA, USA). The statistical significance level

was set at p <0.05.

4-3 Results

There were no significant differences in age, SWVs of adjoining aponeuroses and
normal walking speed between elderly male and female individuals, while the males
were taller, heavier, leaner, had larger TS and greater plantar flexion strength, and
walked faster during fast walking than the females (p < 0.05, Table. 4-1).

Significant side x site interaction was observed (p = 0.021, #,° = 0.016: small),
and main effects of side (p < 0.001, ,° = 0.328: large) and site (p < 0.001, 7,° = 0.187:
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medium) were both significant for the SWVs of aponeuroses (Fig. 4-3). The values
were significantly higher in the medial side (4.8 — 6.4 m/s) when compared to the lateral
side (3.3 — 4.6 m/s, p < 0.05), and SWVs of adjoining aponeuroses were significantly
higher than those of gastrocnemii superficial aponeuroses (Fig. 4-3).

Aponeurosis passive SWV was highly variable in the longitudinal (CV, 27.8%)
and transverse directions (CV, 33.9%). SWV in the transverse direction (3.4 = 1.2 m/s)
was 1.9-fold lower than the longitudinal direction (6.4 = 1.8 m/s, p < 0.001, d = 1.73:
large, Fig. 4-4a). There was significant relationship between longitudinal SWV and
transverse SWYV in both males (» = 0.36, p < 0.05) and females (» = 0.39, p <0.05, Fig.
4-4b).

There was no significant relationship between aponeurosis SWV and CSA of MG,
LG and SOL either in males or females, or in any sites. CSA of LG in males and plantar
flexion torque were significantly correlated to fast walking speed (» = 0.33 and 0.27, p
< 0.05, Fig. 4-5b, d). SWVs of the adjoining aponeuroses between gastrocnemii and
soleus were significantly correlated with normalized plantar flexion torque (» = 0.26-
0.29, p <0.05, Table. 4-2), while SWV of the adjoining aponeurosis between MG and
soleus was significantly correlated with normal and fast walking speed (» = 0.25-0.26,

p <0.05), especially in females (» = 0.33-0.37, p < 0.05, Table. 4-2).

4-4 Discussion
The novel finding was that we confirmed the anisotropic mechanical properties of
aponeurosis in the elderly in vivo, with considerable inter-individual variability of
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aponeurosis stiffness. Nonetheless, the inter-individual variability of TS aponeuroses
stiffness was associated with the inter-individual variability of muscle strength and
walking performance in the elderly.

The TS muscle-tendon unit plays a considerable role in propelling forces to human
locomotion, i.e. walking and running (Hof et al., 2002). Changes of muscle mass were
shown to be related to muscle strength loss and functional physical performance in older
adults (Hughes et al., 2001). As a serial connection part between muscle and tendon
(Blitz and Eliot, 2007), the aponeurosis can act as a mechanical interface between
muscle and tendon. The present study showed highly variable SWV of the TS
aponeuroses, and the stiffness of adjoining aponeuroses between the gastrocnemii and
soleus was found to be positively correlated with walking speed, especially in females.
This finding strongly suggests that the aponeurosis elasticity can be a limiting factor to
walking performance in the elderly. Together with the result of the relationship between
muscle CSA and walking speed, it may be assumed that reduction in muscle size /
strength (mostly in males) and softening of the aponeuroses (mostly in females) of the
TS muscle-tendon unit lead to slowing of walking speed. No significant correlation
between muscle size and aponeurosis SWV in any of the TS suggests no direct
association of muscle atrophy and aponeurosis elasticity, but this notion needs further
studies on larger samples including young populations.

Site-dependent differences were observed in the SWVs of adjoining aponeuroses
between gastrocnemius and soleus and the superficial aponeurosis of gastrocnemius in
the elderly, which is consistent with findings of mechanical properties of TS
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aponeuroses taken from elderly cadavers (Shan et al., 2019). Blitz and Eliot (2007)
reported that there is tendinous connection between the adjoining aponeuroses, which
may be the reason of higher SWVs of the adjoining aponeuroses. A weak correlation
between tendon thickness, depth and SWV was documented (DeWall et al., 2014), and
Shan and others (2019) found the different thickness distribution of TS aponeuroses
between different regions, this could also be a factor for the differences between
superficial and deep aponeurosis. As the attachments of both gastrocnemius and soleus
fibers, the adjoining aponeuroses showed higher SWV in the distal site than in the
proximal site. The adjoining aponeuroses may undergo unique localized muscle-
aponeurosis interactions from both gastrocnemii and soleus. In addition to the
differences between proximal and distal sites, we found that the SWV of the medial
side was higher than that of the lateral side of aponeuroses, which was consistent with
a previous study (DeWall et al., 2014) on the Achilles tendon and aponeuroses. They
explained that the differences may arise from greater intrinsic tissue stiffness or higher
passive tension in the medial side. In the TS, MG was characterized by larger
physiological CSA and higher fascicle angles with shorter fascicle lengths than LG
(Kawakami et al., 1998). As an attachment base of muscle fibers, the aponeurosis might
adapt to different medial-lateral fascicular architecture, leading to different elastic
properties.

Consistent with our hypothesis, our results showed that the SWVs of aponeuroses
was biaxially anisotropic in vivo, which was similar to previous results (Azizi et al.,
2009; Shan et al., 2019). Higher SWVs of the adjoining MG and soleus aponeuroses in
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the longitudinal direction, would allow them to act more efficiently as springs within
the muscle-tendon unit, whilst higher compliance in the transverse direction, possibly
accommodates the expansion of the contracting muscle belly. The aponeurosis stiffness
in the transverse direction was not related to either walking performance or triceps surae
CSA, unlike the aponeurosis stiffness in the longitudinal direction. It seems that the
aponeurosis stiffness anisotropy is not muscle size- or function-dependent. However,
changes in stiffness of longitudinal and transverse directions with contraction have been
observed (Azizi and Roberts, 2009), and this can affect strength development and/or

walking performance, which warrants further investigation.

4-5 Conclusions

The mechanical properties of TS aponeuroses demonstrate spatial variations and
anisotropy in vivo, and the anisotropy is not muscle size dependent. The mechanical
properties of adjoining aponeuroses were correlated with walking performance in the

elderly together with the TS’s force generating capacity.
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Proximal

MDAt

= 30% level of lower
leg length

Fig. 4-1 Participants were asked to lie on the examination table with the feet off
the edge keeping fully relaxed in a neutral position. Young’s modulus data was
measured in aponeuroses [superficial aponeuroses of MG and LG at proximal site (MPS
and LPS), adjoining aponeuroses of gastrocnemius and soleus at proximal site (MPA
and LPA), adjoining aponeuroses of gastrocnemius and soleus at distal site (MDA and
LDA), and transverse direction of MDA (MDA-t)]. Regions of interest (ROIs) were

determined as the yellow outlines.
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Marker of 30%
lower leg length

Fig. 4-2 MRI of the lower leg muscle cross-sectional area (CSA) at proximal 30%
of lower leg length level showing the process of tracing of medial gastrocnemius

(MG), lateral gastrocnemius (LG) and soleus (SOL) muscles.
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Fig. 4-3 Average (% s.d.) shear wave velocity of triceps surae aponeuroses at rest.
#, different between medial and lateral side; I, different from superficial aponeurosis (p

<0.05); 11, different from proximal adjoining aponeurosis (p < 0.05).
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Fig. 4-4 Shear wave velocity of adjoining aponeuroses between MG and soleus
along longitudinal and transverse directions (a), and the correlation of shear wave
velocity between longitudinal and transverse directions (b). *, vs. transverse

direction, p < 0.01.
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Fig. 4-5 The correlations between walking speed and cross-sectional area (CSA) of
medial gastrocnemius (a), lateral gastrocnemius (b), soleus (c) and plantar flexion

torque (d).
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Table 4-1. Subject characteristics (mean =+ s.d.)

Male (n = 38)

Female (n =41) Total (n="79)

Age (years)
Height (cm)

Body mass (kg)

Body fat (%)

Cross-sectional area of the triceps surae (cm?)

MG
LG
SOL

Shear wave velocities of triceps surae aponeuroses (m/s)

MPS
MPA
MDA
MDA-t
LPS
LPA
LDA

MVC of Plantar flexion torque (Nm)
Walking speed (m/s)

Normal
Fast

72.8+4.8
166.4+4.8
64.3+6.7
20.0+6.1

45.8+9.1
29.2+5.6
65.5+10.8

51+1.3
56+13
6.6£1.6
3.1+1.2
35+09
34+£1.0
48+1.2

127.2+24.2

1.52+£0.16
2.10+0.24

73.0+6.0
151.7+5.4°*
523+8.0°
29.6 8.0

36.8+6.5?
21.8+4.8°?
51.0£9.2°2

45+1.2°
52+1.1
6.2+1.9
37+£1.1%
35+1.0
33+0.7
44+1.1

83.6+16.8°

1.53+0.21
1.97+0.27*

729+54
158.8+9.0
58.1+£9.5
25.0+8.6

41.1+9.0
254+6.3
58.0£12.3

48+13
54+12
6.4+1.8
34+1.8
35+1.0
33+0.8
46+1.1

104.3 + 30.0

1.52+£0.19
2.03£0.26

Note: MG = medial gastrocnemius, LG = lateral gastrocnemius, SOL = soleus, MPS = medial proximal

superficial aponeurosis, MPA = medial proximal adjoining aponeuroses, MDA = medial distal adjoining

aponeuroses, MDA-t = medial distal adjoining aponeuroses in the transverse direction, LPS = lateral

proximal superficial aponeurosis, LPA = lateral proximal adjoining aponeuroses, LDA = lateral distal

adjoining aponeuroses, MVC = maximal voluntary contraction.

% significantly different from male, p < 0.05
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Table 4-2. Pearson correlation coefficients (r) for the relation of normalized plantar flexion torque, normal walking speed and fast walking speed with the
shear wave velocities of triceps surae aponeuroses in older adults.

Normalized plantar flexion torque (Nm/cm2) Normal walking speed (m/s) Fast walking speed (m/s)
Male
(n=38) Female (n=41) Total (n=79)  Male (r=38) Female (n=41) Total (n=79) Male (n=38) Female (n=41) Total (n=79)
r p r p r p r p r p r p r p r p r p
MPS 0.31 0.066 -0.09 0.579 0.21 0.067 0.13 0.453 0.13 0411 0.12 0.296 0.25 0.125 0.23 0.151 0.28* 0.012
MPA  0.27 0.108 0.23 0.158 0.29* 0.009 -0.13 0.451 0.03 0.866 -0.05 0.691 -0.09 0.600 0.10 0.525 0.05 0.685

Shear wave MDA  0.18 0.299 0.02 091 0.14 0.23 0.14 0.404 0.33* 0.032 0.26* 0.022 0.02 0.894 0.37* 0.017 0.25* 0.028

MDA-t 0.16 0.342 0.01 0.929 -0.02 0.879 0.22 0.192 0.09 0.561 0.15 0.203 0.32 0.055 0.27 0.093 0.21 0.059

velocities of
triceps surae
aponeuroses

(m/s) 0.31 0.059 -0.15 035 0.07 0.54 0.27 0.105 -0.13 0.424 0.02 0.841 0.21 0.213 -0.02 0.906 0.07 0.528

LPA  0.35*%0.031 0.05 0.768 0.26* 0.024 0.24 0.152 -0.12 0.47 0.05 0.638 0.19 0.255 -0.01 0.936 0.11 0.323
LDA  0.30 0.085 0.1 0.557 0.26* 0.025 0.09 0.587 -0.1 0.543 -0.02 0.874 -0.08 0.643 -0.04 0.793 -0.018 0.88
Note: MPS = medial proximal superficial aponeurosis, MPA = medial proximal adjoining aponeuroses, MDA = medial distal adjoining aponeuroses, MDA-t =

medial distal adjoining aponeuroses in the transverse direction, LPS = lateral proximal superficial aponeurosis, LPA = lateral proximal adjoining aponeuroses, LDA
= lateral distal adjoining aponeuroses.

*: Correlation is significant at the 0.05 level (2-tailed).
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CHAPTER 5 General discussion

5-1 Main findings of each chapter
The main findings of each chapter are as follows.

Chapter 2

1. In each region of the TS aponeuroses, except for the anterior regions of soleus, the
thickness distributed inhomogeneously from the proximal to distal sites.

2. Site-dependent differences of stiffness within the gastrocnemius aponeurosis were
shown. On the other hand, the Young’s modulus did not show site-dependent
differences in any regions, although there were tendencies in the values being
smaller around terminations of both anterior and posterior aponeuroses of the
gastrocnemius.

3. Compared to other regions of gastrocnemii and soleus, thinner thickness but higher
Young’s modulus in the anterior region of GL aponeurosis (longitudinal) and
posterior region of SOL-lat aponeurosis (transverse) was found.

4. The medial-lateral differences in thickness and Young’s modulus may reflect
different muscle-aponeurosis interaction between synergist muscles (GM, GL and
soleus), which affects the muscle force transmission to the tendon differently, and
contributes differently to the limb movement control between medial and lateral
side.

5. The stiffness and Young’s modulus in the transverse direction were much smaller

(<1%) than the values in the longitudinal direction, regardless of regions.
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6. The energy dissipation along longitudinal and transverse directions was different,

with the former being smaller than the latter.

Chapter 3

1.

For the passive stiffness of the TS, the distal site (near to the muscle-tendon junction
point) was stiffer than proximal site, whereas during submaximal contractions,

muscles in the distal site became softer than the proximal site.

2. The stiffness in the longitudinal direction was higher than that in the transverse
direction from at rest to submaximal contractions, especially the aponeuroses
between LG and soleus.

3. Significant non-linear relationships between SWVs of TS muscles and aponeuroses
and levels of contractions were found except for LG and SOL-lat muscle bellies and
LPS at proximal site.

Chapter 4

1. The present study showed highly variable SWV of the TS aponeuroses, and the
stiffness of adjoining aponeuroses between the gastrocnemii and soleus was found
to be positively correlated with walking speed, especially in females.

2. Site-dependent differences were observed in the SWVs of adjoining aponeuroses

between gastrocnemius and soleus and the superficial aponeurosis of gastrocnemius

in the elderly.

3. The results showed that the SWVs of aponeuroses was biaxially anisotropic in vivo,
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and SWVs of the adjoining MG and soleus aponeuroses in the longitudinal direction

were higher than that of the adjoining LG and soleus aponeuroses.

5-2 Generalization of the findings: site- and direction-dependence

Within the human muscle-tendon unit, a large part of the tendinous tissues is
aponeuroses which located on the surface regions of muscle. And the aponeurosis’s
shape is much more complicated than the free tendon. This thesis proved the
inhomogeneous and anisotropic features in the morphology and mechanical properties
of the human TS aponeuroses by both cadaveric and in vivo studies.

In chapter 2, thinner thickness and higher Young’s modulus was found in the
adjoining aponeuroses (anterior region of LG and posterior region of soleus), which is
different with the superficial (posterior) region of LG. However, such findings were not
found in any other region of MG and SOL-med, which indicate the medial-lateral
differences of aponeurosis morphology and mechanical property may affect the muscle-
aponeurosis interaction between synergist muscles. According to the findings of chapter
3, the superficial region of aponeuroses in the lateral side showed significant increase
of stiffness while the adjoining aponeuroses stiffness kept constant from 20% to 60%
MVC level. It indicates that the superficial regions of gastrocnemii aponeuroses are
more compliant to modulate the shape changes while the adjoining aponeuroses are
stiffer and can transmit the forces from muscle fibers to the tendon more efficiently
during contraction. Besides to the site-dependent differences among different regions
of gastrocnemii and soleus, in vivo studies found the site-dependent differences from
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proximal to distal site of the adjoining aponeuroses SWVs for both younger and older
adults. Since the thickness from proximal to distal site is found to get thicker in
cadaveric study (Shan et al., 2019), this thickness distribution could be a factor for the
differences of SWV in vivo (DeWall et al., 2014).

Cadaveric study found no site-dependent differences (proximal to distal) in
Young’s modulus of the aponeuroses, but the SWV showed significant site-dependent
differences for the adjoining aponeuroses. Previous study found that the SWV is
correlated with the tissue elastic modulus (Royer et al., 2011), which suggest the
difference of inherent aponeuroses elasticity, while the inter-individual variabilities of
the cadaver aponeuroses were possibly too large. Muramatsu et al. (2001) reported that
there was no significant difference in strain between the proximal and distal
aponeuroses during submaximal muscle contractions (10% to 90% of MVC). On the
other hand, another study reported that the elongation of the aponeurosis is
heterogeneously distributed along its length (Zuurbier et al., 1994), which is consistent
with the results in chapter 3: it showed significant differences between proximal and
distal site during 20% to 60% of MVC contractions. Since the aponeurosis bears biaxial
loading during muscle contraction, even though the elongations of aponeuroses along
the longitudinal direction were similar, the deformation of aponeuroses shape may be
different in the other direction between proximal and distal sites.

The calf strain, especially the medial gastrocnemius strain occurs most commonly
among both athletes and non-athletes (Hsu et al., 2018). Previous study reported that
medial gastrocnemius is injured more commonly than lateral gastrocnemius, the reason
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is proved to be higher muscle activity in the medial side (Cibulka et al., 2017). This is
related to the medial-lateral differences of aponeurosis mechanical properties of this
thesis. As the strain happens when the muscle belly is stretched maximally, stiffer
aponeurosis in the medial side make the medial gastrocnemius not more compliant than
the lateral side, which leads to MG strain happen more frequently. This notion should
be clarified in the further clinic-related studies.

Regarding to the direction-dependent differences, the human aponeuroses have
been further proved to be anisotropic by this thesis. The findings of chapter 2 are
consistent with the features of animal aponeurosis (Azizi and Roberts, 2009), and the
in vivo findings of chapter 3 and 4 are consistent with the results of human fascia
(Otsuka et al., 2019) and aponeurosis (Iwanuma et al., 2011). The aponeuroses are more
compliant in the transverse direction to accommodate the expansion of the contracting
muscle belly, while higher Young’s modulus and/or SWYV in the longitudinal direction
may help to act as a mechanical spring within the muscle-tendon unit. This anisotropy
feature allows aponeurosis bear biaxial loading comparing to uniaxial loading of the
free tendon during contraction. As the aponeurosis helps to transmit the forces from
muscle fibers to the free tendon, this transmission could be affected by anisotropy of

aponeurosis during contraction.

5-3 Applicability of the findings
5-3-1 Implications for muscle-aponeurosis interaction during contraction
A previous study stated that the elastic mechanism (e.g. energy conservation vs.
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power amplification) of biological springy tissues (such as tendinous tissue) is
important for the effective function of muscle-tendon complex to enhance movement
(Roberts and Azizi, 2011), since such a mechanism will allow the locomotor system to
operate by not only the muscle motors but by the interactions between muscle motors
and elastic tendon springs. A previous study (Azizi and Roberts, 2009) showed the
variation in the mechanical properties of aponeurosis with biaxial loading during active
force production, and another in vivo study (Iwanuma et al., 2011) found no significant
changes of aponeurosis strains in the longitudinal direction between 30% and 60%
MVC, while the free tendon was deformed. And the results of chapter 3 showed that
the aponeuroses stiffness showed no significant increase from 20% to 60% MVC,
which was consistent with previous study. In addition, for the differences between
longitudinal and transverse direction, our cadaveric study showed the Young’s modulus
in the longitudinal direction was about 100 times higher than in the transverse direction.
However, in vivo study of Iwanuma et al. (2011) showed much lower differences (10
times) between longitudinal and transverse strain, as well as the results of SWV
between longitudinal and transverse direction in chapter 4. Since the specimens
measured in the cadaveric study were in isolated condition, which was different with in
vivo conditions. Therefore, the differences between findings of cadaveric study and in
vivo studies may be due to the influence from contracting muscle fibers to attached
aponeurosis. As described earlier, the elasticity of the aponeurosis, and hence the use
of elastic energy thereof, may depend on the muscle contraction levels. The mechanical

properties of the aponeurosis could allow for the muscle belly deformation at low force
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levels, while limiting muscle fibers’ further deviation longitudinally at higher force
levels so that the free tendon can behave like a spring during movements. Future work
on in vivo study should consider how the inter-muscle and inter-direction differences

of TS aponeuroses elasticity depend on muscle contraction levels.

5-3-2 Implications for motor performance

Human motor performance is quite vital aspect of diverse daily activities, such as
walking, running and jumping. Within the TS muscle-tendon unit, both TS and the
Achilles tendon were proved to contribute to the walking performance (Francis et al.,
2013; Franz et al., 2015; Franz and Thelen, 2016; Fukunaga et al., 2001). The studies
showed that the TS maintains a near-constant length to generate minimal power with
minimal energetic cost during walking, while the Achilles tendon works to improve the
energy efficiency by performing a stretch-recoil cycle to generate elastic strain energy
during walking (Fukunaga et al., 2001; Lichtwark et al., 2007). However, the
contribution of aponeurosis to walking performance still remains obscure. In chapter 4
of this thesis, we found the significant correlations between the stiffness of adjoining
aponeuroses and walking performance in the elderly (Table 4-2), which suggests that
the aponeuroses stiffness can be a limiting factor to walking performance in the elderly.
Stenroth (2016) reported that the TS in the elderly operated within a narrower range of
muscle fascicle length changes while a greater proportion of tendinous tissue length
changed during preferred walking speed, the elderly preferentially minimize energy
cost of TS during walking, which indicates that tendinous tissue elasticity contributes

98



more to the walking speed in the elderly. Therefore, for the serial elastic component,
both tendon and aponeurosis connect to muscle fibers, providing spring-like actions
that can influence muscle contraction and motor function, and their key parameter such
as stiffness could be modulated during movement. Previous study reported that the
tendon stiffness significantly increased after long-term exercise (Buchanan and Marsh,
2001), which indicate that the stiffness could be modulated to adapt to the effective
operation of muscle-tendon unit. This variations in tendon stiffness also appears to
occur in the aponeurosis, which serially connected to the free tendon and provide a wide
attachment surface for muscle fibers. Some previous studies reported that the stiffness
of the aponeurosis behaves differently between active contraction and passive loading
condition (Azizi and Roberts, 2009; Lieber et al., 2000; Zuurbier et al., 1994) (Fig. 5-
1). As the findings of this thesis, the anisotropic mechanical property of aponeurosis
bears biaxial loading during contraction, and the softer feature in the transverse
direction may influence the stiffness in the longitudinal direction. However, the
modulation of aponeurosis mechanical property in the longitudinal and transverse
directions during movement, and the extent to which the mechanical properties of

tendon and aponeurosis contribute to motor performance need to be further investigated.

5-4 Limitations
The limitations of our study should be noted. Firstly, all the specimens were
dissected from formalin-fixed cadavers in chapter 2. Previous studies (Marieswaran et

al., 2018; Zhang et al., 2016a) found that formalin fixation decreased stiffness and
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Young’s modulus of human femur-ACL-tibial complex significantly compared to the
fresh tissues (as for stiffness, fresh: 166.45 £+ 36.03 N/mm, formalin-fixed: 71.68 = 5.05
N/mm; as for Young’s modulus, fresh: 71.5 £ 18.67 N/mm, formalin-fixed: 31.77 +
2.52 N/mm) and formalin-fixed bones showed a significantly lower Young’s modulus
(-12%) compared to the fresh tissues. On the other hand, the cadavers in the current
study were donated from elderly individuals. An existing study (Lewis and Shaw, 1997)
proved that the donor age can affect mechanical properties of human Achilles tendon,
and many studies (Magnusson et al., 2008; Narici et al., 2005; Onambele et al., 2006)
have found higher tendinous compliance in elderly individuals. Therefore, the
conclusion of the present study may be limited to the characteristics of the muscle-
tendon unit in the elderly. Anisotropic mechanical behavior of the soft tissues may also
be affected by fixation although there has been no such report to date. Therefore, we
conducted additional data collection (Shan et al., 2019) to examine the effect of
formalin on the mechanical properties of aponeuroses by using urea that has been
reported to neutralize formaldehyde within cadaveric tissues without affecting
cadaveric and histological quality (Ninh et al., 2018). The results (Fig. 5-3) showed that
the Young’s modulus was slightly but significantly increased (pre: 143.1 £ 77.3 MPa,
post: 157.3 +79.8 MPa) only in the longitudinal direction after the urea treatment, while
there was no significant change for the transverse direction or longitudinal/transverse
ratio (Table 5-1). This suggests that the anisotropic mechanical behavior would already
have existed before formalin fixation. Additionally, we used 50% alcohol (an agent that

dehydrates tissue) instead of normal saline solution to keep the specimens, and to check
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whether this dehydrating agent potentially impacts our results or not, an additional
experiment was carried out. The results (Fig.5-2 and 5-3) showed that the moisture
content of TS aponeuroses was not changed significantly, and there were no significant
changes in the Young’s modulus either in the longitudinal or transverse direction after
50% alcohol treatment for 5 hours. Although we tested each specimen twice in two
directions with a randomized counterbalanced order, it may still have influenced the
properties between longitudinal and transverse directions. Our additional experiments
with one specimen for only one direction showed similar results (Fig. 5-3), but this can
be taken into consideration for the future studies. The present results will open the
possibility of understanding how aponeuroses mechanical properties are related with
the muscle-aponeurosis-tendon behavior and/or interactions between the gastrocnemii
and soleus during contractions in vivo.

Some limitations also need to be considered for in vivo studies using SWE.
Although SWE has been proved to be a non-invasive and reproducible methods to
characterize tissue stiffness, the shear wave imaging technique used in the present study
sometimes showed artifact in the deep site of muscle and/or aponeuroses when the
transducer was placed in the transverse direction. Besides, SWE has been proved to be
a valid tool for measuring shear modulus of pennate muscle along the muscle’s fascicle
direction (Miyamoto et al., 2015), which may account for low values of ICC for
aponeurosis stiffness in the transverse direction during submaximal contractions in the
current work. In chapter 3 and 4, the SWV of TS muscles and gastrocnemius were

measured not only at rest but also during submaximal muscle contractions. A previous
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study documented that the SWE can be useful for interring muscle stiffness across a
wide range of contraction intensity (Yoshitake et al., 2014), however, we observed the
saturations of aponeurosis tissue appeared during higher intensities (>75% MVC), there
is still limitations for SWE to measure the tendinous tissues during higher intensities of
muscle contractions. Another limitation of the study in chapter 3 is that we did not
evaluate the myoelectric activity to ensure the muscle activities during different level
of contractions. Since we applied the probe in both proximal and distal sites of the TS,
appropriate sites for EMG electrodes cannot be located, which should be considered in
further studies. Finally, elderly cadavers were used to measure the intrinsic
morphological and mechanical properties of aponeurosis, and older adults were
recruited for the investigation of correlation between aponeurosis stiffness at rest and
walking performance, however, the aponeurosis stiffness changes during muscle
contractions were studied only from younger males. Since the subjects should be asked
to perform many trials of muscle contractions, it’s hard to apply for the elderly adults,
so we only measured the aponeurosis stiffness at rest for the elderly in chapter 4. This
may be limitation since age-related changes may affect the mechanical properties of

muscle-tendon unit (Danos et al., 2016; Svensson et al., 2016).

5-5 Conclusion of the thesis

In vivo as well as ex situ evidence showed the human aponeuroses with
inhomogeneous and anisotropic morphological and mechanical properties, suggesting
inherent material design of the aponeurosis that matches three-dimensional contractile
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behavior of muscle fibers. The muscle-aponeurosis interaction varies depend on
different directions and muscle contraction levels, which is essential for human motor

performance.

5-6 Future directions

In the future it should be clarified that aging- and exercise-related morphological
and mechanical properties of the TS muscle-tendon unit and investigate muscle-
aponeurosis-tendon interaction during different type of muscle contractions and
different during different motor performance. Combing with kinematics of joint
movement and muscle activities, using musculoskeletal modeling to improve

understanding the mechanism of muscle-tendon interaction during human movement.
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Passive Active

Fig. 5-1 A schematic of aponeurosis behavior during active and passive force

production. (Robert and Azizi, 2011)
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Fig. 5-2 Moisture content test on aponeuroses samples from a cadaver. (A) A
moisture analyzer with a testing specimen. (B) Average (mean + s.d.) moisture
content of triceps surae aponeuroses before placing any solution (Pre), after normal

saline solution for 5hr and after 50% alcohol solution for 5hr.
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Fig. 5-3 Mechanical properties of triceps surae aponeuroses with different
solution method. Average (mean + s.d.) Young’s modulus of triceps surae
aponeuroses in the longitudinal (A) and transverse (B) directions before (Pre) and
after (Post) normal saline, 50% alcohol and 18% urea treatment. *: denotes different

from pre, p <0.05.
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Table 5-1. Longitudinal/transverse ratio of Young's modulus before and after 18% urea
treatment

Pre Post
Urea 111.7+54.1 113.2+ 654
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