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Aging is associated with loss of muscle mass leading to impairments in muscle
function, such as loss of muscle strength or power. These impairments may
eventually lead to physical disabilities. Although loss of muscle mass has a
major role in age-related loss of muscle function, there is a disproportionate loss
of muscle strength and power with aging suggesting that other factors are also
involved. These other factors may include age-related modifications in muscle
architecture and tendon mechanical properties, factors that have a significant
effect on muscle function. Currently there is no consensus about age-related
changes in muscle architecture or tendon mechanical properties, or their role in
age-related impairments of physical function. Therefore, the aim of this thesis
was to examine associations between aging and muscle architecture, tendon
mechanical properties and muscle-tendon function during walking in the
human triceps surae muscle by comparing healthy young and older adults.
Associations between tests of physical function and triceps surae muscletendon properties were also investigated in older adults. The results suggested
only modest effects of aging on triceps surae muscle architecture and Achilles
tendon mechanical properties. However, inter-individual differences in triceps
surae muscle architecture and Achilles tendon stiffness explained variance in 6minute walk test and in timed “up-and-go” –test in older adults. Muscle-tendon
function was found to be dependent on walking speed in older adults, with no
significant differences between young and older adults when compared at
matched walking speed. These results suggest that the commonly observed
age-related slowing of preferred walking speed may represent an attempt to
compensate for loss of muscle strength in triceps surae muscle. In conclusion,
the results of the current thesis suggest that aging may be related to changes in
triceps surae muscle architecture and Achilles tendon mechanical properties.
However, these changes seem to be part of an adaptation process that helps to
maintain muscle function despite declines in muscle mass and strength with
aging.
Keywords: triceps surae, Achilles tendon, muscle architecture, stiffness, aging
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1

INTRODUCTION

In a policy framework for active aging, the World Health Organization has stated that actions promoting active and healthy aging should aim to provide older
adults continued possibilities for health, participation in society and security
(WHO 2002). Important aspects of active aging, as described by The World
Health Organization, are independence and participation in the community. It
is well documented that aging is associated with loss of skeletal muscle mass,
(Mitchell et al. 2012). Skeletal muscles (hereafter simply called muscles) are the
actuators that power movement, and hence age-related loss of muscle mass
may eventually lead to physical disabilities and loss of functional independence
(Jette et al. 1998) compromising active aging.
Understanding the causes of impairments in muscle function with aging,
e.g. loss of muscle strength and power, has paramount importance for the attempts to support healthy and active aging. Impairments in muscle function are
not simply due to loss of muscle mass. Longitudinal observations from older
adults show that age-related loss of muscle strength exceeds the loss of muscle
mass by approximately three fold and even maintaining muscle mass does not
prevent the loss of muscle strength (Goodpaster et al. 2006, Delmonico et al.
2009). These findings highlight the fact that age-related loss of muscle function
is not exclusively the result of loss of muscle mass, but is a multifactorial process including changes in the nervous and muscular systems (Clark & Manini
2012).
Muscle architecture and tendon mechanical properties are major determinants of muscle mechanical function (Zajac 1989). Previous studies have identified age-related differences in muscle architecture and tendon mechanical
properties between young and older adults. Hence, these possible age-related
changes may contribute to loss of muscle function and the disproportionate decline in muscle function compared to muscle mass.
Ankle plantarflexor muscles have an important role in human locomotion.
In walking, they provide propulsion in late stance, control of body rotations
and support for body mass (Sutherland et al. 1980, McGowan et al. 2009,
Francis et al. 2013, Lenhart et al. 2014, Honeine et al. 2013). The most profound
age-related physical limitation in walking is the loss of ankle joint power in late
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stance (Kerrigan et al. 1998, DeVita & Hortobagyi 2000, Kulmala et al. 2014).
Similarly, computer simulations suggest that walking ability is most sensitive to
impairments in muscle strength of the plantarflexors (van der Krogt et al. 2012).
Adding to the importance of plantarflexors is the fact this muscle group has the
largest physiological cross-sectional area of all lower limb muscle groups (Ward
et al. 2009). It has been suggested that plantarflexors are utilized at their maximal capacity during walking in older adults (Beijersbergen et al. 2013). In addition, plantarflexors may be more susceptible to age-related loss of muscle
strength than other muscle groups (Christ et al. 1992).
Understanding the mechanisms of age-related loss of muscle function is a
key to understanding how to maintain physical function in older age. Yet, limited knowledge exists regarding the effects of age-related changes in muscle
architecture and tendon mechanical properties on the age-related loss of muscle
function. Firstly, age-related differences in muscle architecture and tendon mechanical properties are not well defined. Secondly, only a limited number of
studies have tried to address the functional relevance of these changes. Therefore, the current thesis aims to improve knowledge of these important issues.
The studies concentrate on the main ankle plantarflexor, the triceps surae muscle group, because of its functionally important role in locomotion.

2

LITERATURE REVIEW

2.1 Muscle-tendon unit structure
Muscle-tendon unit (MTU, Fig. 1) is defined as the muscle cells (fibers) and
connective tissue structures extending from the proximal to distal bone-tendon
junction. The MTU can be considered as the functional unit responsible for generation of movement of joints.

FIGURE 1 Parallelogram model of a muscle-tendon unit with pennate muscle fiber arrangement. The muscle-tendon unit is comprised of muscle fibers and connective tissue structures extending from proximal to distal bone-tendon junctions.
Muscle fibers/fascicles (gray lines) run between distal and proximal tendons.
Tendon can be divided into external and internal parts. The internal part is
called aponeurosis. Muscle fascicles are aligned at an angle α (pennation angle)
in relation to the longitudinal axis of the tendons. Figure is redrawn after Zajac
(1989).
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A simplified model of a MTU is presented in figure 1. Here, muscle (also called
muscle belly) refers to the part of the MTU extending from distal to proximal
muscle-tendon junction (MTJ). At both ends, muscle is attached to tendons that
connect MTU to bones. The external part of the tendon is also called free or outer tendon. Tendons may continue inside the muscle as internal tendons called
aponeuroses, which serve as attachment surfaces for muscle fascicles (bundles
of muscle fibers).
2.1.1

Muscle architecture

Muscle architecture refers to the geometrical arrangement of muscle fibers within a muscle (Chow et al. 2000). Muscle architecture can be defined using variables such as fascicle length, pennation angle, anatomical and physiological
cross-sectional area (PCSA) and muscle length.
Muscle fascicles run between two connective tissue surfaces, aponeuroses.
Although muscle fascicle and fiber are often synonymously used when referring to muscle architecture, it should be noted that muscle fibers do not necessary extend the whole length of the muscle fascicle (Ounjian et al. 1991). However, the assumption that fascicle length also reflects fiber length has been made
when estimating the number of sarcomeres in series (Cutts 1988). Furthermore,
from a functional perspective, fibers connected in series to form a fascicle can be
assumed to act mechanically like a single long muscle fiber (Bodine et al. 1982).
Thus, measurements of muscle fascicle length and orientation can be used to
reflect the anatomical arrangement of muscle fibers.
Pennation (or pinnation) angle has been defined as the angle of muscle fibers relative to the tendon of insertion (Wickiewicz et al. 1983). When using ultrasound imaging for measurements of muscle architecture, pennation angle is
typically defined as the angle of the muscle fascicle relative to the aponeurosis
of insertion or origin (Fig. 2).
Muscle cross-sectional area (CSA) can be measured perpendicular to muscle’s longitudinal axis (anatomical CSA) or perpendicular to muscle fibers
(physiological CSA). PCSA reflects the number of sarcomeres in parallel and
consequently is directly proportional to a muscle’s force generation capacity
(Wilson & Lichtwark 2011). PCSA can be estimated using the equation
PCSA=muscle volume/fascicle length. This estimates the number of sarcomeres
in parallel but does not take into account the effect that pennation angle has on
muscle force transmitted in the direction of the tendon. Thus, the equation
PCSA=muscle volume/fascicle length*cos(pennation angle) can be used to estimate muscle force generation capacity (Narici et al. 2016).
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FIGURE 2 An example of a B-mode ultrasound image of medial gastrocnemius muscle
with measurement of fascicle length, pennation angle and muscle thickness
shown. Image reproduced with permission from Oxford University Press
(Atkinson et al. 2010).

Muscles can be grouped based on their architectural design (Fig. 3). In fusiform
muscle the muscle fibers run parallel to the muscle’s longitudinal axis. In pennate or fan-shaped muscle, fascicles run at an angle relative to the muscle’s line
of action. Pennate muscles can be further separated into uni-, di- or multipennate muscles (Lieber & Ward 2011).
There are significant architectural variations between different human
muscles. Within lower limbs, there can be 10 fold differences in muscle fascicle
lengths ranging from under 4 cm (tibialis posterior) to over 40 cm (sartorius),
and 20 fold differences in pennation angle ranging from almost no pennation
(sartorius) to about 30 degrees (vastus medialis). Differences in muscle design
are highlighted by the ratio between muscle fascicle to muscle length, which
reflects the muscle’s excursion range. These values range from 0.11 for soleus to
0.9 for sartorius. Despite the variation in the muscle architectural variables between different muscles, the same muscle across different individuals shows
only small variation in the architectural variables (Ward et al. 2009). The functional significance of muscle architectural features is discussing in more detail
in chapter 2.2.1.3.
Before the development of medical imaging, muscle architectural measurements from humans could only be made from cadavers. Nowadays the most
common method for muscle architectural studies is ultrasound imaging. Architectural measurements can also be made using magnetic resonance imaging
with diffusion tensor imaging, but this method is more expensive and time consuming, although it does allow for three dimensional determination of muscle
architecture (Schenk et al. 2013, Sinha et al. 2014, Bolsterlee et al. 2015). With
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ultrasound imaging it is possible to noninvasively visualize muscle architectural features and make measurements (Cronin & Lichtwark 2013). However, ultrasound imaging is not capable of visualizing individual muscle fibers but rather bundles of fibers called fascicles. Muscle fascicles are surrounded by extracellular connective tissue called perimysium (Kjaer 2004), and it is the connective tissue structures that are readily visible as white striations in a B-mode ultrasound image. Muscle volume needed for in vivo calculations of PCSA, can be
obtained using magnetic resonance imaging (Morse et al. 2005c) or a series of
spatially oriented ultrasound images (Barber et al. 2009), and fascicle length can
be obtained using ultrasound imaging (Morse et al. 2005c).

FIGURE 3 Examples of different muscle architectural types. From left to right the images
represent fusiform (a), pennate (b) and multi-pennate (c) muscles. In fusiform
muscle the muscle fibers are organized parallel to the muscle’s line of action. In
pennate muscle the fibers are organized at an angle relative to the muscle’s line
of action, and in multi-pennate muscle the angle of the fibers in relation to the
muscle’s line of action varies in different parts of the muscle. It should be noted
that in fusiform muscle, muscle fascicle length is almost the same as muscle
length and anatomical cross-sectional area coincide with physiological crosssectional area. Image reproduced with permission from Wolters Kluwer Health,
Inc. (Lieber & Friden 2001).

2.1.2

Tendon and aponeurosis

Tendon is a collagen rich connective tissue providing a mechanical link between muscle and bone. Tendon may also continue inside the muscle as a sheetlike extension called aponeurosis. Aponeurosis provides an attachment surface
for muscle fibers through which they can exert force on to the tendon. Structurally, aponeurosis is an extension of the external tendon inside the muscle but
mechanical properties may differ between external tendon and aponeurosis
(Finni et al. 2003; Magnusson et al. 2003).
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Morphologically, tendons varies considerably in size and shape from flattened
to rounded (O’Brien 1997). Despite the variation in overall structure, internal
structure is highly conserved across tendons. The internal structure is dictated
by hierarchical organization of the extracellular collagen matrix (Fig. 4).

FIGURE 4 Tendon hierarchical structure. Tendon extracellular collagen matrix is hierarchically formed from tropocollagen molecules. Fibril and fascicle packing is
shown in the transverse plane and the middle inset shows a longitudinal histological section with tendon cell populations. Image reproduced with permission from John Wiley and Sons (Screen et al. 2015).

Collagen molecules (tropocollagen) form fibrils and are bound together by covalent cross-links (Eyre & Wu 2005). Collagen fibrils are the primary loadbearing component in tendon (Screen et al. 2015). Fibrils group together to form fibers, which are grouped together to form fascicles and finally the whole tendon.
Collagen fibers and fascicles are surrounded by a connective tissue sheet called
endotenon and the whole tendon is surrounded by epitenon (Galloway et al.
2013).
Tendons are relatively hypocellular with one of the largest matrix to cell
ratios of any human tissue (Screen et al. 2015). About 55-70% of tendon weight
is water. Collagen makes up about 60-85% of tendon’s dry mass from which
type I collagen covers about 95% (Kjaer 2004). Small levels of collagen types III,
V, XI, XII and XIV are also found (Thorpe et al. 2013). The rest of the tendon dry
mass includes elastin, proteoglycans and associated glycosaminoglycans and
other proteins but their relative contribution to tendon composition is not well
defined (Kirkendall & Garrett 1997, Kjaer 2004, Screen et al. 2015). The role of
these matrix components in tendon mechanical and biological properties is
largely unknown, but proteoglycans have a role at least in water attraction and
tendon resistance to compression (Yoon & Halper 2005). Specific compositional
data on human Achilles tendon is currently lacking (Freedman et al. 2014).
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2.1.3

Triceps surae muscle

Triceps surae, or calf muscle, is a muscle group situated at the posterior aspect
of the lower leg. It is comprised of soleus and the medial and lateral heads of
gastrocnemius (Fig. 5). All three muscles attach distally to a common tendon,
the Achilles tendon, but have separate proximal origins. Soleus lies under gastrocnemius and originates from the head and upper third of the dorsal surface
of the fibula. It also extends more distally compared to gastrocnemius muscles.
Medial and lateral heads of gastrocnemius originate from the superior surfaces
of medial and lateral femoral condyles, respectively. The main function of triceps surae is ankle plantarflexion. As the gastrocnemius muscles cross the knee
joint, they also assist in knee flexion.

FIGURE 5 Posterior view of the right lower leg showing triceps surae muscle group and
Achilles tendon. On the right side, medial and lateral heads of gastrocnemius
muscle have been cut and pealed down to show the underlying soleus. Achilles tendon extends from the muscle-tendon junction to its insertion on the calcaneus (heel bone). Figure adapted from Sobotta's Atlas and Textbook of Human Anatomy 1909 (public domain image).

Gastrocnemius and soleus are pennate muscles. Both medial and lateral gastrocnemii are unipennate meaning that they have one muscle compartment in
which the muscle fiber alignment is relatively uniform. The structure of soleus
is more complex, with individual variations reported (Hodgson et al. 2006). It
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has two compartments: anterior and posterior. The posterior compartment is
unipennate while the anterior compartment has a bipennate structure (Chow et
al. 2000).
Muscle fascicle lengths in triceps surae muscle are relatively short compared to muscle length due to a pennate muscle fiber configuration. Muscle fascicle lengths have been reported to be on average 19%, 27% and 11% of the
muscle belly length for medial and lateral gastrocnemius and soleus, respectively (Ward et al. 2009). Thus, the muscle architecture of triceps surae muscle favors large force generation capacity as opposed to large muscle excursion or
fast shortening velocity (Lieber & Bodine-Fowler 1993).
Force generation capacity of a muscle can be estimated from its PCSA. Soleus has the largest PCSA among triceps surae muscles and also among all lower limb muscles. Thus based on PCSA, soleus is the strongest lower limb muscle.
The PSCA of soleus is about three times greater than that of medial gastrocnemius (MG) and five times greater than that of lateral gastrocnemius (LG) (Ward et
al. 2009).
2.1.4 The Achilles tendon
The Achilles tendon is the largest and strongest of human tendons (Harris &
Peduto 2006). At one end it is connected to triceps surae muscle and at the other
end to calcaneus. The free tendon is about 5-6 cm long and has a diameter of
about 5 mm (Fornage 1986).
The Achilles tendon is formed from tendon fascicles (bundles of fibers)
arising from each head of triceps surae and enclosed in a connective tissue sheet.
These bundles of fascicles twist along their course from muscle to calcaneus
insertion. In general, fascicles arising from soleus insert on the medial and anterior side of calcaneus, fascicles from MG on the posterior and lateral side and
from LG on the lateral to anterior side but, individual variation exists (Edama et
al. 2015, Szaro et al. 2009). It has been proposed that the twisting of the fascicles
may have a functional role, for example allowing high strains and energy storage (Bojsen-Møller & Magnusson 2015).
The Achilles tendon can sustain high forces. Forces up to 9 kN or 12.5
times body weight have been measured in the Achilles tendon using a buckle
transducer inserted to the tendon (Komi 1990). The Achilles tendon can also
sustain high strains. Average peak strain during hopping has been measured to
be about 7-8% (Hoffrén et al. 2012, Lichtwark & Wilson 2005a). These qualities
give the Achilles tendon a high capacity for elastic energy storage. Hence, the
Achilles tendon has a significant role in energy saving during locomotion. For
example in hopping, the energy stored in the Achilles tendon during ground
contact provides on average 16% of the total mechanical energy of the hop
(Lichtwark & Wilson 2005a). Energy saving mechanisms of tendons are discussed in more detail in chapter 2.2.3.
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2.2 Muscle-tendon unit function
MTU mechanical function is determined by intrinsic properties of its muscle
fibers, muscle architecture, tendon mechanical properties and moment arm
(Gans & Bock 1965, Lieber & Ward 2011, Zajac 1992). Selected aspects of MTU
mechanical function that are important in the context of the current thesis are
reviewed in this chapter. First, fundamental mechanical properties of different
components of MTU (i.e. muscle and tendon) are reviewed with discussion of
the functional importance of muscle architecture. Whole MTU function is then
considered, and the process of interaction between muscle and tendon is explained.
2.2.1

Muscle mechanics

Muscle function is greatly dependent on the mechanical properties of its muscle
fibers. Two fundamental properties of muscle fibers determine their mechanical
behavior, force-length and force-velocity relationships. The general formulation
of these properties is highly conserved irrespective of muscle fiber type. In addition to length and velocity, muscle force generation is dependent on history of
muscle contractions and mode of previous muscle actions but these properties
of muscle are beyond the scope of this thesis. Interested readers are referred to
reviews by Rassier and Herzog (2004) and Hodgson et al. (2005).
2.2.1.1

Force-length relationship

Muscle force generation capacity depends on its length. This can be observed at
sarcomere, fiber, MTU and at joint level (Rassier et al. 1999). The force-length
dependency at any level arises from the force-length dependency of sarcomeres.
In 1966, Gordon et al. was able to show with unforeseen detail that muscle fiber
force varied according to sarcomere length (Gordon et al. 1966). Moreover, the
observation was in agreement with the sliding filament theory. Based on this
theory, muscle force generation capacity is dependent on the overlap between
myosin and actin filaments, which consequently determine the number of myosin cross-bridges that can be formed between the filaments. Overlap between
myosin and actin filaments is determined by sarcomere length, and hence muscle force generation capacity varies according to muscle length (Huxley &
Niedergerke 1954, Huxley & Hanson 1954).
The sarcomere length that produces the greatest force in maximally activated muscle is called the optimal length. There is no single optimal sarcomere
length but rather a small range of sarcomere lengths that form the highest values in the force-length relationship, called the plateau region. In human muscles the plateau region is estimated to be between sarcomere lengths of 2.64-2.81
µm (Rassier et al. 1999). Experimental findings support this estimation with optimal lengths found between 2.54-2.78 µm and a mean optimal length of 2.66
µm (Gollapudi & Lin 2009). Force generation capacity is reduced at both shorter
and longer sarcomere lengths from the plateau forming the classical bell or in-
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verted parabola -shaped force-length relationship (Gordon et al. 1966). Active
force generation by sarcomeres or muscle fibers in human muscle is possible
within lengths ranging from approximately 0.5 to 1.5 times the optimal length
(Zajac 1989, Hill 1953).
It should be noted that the inverted parabola represents active force generation by the muscle. The total force of the muscle is a result of active and passive forces. Passive forces arise as a result of stretch of muscle’s internal elastic
components. To derive the classical force-length relationship one must subtract
passive force from the total force (Fig. 6). In chemically skinned human muscles,
the average length at which passive force generation emerges (i.e. slack length)
is around 2.22 µm (Gollapudi & Lin 2009) but in whole muscles the slack length
probably varies between muscles (Rassier et al. 1999).

FIGURE 6 Force-length relationships of three mouse soleus muscles. The curves represent
steady-state force at different muscle-tendon unit lengths normalized to length
at which peak active force occurs. Total force measured (not shown) is the sum
of force of the passively stretched muscle-tendon unit and the extra force generated by maximally activated muscle. Picture reproduced with permission
from Company of Biologists LTD. (Askew & Marsh 1998).

Sarcomere lengths can be measured in vivo using laser diffraction (Lieber et al.
1994) or optical microendoscopy (Llewellyn et al. 2008) methods, and thus it is
possible to determine force-length relationships at sarcomere level in vivo.
However, both of the aforementioned methods are invasive, which has limited
their use in human studies, and no data exist on human triceps surae sarcomere
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operating range on the sarcomere force-length relationship. Estimations have
been made based on muscle architectural data (Cutts 1988), joint torque measurements (Herzog et al. 1991, Winter & Challis 2010), joint torque measurements combined with ultrasound imaging (Rubenson et al. 2012; Maganaris
2003), ultrasound imaging combined with cadaver data (Fukunaga et al. 2001)
and computer simulations (Arnold & Delp 2011). The results of these studies
are quite uniform and suggest that human triceps surae muscles operate on the
ascending and plateau regions of the force-length relationship.
2.2.1.2

Force-velocity relationship

Muscle force generation capacity depends also on the velocity of contraction,
with lower forces generated as shortening velocity increases (Fenn & Marsh
1935). The force-velocity relationship of a shortening muscle was first described
by Hill in 1938 (Hill 1938). The general shape of the force-velocity relationship
for muscle shortening is presented in figure 7 and can be approximated by a
hyperbolic function. Similarly to the force-length relationship, the general shape
of the force-velocity relationship can be observed at all levels from single fiber
preparations to voluntary activated whole muscle-joint system (Westing et al.
1990, Finni et al. 2003b, Bobbert 2012). When muscle velocity is negative, i.e.
muscle is lengthening, force generation capacity sharply increases and then
plateaus with peak values around two times greater than maximal isometric
force (Edman 1988). However, in voluntary lengthening contractions, such high
eccentric forces may not be reached due to insufficient neural drive (Duchateau
& Baudry 2014).
An important implication of muscle’s velocity dependence of force generation capacity is that muscle power generation capacity, i.e. the rate at which
work can be done, depends on muscle velocity. Power can be calculated as the
product of force and velocity. As a result, muscle power generation capacity in
shortening contractions peaks at around 0.3 times the maximal shortening velocity (Fig. 7). For maximal eccentric contractions, the power generation increases with increasing speed of lengthening (Roberts 2016).
Unlike the force-length relationship, the force-velocity relationship depends on muscle fiber type (Larsson & Moss 1993, He et al. 2000). The reason
for this is that the force-velocity relationship is dependent on the cycling rate of
myosin cross-bridges, which is mainly determined by myosin ATPase activity.
ATPase activity is higher in fibers expressing fast myosin isoforms capable of
faster cross-bridge cycling rate. Consequently, type II muscle fibers can generate greater force at a given shortening velocity (Bárány 1967, Larsson & Moss
1993). This also gives rise to the observation that maximal isometric tension per
CSA (specific force), which is not dependent on cross-bridge cycling rate, of different muscle fiber types does not considerably differ, but there is a large difference in power generation capacity (Meijer et al. 2015).
2.2.1.3

Influence of muscle architecture on muscle mechanics

Mechanical function of sarcomeres is constrained by the well-defined forcelength and force-velocity relationships. Still, muscles need to be able to cover a
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large array of different functional roles. Some muscles need to undergo large
excursions and others need to generate high forces. In addition, muscles with
different functional requirements need to be packed within constraints set by
the skeleton, and preferably be able to cope with functional demands with a
minimum amount of muscle mass. Functional versatility of muscles is possible
due to different arrangements of the basic contractile building blocks, sarcomeres, i.e. due to different muscle architectures.
The functional importance of muscle architecture can be highlighted by
comparison of two hypothetical muscles with the same muscle mass and similar muscle fiber composition. Assuming similar density for the both muscles
they also have similar volumes. Muscle force generation capacity is directly related to the number of sarcomeres in parallel and is approximated by PCSA
(Wilson & Lichtwark 2011), hence the muscle with shorter fibers has more sarcomeres in parallel and thus greater force generation capacity. On the other
hand, the muscle with longer fibers has faster maximal shortening velocity and
greater excursion range. Peak power generation for shortening contractions is
comparable in both muscles but peak power is achieved with faster absolute
shortening velocity in the muscle with longer fibers. The reason for this is that
power is calculated as force multiplied by velocity, and force is related to PCSA
while velocity is related to fiber length. Thus, power is related to muscle volume since volume can be calculated as PCSA multiplied by fiber length. It
should be noted that this hypothetical comparisons does not take in to account
the effects of pennation angle and muscle architecture dynamics during muscle
length changes (see below for more detailed discussion about these effects) and
is thus most appropriate for comparing fusiform muscles with different dimensions. However, this hypothetical comparison shows that the arrangement of
muscle contractile tissue in series and in parallel, which is defined by muscle
architecture, defines muscle mechanical function to a great extent.
The number of sarcomeres in series defines fiber/fascicle length. Hence fiber/fascicle length has a direct effect on the maximal shortening velocity
(Wickiewicz et al. 1984) and shortening range (Winters et al. 2011) that a muscle
can obtain. Due to the force-length and force-velocity relationships, fiber/fascicle length also affects force and power generation capacity at a given
muscle fiber/fascicle length and velocity. These effects are schematically presented in figure 7. The effect of number of sarcomeres in series on maximal
shortening velocity has also been experimentally verified using cat semitendinosus muscle that consists of two anatomically distinct sets of muscle fibers
connected in series but having separate innervations. By stimulating these two
parts either separately or simultaneously, Bodine et al. demonstrated that whole
muscle shortening velocity equaled the sum of shortening velocities of its serially connected parts. Hence, the calculated intrinsic shortening velocity of each
sarcomere was constant (Bodine et al. 1982).
A simple geometrical analysis would suggest that pennation angle has a
negative effect on whole muscle force generation capacity, since a fraction of
muscle fiber force generation is directed perpendicular to the muscle line of action. However, this effect is counterbalanced by the effect of pennation angle on
PCSA. Pennation allows greater a number of fibers to be arranged within a
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given volume. Hence, a muscle with greater pennation angle at a given volume
has greater PCSA (Reeves et al. 2006).

A

0.5

1
Length

1.5

B

FIGURE 7 Schematic representation of the effects of addition of sarcomeres in series (fascicle length increase) and in parallel (physiological cross-sectional area increase)
on muscle’s force-length (A) and force-velocity (B) relationships. Dotted lines
represent a muscle with 20% greater physiological cross-sectional area and
dashed lines a muscle with 20% longer fascicles compared to the reference
muscle (solid line). Power-velocity relationships are represented with gray
lines in panel B. Scales are normalized to values of the reference muscle.

If one assumes that fascicle pennation angle is fixed, geometrical analysis
would reveal that pennation angle has a negative effect on muscle shortening
velocity and excursion range. This is due to greater muscle fascicle shortening
needed to produce a given muscle shortening (reduction in the distance between distal and proximal MTJ), which is proportional to the cosine of penna-
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tion angle. However, in pennate muscles, fascicles rotate, thereby increasing
their pennation angle as muscle shortens (Maganaris et al. 1998). Rotation of
muscle fascicles amplifies the effect that fascicle shortening has on muscle
shortening (Fig 8). The ratio of muscle belly shortening to muscle fascicle shortening is called muscle belly gearing or muscle’s gear ratio (Azizi & Roberts
2014). Due to fascicle rotation, muscle belly gearing is actually greater than one,
meaning that muscle shortening exceeds that of the fascicle. Since muscle force
generation is dependent on shortening velocity (Hill 1938), muscle belly gearing
increases the force generation capacity of a muscle by allowing it to contract
with slower velocity. In addition, if muscle operates on the ascending limb of
the force-length relationship, muscle belly gearing allows for greater force generation for a given joint rotation due to the force-length relationship (Gordon et
al. 1966). Muscle belly gearing equals 1/cosine of pennation angle if constant
muscle thickness is assumed (Zajac 1989). Thus, muscle belly gearing has a
small effect on muscle shortening at pennation angles less than 20°. However,
the assumption of constant muscle thickness during contraction is not valid
(Randhawa et al. 2013, Randhawa & Wakeling 2013), and changes in thickness
also affect muscle belly gearing (Hodgson et al. 2006). Experimentally, muscle
belly gearing has been observed to be around 1.05 to 1.1 in human MG and LG
during shortening contractions, slightly depending on the level of force generation (Randhawa et al. 2013). In bullfrog plantaris, muscle belly gearing ranged
from around 1.2 to 2 in shortening contractions and from 1.8 to 4.3 in lengthening contractions (Azizi & Roberts 2014). High muscle belly gearing during
lengthening contractions may protect the muscle against eccentric damage.
Due to the aforementioned reasons, it can be generalized that short fascicle
lengths and large pennation angles favor large PCSA per given muscle volume,
whereas long fascicles allow high shortening velocity and large shortening
range (Ward et al. 2009).
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Fascicle
shortening

20°

40°

Muscle belly
shortening
FIGURE 8 An illustration of muscle belly gearing, i.e. the effect that muscle fascicle rotation has on muscle belly and muscle fascicle shortening. Thick horizontal lines
represent aponeuroses and thin lines represent a single muscle fascicle at the
beginning and end of contraction. At the beginning of contraction, pennation
angle is 20° and increases to 40° at the end of contraction. Due to fascicle rotation, muscle belly shortening exceeds the amount of fascicle rotation by 14% if
constant muscle thickness is assumed. It should be noted that fascicle rotation
can occur due to movement of both the superficial and deep aponeuroses. Here
movement is drawn to occur only in the deep aponeurosis for simplicity.

2.2.2

Tendon mechanics

Mechanical properties of a material are measures that describe how the material
reacts to physical forces. For tendons these properties are usually measured
with so-called tensile tests in which applied deformation and subsequent resisting force are measured. Several parameters can be determined from tensile tests.
These include stress and strain at a specific force, stiffness, Young’s modulus
and hysteresis. Traditionally, tendon tensile tests have been performed on dissected tendons from animals or human cadavers (Maganaris et al. 2008). Improvements in imaging methods have made it possible to perform tendon tensile tests in a physiological environment without invasive procedures by using
ultrasonography (Fukashiro et al. 1995) or magnetic resonance imaging (Shin et
al. 2008).
Tendons, like many other biological structures, are viscoelastic, meaning
that they have both elastic, spring-like properties and viscous, fluid-like properties (Butler et al. 1978). Stiffness and Young’s modulus are parameters that describe elastic properties. Hysteresis on the other hand is one manifestation of
viscosity in tendon.
Typical data from a tensile test of a tendon shows a curvilinear forceelongation plot (Fig. 9). The initial part of the curve has a lower slope and is
called the toe-region. This phenomenon is associated with straightening of the
crimped pattern observed in unloaded collagen fibers (Miller et al. 2012). The
slope of the force-elongation curve increases as elongation increases. After
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straightening of the collagen fibers, a straight line approximates the tendon
force-elongation response, hence this region is called the linear region. In this
region, tendon elongation may be due to reversible sliding between collagen
molecules without structural damage (Svensson et al. 2012, Depalle et al. 2014).
2.2.2.1

Stiffness

When a material, e.g. tendon, is imposed to tensile force it will elongate. The
ratio between applied force and elongation (ΔF/ΔL) is called stiffness (Fig. 9). In
order to describe tendon elastic properties stiffness is measured from the linear
part of the force-elongation curve.
Tendon stiffness is dependent on length, material properties and CSA of
the tendon. For example, if tendon’s resting length is doubled, tendon stiffness
is halved, since with the same elongation of the tendon, it will resist with half of
the force compared to the original situation. On the other hand, if tendon CSA
is doubled, tendon stiffness will also double (Butler et al. 1978).

FIGURE 9 Schematic example of typical curves obtained from tensile test of a tendon to
determine stiffness, Young’s modulus and hysteresis. Solid lines represent
loading and dotted lines the unloading phase of the tensile test results. Stiffness is defined as the slope of the force-elongation curve, Young’s modulus as
the slope of the stress-strain curve, and hysteresis as the percentage of energy
lost during a loading-unloading cycle. Note that stiffness and Young’s modulus are determined from the linear part of the curves.

2.2.2.2

Young’s modulus

If information about mechanical properties of tendon as a material is to be
measured, tensile test results needs to be normalized to the dimensions of the
tendon. A variable that normalizes tendon stiffness to its dimensions is called
Young’s modulus. Where stiffness is a measure of a material’s force-elongation
relationship, Young’s modulus is a measure of a material’s stress-strain rela-

28
tionship. Stress is calculated by dividing tensile force by CSA (σ = F/A), and
strain is calculated by dividing elongation by initial length (ε = ΔL/L0). Both
stress and strain are independent of dimensions of the material tested, hence
Young’s modulus does not depend on the dimensions but only on the properties of the material (Butler et al. 1978). This makes Young’s modulus a useful
parameter for comparisons between individuals or different tendons.
2.2.2.3

Hysteresis

Although tendons have been described to behave almost perfectly elastically
(Elliott 1965), they still show some degree of viscous characteristics when physically loaded, giving tendon it’s viscoelastic properties. Hysteresis is one of the
manifestations of tendon viscosity.
A loop is formed in the force-elongation or stress-strain curve when tendon is cyclically loaded. This loop is called hysteresis, and reflects the amount
of energy converted to heat during the loading cycle. Hysteresis is typically expressed as a percentage, and calculated as the area (energy) between the loading and unloading curves relative to the area under the loading curve
(Maganaris et al. 2008). Hysteresis values ranging from 3 to 38 % have been reported in vivo (Finni et al. 2012). The amount of hysteresis may be lower in high
stressed tendons that have a role in energy storage and release compared to low
stressed tendons of positional muscles (Shadwick 1990). For example, elastic
properties have been shown to prevail over viscous properties in Achilles tendon in vivo, giving rise to a relatively low hysteresis (Peltonen et al. 2013).
2.2.3

Muscle-tendon interaction

MTU mechanical function is determined by interaction between muscle and
passive series elastic components. Passive elastic components include intramuscular components like cross-bridges, actin, myosin and titin filaments, and collagen fibers in the extracellular matrix. However, tendon and aponeurosis have
the greatest capacity for elastic energy storage (Roberts 2016), and thus can be
considered the most important elastic component regarding MTU function.
Quick release experiments combined with high frame rate ultrasound imaging
support this as they have shown that outer tendon makes the largest contribution to MTU series elasticity, but also aponeurosis has a significant role (Farcy
et al. 2014).
In biomechanical studies of MTU function, a mechanical model in which
tendon and aponeurosis (collectively called tendinous tissue, TT) are connected
in series with muscle fascicles has been widely used. In this model muscle fascicles are lumped to a single contractile component representing all muscle fascicles in parallel (Fukunaga et al. 2001). This model is useful for in vivo studies
since it allows estimation of length changes in passive series elastic components
(named TT in this model) based on joint kinematics and measurement of a single muscle fascicle length. However, it should be noted that TT is not specific
tissue or combination of tissues but rather a model representation of series elastic components. Most of the studies reviewed in this chapter have used the
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muscle model like described above. Hence, for clarity TT is used throughout the
chapter when referring to passive series elastic components.
As described previously in chapter 2.2.1, mechanical function at the muscle fascicle or fiber level is constrained by the force-velocity (Hill 1938) and
force-length relationships (Gordon et al. 1966), with the arrangement of muscle
fibers (muscle architecture) expanding functional versatility of muscles. Mechanical function of TT on the other hand is determined by its mechanical properties such as stiffness. The way active muscle and passive TT interacts to produce MTU mechanical function is the key to functionally distinct MTUs that can
fulfill a large array of different functional demands (Wilson & Lichtwark 2011).
For example, elasticity of TT can be utilized to decouple muscle length and velocity from that of MTU (Fukunaga et al. 2001), and thereby to overcome limitations set by a muscle’s force-velocity and force-length relationships. Regarding
energetics of MTU, TT may have three different roles: energy conservation,
power amplification and power attenuation (Roberts & Azizi 2011). These and
other effects of muscle-tendon interaction on MTU function are reviewed in this
chapter.
2.2.3.1

Energy conservation

Energy conservation by utilizing TT elasticity is an important mechanism to
improve efficiency of human locomotion. The basic mechanism of energy conservation by TT is that kinetic and potential energy related to movement can be
temporarily stored in TT and subsequently released to power the movement
(Cavagna et al. 1977). A typical example of energy conservation using TT elasticity is a bounding gait such as running at constant speed. In running, kinetic
and potential energy reach minimum values during the stance phase and maximal values during the flight phase (Novacheck 1998). Based on measurements
of energy consumption and external mechanical work in a range of animals and
in humans, Cavagna et al. concluded that at least some of the kinetic and potential energy lost during ground contact must have been stored temporarily in
elastic structures and subsequently returned, thereby improving efficiency of
locomotion (Cavagna et al. 1964, Cavagna et al. 1977). Using direct measurements of tendon force and fascicle length in hopping wallabies, Biewener et al.
showed that two distal hindlimb muscles, plantaris and gastrocnemius, do minimal positive work during a hopping cycle. In contrast, energy recovered from
TT was on average 20 times greater than muscle work output (Biewener et al.
1998). This basic mechanism of energy cycling using TT elasticity has been confirmed later in humans with ultrasound based measurements of muscle fascicle
and TT behavior in running (Lichtwark et al. 2007, Lichtwark & Wilson 2006,
Lai et al. 2015, Farris & Sawicki 2012) and hopping (Hoffrén et al. 2012). In
summary, the cornerstone of improving efficiency of locomotion by utilizing TT
elasticity is the energy cycling between the body and TT elastic energy. This
allows muscle to do either no external work or to work at a slow shortening
velocity, when efficiency is greatest (He et al. 2000).
Although muscle may not do mechanical work, this does not mean that
energy cost would be zero. Storing elastic energy in TT requires the muscle to
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generate force. However, as energy cost of force generation is lower in isometric
compared to concentric contractions (Fletcher et al. 2013a), energy conservation
utilizing TT elasticity may create energy saving compared to a situation where
MTU work would have to be performed by the muscle. It should be noted however that one study performed on frog muscles contradicts the common assumption that replacing muscle work with tendon work improves efficiency of
locomotion. In this study, Holt et al. found that cost of force generation was
similar in a condition were TT was responsible for MTU length changes and in
a condition where muscle itself performed stretch-shorten cycles (Holt et al.
2014). Thus, alternative explanations of energy savings utilizing elastic TT may
be formulated. Firstly, it may be that a long tendon and proximally situated
muscle reduce limb inertia, thereby reducing energy cost associated with limb
movements. Secondly, short and highly pennate muscle fascicles that are associated with long tendons may reduce energy cost by minimizing the amount of
muscle mass activated per unit of force generation (Roberts 2016).
2.2.3.2

Power amplification

Muscles generate peak positive power at a shortening velocity around 20-30%
of the maximal shortening velocity (Askew & Marsh 1998, He et al. 2000). In
some movements, fast joint rotations occur where MTU shortening velocity
greatly exceeds optimal velocities for muscle power generation. In such fast
movements, joint power can exceed what would be theoretically possible for
the muscle even if contracting with optimal velocity (Sawicki et al. 2015). This
high power generation exceeding muscle capacity is called power amplification.
Power amplification may occur when energy stored in TT is suddenly released to power limb movement. Some animals utilize an anatomical catch
mechanism to allow muscle to stretch the tendon with a slow shortening velocity before the start of the movement. This is similar to the operation of a catapult.
Humans can use body mass and limb inertia to achieve the same without an
anatomical catch (Farris et al. 2015). Such a mechanism is in play in countermovement jumps and in walking. Kurokawa et al. (2001) showed that prior to
takeoff in a squat jump, MG muscle fascicles shortened while MTU length
stayed constant, storing elastic energy in TT. During MTU shortening, MG
muscle fascicles generated force almost isometrically and TT was responsible
for almost all MTU power generation. Here, high force generation by triceps
surae muscles prior to ankle joint movement initiation is possible by acceleration of body segments proximal to the ankle joint, allowing increase in ground
reaction force generation and energy storage in Achilles tendon. In human
walking, a similar mechanism can be utilized. Gastrocnemius and soleus muscles can generate force and elongate TT while the shank rotates forward during
stance. During push-off, TT shortens increasing MTU power output above muscle power output and allowing high positive ankle joint power to be generated
during late push-off (Ishikawa et al. 2005).
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2.2.3.3

Power attenuation

Since TTs are passive and generally have low hysteresis (Ker 1981), they cannot
dissipate large amounts of energy in MTUs. Thus, muscle is the component that
can absorb energy in a MTU. TTs can however attenuate power, i.e. decrease
the rate at which muscle needs to absorb energy. Power attenuation is needed,
e.g. in landing situations where the body’s mechanical energy rapidly decreases.
Muscle dissipates energy by eccentric contractions, i.e. doing negative work.
Here, active muscle contraction converts mechanical work to heat. Without
elastic TT, dissipation of a large amount of energy in a short time would require
a forceful eccentric contraction that could expose the muscle to a risk of eccentric muscle injury (Thelen et al. 2005). Energy can be transiently stored in TT
and then dissipated by the muscle with a slow eccentric contraction, where
muscle force does not need to rise to extreme values. Thus, the benefit of the
slow eccentric velocity in energy dissipation situations is that it may protect
musculoskeletal structures from damage by reducing peak forces and muscle
lengthening velocities (Roberts & Azizi 2010).
2.2.3.4

Modulation of muscle-tendon interaction

In dynamic contractions muscle activation timing critically determines MTU
power output and TT function. Changes in muscle activation timing and intensity during cyclic MTU length changes can alter the function of TT and change
MTU function from power amplification to power attenuation (Sawicki et al.
2015a, Lichtwark et al. 2009). In addition, TT stiffness plays a significant role in
muscle-tendon interaction. Both simulation and experimental studies have
shown that MTU power generation and efficiency depend on TT stiffness
(Lichtwark & Wilson 2005b, Lichtwark & Barclay 2010), which is probably
caused by the effect that TT elasticity has on muscle fiber shortening velocity. In
addition, in simulated walking, muscle fiber velocity and length are sensitive to
TT stiffness (Arnold & Delp 2011). Different tasks, such as walking and running
with different speeds, may optimally require different stiffness in triceps surae
TT (Lichtwark & Wilson 2008). Aponeurosis may play a role in tuning TT stiffness appropriately for different tasks. Longitudinal stiffness of an aponeurosis
has been shown to vary according to muscle force generation (Azizi & Roberts
2009). This may allow for tuning TT stiffness and thereby improving MTU functional versatility. Finally, in vivo human studies have shown associations between TT stiffness and running performance (Kubo et al. 2000, Kubo et al. 2015)
and economy (Fletcher et al. 2013b), and changes in triceps surae TT stiffness
are associated with changes in running economy (Fletcher et al. 2010, Albracht
& Arampatzis 2013).
2.2.3.5

Rate of force development

Series elasticity also has an effect on MTU rate of force development. In fixed
end contractions (i.e. isometric), the greater the elongation of series elastic components with maximal tension of the muscle, the slower will be the maximal
rate of force development of the MTU. Wilkie demonstrated this effect in 1949
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by adding compliance in a cable extending from the hand to a dynamometer for
an elbow flexion task (Wilkie 1949). The same effect of compliance has also been
observed for knee extensors. Bojsen-Møller et al. (2005) showed that patella
tendon stiffness is positively associated with knee extension rate of torque development. This effect is thought to derive from muscle’s force-velocity relationship since in fixed-end contractions, there is shortening in the muscle due to
stretch of TT until peak force generation is reached (Roberts & Azizi 2011). The
smaller is the shortening distance, the faster the peak force can be reached.
Hence, the effect of series elasticity on rate of force development is greatest in
MTUs where tendon to muscle length ratio is large.
2.2.3.6

Force-length relationship

One of the effects of TT elasticity is that it distorts the shape of muscle forcelength relationship compared to that of sarcomere force-length relationship if
measured with fixed-end contraction of the MTU. In fixed-end contractions, TT
elongates by an amount that is determined by TT stiffness and muscle force
generation and since MTU length remains constant, muscle will shorten by the
same amount than TT elongates. The net effect of the muscle shortening is a
rightward shift and distortion in the shape of the force-length relationship that
is dependent on series elastic component properties (Lieber et al. 1992). The effects of TT elasticity on the force-length relationship have also been observed in
vivo as a shift in the isometric and isokinetic knee extension torque-angle relationships with different levels of torque generation due to different amount of
TT lengthening in these different conditions (Kawakami et al. 2002, Kubo et al.
2006).

2.3 Muscle architecture, tendon properties and muscle-tendon
interaction in aging
No longitudinal studies have examined changes occurring with aging in muscle
architecture or tendon properties. Thus, current knowledge regarding possible
age-related changes relies on cross-sectional observations. Muscle architecture,
as well as tendon mechanical and morphological properties, respond to different levels of physical loading (Blazevich 2006, Magnusson et al. 2008, Bohm et al.
2015, Wiesinger et al. 2015, Timmins et al. 2016, Ema et al. 2016). Thus, results
from cross-sectional studies comparing individuals of different ages have to be
viewed in light of the inherent limitations of the cross-sectional study design, i.e.
its vulnerability to bias from confounding factors. In particular, the confounding effect of differing levels of physical loading of tissues in different age
groups needs to be acknowledged, and causality cannot be interpreted based on
cross-sectional observations. However, the effects of aging take considerable
time to be observable, and cross-sectional designs provide a practical method to
probe possible changes occurring with aging.
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2.3.1 Aging and muscle architecture
It is well documented that aging is associated with a decline in muscle mass.
There is a lack of long-term longitudinal studies, but estimates based on crosssectional observations indicate a decline in muscle mass of around 4-5% per
decade, representing a decline of about 15% to 20% from the age 30-40 (the approximate age of peak muscle mass) by the age of 70-80 (Mitchell et al. 2012).
However, it should be noted that high variation exists between studies in the
rate of decline in muscle mass with aging based on cross-sectional observations.
Values ranging from 8-49% in individuals aged from 18 to 80 have been reported (Mitchell et al. 2012). The loss of muscle mass with aging can be a result of
reductions in contractile tissue mass in series and in parallel, and thus alterations in muscle architecture are expected with aging.
Table 1 summarizes cross-sectional observations of age-related differences
in muscle architecture from in vivo human studies. Typically in these studies
young adults were approximately 20-30 years old and older adults over 70
years old. However, in some studies people aged 60-70 were included in older
group. From the table it can be seen that on average the studies have reported 8%
lower muscle fascicle lengths, 14% lower pennation angles and 16% lower muscle thicknesses in older adults compared to young adults across muscles. Statistically significant differences between young and older adults were reported in
1/3, 1/2 and 2/3 of the studies for fascicle length, pennation angle and muscle
thickness, respectively.
The presented studies are generally consistent in the direction of the agerelated differences in fascicle length, pennation angle and muscle thickness. As
expected, none of the studies have reported significantly greater values in these
parameters in older compared to young adults. However, the magnitude of the
difference between groups varies across studies, which may be due to differences in age or physical activity levels of the subjects. As the results consistently
show declines in the abovementioned muscle architectural parameters, the lack
of significant difference in most studies is probably due to small sample sizes
and large individual variation, leading to insufficient statistical power to observed differences between the groups.
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TABLE 1

Percent differences in muscle architecture in older compared to young adults
from in vivo human studies.

Fascicle
length

Pennation
angle

-17
-10*
-16*
-19*

-32
-13*
-13*

Muscle
thickness

Muscle

Reference

MG
(Sinha et al. 2014)
MG
(Narici et al. 2003)
MG
(Morse et al. 2005b)
MG
(Thom et al. 2007)
-5
-14*
MG
(Kubo et al. 2003)
MG
(Onambele et al. 2006)
-13*
-3
-9
3
MG
(Karamanidis & Arampatzis 2006)
MG
(Randhawa & Wakeling 2013)
-14*
-9*
0
-24*
-18*
8
LG
(Randhawa & Wakeling 2013)
-9
-18*
LG
(Morse et al. 2005b)
LG
(Sinha et al. 2014)
-10
-14
-16
-15*
Soleus
(Morse et al. 2005b)
TB
(Kubo et al. 2003)
-5
-6
-16*
Plant.flex. (Kubo et al. 2007a)
Plant.flex. (Kubo et al. 2007b)
-7*
-5
-2
-12
VL
(Karamanidis & Arampatzis 2006)
VL
(Power et al. 2013a)
-9*
-27*
0
-11*
VL
(Suetta et al. 2009)
-20*
-23*
VL
(Kubo et al. 2003)
Knee ext. (Kubo et al. 2007a)
-45*
-8
-14
Average
-16
Asterisks denote statistically significant difference between young and older adults. The
results are from pre-intervention measurements or from mid muscle if applicable. Plantarflexor and knee extensor refers to a summary value of the muscle group.

Fascicle length reflects the amount of contractile tissue in series, and thus
changes in fascicle length are due to changes in the amount of contractile tissue
(i.e. sarcomeres) along the fibers. Changes in pennation angle on the other hand
are thought to reflect changes in muscle fiber CSA (Gans & Bock 1965) and thus
the number of sarcomeres in parallel. The reduction in pennation angle with
loss of sarcomeres in parallel may provide an intrinsic compensatory mechanism, as a greater proportion of fascicle force is transmitted to tendon with lower pennation angles (Blazevich 2006). If muscle fascicle length is unaltered, a
change in muscle thickness is expected with a change in pennation angle. Based
on the observations of age-related differences in muscle architecture presented
in table 1, it seems that in aging, the reduction in contractile tissue in parallel is
greater compared to the reduction in series.
2.3.2

Aging and tendon properties

Aging has been reported to be associated with differences in several aspects of
tendon tissue, from cellular and molecular to whole tendon level differences.
Here the literature is reviewed in relation to tendon CSA and whole tendon mechanical properties.
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Cross-sectional observations in humans have not provided conclusive results
about age-related differences in tendon mechanical and morphological properties. Results from in vivo human studies regarding age-related differences in
tendon stiffness, Young’s modulus and CSA are presented in table 2. About half
of the studies reported here have found statistically significant differences in
tendon stiffness or Young’s modulus between young and older adults. However, none of the studies have found greater stiffness or Young’s modulus in older
compared to young adults, which differs from the findings of some animal
studies (Tuite et al. 1997, Nielsen et al. 1998, Wood et al. 2011). If statistical interpretation is neglected, on average studies have found 25% greater tendon
stiffness and Young’s modulus in young compared to older adults. Based on
these observational studies, age-related differences in lower limb tendon mechanical properties are inconclusive but suggest a decline in stiffness and
Young’s modulus with aging. The similar magnitude of difference between
young and older adults in both stiffness and Young’s modulus suggests that the
decline in stiffness with aging is mainly due to a decline in tendon material
properties.
For tendon CSA, cross-sectional human studies show conflicting results.
From table 2 it can be seen that four studies have reported significantly larger
and one study significantly smaller tendon CSA in older compared to young
adults in apparently healthy tendons. Results averaged across studies suggest a
modest increase in tendon CSA associated with aging. Tendon-specific (Achilles
or patella) differences between the studies do not seem to be the reason for the
conflicting results. Methodological differences could play a role in the variation
of results between studies since some studies have used ultrasound imaging
(Onambele et al. 2006, Pang & Ying 2006, Tweedell et al. 2016) and some used
magnetic resonance imaging (Magnusson et al. 2003a, Carroll et al. 2008,
Couppé et al. 2009, Couppé et al. 2012, Couppé et al. 2014). Another possible
reason for the discrepancy between studies could be differences in measurement points along the tendon, since region-specific CSA adaptations have been
observed after resistance training interventions (Bohm et al. 2014, Kongsgaard
et al. 2007) and habitual loading (Magnusson & Kjaer 2003). Similar region specificity may also be present in age-related modifications. Finally, differences in
the characteristics of subject groups, such as physical activity levels, age or unnoticed pathologies, between studies could also play a role in the discrepant
results.
In addition to the tensile test results reported in table 2, age-related differences in tendon mechanical properties have been studied using shear wave
elastography. The results of these studies are inconclusive as one study found
greater shear wave speed in Achilles tendon in older compared to young adults
(Turan et al. 2015), and other reported similar shear wave speed in middle-aged
compared to young adults (Slane et al. 2015). However, the latter study found
lower shear wave speed in gastrocnemius aponeurosis in middle-aged compared to young adults suggesting lower aponeurosis stiffness in the older
group.
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TABLE 2

Percent differences in tendon stiffness and Young’s modulus in older compared to young adults from in vivo human studies.

Stiffness

Young’s
modulus

-39*
-55*

-28*
-52*

CSA

Tendon

Reference

Achilles (Onambele et al. 2006)
Achilles (Csapo et al. 2014)
Achilles (Magnusson et al. 2003a)
Achilles (Hoffrén et al. 2012)
-36*
46*
Achilles (Tweedell et al. 2016)
22*
Achilles (Pang & Ying 2006)
Patella (Couppe et al. 2014)
-2
-25*
13*
-6
0
-8
Patella (Carroll et al. 2008)
Patella (Couppé et al. 2009)
-29
-23
2
-15
-23
-5
Patella (Couppé et al. 2012)
-30*
Plantarflex. (Mademli & Arampatzis 2008)
Plantarflex. (Karamanidis et al. 2008)
-4†
-36†
Plantarflex. (Karamanidis & Arampatzis 2006)
Knee ext. (Karamanidis & Arampatzis 2006)
-31†
-25*†
Knee ext. (Karamanidis et al. 2008)
9
-25
-25
Average
Asterisks denote statistically significant differences between young and older adults. The
results are from untrained groups or from pre-intervention measurements if applicable.
Statistical significance is evaluated from main effects in case of factorial design. Achilles
and patella tendon includes only outer, tendon whereas plantarflexor and knee extensor
results include outer tendon and part of the intramuscular aponeurosis. The results marked
with daggers were derived from force-strain relationship instead of conventional forceelongation relationship.

2.3.3

-19*
4
22*

Aging and muscle-tendon interaction

The age-related differences observed in muscle architecture and tendon mechanical properties suggest that there may be age-related differences in muscletendon interaction. However, studies in this area are scarce.
Two previous studies have examined age-related differences in muscletendon function of triceps surae muscle during walking. Mian et al. (2007)
found that when young and older adults were compared at matched walking
speeds, older adults showed less LG fascicle elongation during MTU lengthening consistent with the previously reported age-related decrease in Achilles
tendon stiffness. Panizzolo et al. (2013) showed that soleus fascicle behavior
was similar between young and older adults when compared at their preferred
walking speeds. Increase in walking speed shifted soleus operating length to a
shorter length consistent with greater Achilles tendon elongation, since ankle
joint kinematics were unaltered. This finding suggests adaptation of preferred
walking speed in older adults to preserve soleus muscle fascicle mechanical
behavior.
(Morse et al. 2005a) found greater elongation of TT in plantarflexors during maximal voluntary contractions in older compared to young adults, which
was associated with longer electromechanical delay in older adults. The authors
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speculated that longer electromechanical delay could affect postural control in
older adults. This was supported by the findings of Onambele et al. (2006)
showing that Achilles tendon stiffness was associated with measures of postural balance in older adults.
Hopping and drop jumps have been used as a model to study neuromuscular control and muscle-tendon interaction in young and older adults in triceps surae muscles (Hoffrén et al. 2007, Hoffrén et al. 2012). These studies have
shown differences in muscle-tendon interaction between the age groups during
drop jumps. The differences arise mainly from differences in fascicle behavior,
suggesting adaptation of TT stiffness to match the level of muscle force generation capacity. Results from hopping tasks further supported the adaptation hypothesis, since muscle-tendon interaction was shown to be similar between
young and older adults in conditions that required similar relative effort, but
not in conditions that were matched in absolute terms.
TT stiffness in triceps surae muscles may adapt to loading encountered in
daily living where muscle actions are typically isometric or concentric (Farris &
Sawicki 2012). Barber et al. (2013) showed that in maximal isokinetic eccentric
contractions, older adults had preserved torque generation, although significantly lower values were observed in isometric and concentric contractions
compared to young adults. Eccentric contractions were associated with lower
MG lengthening velocity in older compared to young adults suggesting that
Achilles tendon elongation accounted for a greater proportion of lengthening of
the MTU in older adults. No such difference was observed in concentric contractions.

3

PURPOSE OF THE STUDY

Previous cross-sectional observations suggest that aging may have an effect on
muscle architecture and tendon mechanical properties. However, the evidence
is not conclusive with varying and even contradictory findings. One of the reasons for the inconsistent findings may be varying levels of physical activity between the subject groups studied.
One drawback of cross-sectional studies is that they are affected by confounding factors. Using a cross-sectional study design, it is difficult to separate
the effects of primary aging from those of declining physical loading, since aging is typically associated with a decline in physical activity levels (Ayabe et al.
2009) and an increase in sedentary behavior (Wullems et al. 2016). It has been
suggested that master athletes provide a model of exceptionally successful biological aging due to continued high levels of physical activity and few comorbidities (Tanaka & Seals 2008).
The age-related loss of muscle mass is a major factor in the age-related decline in muscle function (Frontera et al. 1991). However, longitudinal studies
have shown a disproportionately larger loss of muscle strength compared to
loss of muscle mass (Delmonico et al. 2009, Goodpaster et al. 2006). Muscle architecture and tendon mechanical properties have profound effects on muscle
function and could partially explain the disproportionately greater loss in muscle function compared to mass. Comparative studies contrasting different muscles or different species with distinct muscle functional roles have enhanced our
knowledge of the functional significance of muscle-tendon properties
(Alexander & Bennet-Clark 1977, Lieber & Friden 2000, Gillis & Biewener 2001,
Biewener 1998, Biewener et al. 1998). However, the effects of subtle changes in
muscle-tendon properties, such that may occur with aging, are relatively unknown.
Walking is the most common form of mobility, and age-related impairments in walking speed are highly predictive of future health-related outcomes
(Albert et al. 2014, Montero-Odasso et al. 2005). The most profound age-related
impairment in walking is reduced ankle plantarflexion power in late push-off
(Kerrigan et al. 1998, DeVita & Hortobagyi 2000, Kulmala et al. 2014). Using
ultrasound imaging it has been shown that plantarflexors utilize TT elasticity
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for high power generation in the push-off phase of walking (Ishikawa et al.
2005). Due to a large tendon to muscle length ratio, muscle function in plantarflexors is highly dependent on tendon mechanical properties (Zajac 1989). For
that reason, age-related changes in Achilles tendon properties could play a role
in the previously reported age-related impairments in walking.
Therefore, the purpose of this thesis was to increase knowledge on the association between aging and muscle architecture, tendon mechanical properties
and muscle-tendon function of human triceps surae muscle.
Specifically the aims of the current thesis were:
1)

To describe age-related differences in triceps surae muscle architecture and selected Achilles tendon properties in healthy young
and older adults (I).

2)

To examine the association between physical function and triceps
surae muscle-tendon properties in healthy older adults to reveal
the functional relevance of inter-individual differences in muscle
architecture and tendon properties (II).

3)

To gain insight into the association between aging and triceps surae muscle-tendon properties in healthy aging without the confounding by lack of physical loading (III). This was achieved by
studying older athletes. Two groups of athletes were studies, older endurance and sprint runners.

4)

To examine age-related differences in triceps surae muscle-tendon
function during walking in order to understand the mechanistic
role of age-related differences in muscle architecture and tendon
properties in age-related impairments of physical function (IV).

4

METHODS

4.1 Study design and subjects
4.1.1

Study design

A cross-sectional study design was utilized with healthy young (18-31 years old)
and older (70-80 years old) adults studied.
In paper I, triceps surae muscle architecture and Achilles tendon mechanical and morphological properties were measured from young and older men
and women and compared between the age groups.
In paper II, association between triceps surae muscle-tendon properties
and physical function was examined in older adults using regression modeling.
Paper III compared triceps surae muscle architecture and Achilles tendon
mechanical and morphological properties between older athletes and untrained
young and older adults.
Paper IV compared triceps surae muscle-tendon function between young
and older adults during walking. In this study, subjects walked over a 10-meter
force platform at their preferred walking speed while muscle-tendon function
of MG and soleus was examined using ultrasound imaging. In addition to the
preferred walking speed, older subjects performed trials at a speed that
matched the mean preferred speed of young subjects.
The author of the current thesis was responsible for all the measurements
excluding physical function and body composition measurements of original
paper II. The author analyzed all data and was the first author of the original
papers, reflecting a major role in drafting and editing the manuscripts.
4.1.2

Subjects

A total of 146 healthy young and older people participated in the studies that
made up the four original papers included in this thesis. Papers I and II include
untrained healthy young and older adults that were participating in a Europewide cross-sectional study called MyoAge. Young and older men from this da-

41
taset were also included in paper III alongside 20 older athletes. Paper IV included 13 young and 13 older untrained healthy men. Age and physical characteristics of the subjects are presented in table 3.
TABLE 3

Subject characteristics and the original paper in which the subjects appear.

Young
Women (n=15)
Men (n=18)
Older
Women (n=34)
Men (n=33)
Older athletes
Endurance runners (n=10)
Sprint runners (n=10)
Young men (n=13)
Older men (n=13)

Age (yr)

Height (m)

Body mass
(kg)

Original
paper

25 ± 3
24 ± 2

166 ± 4
181 ± 6

63 ± 6
75 ± 9

I
I, III

74 ± 3
75 ± 4

159 ± 5
173 ± 5

64 ± 9
76 ± 8

I, II
I, II, III

74 ± 3
74 ± 3
25 ± 4
73 ± 5

175 ± 7
176 ± 7
179 ± 6
176 ± 5

70 ± 7
74 ± 7
79 ± 7
88 ± 9

III
III
IV
IV

Values are presented as mean ± standard deviation.

The aim of subject recruitment was to obtain a sample of healthy young and
older adults free from major diseases. Young adults were recruited among students of the University of Jyväskylä using email bulletins. Older adults, excluding the older athletes, were recruited from local meetings of retired people and
from lectures organized by University of the Third Age.
Older athletes in paper III were recruited among the participants of the
World Master Athletics Indoor Championships held in Jyväskylä, Finland in
2012. Twenty male athletes were recruited based on the events they participated
in during the championships. Ten subjects were recruited from sprint running
events (60 m, 60 m hurdles, 200 m, 400 m) and 10 were recruited from endurance running events (3 km, ½ marathon and 8 km cross country running). The
rationale behind the recruitment was that these groups load their triceps surae
muscles with distinct loading patterns: one group with high volume and lower
intensity, and the other with low volume but high intensity.
All subjects were community living, moderately socially active (participating in social or group activities to improve knowledge or skills two times or
more per month), free from major diseases and did not have mobility limitations that would prevent them from walking 250 m without assistance. For details of the recruitment and exclusion criteria used, readers are referred to the
original papers.
4.1.3

Ethics

Participants were informed about the procedures used in the study and they all
signed a written consent prior to participation in the study. The ethics committee of the Central Finland Health Care District (I-III) or the University of
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Jyväskylä (IV) approved all methods and the studies conformed to the standards set by the latest revision of the Declaration of Helsinki.

4.2 Data collection and analyses
All analog data (force, electromyography, potentiometer and goniometer data)
were sampled with a 16-bit A/D board (Power 1401, CED Limited, England)
with a sampling rate of at least 1000 Hz. Data analyses were performed with
custom scripts written in MATLAB (MathWorks Inc., Natick, MA, US). All ultrasound data were saved to a computer for offline analyses.
4.2.1

Achilles tendon cross-sectional area (I-III)

Achilles tendon CSA was measured from the right leg in a relaxed condition
while subjects lay prone on a table with ankle angle at 90°. A linear 3.6 cm ultrasound probe (Aloka Pro Sound alpha 10 and UST-5411, Aloka, Japan) and an
acoustic gel pad (SonarAid, Geistlich Pharma, Switzerland) were used. Ultrasound image of Achilles tendon CSA were taken in the transverse plane, four
centimeters proximal to the proximal margin of the calcaneal tubercle (Achilles
tendon insertion site), which is approximately the narrowest site of the free
Achilles tendon (Peltonen et al. 2010).
Tendon CSA was measured by manually outlining the tendon (ImageJ,
National Institute of Health, USA). The measurement was performed twice and
the average was used in subsequent analyses.
4.2.2

Triceps surae muscle architecture (I-III)

To measure muscle architectural parameters, single ultrasound images were
taken from MG and soleus at the level of 50% of MG length and mid muscle in
the medial-lateral direction using a 6 cm linear probe (Aloka Pro Sound alpha
10 and UST-5712, Aloka, Japan). The images were taken with the subjects in the
same position as in the Achilles tendon CSA measurements. The probe was
carefully oriented along the direction of fascicles with minimal pressure applied
to the skin.
Anatomical CSA was measured from gastrocnemii by combining MG and
LG. The CSA was measured at 50% of MG length using panoramic ultrasound
imaging with a 3.6 cm linear probe (Aloka Pro Sound alpha 10 and UST-5411,
Aloka, Japan). The panoramic image was formed by a combination of several
images taken as the ultrasound probe was moved over the muscles. The ultrasound device combined these images and the panoramic image was saved to a
computer for later analysis. Soleus muscle was not included in the muscle CSA
measurement because the borders of the muscle were not clear in the panoramic images. Panoramic ultrasound imaging has been found to be valid and reliable for measurement of muscle anatomical CSA (Ahtiainen et al. 2010, Noorkoiv
et al. 2010).
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Muscle thickness was measured as the distance between the deep and superficial aponeuroses perpendicular to the deep aponeurosis in the middle of the
image. Muscle fascicle length was measured by drawing a line along a clearly
visible muscle fascicle between the deep and superficial aponeuroses. If the fascicle was not apparently straight, the curvature of the fascicle was taken into
account by drawing the line with multiple points. Pennation angle was measured as the angle between muscle fascicle and deep aponeurosis. Anatomical
CSA was measured by manually outlining the muscles. All measurements were
performed twice and the average was used in subsequent analyses (ImageJ, National Institute of Health, USA).
4.2.3 Plantarflexion strength (I-IV)
Plantarflexion strength was measured in a custom-built ankle dynamometer
(University of Jyväskylä, Finland) with maximal voluntary isometric contractions (MVIC) of the right leg. Subjects were seated in the dynamometer with the
right leg ankle at 90° of flexion, knee fully extended and hip at 60° of flexion
(full extension 0°). The seat was set individually as close to the pedal as possible
to minimize ankle joint rotation during maximal plantarflexion efforts. Force
applied by the subjects to the dynamometer footplate was measured with a
force transducer (Precision TB5-C1, Raute, Nastola, Finland) installed to the pedal of the dynamometer. After a standardized warm-up, three maximal trials
were performed with one-minute rest between the trials. If maximal force was
greatest in the third trial, subsequent trials were performed until maximal force
did not increase. The highest measured force was taken as plantarflexion
strength. Force instead of ankle joint torque was used as a measure of plantarflexion strength since it was considered to reflect the maximal functional force
(e.g. ground reaction force at the level of the metatarsal heads) that the plantarflexor muscles could generate. Plantarflexion muscle strength was normalized
by dividing it by body weight.
4.2.4 Achilles tendon mechanical properties (I-III)
Achilles tendon mechanical properties were measured in the same dynamometer with the same joint ankle positions that were used for plantarflexion
strength measurements. A combination of synchronous ultrasound imaging,
video based motion capture, force measurements and heel displacement measurements were used to derive Achilles tendon force-elongation and stress-strain
curves (Peltonen et al. 2013).
After practicing the correct rhythm for the contractions, subjects performed a set of five to eight fast isometric ramp contractions with ankle plantarflexors. Each contraction in the series lasted for one second with the rise and fall
of force occurring at approximately the same rate. The peak force reached in
each contraction was at least 80% of MVIC force. This kind of contraction has
been shown to provide better reproducibility of force generation than slower
contractions without affecting tendon stiffness (Peltonen et al. 2013). Practice
trials and MVIC measurements performed before the measurement of Achilles
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tendon mechanical properties were considered to precondition the tendon and
stabilize its mechanical properties (Maganaris 2003b).
Achilles tendon force was calculated by multiplying the measured reaction force by the ratio between the externally measured lever arms of the foot
and the Achilles tendon. To measure the foot lever arm, subjects placed their
right foot on to a piece of paper that had a scale printed on it. The longitudinal
foot axis was perpendicular to the scale. The vertical projections of the outermost tip of medial malleolus and the head of the first metatarsal were marked
on to the paper and the distance between these points was determined as the
lever arm of the foot. Achilles tendon lever arm was defined as the distance
from the center of the Achilles tendon to the outermost tip of the medial malleolus in the sagittal plane measured using a ruler. There was no difference in
Achilles tendon loading rate between young and older adults (p=0.440).
Tendon length during the trials was measured using a combination of ultrasound imaging of MG MTJ, video based motion analysis of ultrasound probe
movement and heel displacement measurements (Fig. 10). Ultrasound images
of MG MTJ were taken at 70 Hz using a 6 cm linear array probe (UST-5712,
Aloka, Japan). The probe was positioned over the GM MTJ, approximately two
centimeters medial to the border between medial and lateral gastrocnemius,
and secured with an elastic band. MTJ location in the ultrasound image coordinate system was measured using custom software (Magnusson et al. 2003b) utilizing Lukas-Kanade feature tracking (Bouguet 2001). The software tracked
movement of nine points that were placed along the aponeurosis between GM
and SOL, just proximal to the GM MTJ to reflect movement of the MTJ. Each file
was analyzed twice and the average was used for subsequent analysis. Ultrasound probe location in 2D was measured from video taken in the sagittal plane
(InLine 250, Fastec Imaging, USA at 60 Hz) using Peak Motus 2000 software
(Peak Performance Technologies, USA). This information was used to transform
GM MTJ location to the laboratory coordinate system. The location of the Achilles tendon insertion in the laboratory coordinate system was measured using a
potentiometer located under the heel. Finally, Achilles tendon length was defined as the distance between Achilles tendon origin and insertion and Achilles
tendon elongation calculate by subtracting tendon length at rest from tendon
length during the contractions.
The repeated contractions were first separated. Then tendon force and
elongation data were time normalized and averaged to produce one forceelongation relationship for each subject. Tendon stiffness and Young’s modulus
were calculated between 10% and 80% of MVC force as the slope of the linear fit
to tendon force-elongation and stress-strain relationships, respectively. Within
this region the relationships were highly linear (Fig. 10). Tendon hysteresis was
calculated as the percentage difference in the area under the curve for the loading and unloading phases of the curve.
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FIGURE 10 Measurement of Achilles tendon mechanical properties. (A) Isometric plantarflexion contractions were performed in a dynamometer with synchronous
measurement of pedal reaction force, heel displacement, ultrasound probe location and MG MTJ displacement (inset shows ultrasound image of the MTJ).
(B) Average Achilles tendon force-elongation plot from 10 to 80% MVC at 10%
MVC increments from one subject. Achilles tendon stiffness was determined as
the slope of a linear fit to the force-elongation data.

4.2.5

Physical function in older adults (II)

Physical function was assessed by two walking tests; the 6-minute walk test
(6MWT) and timed “up and go”-test (TUG). Both tests are widely used in aging
research and have been shown to have good test-retest reliability (Harada et al.
1999, Payette et al. 1998).
The 6MWT was performed on a 20 m course marked with cones at both
ends. Subjects were instructed to walk the longest distance possible during 6
minutes without running (Enright 2003). Subjects were informed at the end of
each minute about the time elapsed and were given standardized encouragement. The total distance covered during 6 minutes was taken as the final result.
In the TUG-test, subjects were asked to stand up when hearing the “go”
command and walk around a cone placed 3 meters away and sit back down on
the seat (Podsiadlo & Richardson 1991). The task was performed as fast as possible. Time taken to perform the task was measured using a stopwatch. The task
was performed three times and the fastest performance was taken as the final
result.
4.2.6

Lower extremity lean mass (II)

Lower extremity lean mass (excluding bone mass) was measured using dualenergy X-ray absorptiometry (Lunar Prodigy, version EnCore 9.30) while wearing only light clothes. Software preset regions for left and right legs were used
and lean mass of the legs was summed to attain lower extremity lean mass in
kilograms.
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4.2.7

Knee extension strength (II)

Knee extension strength was measured in a custom-built dynamometer (University of Jyväskylä, Finland) with maximal voluntary isometric knee extension.
Subjects sat in the dynamometer with the knee and hip flexed at 90° angles and
waist and ankle tightly strapped to the dynamometer. The tested leg was the
leg that the subject self-reported as the strongest. After a standardized warm-up,
three maximal voluntary contractions were performed. The force measured by
the force transducer was converted to knee joint torque by multiplying the
measured force by the distance from the knee joint center to the force transducer (measured using a measuring tape). The highest torque value was used in
subsequent analysis.
4.2.8

Leg extension power (II)

Leg extension power was measured during maximal countermovement jumps
performed on a force platform (custom-built force platform, University of
Jyväskylä, Finland). Subjects were instructed to jump as high as possible while
keeping their hands on their hips. Power was calculated from the measured
ground reaction force data using the method described by Caserotti and Simonsen (2001). Briefly, center of mass vertical velocity was derived by means of
numerical integration of center of mass vertical acceleration, and instantaneous
power was calculated as the product of vertical velocity and vertical ground
reaction force. Peak power in the concentric phase of the jump was taken as leg
extension power. Three maximal jumps were performed and the highest power
value was used in subsequent analysis.
4.2.9

Physical activity levels (II)

Habitual physical activity level of older adults was assessed using the Voorrips
physical activity questionnaire (Voorrips et al. 1991). The questionnaire is designed for older adults and covers household, sport and leisure time activities.
The total score of the questionnaire was used as a measure of the level of habitual physical activity.
4.2.10 Triceps surae muscle-tendon function during walking (IV)
Subjects walked over a 10-meter force platform at their preferred walking speed.
They started walking three meters before and stopped walking three meters
after the force platform to ensure that walking speed was stable over the force
platform. The trials were timed using photocells at the start and end of the force
platform and the average walking speed was calculated from the measured
time. The average walking speed of three consecutive trials with walking
speeds within ±5% was defined as preferred walking speed. In addition to the
preferred walking speed, older subjects performed trials at a speed that
matched the mean preferred speed of young subjects within ±5%. In both preferred and matched speed trials, data were recorded from at least three trials. In
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addition, all subjects performed one trial with maximal walking speed from
which only the time of the trial was recorded.
During walking, three-dimensional GRFs were measured using a 10-meter
long custom-built force platform (University of Jyväskylä, Finland). Two force
platforms parallel to each other enabled measurement of GRFs separately for
both legs. GRFs were low-pass filtered at 40 Hz using a fourth order zero-lag
Butterworth filter and normalized by dividing the forces by body weight.
An ultrasound probe (7.5 MHz linear array probe with 60 mm field width,
Telemed, EchoBlaster128, Lithuania) was attached over the MG muscle visualizing both MG and soleus simultaneously. Ultrasound images were collected at
80 Hz during walking. Muscle fascicle lengths and pennation angles of MG and
soleus were tracked from the ultrasound images using an automatic tracking
algorithm (Cronin et al. 2011) and low-pass filtered at 40 Hz using a fourth order zero-lag Butterworth filter. Muscle fascicle lengths obtained from walking
trials were normalized by dividing them by muscle fascicle reference lengths.
The reference lengths were measured in a resting condition while subjects were
seated in a dynamometer with the knee fully extended and ankle angle at 90°.
Sagittal plane ankle and knee joint kinematics were measured using custom built electrogoniometers (University of Jyväskylä, Finland) attached over
the lateral side of the joint. MTU lengths were calculated from the joint kinematics using regression equations defined by Hawkins and Hull (1990). TT
length was calculated as LTT = LMTU – LFAS*cos(pennation angle), where LMTU is
MTU length and LFAS is muscle fascicle length (Fukunaga et al. 2001). MTU and
TT lengths were normalized by dividing them by their corresponding reference
lengths determined in the same way as muscle fascicle reference lengths.
Strides were separated based on vertical GRF, interpolated to 1000 data
points and averaged across subject and speed (including ground reaction forces
and muscle activity). The start of the push-off phase was identified from the
anterior-posterior GRF. Since TT and muscle fascicles are connected in series,
peak fascicle force generation was estimated to occur at the instant of peak TT
length.
To determine muscle activity in walking, electromyography (EMG) was
measured from MG and soleus using a telemetric EMG system (Noraxon Inc.
Scottsdale, AZ, USA). After shaving and preparing the skin with fine sandpaper
and alcohol wipes, two electrodes (Ambu A/S, Ballerup, Denmark) were attached over the skin with 22 mm interelectrode distance according to SENIAM
recommendations (Hermens et al. 1999). The data were sampled at 1500 Hz,
preamplified and sent wirelessly to an A/D converter (Cambridge Electronic
Design, Cambridge, UK).
EMG data were band-pass filtered between 20 and 450 Hz using a fourth
order zero-lag Butterworth filter. Root mean squared (RMS) values during
stance and push-off phases were calculated from each stride and normalized to
maximal 500 ms RMS obtained during MVIC tests. RMS values were then averaged across subject and speed. For visualization, moving 100 ms RMS windows
were used to produce EMG envelopes.
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4.3 Statistical analyses
There were some missing data due to technical problems or due to inadequate
image quality of ultrasound images. Soleus muscle architecture data were missing from three older men (I and III) and five older women (I). Regarding triceps
surae muscle function during walking (IV), soleus muscle fascicle data from one
older subject were not analyzed due to inadequate image quality, and EMG data was lost from one subject due to technical problems.
All data are reported as mean ± standard deviation. Normality of the data
was tested using Shapiro-Wilk test, and homogeneity of variances using
Levene’s test. The level of statistical significance for all tests was set at p<0.05.
Statistical analyses were performed using IBM SPSS Statistics software (SPSS,
Chicago, Illinois, USA).
Differences between groups (age groups and training backgrounds) were
tested using analysis of variance and analysis of covariance. Analysis of covariance was used to statistically adjust the results for tibia lengths in the case of
muscle fascicle lengths, and for tendon loading in the case of tendon mechanical
properties. Bonferroni correction was applied to pairwise comparisons of the
groups. Correlation between Achilles tendon mechanical properties and Achilles tendon loading was tested using Pearson’s product-moment correlation.
Two-tailed independent samples Student’s t-test was used to test differences between young and older adults in muscle function during walking. Differences between preferred and matched speed within older adults were tested
using paired samples t-test.
To examine the association between physical function (6MWT and TUG)
and lower limb muscle-tendon properties in older adults, regression modeling
was performed. Only the subjects with a complete dataset were selected for these analyses, resulting in a sample of 26 older women and 26 older men. First,
possible covariates for physical function (anthropometrics, age, sex and habitual physical activity level) were tested using Pearson’s product-moment correlation and the factors correlating with physical function (age, sex, body mass and
height) were used as adjusting factors in subsequent partial correlations and
multivariate regression models. After partial correlations, multivariate modeling was performed to determine the independent effects of the factors that
showed significant partial correlations with physical function. For regression
analyses, muscle fascicle lengths were normalized to body stature by dividing
fascicle length by tibia length.

5

RESULTS

This chapter presents the main results of the thesis. For more details the original
papers (I-IV) should be consulted.

5.1 Age- and training-related differences in plantarflexion muscle strength
When normalized to body weight, older adults had 39% lower plantarflexion
strength compared to young adults (1.25 vs. 2.04 body weights, p<0.001). There
was no significant age*sex interaction.
When comparing young and older untrained adults to older athletes, it
was observed that older endurance runners had 37% lower (1.31 vs. 2.08 body
weights, p<0.001) and older sprint runners 20% lower (1.67 vs. 2.08 body
weights, p=0.029) plantarflexion strength compared to young adults. No significant differences were observed between older athletes and untrained older
adults (p>0.05).

5.2 Age- and training-related differences in triceps surae muscle
architecture
Mean values of triceps surae muscle architectural parameters in each subject
group are summarized in table 4. Significant age*sex interactions were not observed for any muscle architectural parameter analyzed. For sex differences
readers are referred to paper I.
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5.2.1

Age-related differences in triceps surae muscle architecture

Older adults had significantly shorter MG fascicle length compared to young
adults (p=0.022) with an adjusted marginal mean difference of 3.6 mm (8%). No
significant differences between young and older adults were observed in soleus
fascicle length (p=0.477) or pennation angles in MG (p=0.250) or soleus
(p=0.116).
Older adults had smaller triceps surae muscles. MG thickness was smaller
by 2.5 mm (p<0.001, 13%) and soleus by 1.4 mm (p=0.032, 10%). Combined anatomical CSA of medial and lateral gastrocnemius was 3.3 cm2 smaller in older
compared to young adults (p=0.001, 15%).
5.2.2

Training-related differences in triceps surae muscle architecture

Muscle architectural parameters measured from older athletes were compared
to values from untrained young and older adults. It was observed that older
endurance runners had shorter soleus fascicle length compared to both young
(p=0.009, 26%) and older untrained adults (p=0.033, 22%). No significant differences were observed between the groups regarding soleus pennation angle and
muscle thickness or MG fascicle length, pennation angle or thickness (p>0.05).
Older sprint runners had 20% greater combined anatomical CSA of MG and LG
compared to untrained older adults (p=0.013).
TABLE 4

Triceps surae muscle architectural parameters separated by subject groups.
Young

Older athletes

Older

Women

Men

Women

Men

Endur.

Sprint

MG fascicle length
(mm)

47.3±6.7

47.7±6.6

42.7±6.6

45.0±7.6

45.3±6.9

47.7±7.0

MG pennation
angle (deg)

24.7±4.0

24.8±4.0

23.2±3.7

24.4±4.2

23.3±4.8

24.1±3.5

MG thickness (mm)

19.2±2.7

20.1±2.5

16.6±2.0

17.7±3.2

17.2±3.6

18.6±2.7

Soleus fascicle
length (mm)

41.6±11.1

40.6±8.8

41.0±8.3

38.6±7.6

31.2±3.9

35.3±8.3

Soleus pennation
angle (deg)

19.5±5.1

21.0±5.7

16.2±3.2

21.2±4.0

23.7±5.3

21.6±8.3

Soleus thickness
(mm)

13.4±2.6

14.3±2.6

11.9±3.3

13.1±2.7

13.4±2.7

12.8±3.7

Gastrocnemius CSA
(cm2)

20.5±4.0

24.2±4.5

18.2±4.2

20.1±4.5

20.9±3.4

25.1±4.4

Values are presented as mean ± standard deviation.
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5.3 Age- and training-related differences in Achilles tendon
properties
Mean values of Achilles tendon properties in each subject group are summarized in table 5. Significant age*sex interactions were not observed for any
Achilles tendon parameter analyzed. For sex differences readers are referred to
paper I.
5.3.1

Age-related differences in Achilles tendon properties

Achilles tendon CSA was 17% larger in older compared to young adults (62.1 vs.
53.2 mm2, p<0.001). Achilles tendon stiffness was 16% lower in older compared
to young adults (142 vs. 169 N/mm, p=0.002). However, after adjusting for tendon force during MVIC, no significant difference was observed between the age
groups (153 vs. 146 N/mm, p=0.517). This is illustrated in Fig. 11 showing the
relationship between tendon force at MVIC vs. stiffness. No apparent difference
in this relationship is observable between young and older adults. Young’s
modulus was 32% lower in older compared to young adults (0.54 vs. 0.79 GPa,
p<0.001). Adjustment for tendon stress at MVIC removed the age-related difference in Young’s modulus (0.61 vs. 0.63 GPa, p=0.674). No significant difference
between the age groups was observed in hysteresis (2.5 vs. 3.2%, p=0.548). The
combination of lower plantarflexion strength and greater Achilles tendon CSA
in older adults led to 49% lower Achilles tendon stress at MVIC in older compared to young adults (p<0.001). Strain at 80% of MVIC force was 20% lower in
older compared to young adults (4.8 vs. 6.0%, p<0.001).
TABLE 5

Achilles tendon properties separated by subject groups.
Young

Older

Older athletes

Women

Men

Women

Men

Endur.

Sprint

Cross-sectional area
(mm2)

49.8±8.8

56.5±9.6

55.2±8.8

69.0±12.2

82.0±19.9

96.5±24.9

Stiffness
(N/mm)

151±29

186±37

120±39

164±47

172±39

166±35

0.71±0.18

0.86±0.2

0.48±0.18

0.59±0.17

0.56±0.22

0.48±0.19

5.0±6.0

1.4±3.7

2.3±5.7

2.8±4.4

2.0±14.2

2.4±11.8

55.3±15.2

60.0±14.3

26.3±9.0

33.1±9.0

25.3±6.8

28.5±13

6.4±1.5

5.7±1.5

4.9±1.7

4.8±1.2

4.5±1.8

4.7±1.7

Young’s modulus
(GPa)
Hysteresis
(%)
Stress at MVIC
(MPa)
Strain at 80% MVIC
(%)

Values are presented as mean ± standard deviation.
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5.3.2

Training-related differences in Achilles tendon properties

Comparisons of older athletes to untrained young and older adults did not
show significant differences between the groups in Achilles tendon stiffness,
hysteresis or strain at 80% MVIC force (p>0.05). Tendon CSA in older sprint
runners was 71% greater compared to untrained young adults (p<0.001) and 40%
greater compared to untrained older adults (p<0.001) but a significant difference was not observed compared to older endurance runners (p=0.216). Tendon
CSA in older endurance runners was 45% greater compared to untrained young
adults (p<0.001). All older groups had significantly lower Young’s modulus
compared to untrained young adults (p≤0.001) without any significant differences between the groups of older adults (p>0.05). No significant differences in
Young’s modulus were observed between the groups after adjusting for tendon
stress at MVIC (p=0.440). Tendon stress at MVIC was significantly greater in
untrained young adults compared to all groups of older adults (p<0.001) without any significant differences between groups of older adults (p>0.05).
5.3.3

Association between Achilles tendon mechanical properties and tendon loading

A significant positive correlation was observed between Achilles tendon stiffness and Young’s modulus and measures of tendon loading. These relationships are presented in figure 11. As reported in previous chapters, no significant
differences were observed in these relationships between young and older
adults. Tendon force at MVIC explained 36% of the variance in tendon stiffness
and tendon stress at MVIC explained 51% of the variance in tendon Young’s
modulus.
Although not the main interest of the current thesis, it is noteworthy that
there was a significant main effect of sex on these relationships. On average,
women had 19 N/mm lower tendon stiffness and 0.07 GPa lower tendon
Young’s modulus at a given level of tendon force and stress at MVIC, respectively.
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FIGURE 11 Relationships between tendon stiffness and tendon force at MVIC (upper) and
between tendon Young’s modulus and tendon stress at MVIC (lower). Lines
represent linear least squares fits and 95% confidence intervals. OW older
women, OM older men, YW young women, YM young men, OE older endurance runners and OS older sprint runners.

5.4 Associations between physical function and triceps surae
muscle-tendon properties in older adults
Partial correlations between physical function (6MWT and TUG) and selected
muscle-tendon properties, adjusted for age, sex, body mass and height, are re-
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ported in table 6. Longer distance walked in 6MWT was associated with greater
plantarflexion strength, Achilles tendon stiffness, soleus pennation angle, knee
extension strength, leg extension power and shorter medial gastrocnemius and
soleus fascicle lengths (p<0.05). Shorter TUG time was associated with greater
plantarflexion strength, Achilles tendon stiffness, soleus pennation angle, leg
extension power and shorter soleus fascicle length (p<0.05).
Multivariate regression models, adjusted for age, sex, body mass and
height, were performed including the muscle-tendon parameters that were associated with 6MWT and TUG based on partial correlation. The results of the
multivariate models are presented in table 7.
The multivariate model predicted 73% (based on R2, see table 7 for adjust2
ed R ) of the variance in 6MWT distance. In this model, plantarflexion strength,
Achilles tendon stiffness and medial gastrocnemius fascicle length were independent predictors of 6MWT performance. The multivariate model predicted 61%
of the variance in TUG time. Independent predictors in this model were
plantarflexion strength and soleus fascicle length.
TABLE 6

Partial correlations between physical function and lower limb muscle-tendon
properties.

6MWT (m)
TUG (s)
Partial r
P-value
Partial r
P-value
Plantarflexion strength (N)
0.482
0.001
-0.434
0.002
Achilles tendon stiffness (N/mm) 0.519
<0.001
-0.381
0.007
MG fascicle length (mm/mm)
-0.287
0.048
0.093
0.528
MG pennation angle (°)
0.188
0.603
0.049
0.742
MG thickness (mm)
-0.077
0.603
0.013
0.931
Soleus fascicle length (mm/mm)
-0.302
0.037
0.291
0.045
Soleus pennation angle (°)
0.422
0.003
-0.298
0.040
Soleus thickness (mm)
0.073
0.622
-0.053
0.719
Lower extremity lean mass (kg)
0.155
0.292
-0.125
0.396
Knee extension strength (Nm)
0.360
0.012
-0.282
0.053
Leg extension power (W)
0.443
0.002
-0.419
0.003
Adjusted for age, sex, body mass and height. Statistically significant associations are bolded.
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TABLE 7

Multivariate regression models with 6MWT and TUG as dependent variables
and lower limb muscle-tendon properties as independent variables.

Adj. R2
Stand. β
P-value
6MWT (m)
0.651
Plantarflexion strength (N)
0.340
0.022
Achilles tendon stiffness (N/mm)
0.272
0.020
MG fascicle length (mm/mm)
-0.208
0.046
Soleus fascicle length (mm/mm)
-0.121
0.269
Soleus pennation angle (°)
0.110
0.358
Knee extension strength (Nm)
0.038
0.831
Leg extension power (W)
0.321
0.098
TUG (s)
0.530
Plantarflexion strength (N)
-0.335
0.037
Achilles tendon stiffness (N/mm)
-0.169
0.193
Soleus fascicle length (mm/mm)
0.245
0.031
Soleus pennation angle (°)
-0.027
0.841
Leg extension power (W)
-0.363
0.096
Adjusted for age, sex, body mass and height. P-values for the models <0.001.

5.5 Triceps surae muscle-tendon function during walking
Mean muscle fascicle length and velocity, TT and MTU lengths and EMG patterns of MG and soleus during walking across the stride cycle are presented in
figure 12.
5.5.1

Spatio-temporal gait parameters

Preferred walking speed was 18% slower in older compared to young adults
(1.11±0.12 vs. 1.35±0.16, p<0.001). Naturally, matched speed was similar between the groups (p=0.946). At preferred speed, older adults walked with lower
stride frequency (p=0.003) and length (p=0.002) and with greater duty factor (i.e.
relative duration of stance to stride, p=0.024). At matched speed there were no
significant differences between the groups in the aforementioned spatiotemporal gait parameters. Maximal walking speed was 13% slower in older
compared to younger adults (2.01±0.22 vs. 2.31±0.39 m/s, p=0.024).
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FIGURE 12 Group mean normalized muscle fascicle length and velocity, muscle-tendon
unit and tendinous tissue lengths and EMG data. The left column shows results from medial gastrocnemius and the right column from soleus. Vertical
lines represent the start of the push-off phase and toe-off respectively. Standard deviations are omitted for clarity.
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5.5.2 Muscle fascicle lengths
During the stance phase, older adults utilized a narrower operating range in
both MG and soleus compared to young adults at preferred speed (Fig. 13, MG
7.5±2.7 vs. 12.0±4.8% of reference length, p=0.014, soleus 4.9±1.7 vs. 8.5±3.9% of
reference length, p=0.007). No significant differences were observed when the
groups were compared at matched speed. In older adults, increase in walking
speed significantly increased the operating range in both MG (7.5±2.7 vs.
9.3±3.1% of reference length, p=0.003) and soleus (4.9±1.7 vs. 6.5±1.7% of reference length, p<0.001).
There were no differences between young and older adults in the lengths
at which muscle fascicles operated, since no significant differences were observed in normalized mean fascicle lengths calculated from the whole stance
phase or the push-off phase, or in fascicle length at peak TT length (p>0.05).
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Medial gastrocnemius

*

B
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Young preferred
Older
Older preferred
preferred
Older matched
matched
Older

Soleus

**

0.7

0.8

0.9
1
1.1
Normalized muscle length

1.2

1.3

FIGURE 13 Normalized medial gastrocnemius (A) and soleus (B) fascicle operating lengths
during the stance phase. Whiskers represent standard deviations of lower and
upper limit. Crosses mark fascicle lengths at peak tendinous tissue elongation.
Fascicle lengths are normalized to resting length at 90° ankle angle and knee
extended. * p<0.05, ** p<0.01.

5.5.3

Muscle-tendon unit and tendinous tissues lengths

MTU peak length and length at toe-off were significantly longer in older compared to young adults in both muscles at preferred speed (peak length: MG
p=0.044, soleus p=0.022, length at toe-off: MG p=0.032, soleus p=0.021), but the
range during stance did not differ between the groups (p>0.05). At matched
speed, no significant differences were observed between young and older
adults in MTU lengths or ranges. MG MTU range significantly increased in older adults when walking speed was increased from preferred to matched
(p=0.043).
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TT maximal elongation and strain did not differ between the groups, nor did
they change with speed in older adults. Pooling the data from both groups and
both speeds of older adults resulted in the following mean TT maximal elongation and strain values: MG 27.2±5.3 mm and 6.4±1.2%, soleus 16.3±4.7 mm and
5.9±1.7%.
5.5.4

Muscle-tendon unit and fascicle shortening velocities

Significant differences were not observed in MTU or fascicle peak shortening
velocities between the age groups. Soleus peak shortening velocity during
push-off was significantly higher at the faster walking speed in older adults
(p=0.010) and a similar tendency was observed in MG (p=0.066). Fascicle shortening velocity at peak TT length was significantly lower in older compared to
young adults at preferred speed (MG p=0.048, soleus p=0.020) but not at
matched speed (MG p=0.545, soleus p=0.208). Soleus fascicle shortening velocity at peak TT length was significantly higher at the faster walking speed in older adults (p=0.004) but a statistically significant difference was not observed in
MG (p=0.094).
5.5.5

Muscle-tendon interaction

In both MG and soleus, muscle fascicle length changes were clearly decoupled
from the length changes of the MTU. Contributions of muscle fascicle to MTU
length changes during stance were significantly lower in older compared to
young adults at preferred speed in both muscles (MG 0.26±0.10 vs. 0.16±0.05,
p=0.012, soleus 0.23±0.08 vs. 0.15±0.04, p<0.001, Fig 14 A). Significant differences were not observed when young and older adults were compared at
matched speeds. Increase in walking speed significantly increased muscle fascicle to MTU length change ratio in older adults (MG 0.16±0.05 vs. 0.19±0.07,
p=0.013, soleus 0.15±0.04 vs. 0.21±0.08, p=0.002).
Muscle fascicle velocities were clearly different from MTU velocities. Muscle fascicle relative to MTU peak shortening velocities during push-off did not
significantly differ between young and older adults or within older adults between different walking speeds in either muscle (Fig. 14 B). Pooling both
groups and speeds together, MTU peak shortening velocities during push-off
were on average 8 and 11 times greater than peak shortening velocity of the
muscle fascicles in MG and soleus, respectively.
5.5.6

Electromyography

Normalized RMS EMG activity of MG and soleus did not significantly differ
between young and older adults at either walking speed when compared during stance or push-off. However, the EMG activity significantly increased in
both stance and push-off in both muscles in older adults as they increased their
walking speed from preferred to matched speed (p<0.026).
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5.5.7 Ground reaction forces
Peak propulsive and resultant forces during push-off significantly increased in
older adults when changing walking speed from preferred to matched (propulsive 0.16±0.03 vs. 0.19±0.03 body weights, p<0.001, resultant 1.03±0.07 vs.
1.05±0.08 body weights, p=0.012). However, both peak propulsive and resultant
forces during push-off remained significantly lower in older compared to
young adults at matched speed (propulsive 0.19±0.03 vs. 0.22±0.04 body
weights, p=0.011, resultant 1.05±0.08 vs. 1.14±0.08 body weights, p=0.045).
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FIGURE 14 Ratios of muscle fascicle to muscle-tendon unit length change during stance (A)
and peak shortening velocity during push-off (B). * p<0.05, ** p<0.01.
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DISCUSSION

The main findings of the current thesis were:
1)

Older compared to young adults had shorter MG fascicle length
and smaller triceps surae muscle size. Achilles tendon stiffness
and Young’s modulus were lower but Achilles tendon CSA was
larger in older compared to young adults. Achilles tendon stiffness
and Young’s modulus were related to loading of the tendon during maximal isometric plantarflexion, but there were no significant
age-related differences in the relationships (I).

2)

Older adults trained for sprint running had larger Achilles tendon
CSA and older adults trained for endurance running had shorter
soleus fascicle length compared to both young and older untrained adults. In addition, sprint trained older adults had larger
gastrocnemius anatomical CSA compared to untrained older
adults (III).

3)

Triceps surae muscle-tendon properties were associated with
physical function in older adults. Specifically, greater plantarflexion strength, shorter MG fascicle length and greater Achilles tendon stiffness were associated with longer distance walked in
6MWT. Moreover, greater plantarflexion strength and shorter soleus fascicle length were associated with shorter TUG time independent of lower extremity muscle mass, knee extension strength
and leg extension power (II).

4)

Triceps surae muscle-tendon function during walking was dependent on walking speed, with no significant age-related differences between young and older adults when the groups were
compared at matched walking speed. When the groups were
compared at preferred walking speeds, older adults showed a narrower fascicle operating range, lower shortening velocity at esti-
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mated peak force generation and a greater relative contribution of
TT to MTU length changes (IV).

6.1 Age-related differences in triceps surae muscle architecture
Comparison of untrained young and older adults revealed that MG fascicle
length was 8% shorter in older compared to young adults, without significant
differences in MG or soleus pennation angles or soleus fascicle length. Agerelated differences in triceps surae muscle thickness and gastrocnemius anatomical CSA were more consistent, with 10% to 15% lower values in older compared to young adults. Plantarflexion strength was 37% lower in older compared to young adults. These results suggest a loss of muscle mass, both in series and in parallel, and loss of muscle quality, i.e. loss of force generation capacity per PCSA since age-related difference in plantarflexion strength was
markedly greater compared to age-related differences in the measures of triceps
surae muscle size. These findings corroborate previous more direct measurements of muscle quality in aging (Morse et al. 2005c).
Only a few differences in muscle architecture were observed between older athletes and untrained older or young adults. Older endurance runners had
shorter soleus muscle fascicle length compared to young and older untrained
adults. It may be that this is an endurance training-induced adaptation that improves efficiency of running. Soleus acts as a force rather than a power generator in locomotion, thus shorter muscle fascicles may reduce the energy cost of
force generation by reducing the amount of activated muscle volume for a given force output (Biewener & Roberts 2000). Additionally, the results may reflect
greater loss of sarcomeres in series than in parallel in the endurance trained
older adults in order to preserve muscle PCSA. However, it should be acknowledged that fascicle length measurements using ultrasound imaging, like done in
the current thesis, do not provide definite indication of number of in series sarcomeres since it is possible that the fascicles length are measured at different
sarcomere lengths i.e. at different length relative to the optimum length.
Older sprint-trained adults had 20% larger gastrocnemius muscle anatomical CSA compared to untrained older adults. This finding is supported by previous observations in young adults showing that sprint running but not endurance running is associated with greater muscle strength and size of plantarflexor muscles (Hansen et al. 2003, Kubo et al. 2011). It may be that sprint training
preferentially targets gastrocnemius muscle, which contains more fast-twitch
muscle fibers than soleus (Edgerton et al. 1975), and this may be the reason why
greater muscle thickness was not observed in soleus in sprint trained compared
to untrained older adults.
Greater loss of muscle power compared to muscle strength has been observed in older adults (Raj et al. 2010). This could be partly due to a decrease in
muscle fascicle length, resulting in greater sarcomere shortening velocity at a
given joint angular velocity and hence lower force generation due to the forcevelocity relationship. However, in triceps surae muscles, it may be preferable to
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lose sarcomeres in series by reducing fascicle length rather than a similar loss of
muscle mass via a reduction in sarcomeres in parallel. The reason for this is that
the triceps surae muscle fascicles show relatively slow shortening velocities
during walking and running (Farris & Sawicki 2012), and thus function as force
rather than power generators. Thus, the shorter fascicle lengths observed in untrained older compared to young adults in MG, and in endurance trained older
adults compared to untrained young and older adults in soleus, may be an adaptation that serves to preserve PCSA with aging. In older endurance runners,
this adaptation may be observed in soleus because of the important role that
soleus has in endurance performance due to its high proportion of type I muscle fibers (Edgerton et al. 1975). As stated above, ultrasound imaging based
measurements of fascicle length do not provide valid indication of the number
of sarcomeres in series. Therefore, direct invasive measurement of sarcomere
length or alternatively measurement of optimum fascicle length (i.e. the length
at which sarcomeres are at their optimum length) would be required to validate
the hypotheses presented in this chapter.
Collectively, the findings regarding muscle architectural measurements
taken at rest suggest that aging has only a modest effect on muscle architecture
in triceps surae. Shorter muscle fascicle lengths observed in older compared to
young adults may contribute to the previously observed greater loss of muscle
power compared to muscle strength (Raj et al. 2010), but may also provide a
mechanism to preserve muscle PCSA in spite of loss of muscle mass. Furthermore, the present results suggest that sprint running but not endurance running may help to mitigate age-related loss of muscle mass in the triceps surae
muscles.

6.2 Age-related differences in Achilles tendon properties
Achilles tendon CSA in untrained older adults was 20% larger compared to untrained young adults. In addition, older sprint runners had 71% larger Achilles
tendon CSA compared to untrained young adults and 40% larger compared to
untrained older adults. Endurance trained older adults had 45% larger CSA
compared to untrained young adults. These findings give rise to the idea that
Achilles tendon responds to regular loading by increasing CSA in an intensitydependent manner, and that this effect is additive to the increase due to normal
aging. This idea is supported by the findings of Couppé et al., (2014) showing
that regular endurance running was associated with larger patella tendon CSA
in both young and older adults.
It is currently unknown why greater CSA is observed in older compared
to young adults. One explanation could be that a compensatory increase in CSA
is needed to maintain appropriate tendon mechanical properties (stiffness) in
relation to muscle force generation capacity, as tendon material properties decline with aging. An increase in CSA would also reduce tendon stress for a given force level, which may be important for reducing injury risk, since older tendons may have a reduced ultimate tensile stress. This hypothesis fits well with
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the observation that the difference in Young’s modulus between young and
older adults was approximately double the difference in stiffness. An alternative explanation of the current observations could be that tendon material properties are maintained relatively unaltered with aging. However, tendon CSA
may increase due to an increase in intratendinous water or fat (Finlayson &
Woods 1975), which would increase tendon CSA without markedly altering
stiffness. As a consequence, a decrease in Young’s modulus would be observed.
Support for this hypothesis comes from a study by Heinemeier et al. in which it
was observed that collagen matrix is hardly renewed after age 17, at least in the
core of the Achilles tendon (Heinemeier et al. 2013). The mechanism responsible
for greater tendon CSA in older adults remains elusive, but it seems that it is
not linked to reduced physical loading of the tendon with aging, as older athletes showed even greater tendon CSA compared to untrained older adults.
Additionally the data suggest that the effects of aging and physical loading on
tendon CSA could be additive with inducing increase in tendon CSA. However,
mechanisms behind these effects could be different.
Lower Achilles tendon stiffness and Young’s modulus were observed in
older compared to young adults, but statistical adjustment of Achilles tendon
stiffness for maximal tendon force during MVIC and Young’s modulus for maximal stress during MVIC removed the differences between the age groups. Additionally it was observed that stiffness and Young’s modulus were linearly
related to maximal tendon force and stress, respectively. These findings suggest
that tendon mechanical properties adapt to physical loading. More specifically,
the findings suggest that tendon elongation or strain is a variable that is similar
irrespective of age. The functional relevance of this could be to limit maximal
strain, thereby preventing strain-induced tendon damage, or to maintain optimal muscle-tendon interaction with changes in muscle strength. However, although a linear relationship between tendon loading and tendon mechanical
properties was observed, there was a nonzero intercept of the regression line
(Fig. 11) meaning that tendon force and stress were not proportionally related
to tendon mechanical properties. As a consequence, tendon elongation and
strain at a given relative load, such as 80% of MVIC, differs between individuals
with different muscle strengths. Hence, older adults, who generally have lower
muscle strength, also have lower maximal tendon elongation and strain on average. Estimation of tendon elastic energy storage based on tendon stiffness and
tendon force at MVIC yields about 50% lower maximal elastic energy storage in
older compared to young adults. This may have functional implications for locomotion performance and efficiency. The mechanisms responsible for adjusting tendon mechanical properties to match muscle force generation capacity are
unknown and may change with aging. Aging is associated with an increase in
advanced glycation end-product cross-links in tendon collagen matrix (Couppé
et al. 2009, Couppé et al. 2014), which may increase tendon stiffness. However,
there may be effects that counteract the effect of increased collagen cross-links
on tendon stiffness, to allow stiffness to be related to muscle strength without a
significant effect of age. Structural differences in tendons of different age but
similar whole tendon stiffness may be a factor contributing to the greater inci-
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dence of tendon ruptures in middle-aged compared to young adults (Lantto et
al. 2015).
The mean values of Achilles tendon hysteresis were small, suggesting that
elastic property dominates in Achilles tendon viscoelastic properties, and that
Achilles tendon efficiently stores and returns energy during cyclic loading.
Large inter-individual variation was observed and negative values were also
measured (implying energy release from tendon). These findings suggest that
there may be methodological challenges in tendon hysteresis measurements in
vivo. The possible sources of error are discussed in detail elsewhere (Finni et al.
2012), and here it is only mentioned that synchronization of force and ultrasound data or differential contributions of individual triceps surae or other
plantarflexor muscles in the loading and unloading parts of the cycle may contribute to the possible error. If the errors associated with the measurement do
not systematically bias the results in either direction, it can be concluded that
Achilles tendon hysteresis in vivo in fast cyclic contractions is probably small.
This would be in line with the functional role of the Achilles tendon, i.e. springlike behavior involving storing and releasing energy, and also concurs with in
vitro measurements (Ker 1981, Bennett et al. 1986).

6.3 Muscle architecture, tendon mechanical properties and physical function in old age
It was observed in the current thesis that plantarflexor muscle architecture and
Achilles tendon stiffness were associated with performance in tests of physical
function in older adults. These associations were found to be independent of
plantarflexor and knee extensor muscle strength, lower extremity muscle mass
and leg extension power. These findings are supported by earlier findings of a
strong association between plantarflexor muscle function and walking performance in older adults (Suzuki et al. 2001, Bean et al. 2002), and also emphasize
the functionally important role of muscle architecture and tendon stiffness.
In the multivariate models, shorter muscle fascicle length (MG for 6MWT
and soleus for TUG) was independently associated with better performance in
the tests of physical function. TT is responsible for the majority of length changes in triceps surae MTU during the stance phase of walking (Mian et al. 2007,
Farris & Sawicki 2012, Lai et al. 2015). For this reason, long muscle fascicles may
not provide a further advantage for force or power generation. Instead, individuals with short muscle fascicles may have better preserved triceps surae
PCSA, since short fascicles allow for greater PCSA for a given muscle volume
(Lieber & Friden 2001). Shorter fascicles may also reduce the energy cost of a
given level of force generation due to lower activated muscle mass compared to
a muscle with longer fascicles (Biewener & Roberts 2000). Finally, short fascicles
may help to minimize the required muscle mass and thus overall energy requirements of swinging the lower leg during walking.
Better performance in 6MWT was found to be independently associated
with greater Achilles tendon stiffness. It could be that walking faster requires a
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stiffer Achilles tendon in order to maintain efficient function of triceps surae
muscles (Lichtwark & Wilson 2007). Additionally, greater Achilles tendon stiffness in combination with greater triceps surae muscle strength may allow for
greater elastic energy storage and utilization in walking, thereby improving
performance in prolonged walking such as 6MWT.

6.4 Triceps surae muscle function during walking
When muscle-tendon function of young and older adults was compared at
matched walking speeds, no significant differences were observed in any of the
analyzed parameter related to triceps surae muscle function. However, when
the groups were compared at their respective preferred speeds it was observed
that older adults utilized narrower fascicle operating range, had lower fascicle
shortening velocity at estimated peak force generation and that fascicle length
changes accounted for lower proportion of MTU length changes compared to
young adults. These results suggest that muscle mechanical function, such as
velocity of shortening and muscle operating range, are dependent on walking
speed without significant effect of age. In addition, these findings led to a hypothesis that the reason why older adults prefer slower walking speed compared to young adults is that it allows them to compensate for the loss of muscle strength in triceps surae muscles by improving muscle contractile conditions
and enhancing use of TT elasticity. These factors may relate to minimizing metabolic cost of transport.
It was observed that at the preferred walking speed older adults had
slower soleus and MG shortening velocity at estimated peak force generation
compared to a faster walking speed matching the young adult’s preferred speed.
This allows a given force generation with lower muscle activation and hence
energy consumption due to force-velocity relationship (Lichtwark & Wilson
2007). The lower activation required for a given force generation is supported
by an observation that, in older adults, increase in walking speed by 22% was
accompanied by 19% and 13% increases in MG and soleus RMS EMG during
push-off, respectively, but only a 2% increase in peak resultant GRF. In addition,
at preferred walking speed triceps surae muscles in older adults operated within a narrower fascicle operating range and TT length changes accounted for a
greater proportion of the MTU length changes. The narrower fascicle operating
range may contribute to the lower muscle activation for given force generation
due to force-length relationship (Gordon et al. 1966). Moreover, narrower fascicle operating range and greater proportional use of TT elasticity suggest lower
triceps suerae muscle work at the slower walking speed in older adults. These
walking speed related adaptations in muscle function may provide a mechanism to mitigate the age-related reduction in plantarflexor force generation capacity and to reduce the energy cost of walking.
There was similar TT elongation during stance phase in walking between
young and older adults but in older adults this was achieved with lower body
weight normalized loading based on GRF measurements. This suggest that
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there was a lower energy storage to TT (relative to body weight) in older adults
that could lead to less effective catapult mechanism during push-off (Ishikawa
et al. 2005) and hence to the lower peak ankle plantarflexion power observed
previously (DeVita & Hortobagyi 2000). Older adults may compensate the lower elastic energy utilization by increasing power output from hip extensors in
early stance (DeVita & Hortobagyi 2000) and by adopting a smoother center of
mass transition over the stance leg with lower energy losses (Franz & Kram
2013).
Collectively the findings suggest that by choosing a slower walking speed
older adults may optimize triceps surae muscle function from energetic perspective. Previous findings from normal weight and obese women suggest that
minimizing cost of transport dictates selection of preferred walking speed
(Browning & Kram 2005). This may be true for older adults too. Additionally,
older adults may preferentially minimize energy cost of plantarflexors since this
muscle group may be operating with the lowest reserve capacity among lower
limb muscles in walking (van der Krogt et al. 2012, Beijersbergen et al. 2013).
Previous studies have shown differences between young and older adults
walking at matched speed in soleus operating length (Panizzolo et al. 2013) and
LG fascicle and TT contribution to MTU length change (Mian et al. 2007). The
discrepancy between the results of the current thesis and previous studies may
be due to the fact that in the current thesis spatio-temporal gait parameters
were matched between the groups whereas they differed in previous studies.
The similarity of spatio-temporal gait parameters between young and older
adults at the matched walking speed can be considered as strength of the current study since it removes one confounding factor from the matched speed
comparisons.

6.5 Limitations
The main limitation of the current thesis is cross-sectional study design utilized.
The limitation of cross-sectional studies is inability to reveal cause and effect
relationships and possible confounding of the results by factors other than the
primary interest. Thus, the results provided by the current thesis cannot be interpreted to represent age-related changes in triceps surae muscle-tendon properties or function. To reveal the age-related changes, longitudinal studies
should be conducted and to reveal effects of muscle-tendon properties on physical function, well designed randomized controlled should be conducted.
Another limitation of the current thesis is the limited number of subjects
included. The limited sample size with high inter individual variability in some
parameters resulted in modest statistical power. However, if significant agerelated difference was unnoted due to low statistical power the functional relevance of such difference is probably small.
There are some limitations associated with muscle architectural measurements. Ideally, comparisons of muscle architectural parameters between groups
should be made at similar sarcomere lengths. However, since it was not possi-
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ble to obtain sarcomere lengths, muscle architectural parameters were measured at anatomical position (i.e. 90 degree ankle angle and knee extended). Interpretations of muscle function based on muscle architecture may be biased if
there was systematic difference between groups in sarcomere lengths at which
the measurements were taken e.g. due to differences in passive tension at anatomical position. Ultrasound imaging is sensitive to probe orientation and pressure between probe and skin (Klimstra et al. 2007, Bénard et al. 2009, Bolsterlee
et al. 2016) but these factors are not likely to cause systematic errors that would
bias only some group of subjects invalidating group comparisons. Finally, in
the current thesis only single image was taken to reflect muscle architecture of a
specific muscle and multiple images could improve validity of the measurement.
Finally, the older athletes in the current thesis included only men and also
muscle-tendon function during walking was studied only from men. This may
be significant limitation since sex-specific hormonal changes with aging may
alter effects of aging and physical loading on muscle and tendon (Finni et al.
2009, Pöllänen et al. 2015).

7

PRIMARY FINDINGS AND CONCLUSIONS

In the current thesis only small to minor age-related differences in triceps surae
muscle architecture (muscle fascicle length and pennation angle) were observed
between healthy adults aged 18-30 and 70-80 years. More consistent differences
were observed in measures of muscle size and especially muscle strength. In
addition aging was observed to be associated with larger Achilles tendon crosssectional area.
Findings from older athletes suggest that the observed age-related differences in triceps surae muscle architecture and Achilles tendon properties are
probably not due to lack of physical loading but reflect primary aging or other
age-related factors than reduced levels of physical activity. Exceptions may be
muscle mass and muscle strength that could be partly reduced due to lack of
high intensity loading to triceps surae muscles.
Relatively large inter individual variation in muscle architectural parameters and tendon mechanical properties raise the possibility that individuals differences in muscle architecture or tendon mechanical properties may have effect on muscle function and explain differences in physical function between
older adults. The associations found between physical function and triceps surae muscle-tendon properties in older adults support this.
Finally, it was found that muscle-tendon function is highly conserved in
older adult regardless of markedly reduced muscle strength. This highlight redundancy in neuromuscular system and suggest that the patterns of muscletendon interaction observed may provide optimal function of the muscletendon unit which is therefore beneficial to be conserved regardless of possible
age-related changes in muscle-tendon properties and nervous system structure
and control (Power et al. 2013b).
It is proposed, based on the results of the current thesis, that the agerelated differences in triceps surae muscle architecture and in Achilles tendon
properties could be seen as an adaptations of the muscle-tendon unit that compensate age-related loss of muscle mass and strength in order to maintain function of the muscle-tendon unit with aging.
In the future it should be investigated if targeted exercise interventions
can influence structure and function of lower limb muscle-tendon unit and im-
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prove muscle-tendon interaction to preserve or improve physical function in
older adults. Evaluation of effectiveness of interventions designed to improve
physical function in older adults should include biomechanical measurements
including analysis of kinematics and kinetics, energetics, muscle-tendon function and musculoskeletal modeling to improve understanding of the mechanisms responsible for possible improvements or to explain why the intervention
does not give the results hoped for.
Finally, although muscle-tendon mechanics are important for muscle function, and improving the interaction between muscle and tendon may be important for physical functioning in older adults, the results of the current thesis
suggest that the impairments in muscle function are mainly due to loss of muscle mass and strength. These can be addressed with appropriate strength training. Due to the importance of plantarflexors for human locomotion strength
training for plantarflexors is advised for older adults to maintain and improve
physical function.
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YHTEENVETO (FINNISH SUMMARY)
Pohjelihasten rakenne ja toiminta ikääntyessä
Ikääntyminen on yhteydessä lihasmassan katoon, joka johtaa lihastoiminnan
heikentymiseen. Lihastoiminnan heikentyminen ilmenee esimerkiksi lihasvoiman ja tehontuoton heikentymisenä. Nämä muutokset saattavat johtaa liikuntakyvyn rajoituksiin sekä itsenäisen liikuntakyvyn menettämiseen.
Aikaisemmat tutkimukset ovat osoittaneet, että ikääntymiseen liittyvä lihastoiminnan heikkeneminen ei johdu pelkästään lihasmassan kadosta. Osoituksena tästä on lihasvoiman ja tehontuoton nopeampi heikkeneminen suhteessa lihasmassan vähenemiseen. Osasyynä lihastoiminnan suurempaan heikkenemiseen verrattuna lihasmassan katoon saattaa olla muutokset lihaksen rakenteellisissa ominaisuuksissa tai lihaksen luustoon kiinnittävässä jänteessä. Lihaksen rakenteellisia ominaisuuksia kutsutaan lihasarkkitehtuuriksi. Se määrittelee,
miten lihassolut lihaksen sisällä ovat järjestäytyneet. Lihasarkkitehtuurilla ja
jänteen mekaanisilla ominaisuuksilla, kuten jäykkyydellä, on merkittävä rooli
lihaksen toiminnan kannalta. Jänteen ominaisuuksien rooli korostuu erityisesti
pohjelihaksissa, jotka kiinnittyvät pitkään ja elastiseen akillesjänteeseen.
Lihaksen arkkitehtuurissa ja jänteen mekaanisissa ominaisuuksissa on aikaisemmissa tutkimuksissa havaittu eroja eri ikäryhmien välillä. Näiden havaintojen perusteella on mahdollista, että lihaksen arkkitehtuurissa tai jänteen
mekaanisissa ominaisuuksissa tapahtuvilla muutoksilla on rooli ikääntymiseen
liittyvässä lihastoiminnan heikkenemisessä ja liikkumiskyvyn laskussa. Aikaisemmat tutkimustulokset liittyen lihasarkkitehtuurin tai jänteen ominaisuuksien ikääntymismuutoksiin ovat kuitenkin osittain ristiriitaisia, eikä tiedetä, miten ikääntyminen vaikuttaa pohjelihasten lihasarkkitehtuuriin tai akillesjänteen
ominaisuuksiin. Lisäksi näiden mahdollisten ikääntymiseen liittyvien muutosten toiminnallisesta roolista tiedetään toistaiseksi vähän.
Tämän väitöskirjan tarkoituksena oli selvittää ikääntymiseen liittyviä
muutoksia lihasten arkkitehtuurissa ja jänteen ominaisuuksissa sekä selvittää
näiden lihaksen toimintaan vaikuttavien tekijöiden merkitystä ikääntyneiden
liikkumiskyvyn kannalta. Tutkimuskohteeksi valittiin pohjelihakset niiden liikkumisen kannalta tärkeän roolin takia.
Tähän väitöskirjaan kuuluviin osatutkimuksiin osallistui yhteensä 143 tervettä 18-30- tai 70-80-vuotiasta henkilöä. Osa tutkittavista oli yleisurheilun maailmanmestaruuskilpailuihin osallistuneita veteraaniurheilijoita. Tutkimuksen
tulokset osoittivat, että 70-80-vuotiailla henkilöillä oli selkeästi alhaisempi pohjelihasten maksimaalinen voimantuottokyky verrattuna 18-30-vuotiaisiin henkilöihin. Kyseisellä ikääntyneiden ryhmällä pohjelihakset olivat myös kooltaan
pienemmät verrattuna nuorten ryhmään. Pohjelihasten arkkitehtuurissa havaittiin vain pieniä eroja, joista merkittävin oli 8 % lyhyempi kaksoiskantalihaksen
lihassolukimppujen pituus. Akillesjänteen ominaisuuksia verratessa havaittiin
ikääntyneillä olevan poikkipinta-alaltaan suuremmat jänteet, mutta jänteen
jäykkyys oli alhaisempi. Näin ollen ikääntyneillä jänne oli materiaalina mekaanisilta ominaisuuksiltaan erilaista (alhaisempi moduuli) verrattuna nuoriin.
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Kun vastaavia pohjelihaksen arkkitehtuurin ja akillesjänteen ominaisuuksia
verrattiin 70-80-vuotiaiden veteraaniurheilijoiden ja nuorten sekä ikääntyneiden terveiden, mutta harjoittelemattomien henkilöiden välillä havaittiin vain
muutamia eroavaisuuksia ryhmien välillä. Kestävyysjuoksua harrastavilla
ikääntyneillä oli lyhyemmät leveän kantalihaksen lihassolukimput verrattuna
nuoriin ja ikääntyneisiin harjoittelemattomiin henkilöihin. Pikajuoksua harrastavilla ikääntyneillä henkilöillä oli puolestaan suurempi akillesjänteen poikkipinta-ala verrattuna molempiin harjoittelemattomiin ikäryhmiin.
Ikääntyneiden liikkumiskyvyn havaittiin olevan yhteydessä pohjelihasten
arkkitehtuuriin sekä akillesjänteen jäykkyyteen. Suurempi akillesjänteen jäykkyys ja lyhyemmät kaksoiskantalihaksen lihassolukimput olivat yhteydessä
kuuden minuutin kävelytestin aikana kuljettuun matkaan riippumatta alaraajojen lihasmassasta, pohjelihasten voimantuottokyvystä tai alaraajojen ojentajalihasten tehontuottokyvystä. Vastaavasti lyhyemmän ajan ”timed up-and-go” –
testissä havaittiin olevan yhteydessä lyhyempiin leveän kantalihaksen lihassolukimppuihin.
Tarkastellessa lihaksen ja jänteen yhteistoimintaa pohjelihaksissa, ei
ikääntyneiden ja nuorten välillä havaittu eroja verrattaessa ryhmiä samalla kävelynopeudella. Kun ryhmiä verrattiin molempien omalla luonnollisella kävelynopeudella, joka oli ikääntyneillä alhaisempi, havaittiin, että ikääntyneillä
pohjelihasten lihassolukimppujen supistumisnopeus arvioidun maksimaalaisen
voimantuoton aikana oli alhaisempi verrattuna nuoriin ja lisäksi jänteisten kudosten elastisuuden hyödyntäminen oli suurempaa.
Tämän väitöskirjan tulokset antavat uutta tietoa ikääntymiseen liittyvän
lihastoiminnan heikentymisen syistä. Pohjelihasten arkkitehtuurissa tai akillesjänteen ominaisuuksissa tapahtuvat muutokset eivät todennäköisesti ole merkittävässä roolissa lihastoiminnan suuremmassa heikkenemisessä suhteessa
lihasmassan vähenemiseen. Päinvastoin, lihaksen arkkitehtuurin ja jänteen mekaanisten ominaisuuksien mahdolliset ikääntymismuutokset saattavat olla osa
adaptaatioita, jotka pyrkivät ylläpitämään lihaksen toiminnallisuuden lihasmassan vähentyessä. Koska jänteen ja lihaksen yhteistoiminta näyttää säilyvän
kävelyn aikana vastaavanlaisena nuoriin verrattuna, pohjelihasten toiminnan
heikentyminen kävelyssä ei näytä johtuvan lihaksen ja jänteen yhteistoiminnan
muutoksista. Pohjelihasten lihasvoiman heikkeneminen saattaa kuitenkin johtaa siihen, että akillesjänteeseen varastoituva energia askeleen aikana jää ikääntyneillä pienemmäksi, joka mahdollisesti vaikuttaa negatiivisesti nilkan tehontuottoon askeleen työntövaiheessa. Kävelemällä hitaammin ikääntyneet mahdollisesti kompensoivat pohjelihasten heikentynyttä voimantuottokykyä. Tästä
syystä pohjelihasten voimaharjoittelu on suositeltavaa ikääntymiseen liittyvän
liikuntakyvyn heikkenemisen ehkäisyssä.
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IN OLDER PEOPLE, MUSCLE STRENGTH

and power are important
determinants of independent living and are associated with
functional status and fall incidence (18, 53). Aging is associated with a marked loss in muscle force (41, 49) and power
(50), as well as changes in tendon properties (44) and muscle
architecture (38). Tendinous tissue properties and muscle architecture have a marked effect on muscle function (42), but
the role of these changes in lowered muscle function with
aging is not clear as there are inconsistent ﬁndings in the area
of aging and muscle-tendon complex properties.
Research examining the association between aging and tendon properties is inconclusive. Studies have shown similar (23,
25) or lower (39, 44) Achilles tendon stiffness and similar (9,
11) or lower (23, 25) patella tendon stiffness in old compared
with young subjects. No consistent differences in tendon crosssectional area (CSA) have been found (9, 11, 36, 44). Findings
of age-related differences in muscle architecture are also inconclusive as others report differences in pennation angle and
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fascicle length in triceps surae (38, 43) but others fail to
observe such differences (23, 24). Discrepancy between the
studies in the association between aging and muscle-tendon
complex properties could be related to small sample size or
methodological differences. We aim to avoid these problems
with a representative sample of healthy young and old subjects
and using state-of-the-art methods.
A study examining age-related differences in muscle and
tendon is the ﬁrst step toward understanding the role of
mechanical properties of muscle-tendon complex on age-related decline in muscle performance. It is important to study
both muscle and tendon in the same study to prevent samplingrelated bias when trying to conclude how aging affects muscletendon complex properties.
This study was set to examine differences in Achilles tendon
properties and triceps surae muscle architecture between
healthy old and young individuals. Both men and women were
studied because of possible sex differences in tendon properties
(45), and a substantially larger sample size was used compared
with previous studies to account for individual variation.
Therefore, this study will signiﬁcantly increase the knowledge
on aging muscle-tendon complex. We hypothesized that Achilles tendon stiffness and Young’s modulus would be lower,
Achilles tendon CSA similar, triceps surae muscle size and
pennation angle lower, and muscle fascicle length lower in
gastrocnemius medialis but not in soleus in old compared with
young individuals. We further hypothesize that men and
women do not differ in muscle architecture, but women have
lower tendon mechanical properties and smaller muscle size
and tendon CSA.
METHODS

Subjects. Thirty-three 18- to 30-yr-old young (18 men and 15
women) and 67 70- to 80-yr-old elderly (33 men and 34 women)
subjects were recruited to the study (Table 1). Young subjects were
university students. Older subjects were recruited from the University
of Third Age or from weekly meetings of retired people.
Using telephone interviews an equal number of healthy sedentary
and active older subjects were recruited to obtain a representative
sample of aged people with varying physical activity levels. Sedentary
was deﬁned as a person exercising for ﬁtness and health one or less
times per week. Active was deﬁned as a person who exercised three
or more times per week (30 min or more with intensity sufﬁcient to
cause sweating or breathlessness).
Subjects did not train for competitive sports or participate in other
scientiﬁc studies at the time of testing. Subject exclusion criteria were
Achilles tendon pain, history of Achilles tendon rupture or surgery,
neurologic and progressive severe illnesses, insulin-treated diabetes,
fracture within the previous year, immobilization for 1 wk during the
last 3 mo, daily use of painkillers, use of immunosuppressive drugs or
anticoagulants, medical treatment for cancer within the last year,
severe visual or hearing impairment and mini mental state examina-
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muscle architecture in vivo. J Appl Physiol 113: 1537–1544, 2012. First
published October 4, 2012; doi:10.1152/japplphysiol.00782.2012.—This
study examined the concurrent age-related differences in muscle and
tendon structure and properties. Achilles tendon morphology and mechanical properties and triceps surae muscle architecture were measured
from 100 subjects [33 young (24 ⫾ 2 yr) and 67 old (75 ⫾ 3 yr)]. Motion
analysis-assisted ultrasonography was used to determine tendon stiffness,
Young’s modulus, and hysteresis during isometric ramp contractions.
Ultrasonography was used to measure muscle architectural features and
size and tendon cross-sectional area. Older participants had 17% lower
(P ⬍ 0.01) Achilles tendon stiffness and 32% lower (P ⬍ 0.001) Young’s
modulus than young participants. Tendon cross-sectional area was also
16% larger (P ⬍ 0.001) in older participants. Triceps surae muscle size
was smaller (P ⬍ 0.05) and gastrocnemius medialis muscle fascicle
length shorter (P ⬍ 0.05) in old compared with young. Maximal plantarﬂexion force was associated with tendon stiffness and Young’s modulus (r ⫽ 0.580, P ⬍ 0.001 and r ⫽ 0.561, P ⬍ 0.001, respectively).
Comparison between old and young subjects with similar strengths did
not reveal a difference in tendon stiffness. The results suggest that
regardless of age, Achilles tendon mechanical properties adapt to match
the level of muscle performance. Old people may compensate for lower
tendon material properties by increasing tendon cross-sectional area.
Lower tendon stiffness in older subjects might be beneﬁcial for movement economy in low-intensity locomotion and thus optimized for their
daily activities.
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Table 1. Subject characteristics
Young (n ⫽ 33)
Old (n ⫽ 67)
Men (n ⫽ 51)
Women (n ⫽ 49)
YM (n ⫽ 18)
OM (n ⫽ 33)
YW (n ⫽ 15)
OW (n ⫽ 34)

Age, yr

Height, cm

Body weight, kg

BMI, kg/m2

Plantarﬂexion MVC, N

24.1 ⫾ 2.4
74.6 ⫾ 3.4
56.8 ⫾ 24.9
59.1 ⫾ 23.4
23.7 ⫾ 2.0
74.8 ⫾ 3.6
24.5 ⫾ 2.8
74.3 ⫾ 3.3

174 ⫾ 9**
166 ⫾ 9
176 ⫾ 6††
161 ⫾ 6
181 ⫾ 6
173 ⫾ 5
166 ⫾ 4
159 ⫾ 5

69.5 ⫾ 10.0
69.8 ⫾ 10.2
75.9 ⫾ 8.1††
63.3 ⫾ 7.8
75.4 ⫾ 9.0
76.1 ⫾ 7.7
62.5 ⫾ 5.6
63.7 ⫾ 8.6

23.0 ⫾ 2.3**
25.2 ⫾ 2.6
24.6 ⫾ 2.7
24.4 ⫾ 2.8
23.1 ⫾ 2.6
25.4 ⫾ 2.4
22.8 ⫾ 1.8
25.1 ⫾ 2.9

1,398 ⫾ 356**
859 ⫾ 291
1,210 ⫾ 379††
857 ⫾ 347
1,541 ⫾ 376
1,029 ⫾ 232
1,226 ⫾ 246
694 ⫾ 246

Values are expressed as means ⫾ SD. YM, young men; OM, old men; YW, young women; OW, old women; BMI, body mass index; MVC, maximal voluntary
contraction. Asterisks are for young vs. old; daggers are for men vs. women: **, ††P ⬍ 0.01.

fascicle length, and pennation angle were measured. Muscle thickness
was measured by drawing a perpendicular line from the deep to superﬁcial aponeurosis at the center of the image (Fig. 1). Muscle fascicle
length was measured by drawing a line along a clearly visible muscle
fascicle between deep and superﬁcial aponeurosis. If the fascicle was not
apparently straight, the curvature of the fascicle was taken into account by
drawing the line with multiple points. If necessary, fascicle length was
measured by extrapolating the excursion of the fascicle from superﬁcial
to deep aponeurosis (15). Fascicle pennation angle was measured as the
angle between muscle fascicle and deep aponeurosis. Normalized fascicle
length in the direction of muscle pull (referred to later as normalized
fascicle length) was calculated by multiplying fascicle length with cosine
of the pennation angle divided by the length of the tibia measured with a
ruler. This allowed us to compare the functional fascicle length between
the study groups.
Muscle anatomical CSA. Gastrocnemius (lateral and medial head)
anatomical CSA was measured at 50% of GM length using panoramic
US-scan with a 3.6-cm linear probe (UST-5411, Aloka, Japan). This
method has been described and validated for quadriceps muscles, and
is reproducible and suitable for group comparisons (2). A sequence of
images was taken in extended ﬁeld-of-view mode and the ultrasound
device combined these images to one panoramic view of the gastrocnemius muscles. Soleus muscle was not included in the muscle
cross-sectional measurement because the borders of that muscle are
hard to identify from panoramic images, especially from older subjects. For the CSA analyses a polygon selection tool was used to
outline the muscles manually (Fig. 2).
Image analysis for tendon morphology, muscle architecture, and
muscle CSA were made using an open source computer program
(ImageJ 1.44b, National Institutes of Health). Analyses were done
twice by the same investigator on separate days, and a mean was used
for further analysis (intraclass correlation ranged from 0.910 to 0.996
and typical error ranged from 0.9 to 6.5%).
Tendon mechanical properties. Plantarﬂexions were performed in a
custom-made dynamometer (University of Jyväskylä) operated in a
ﬁxed position (48). Subjects were seated in the dynamometer with the
right ankle at 90° of ﬂexion, knee fully extended and hip at 60° of

Fig. 1. From left to right: gastrocnemius medialis (GM) muscle architecture, soleus (SOL) muscle architecture and Achilles tendon (AT) cross-sectional area
(outlined). Fascicle length (solid line along fascicles), pennation angle (angle between solid lines) and muscle thickness (dotted line) are drawn in the images
of GM and SOL. The images shown are from a young woman.
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tion score of 23 or lower. Self-reported health status and medication
were conﬁrmed by a physician for the older subjects and a research
nurse for the younger participants during a clinical examination.
Participants were informed about the procedures used in the study
and they all signed a written consent prior to the study. The local
ethical committee approved all methods and the study conformed to
the standards set by the latest revision of the Declaration of Helsinki.
Measurements. Achilles tendon CSA and length, triceps surae
muscle architecture and gastrocnemius CSA were ﬁrst measured with
ultrasonography (US; Aloka Pro Sound alpha 10). Achilles tendon
mechanical properties where then measured in an ankle dynamometer
during plantarﬂexion contractions using ultrasonography combined
with motion analysis. All measurements were taken from the right leg
by the same experienced researcher.
Achilles tendon cross-sectional area and length. Subjects lay prone
on a table with the ankle kept at 90° by hand while Achilles tendon
CSA was measured with a 3.6-cm linear probe (UST-5411, Aloka,
Japan) and an acoustic gel pad (SonarAid, Geistlich Pharma). Ultrasound image of Achilles tendon CSA was taken at rest from transverse
plane, four centimeters proximal from the proximal margin of calcaneal tubercle (Achilles tendon insertion site) which is approximately
the narrowest site of free Achilles tendon (48). CSA was outlined
using a polygon selection tool (Fig. 1). The most distal point of
gastrocnemius medialis (GM) muscle-tendon junction (MTJ) and the
distal insertion of Achilles tendon were visualized using ultrasonography and marked on to the skin. Achilles tendon resting length was
measured as the distance between these two points using a ruler.
Muscle architecture. Muscle architecture was measured from GM
and soleus (SOL) and the measurements were performed within 10
min of the subject lying down to prevent ﬂuid redistribution affecting
the results (10). Imaging was done at 50% of GM muscle length using
a 6-cm linear probe (UST-5712, Aloka, Japan). Imaging locations
were optimized for fascicle imaging and were mid muscle in the
medial-lateral direction for both GM and SOL (22). For both muscles
an acoustic gel was used between the skin and the probe, and the
probe was held gently over the skin without applying pressure to the
tissues underneath. From the images GM and SOL muscle thickness,
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ﬂexion (full extension 0°). The seat was set individually as close to the
pedal as possible in knee extended position, which minimized ankle
joint rotation during maximal plantarﬂexion as the subject was tightly
ﬁxed between the pedal and the back rest. Velcro straps held knee
extended and foot attached to the pedal. A monitor was placed in front
of the subjects where they could follow the force signal in real time.
In practice trials subjects performed a series of plantarﬂexions by
pushing the pedal with the ball of their foot following verbal commands. Each contraction in the series lasted for 1 s with rise and fall
of the force occurring at the same rate. These contractions have been
shown to provide better reproducibility of force production than
slower contractions without affecting stiffness or hysteresis (47). Two
to three sets of ﬁve to eight contractions were performed with an
instruction to use half of their maximal force. Maximal voluntary
contraction (MVC) force of the plantarﬂexors was measured three
times (3-s contractions) with strong verbal encouragement. The maximal reaction force of the pedal obtained in MVC measurements is
hereafter referred to as MVC force.
The best MVC was used to calculate 80% of MVC force. Practice
trials and MVC measurements were considered to stabilize Achilles
tendon mechanical properties before the actual measurement (32). Tendon properties were calculated from a set of ﬁve to eight plantarﬂexions
to a peak force level of at least 80% MVC (Fig. 3). A horizontal line on
the screen at the 80% MVC level served as a visual guide.
To derive the force-elongation relationship of the Achilles tendon,
plantarﬂexion force, heel displacement, MG MTJ displacement and
movement of the ultrasound probe were simultaneously measured and
synchronized with a TTL pulse as described later. The tendon stressstrain relationship was calculated using the tendon force-elongation
relationship and anthropometric data.
Plantarﬂexion force was measured with a force transducer (Precision TB5-C1, Raute, Nastola, Finland) installed to the pedal of the
dynamometer. Force signals were sampled with a 16-bit AD-board
(Power 1401, CED) at 1 kHz. Achilles tendon force was calculated by
multiplying the measured reaction force with the ratio between the
externally measured lever arms of the foot and the Achilles tendon.
For measuring foot lever arm, subjects placed their right foot on to a
paper that had a scale printed on it. The foot longitudinal axis was
perpendicular to the scale. The vertical projections of the outermost
tip of the medial malleolus and the head of the ﬁrst metatarsal were
marked on to the paper and the distance between these point was
determined as the lever arm of the foot. Achilles tendon lever arm was
deﬁned as the distance from the center of the Achilles tendon to the
outermost tip of the medial malleolus in sagittal plane measured using
a ruler.
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Fig. 3. An example of a trial from which tendon properties were calculated.
Tendon force at the top and tendon elongation at the bottom. Horizontal line
marks the 80% maximal voluntary contraction (MVC) force level.
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Fig. 2. Gastrocnemius muscle cross-sectional area outlined from an old (top)
and a young (bottom) male subject.

•

Displacement of the both ends of the Achilles tendon during the
trials was measured to determine Achilles tendon length. The displacement of the distal end of the Achilles tendon in the sagittal plane
was measured using a potentiometer installed under the heel with a
sampling frequency of 1 kHz. The potentiometer measures the linear
distance of the heel from the pedal and is able to detect heel
displacement of under 0.1 mm. The displacement of the proximal end
of the Achilles tendon was recorded with US at a sampling frequency of
70 Hz using a 6-cm linear array probe (UST-5712, Aloka, Japan). The
probe was positioned over the GM MTJ, 2 cm medial from the border
between medial and lateral gastrocnemius and secured with an elastic
band. An acoustic gel pad (SonarAid, Geistlich Pharma) was used
between the probe and the skin. Automatic tracking software was used to
analyze MTJ displacement in the US image. The software is based on a
pyramidal implementation of the Lukas-Kanade feature tracking (8).
Nine tracking points were placed along the aponeurosis between GM and
SOL, just proximal to the GM MTJ. The tracking algorithm has been
previously shown to have a repeatability of 98% (35). Trials were
analyzed twice and the mean was used for further analyses.
2D motion analysis was performed to measure the small movement
of the ultrasound probe in the sagittal plane. Four reﬂective markers
were placed on the handle of the probe to enable tracking of linear and
rotational movements. A single high-speed video camera (InLine 250,
Fastec Imaging) recorded movement perpendicular to the axis of
motion at 60 Hz. The reﬂective markers were digitized from the video
ﬁles using Peak Motus 2000 software (Peak Performance Technologies) and their location in relation to the laboratory coordinate system
was determined using a rigid calibration object.
Tendon length during the trials was quantiﬁed by combining GM
MTJ displacement in ultrasound frame, ultrasound probe movement,
and heel displacement. GM MTJ location at the ultrasound image
coordinate system was transformed to laboratory coordinate system
using the location and orientation information of the ultrasound probe
obtained from motion analysis. The location of the Achilles tendon
insertion to the calcaneus in laboratory coordinate system was determined using the data from potentiometer and the measured distance
from under the foot to the proximal margin of calcaneal tubercle. As
both ends of the MG, tendon was determined in the same coordinate
system; it was possible to determine the tendon length as the distance
between those two points and elongation by subtracting tendon length
at rest. Data synchronization and calculations were made in Matlab
software (version R2010b9, The MathWorks) using custom-made
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RESULTS

Fig. 4. Mean Achilles tendon force-elongation (A) and stress-strain (B) plots
for young (n ⫽ 33), old (n ⫽ 67), men (n ⫽ 51), and women (n ⫽ 49). Lines
are linear ﬁts and represent Achilles tendon stiffness and Young’s modulus,
respectively. Values are calculated at 10% MVC increments from 10 to 80%
MVC.

scripts. For each of the contractions, tendon force and elongation data
were time normalized and averaged to produce one force-elongation
relationship for every subject.
Tendon stiffness and Young’s modulus were calculated between
10% and 80% of MVC force. This range was chosen since it was not
possible for the subjects to produce MVC force with repeated contractions. Within this region, force-elongation curves were linear (Fig. 4A;
r ⫽ 0.999). Stiffness was calculated as the slope of the forceelongation relationship and Young’s modulus as the slope of the
stress-strain relationship using the least-squares ﬁt method. Stress was
calculated by dividing tendon force by free tendon CSA (measurement described earlier), and strain was calculated by normalizing
tendon elongation to tendon length at rest. Tendon hysteresis was
calculated by using the full force-elongation curves and was deﬁned

Signiﬁcant interactions between age and sex were not found
for any variables. The individual group means are presented in
the Tables 1, 2, and 3.
Muscle architectural features and size. SOL pennation angle
was larger in men compared with women (18%, P ⬍ 0.001).
Fascicle length in GM was shorter in old compared with young
(7%, P ⬍ 0.05). Muscle thickness was signiﬁcantly lower in
old compared with young in SOL and in GM (9%, P ⬍ 0.05
and 13% and P ⬍ 0.001, respectively). Gastrocnemius muscle
CSA was 15% smaller in old compared with young subjects
(P ⬍ 0.01) and 12% smaller in women compared with men
(P ⬍ 0.01, Table 3). GM and SOL normalized fascicle length
was signiﬁcantly different between men and women (GM
0.108 ⫾ 0.020 vs. 0.118 ⫾ 0.021, P ⬍ 0.05; SOL 0.094 ⫾
0.020 vs. 0.116 ⫾ 0.030, P ⬍ 0.01), but there was no difference between young and old (GM 0.115 ⫾ 0.020 vs. 0.112 ⫾
0.022, P ⫽ 0.327; SOL 0.103 ⫾ 0.028 vs. 0.106 ⫾ 0.027, P ⫽
0.548).
Tendon properties. Achilles tendon CSA was 16% larger in
old compared with young subjects (P ⬍ 0.001) and 21% larger
in men compared with women (P ⬍ 0.001, Table 2). Achilles
tendon stiffness was lower in old compared with young subjects (17%, P ⬍ 0.01) and women compared with men (25%,
P ⬍ 0.001). Young’s modulus was lower in old compared with
young subjects (32%, P ⬍ 0.001) and women compared with
men (19%, P ⬍ 0.01 Fig. 4, Table 3). There was a signiﬁcant

Table 2. Achilles tendon properties
Young (n ⫽ 33)
Old (n ⫽ 67)
Men (n ⫽ 51)
Women (n ⫽ 49)
YM (n ⫽ 18)
OM (n ⫽ 33)
YW (n ⫽ 15)
OW (n ⫽ 34)

Resting length, cm

CSA, mm2

Stiffness, N/mm

Young’s Modulus, GPa

Hysteresis, %

18.7 ⫾ 2.6*
17.4 ⫾ 2.6
19.2 ⫾ 2.4††
16.3 ⫾ 2.0
19.7 ⫾ 2.6
19.0 ⫾ 2.2
17.4 ⫾ 1.9
15.9 ⫾ 1.9

53.49 ⫾ 9.75**
61.98 ⫾ 12.64
64.58 ⫾ 12.79††
53.56 ⫾ 9.09
56.53 ⫾ 9.64
68.97 ⫾ 12.24
49.84 ⫾ 8.83
55.20 ⫾ 8.83

170 ⫾ 37**
141 ⫾ 48
171 ⫾ 45††
129 ⫾ 38
186 ⫾ 37
164 ⫾ 47
151 ⫾ 29
120 ⫾ 39

0.79 ⫾ 0.20**
0.54 ⫾ 0.18
0.68 ⫾ 0.22††
0.55 ⫾ 0.21
0.86 ⫾ 0.20
0.59 ⫾ 0.17
0.71 ⫾ 0.18
0.48 ⫾ 0.18

3.0 ⫾ 5.2
2.5 ⫾ 5.1
2.3 ⫾ 4.2
3.1 ⫾ 5.9
1.4 ⫾ 3.7
2.8 ⫾ 4.4
5.0 ⫾ 6.0
2.3 ⫾ 5.7

Values are expressed as means ⫾ SD. CSA, cross-sectional area. Asterisks are for young vs. old; daggers are for men vs. women: *P ⬍ 0.05; **, ††P ⬍ 0.01.
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as the percentage difference in the area under the curve for the loading
and unloading phases.
Statistical analyses. Differences between the study groups (old vs.
young and men vs. women) were tested using two-way ANOVA. Age,
sex, and the age ⫻ sex interaction were considered independent
variables. Homogeneity of variances was tested using Levene’s test
and normality of distributions was tested using Kolmogorov-Smirnov
test. If homogeneity or normality assumptions were violated, the
results of the variance analysis were conﬁrmed using nonparametric
tests. Only the results from variance analysis are reported since the
results from nonparametric tests were in accordance with the variance
analysis. For comparing tendon elongation and strain between the
groups in similar absolute force values we chose to use a value that
has real life relevance and used the mean peak Achilles tendon force
value reported for walking (16) that is 1.32 kN. For comparison of
tendon stiffness and Young’s modulus between young and old subjects with similar muscle strengths we used subjects that had MVC
force at a range mean ⫾ SD of MVC forces of the whole population.
Student’s two-tailed independent samples t-test was used for this
comparison. The degree of association between variables was tested
using Pearson’s product-moment correlation. The level of statistical
signiﬁcance was set at ␣ ⫽ 0.05 for all tests.
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Table 3. Muscle architectural features and gastrocnemius cross-sectional area
Young (n ⫽ 33)
Old (n ⫽ 59/67)
Men (n ⫽ 48/51)
Women (n ⫽ 44/49)
YM (n ⫽ 18)
OM (n ⫽ 30/33)
YW (n ⫽ 15)
OW (n ⫽ 29/34)

SOL angle, °

SOL ﬂ, mm

SOL thickness, mm

GM angle, °

GM ﬂ, mm

GM thickness, mm

G CSA, cm2

20.24 ⫾ 5.47
18.77 ⫾ 4.36
21.12 ⫾ 4.63††
17.32 ⫾ 4.20
20.92 ⫾ 5.82
21.17 ⫾ 3.94
19.46 ⫾ 5.12
16.21 ⫾ 3.21

41.10 ⫾ 9.91
39.84 ⫾ 7.90
39.36 ⫾ 8.01
41.22 ⫾ 9.23
40.67 ⫾ 9.04
38.72 ⫾ 7.47
41.58 ⫾ 11.12
41.04 ⫾ 8.30

13.85 ⫾ 2.63*
12.54 ⫾ 2.99
13.56 ⫾ 2.66†
12.40 ⫾ 3.12
14.26 ⫾ 2.63
13.15 ⫾ 2.62
13.38 ⫾ 2.64
11.88 ⫾ 3.26

24.90 ⫾ 3.95
23.78 ⫾ 3.96
24.57 ⫾ 4.13
23.65 ⫾ 3.80
25.04 ⫾ 4.05
24.40 ⫾ 4.18
24.74 ⫾ 3.96
23.17 ⫾ 3.68

47.51 ⫾ 6.68*
43.96 ⫾ 7.17
45.97 ⫾ 7.33
44.09 ⫾ 6.89
47.70 ⫾ 6.84
45.25 ⫾ 7.61
47.30 ⫾ 6.74
42.67 ⫾ 6.56

19.73 ⫾ 2.64*
17.18 ⫾ 2.72
18.59 ⫾ 3.18†
17.37 ⫾ 2.52
20.17 ⫾ 2.54
17.81 ⫾ 3.22
19.23 ⫾ 2.74
16.55 ⫾ 1.95

22.56 ⫾ 4.69**
19.13 ⫾ 4.42
21.54 ⫾ 4.90††
18.89 ⫾ 4.27
24.35 ⫾ 4.61
20.12 ⫾ 4.46
20.54 ⫾ 4.01
18.16 ⫾ 4.23

Values are expressed as means ⫾ SD. Number of subjects (n), SOL/GM; SOL/GM angle, soleus/gastrocnemius medialis pennation angle; ﬂ, fascicle length;
G CSA, gastrocnemius muscle cross-sectional area. Asterisks are for young vs. old; daggers (†) are for men vs. women; *, †, ‡P ⬍ 0.05; **, ††P ⬍ 0.01.

subjects; 2) Achilles tendon CSA was larger in old compared with
young subjects despite lower tendon stiffness, maximal plantarﬂexion force, and gastrocnemius muscle CSA; 3) Achilles tendon
mechanical properties correlated with muscle force-producing
capacity even in old age; and 4) Achilles tendon stiffness did not
differ between young and old individuals with similar strengths.
Achilles tendon CSA. To our knowledge the current study is
the only one to show larger Achilles tendon CSA in old men
and women compared with young. Our ﬁnding is supported by
a previously study by Magnusson et al. (34) that showed larger
Achilles tendon CSA in old compared with young women
using MRI. The observed difference in tendon CSA in the
current study cannot be attributed to body weight or tendon
length, since body weight was similar between old and young
and tendon length was smaller in old compared with young.
Habitual exercise-related tendon hypertrophy (27, 51) also
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DISCUSSION

This study provides novel information about changes in the
muscle-tendon complex due to aging with the largest number of
subjects to date measured with state-of-the-art methods of determining tendon properties. There were four main ﬁndings from this
study: 1) Achilles tendon stiffness and Young’s modulus were
lower in healthy old men and women compared with young

Fig. 5. Correlations between MVC force and stiffness (A) and MVC force and
Young’s modulus (B). Mean ⫾ SD range of MVC force is marked with dotted
lines. Within that range tendon stiffness did not differ, but Young’s modulus
was signiﬁcantly different between young and old subjects.
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difference in elongation and strain at 80% MVC force between
old and young subjects (old vs. young: 11.1 ⫾ 3.4 vs. 14.4 ⫾
3.1 mm, P ⬍ 0.001 and 4.8 ⫾ 1.5 vs. 6.0 ⫾ 1.5%, P ⬍ 0.001),
but not between men and women (men vs. women: 12.7 ⫾ 3.3
vs. 11.7 ⫾ 3.9 mm, P ⫽ 0.451 and 5.1 ⫾ 1.4 vs. 5.3 ⫾ 1.8%,
P ⫽ 0.191). We also compared elongation and strain at tendon
force of 1.32 kN corresponding to the peak tendon force in
walking (16) and found that there was a signiﬁcant difference
between old and young and between men and women in both
elongation and strain (old vs. young: 9.6 ⫾ 2.4 vs. 8.1 ⫾ 2.4
mm, P ⬍ 0.01 and 4.1 ⫾ 1.0 vs. 3.4 ⫾ 1.3%, P ⬍ 0.01; men
vs. women: 8.4 ⫾ 2.4 vs. 9.9 ⫾ 2.3 mm, P ⬍ 0.01 and 3.4 ⫾
1.0 vs. 4.5 ⫾ 1.1%, P ⬍ 0.001). Stress at MVC force was
lower in old compared with young (29.6 ⫾ 9.5 vs. 57.9 ⫾ 14.7
MPa, P ⬍ 0.001) and women compared with men (35.2 ⫾ 17.5
vs. 42.6 ⫾ 17.0, P ⫽ 0.05). When comparing old and young
subjects with similar MVC forces (at a range mean ⫾ SD, old
n ⫽ 50 and young n ⫽ 19), we observed similar stiffness (old
vs. young: 153 ⫾ 42.9 vs. 151 ⫾ 29.0 N/mm, P ⫽ 0.861) but
signiﬁcantly different Young’s modulus (old vs. young: 0.58 ⫾
0.17 vs. 0.73 ⫾ 0.17 GPa, P ⫽ 0.001, Fig. 5).
Maximal isometric force. MVC force was 39% lower in old
compared with young subjects (859 ⫾ 291 vs. 1,398 ⫾ 356 N,
P ⬍ 0.001) and 29% lower in women compared with men (857 ⫾
347 vs. 1,210 ⫾ 379 N, P ⬍ 0.001).
Associations between variables. The correlation coefﬁcient
between tendon stiffness and MVC force and between Young’s
modulus and MVC force was signiﬁcant in combined data (r ⫽
0.580, P ⬍ 0.001 and r ⫽ 0.561, P ⬍ 0.001, respectively; Fig.
5). In old subjects there was a signiﬁcant correlation between
stiffness and MVC (r ⫽ 0.549, P ⬍ 0.001) and between
Young’s modulus and MVC (r ⫽ 0.376, P ⫽ 0.01). In young
subjects a signiﬁcant correlation was found between stiffness
and MVC (r ⫽ 0.535, P ⫽ 0.001). Tendon stiffness correlated
signiﬁcantly with gastrocnemius muscle CSA and body weight
(r ⫽ 0.219, P ⬍ 0.05 and r ⫽ 0.278, P ⬍ 0.01, respectively),
but Young’s modulus was not correlated with either muscle
CSA or body weight. Neither MVC force nor gastrocnemius
muscle CSA was associated with tendon CSA.
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the outer tendon (9, 11), and both fail to ﬁnd differences
between old and young in tendon mechanical properties. It is
possible that Achilles and patella tendon respond to aging
differently as they are morphologically and functionally different. We admit that SD in mean values of hysteresis was
large although similar than previously reported (13, 31), causing statistical power to detect group differences to be low. The
differences in group means were not large enough to have any
real life signiﬁcance, and thus it can be concluded that the
hysteresis values were similar between age groups and sexes.
The mean hysteresis for the whole population was 2.7%, which
is smaller than reported previously in vivo (13, 19, 31, 55). We
did not observe a toe region, and the tendon force-elongation
relationship was linear in the region where tendon properties
were calculated (10 – 80% MVC, r ⫽ 0.999). This was probably due to initial force acting on the Achilles tendon in the
seated position and the fact that we excluded the lowest 10% of
MVC force from the stiffness and Young’s modulus analysis.
The relatively small values of hysteresis may thus be due to the
fact that the crimped pattern of collagen ﬁbers was already
straightened in this joint conﬁguration. In this experimental
setting, the Achilles tendon acted almost totally elastically
without a viscous component that would increase hysteresis.
When we compared young and old individuals with similar
force production capacity we found that tendon stiffness was
similar. We also found that tendon stiffness and Young’s modulus
correlated with muscle strength which has been previously shown
in young (54). These ﬁndings indicate that aging does not affect
the tendon’s ability to adjust its mechanical properties to the
requirements set by the muscle, but it may be that the strategy for
the adjustment is changed due to aging, as tendon CSA was higher
in old subjects. Increasing tendon CSA does not seem to be the
mechanism for relatively fast adaptation of mechanical properties
(28, 52) but might be involved in habitual loading (12, 27) and
aging. Finally, lower stress and strain in old compared with young
subjects at similar relative force levels may decrease the likelihood of tendon injury in old individuals.
Implications of different tendon properties between young
and old. We hypothesize that in low-loading situations such as
in walking the lower Achilles tendon stiffness in old individuals allows more elastic energy utilization, muscle fascicles to
operate closer to the optimal length and slower speed of
fascicle length change when triceps surae muscles are active
than if they had similar tendon stiffness as young. Since the
amount of elastic energy stored in tendon is E ⫽ 1/2 kx2 (where
k is stiffness and x is elongation), the tendon with smaller
stiffness loaded with equal force will store more energy. The
amount of energy the tendon releases at unloading is dependent
on hysteresis and there is no evidence that hysteresis is different between old and young. It has been estimated that in young,
muscle fascicles of GM work at slightly longer length than
optimal in walking (5, 20), and it could be that the lower
Achilles tendon stiffness in old individuals allows muscle
fascicles to shorten the amount needed to reach optimal length.
In gastrocnemius lateralis, it has been shown that in walking
when the muscle is active, fascicle length remains unchanged
in older subjects and lengthens in younger subjects (37).
Slower contraction velocity is beneﬁcial for the force generation according to the force-velocity relationship. These hypotheses are logical since older individual are likely to use only
walking for ambulation and young individuals are more likely
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seems an unlikely explanation because aging is associated with
a decrease in moderate to vigorous physical activity (6) and the
magnitude of tendon loading seems to be a key factor related
to adaptive responses (4). One possibility is that a decrease in
the loading of the tendon could increase extracellular water
content and thus increase tendon CSA in old subjects (26).
Another possible explanation for larger tendon CSA in old
subjects is that pathological processes related to high levels of
circulating cholesterol (7) could cause a large decrease in
tendon material properties that has to be compensated by
increased tendon CSA to maintain appropriate tendon stiffness.
Some of the old subjects used statin medication for high levels
of cholesterol, but we did not observe a difference in tendon
CSA between statin users and nonusers (users: 19 old men and
13 old women). In women, estradiol concentration can affect
tendon dimensions (17) and prevention of decrease in estradiol
concentration by hormone replacement therapy (HRT) might
hinder the growth of tendon CSA in older women. In the
current study six old women reported receiving HRT and
exclusion of those women would increase the mean value of
tendon CSA from 55.20 to 56.01 mm2. Finally, an age-related
increase in tissue dimensions is also evident in other connective tissue structures, such as increased endosteal and
periosteal diameter of the proximal femur in connection
with decreased bone mass (3), which preserves bone
strength and is also inversely related to estradiol levels (1),
as is tendon CSA (17).
Muscle architecture and size. The trends found in muscle
architecture are consistent with previous results that have
found age-related differences in triceps surae muscle architecture (38, 40, 43). Although we found statistically signiﬁcant
differences between old and young only from GM fascicle
length, the lack of other age-related differences in muscle
architecture is supported by the ﬁndings of Karamanidis and
Arampatzis (23, 24). Similar normalized fascicle lengths in
GM and SOL between young and old suggest similar capability
for muscle shortening and thus similar working range of triceps
surae muscles between these groups. Muscle size was signiﬁcantly lower in old compared with young as indicated by lower
muscle thickness in SOL and in GM and lower gastrocnemius
CSA. In general it seems that the muscle architecture of triceps
surae in older subjects in this study was quite well preserved
despite marked changes in muscle force and size. In conjunction with previous literature, our ﬁndings suggest that there is
a trend for decreased pennation angle and muscle fascicle
length with aging but these changes are necessary to maintain
functionality of the muscle as muscle size decreases. Discrepancy in previous ﬁndings is probably caused by differences in
subjects groups. The old subjects in this study were all living
independently and attending regularly in social activities and
thus do not represent the most frail elderly people.
Achilles tendon mechanical properties. Our ﬁndings of agerelated differences in Achilles tendon mechanical properties
are in accordance with the studies that measured Achilles
tendon elongation as a displacement of GM myotendinous
junction (39, 44). The studies that have reported similar Achilles tendon properties in old and young subjects have measured
the elongation as the elongation of outer tendon and aponeurosis (23, 25). This methodological difference can be the factor
causing this discrepancy. Two studies have examined agerelated differences in patella tendon properties measuring only
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relation to the muscles force production capacity. We suggest that
discrepant ﬁnding for age-related differences in tendon are due to
methodological differences and for muscle architecture possible
differences in subject groups. It seems that muscle architecture or
tendon properties are not responsible for functional deﬁcit in older
people. Muscle size and intrinsic properties of muscle tissue are
likely to be the main causes of lowered functional capacity.
Although it was shown that Achilles tendon stiffness and Young’s
modulus are lower in older participants, it may be that tendon
tissue is optimized to functional requirements rather than deteriorated. The current results suggest that tendon mechanical properties are matched to the force producing capacity of the muscle
and adapt to loading rather than the effects of aging. Tendon
stiffness was shown to be strength dependent but age independent.
In the case of Achilles tendon, changes in tendon properties with
aging may actually enhance the function of the muscle-tendon
complex in low-loading conditions such as walking.
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Previous studies have shown that aging is associated with alterations
in muscle architecture and tendon properties (Morse CI, Thom JM,
Birch KM, Narici MV. Acta Physiol Scand 183: 291–298, 2005;
Narici MV, Maganaris CN, Reeves ND, Capodaglio P. J Appl Physiol
95: 2229 –2234, 2003; Stenroth L, Peltonen J, Cronin NJ, Sipila S,
Finni T. J Appl Physiol 113: 1537–1544, 2012). However, the possible inﬂuence of different types of regular exercise loading on muscle
architecture and tendon properties in older adults is poorly understood. To address this, triceps surae muscle-tendon properties were
examined in older male endurance (OE, n ⫽ 10, age ⫽ 74.0 ⫾ 2.8 yr)
and sprint runners (OS, n ⫽ 10, age ⫽ 74.4 ⫾ 2.8 yr), with an average
of 42 yr of regular training experience, and compared with agematched [older control (OC), n ⫽ 33, age ⫽ 74.8 ⫾ 3.6 yr] and young
untrained controls (YC, n ⫽ 18, age ⫽ 23.7 ⫾ 2.0 yr). Compared with
YC, Achilles tendon cross-sectional area (CSA) was 22% (P ⫽
0.022), 45% (P ⫽ 0.001), and 71% (P ⬍ 0.001) larger in OC, OE, and
OS, respectively. Among older groups, OS had signiﬁcantly larger
tendon CSA compared with OC (P ⫽ 0.033). No signiﬁcant betweengroup differences were observed in Achilles tendon stiffness. In older
groups, Young’s modulus was 31-44%, and maximal tendon stress
44 –55% lower, than in YC (P ⱕ 0.001). OE showed shorter soleus
fascicle length than both OC (P ⬍ 0.05) and YC (P ⬍ 0.05). These
data suggest that long-term running does not counteract the previously
reported age-related increase in tendon CSA, but, instead, may have
an additive effect. The greatest Achilles tendon CSA was observed in
OS followed by OE and OC, suggesting that adaptation to running
exercise is loading intensity dependent. Achilles tendon stiffness was
maintained in older groups, even though all older groups displayed
larger tendon CSA and lower tendon Young’s modulus. Shorter soleus
muscle fascicles in OE runners may be an adaptation to life-long
endurance running.
Achilles tendon; mechanical properties; muscle architecture; aging;
exercise

aging is associated with physical
limitations and disability (40). Decline in muscle mass is
undoubtedly an important contributor to the deterioration in
muscle function with aging (16). However, longitudinal studies
have shown a clear dissociation in loss of muscle function and
cross-sectional area or mass with aging (9, 17), suggesting that
other factors may also contribute to the age-related loss of
muscle function. Muscle architecture and tendon mechanical
properties greatly affect muscle performance (28, 51) and have
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been found to differ between young and old sedentary adults
(36, 37, 44). Thus age-related alterations in muscle architecture
and tendon mechanical properties may partially explain the
loss of muscle performance with age that occurs at a disproportionally faster rate than the decline in muscle mass.
Regular exercise is a key aspect supporting healthy aging.
Indeed, it has been suggested that older athletes provide a
model of exceptionally successful biological aging (46). For
example, previous studies have shown that aged athletes with
systematic exercise training habits exhibit much better cardiorespiratory, metabolic, and bone health than their less active
counterparts (22, 49). Regular exercise training, especially
strength and sprint exercise, also helps to maintain muscle
mass, function (21, 52), and composition (43), thus counteracting the age-related decline in functional performance typically observed in normal populations (9, 39).
Despite several known beneﬁcial effects of regular exercise
on the musculoskeletal system in old age, little is known about
the effects of regular participation in planned exercise on
muscle architecture and tendon properties in older adults. Two
previous studies have compared untrained older adults to older
endurance runners. First, Karamanidis and Arampatzis (19)
found that muscle architecture and tendon stiffness in medial
gastrocnemius and vastus lateralis were largely similar in older
endurance runners compared with untrained older adults. The
only signiﬁcant difference was greater medial gastrocnemius
pennation angle in endurance runners. Second, Couppé et al.
(7) recently found that older endurance runners had a greater
patella tendon cross-sectional area but similar tendon stiffness
compared with untrained peers. These previous studies were
conducted on endurance runners, and thus knowledge of the
long-term effects of different types of exercise loading on
muscle architecture and tendon properties in older adults is
missing.
Therefore, the aim of this study was to examine the association between different types of life-long exercise and muscletendon properties by comparing muscle architecture and tendon properties in older sprint and endurance runners to both
age-matched and young untrained adults. Triceps surae muscles were studied because of their important role in locomotion
and because they exhibit the greatest functional limitation of all
lower limb muscle groups in older adults during locomotion
(24). Endurance running provides a model of high-volume and
moderate-intensity loading, while sprint running represents a
model of low-volume but high-intensity loading of triceps
surae muscles. The hypothesis was that older athletes with a
life-long regular running background would exhibit muscle
fascicle length, pennation angle, muscle size, muscle strength,
and tendon mechanical properties in the triceps surae muscle
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group that are more similar to those of young adults than
untrained older adults. In addition, based on previous crosssectional studies conducted in young adults (1, 2), it was
hypothesized that sprint-trained older athletes would be stronger, have stiffer Achilles tendons, lower pennation angle, and
longer muscle fascicles compared with endurance-trained older
athletes.
MATERIALS AND METHODS

Subjects. Male subjects were recruited in two age categories, one
from 18 to 30 yr old [untrained young controls (YC), n ⫽ 18] and the
other from 70 to 80 yr old. The older cohort was recruited in three
groups: untrained older controls (OC, n ⫽ 33), older athletes competing in endurance running events (OE, n ⫽ 10) and older athletes
competing in sprint running events (OS, n ⫽ 10).
Untrained YC and OC groups were part of a Europe-wide collaborative study called MyoAge (34) and included in the present study to
represent general populations of healthy young and older adults. We
deﬁned untrained as a person who may be recreationally active but is
not training for, or participating in, competitive sport. YC were
recruited from among university students using study advertisements
via e-mail and bulletin boards. We excluded those who studied sport
sciences, as well as competitive athletes. OC were recruited from the
University of the Third Age or from weekly community meetings of
retired people. The aim was to recruit healthy older people who were
socially active and free from comorbidity. Using telephone interviews, an equal number of sedentary and physically active (competitive athletes excluded) older subjects were recruited to obtain a
representative sample of older people with varying physical activity
levels. Sedentariness was deﬁned as exercising for ﬁtness and health
one or fewer times per week. Physically active was deﬁned as exercise
three or more times per week (30 min or more with intensity sufﬁcient
to cause sweating or breathlessness). Results (44) and more detailed
description of the recruitment (34) of YC and OC have been presented
earlier.
Older athletes were recruited among the participants of the World
Master Athletics Indoor Championships held in Jyväskylä, Finland in
2012. Twenty male athletes were recruited based on the events in
which they participated during the championships. Ten subjects were
recruited from sprint running events (60 m, 60 m hurdles, 200 m, 400
m) and 10 were recruited from endurance running events (3 km, half
marathon, and 8 km cross country running). Some subjects in the OS
and OE groups participated in several sprint or endurance running
events, respectively. Mean results of the subjects competing in the
championships were as follows: 60 m, 9.13 ⫾ 0.48 s (n ⫽ 8); 60-m
hurdles, 10.15 s (n ⫽ 1); 200 m, 30.64 ⫾ 1.97 s (n ⫽ 7); 400 m, 1:13
⫾ 8 min:s (n ⫽ 3); 3,000 m, 13:48 ⫾ 60 min:s (n ⫽ 4); half marathon,
1:43:37 ⫾ 11:34 h:min:s (n ⫽ 5); and 8 km cross country running,
44:19 ⫾ 6:25 min:s (n ⫽ 7). These results correspond to 8, 1, 11, 16,
22, and 16% slower than the world record times for 75-yr-old men in
60 m, 60-m hurdles, 200 m, 400 m, 3,000 m, and half marathon,
respectively. Thus the participating subjects can be considered to be
highly competitive athletes.
Subject exclusion criteria were Achilles tendon pain, history of
Achilles tendon rupture or surgery, pain in calf muscles during
measurements, neurological and progressive severe illnesses, insulintreated diabetes, fracture within the previous year, immobilization for
1 wk during the last 3 mo, daily use of painkillers, use of immunosuppressive drugs or anticoagulants, or severe visual or hearing
impairment.
The ethics committee of the Central Finland Health Care District
approved the study. All participants signed an informed consent
before participating in the study, and measurements were conducted
according to the standards set by the latest revision of the Declaration
of Helsinki.
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Measurements. Training characteristics of OE and OS groups were
assessed with self-reported questionnaire. The athletes were asked
about their training history (yr), overall training volume (h/wk), and
amount of endurance (km/wk), sprint (sessions/wk), and strength
training (sessions/wk) in their current normal training routines.
Laboratory measurements included assessment of triceps surae
muscle architecture and size and Achilles tendon cross-sectional area
and mechanical properties. The measurement procedures have been
previously described in detail (44), but are brieﬂy described below.
For the measurements of Achilles tendon and both gastrocnemius
and soleus muscle architecture and size at rest, the subjects were lying
prone facing down with ankle angle at 90°. Tendon cross-sectional
area (mm2) was measured from a B-mode ultrasound image taken 4
cm proximal from the proximal border of the calcaneal tubercle where
the free Achilles tendon typically reaches its smallest cross-sectional
area (38). Body mass normalized tendon cross-sectional area was
calculated by dividing cross-sectional area by body mass2/3 (20).
Muscle architecture from medial gastrocnemius and soleus muscles
was assessed from ultrasound images taken at 50% of medial gastrocnemius length and mid-muscle belly in the medial-lateral direction.
Fascicle length (mm), pennation angle (°), and muscle thickness (mm)
were measured from the images. To take into account between-subject
differences in stature, fascicle length was normalized to tibia length.
The combined anatomical cross-sectional area (cm2) of medial and
lateral gastrocnemius was measured from a panoramic B-mode ultrasound image taken at 50% of medial gastrocnemius length as a
measure of the size of the gastrocnemius muscles. All measurements
from ultrasound images were taken twice using an open-source
computer program (ImageJ 1.44b, National Institutes of Health), and
the mean was used for subsequent data analysis.
For the measurement of Achilles tendon mechanical properties, the
subjects were seated in a custom-built dynamometer with ankle angle
at 90° and knee fully extended and hip at 60° of ﬂexion (full extension
0°). After a standardized warm-up, three maximal voluntary contractions (MVC) lasting ⬃3 s were performed with strong verbal encouragement to measure plantar ﬂexion strength (Nm). The highest value
obtained during MVC trials was used for subsequent analysis.
Warm-up and plantar ﬂexion MVCs served to precondition the tendon
before the measurement of tendon mechanical properties (30). Achilles tendon mechanical properties were measured from several isometric plantar ﬂexion contractions up to a force level of 80% of MVC.
Tendon force was calculated by multiplying measured reaction force
by the ratio between Achilles tendon moment arm length and moment
arm of the reaction force. Achilles tendon moment arm was deﬁned as
the distance from the center of the Achilles tendon to the outermost tip
of the medial malleolus in the sagittal plane measured using a ruler.
The moment arm of the reaction force around the ankle joint was
deﬁned as the sagittal plane distance between the outermost tip of the
medial malleolus and the head of the ﬁrst metatarsal. Achilles tendon
elongation (mm) was deﬁned as the change in the distance between
the proximal border of the calcaneal tubercle and the medial gastrocnemius muscle-tendon junction. Changes in the location of the calcaneal tubercle in the laboratory coordinate system were measured using
a potentiometer that measures heel lift from the dynamometer footplate. Medial gastrocnemius muscle-tendon junction location in the
laboratory coordinate system was measured with a combination of
B-mode ultrasonography and motion analysis. Ultrasound images of
the muscle-tendon junction were collected at 70 Hz, and the location
of the muscle tendon junction within the image was deﬁned by
automatic tracking software (32). The location of the muscle-tendon
junction was converted to the laboratory coordinate system using
video-based motion capture of the ultrasound probe. Two parameters
that describe tendon mechanical properties were calculated, tendon
stiffness (N/mm) and Young’s modulus (GPa). Tendon stiffness
characterizes mechanical properties of the tendon and is deﬁned as the
slope of the linear portion of the tendon force-elongation curve. We
calculated tendon stiffness as a linear ﬁt to force-elongation data from
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Data were ﬁrst checked for normality with the Shapiro-Wilk test and
for homogeneity of variance with Levene’s test. Differences in muscle
and tendon properties between the groups were tested using singlefactor analysis of variance and Tukey-Kramer post hoc test. GamesHowell post hoc test was used when inhomogeneous variances between the groups were observed, and Kruskal-Wallis test with Bonferroni correction for nonnormally distributed variables. Differences
in training characteristics between OE and OS were tested using
Mann-Whitney U-test. The level of statistical signiﬁcance was set at
␣ ⫽ 0.05 for all tests. Statistical analyses were performed using IBM
SPSS Statistics (version 20.0.0.2). Standardized mean differences
between YC and groups of older adults were calculated for main
results of the study (see Tables 2 and 3) as a measure of effect sizes
using Hedges’ g, including a correction for small sample bias (12).
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Fig. 1. Mean Achilles tendon force-elongation (top) and stress-strain (bottom)
relationships for young controls (YC), older controls (OC), older endurance
runners (OE), and older sprint runners (OS). Lines are linear ﬁts and represent
Achilles tendon stiffness (top) and Young’s modulus (bottom). Values are
calculated at 10% maximal voluntary contraction increments from 10 to 80%
maximal voluntary contraction. SDs are omitted for clarity.

10 to 80% MVC force, as the curves were almost perfectly linear in
this region (Fig. 1, r2 ⫽ 0.999 from linear ﬁts to average forceelongation curves). Tendon Young’s modulus is the slope of the linear
portion of the tendon stress-strain curve and represents tendon stiffness normalized to tendon dimensions. Young’s modulus describes
the mechanical properties of the material from which a tendon is
composed. To derive Young’s modulus, Achilles tendon stress (Pa)
was calculated by dividing Achilles tendon force (N) by tendon
cross-sectional area (m2), and strain (%) was calculated by dividing
elongation (mm) by initial tendon length (mm) multiplied by 100.
Young’s modulus was calculated as a linear ﬁt to force-elongation
data from 10 to 80% MVC force.
Statistical analyses. Due to inadequate image quality, soleus muscle architecture data were excluded for two subjects from the OS
group and three from the OC group, whereas medial gastrocnemius
muscle architecture data were excluded for one subject from OE, and
gastrocnemius cross-sectional area data from one subject from OC.

Subject characteristics and training status for the older athletes are reported in Table 1. Older adults in the three different
groups were matched for age, height, and body mass. YC were
signiﬁcantly taller than OC (P ⬍ 0.001). OC had signiﬁcantly
greater body mass index compared with YC (P ⫽ 0.006) and
OE (P ⫽ 0.009). Signiﬁcantly lower plantar ﬂexion strength
was found in OC (34%, P ⫽ 0.001) and OE (42%, P ⬍ 0.001)
compared with YC, but not in OS compared with YC (P ⫽
0.077). OE and OS groups did not differ in years of training,
hours of training per week, or number of strength training
sessions per week. Endurance training measured in distance
was eight times greater in OE compared with OS (P ⬍ 0.001),
and OS did three times more sprint training sessions per week
than OE (P ⫽ 0.006).
Achilles tendon cross-sectional area was 22, 45, and 71%
larger in OC (P ⫽ 0.022), OE (P ⫽ 0.001), and OS (P ⬍
0.001) compared with YC, respectively (Table 2). Tendon
cross-sectional area in OS was signiﬁcantly larger than in OC
(P ⫽ 0.033). Body mass-normalized tendon cross-sectional
area yielded similar results to the unnormalized values. No
statistically signiﬁcant differences were observed between the
groups in Achilles tendon stiffness (Fig. 1), but Young’s
modulus was 31, 35, and 44% smaller in OC (P ⬍ 0.001), OE
(P ⫽ 0.001), and OS (P ⬍ 0.001) compared with YC, respectively. Maximal tendon force during MVC was signiﬁcantly
lower in OC (35%, P ⬍ 0.001) and OE (38%, P ⬍ 0.001), but
not in OS (P ⫽ 0.156), compared with YC. Average tendon
stress during MVC was greater in YC than the older groups
(P ⬍ 0.001). Tendon elongation at 80% MVC was signiﬁcantly
greater in YC compared with OC (P ⫽ 0.014), but the differ-

Table 1. Subject characteristics and training status of older athletes
Subjects, no.
Age, yr
Height, cm
Body mass, kg
BMI, kg/m2
Plantar ﬂexion strength, Nm
Length of training, yr
Training per week, h
Endurance training per week, km
Sprint training sessions per week, no.
Strength training sessions per week, no.

YC

OC

OE

OS

18
23.7 ⫾ 2.0
181 ⫾ 6
75.4 ⫾ 9.0
23.1 ⫾ 2.6
199 ⫾ 56

33
74.8 ⫾ 3.6*
173 ⫾ 5*
76.1 ⫾ 7.7
25.4 ⫾ 2.4*†
132 ⫾ 21*

10
74.0 ⫾ 2.8*
175 ⫾ 7
69.9 ⫾ 6.9
22.7 ⫾ 1.6
116 ⫾ 25*
39.4 ⫾ 20.9
6.8 ⫾ 3.3
55.2 ⫾ 8.8
0.8 ⫾ 0.7
0.5 ⫾ 0.2

10
74.4 ⫾ 2.8*
176 ⫾ 7
74.3 ⫾ 7.1
24.1 ⫾ 1.9
153 ⫾ 39
44.7 ⫾ 19.7
6.2 ⫾ 2.6
6.5 ⫾ 2.8†
2.3 ⫾ 1.2†
0.9 ⫾ 0.2

Values are means ⫾ SD. BMI, body mass index; YC, young controls; OC, older controls; OE, older endurance runners; OS, older sprint runners. Signiﬁcantly
different from *YC and †OE: P ⬍ 0.01.
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Table 2. Achilles tendon cross-sectional area and mechanical properties
Cross-sectional area, mm2
Stiffness, N/mm
Young’s modulus, GPa
Maximum tendon force, kN
Maximum tendon stress, MPa
Elongation at 80% MVC, mm
Strain at 80% MVC, %

YC

OC

OE

OS

56.5 ⫾ 9.6
186 ⫾ 37
0.86 ⫾ 0.20
3.4 ⫾ 0.9
59.3 ⫾ 14.9
14.3 ⫾ 2.5
5.6 ⫾ 1.5

69.0 ⫾ 12.2 (⫺1.05)*‡
164 ⫾ 47 (0.49)
0.59 ⫾ 0.17 (1.46)†
2.2 ⫾ 0.6 (1.58)†
33.1 ⫾ 9.0 (2.22)†
11.9 ⫾ 6.4 (0.42)*
4.8 ⫾ 2.2 (0.42)

82.0 ⫾ 19.8 (⫺1.69)†
172 ⫾ 39 (0.34)
0.56 ⫾ 0.22 (1.40)†
2.1 ⫾ 0.4 (1.64)†
26.5 ⫾ 8.3 (2.36)†
11.2 ⫾ 4.4 (0.88)
4.5 ⫾ 1.8 (0.66)

96.5 ⫾ 24.9 (⫺2.26)†
166 ⫾ 35 (0.51)
0.48 ⫾ 0.19 (1.85)†
2.6 ⫾ 0.8 (0.80)
30.1 ⫾ 14.3 (1.86)†
11.9 ⫾ 4.2 (0.70)
4.7 ⫾ 1.7 (0.56)

Values are means ⫾ SD (with effect size compared with YC in parentheses). MVC, maximal voluntary contraction. Signiﬁcantly different from YC: *P ⬍
0.05, †P ⬍ 0.01. ‡Signiﬁcantly different from OS, P ⬍ 0.05.

ence did not reach statistical signiﬁcance in OE (P ⫽ 0.114) or
OS (P ⫽ 0.352). However, effect sizes between YC and OE
and OS were greater than the effect size between YC and OC.
The groups did not differ signiﬁcantly in tendon strain at 80%
MVC.
Results of soleus and gastrocnemius muscle architecture and
size, as well as plantar ﬂexion muscle strength, are presented in
Table 3. Soleus fascicle length was signiﬁcantly shorter in OE
compared with YC (absolute P ⫽ 0.014, normalized P ⫽
0.002) and also compared with OC (absolute P ⫽ 0.047,
normalized P ⬍ 0.001). No signiﬁcant differences were found
in soleus pennation angle or muscle thickness. Medial gastrocnemius fascicle length and pennation angle did not differ
between the groups. In OC, medial gastrocnemius muscle
thickness was signiﬁcantly smaller in contrast to YC (P ⫽
0.043) and gastrocnemius cross-sectional area was signiﬁcantly smaller in contrast to YC (P ⫽ 0.011) and OS (P ⫽
0.011).
DISCUSSION

We examined selected triceps surae muscle-tendon properties of two differently trained groups of older athletes with an
average of 42 yr of regular running training and compared
them to untrained age-matched older and young adults. The
main ﬁndings of the study were that Achilles tendon crosssectional area was signiﬁcantly larger in all older adult groups
than young adults, and in older sprinters compared with agematched untrained older adults, whereas there were no statistically signiﬁcant group differences in Achilles tendon stiffness. The greater tendon cross-sectional area was also reﬂected
in tendon Young’s modulus and tendon average tensile stress
during maximal isometric force production, both of which
were signiﬁcantly lower in all older groups compared with
young untrained adults. Only minor differences were observed

in triceps surae muscle architecture, the most important being
signiﬁcantly shorter fascicle length in soleus muscle in older
endurance runners. The present study adds new insight into
possible effects of exercise loading on muscle and tendon
structure and function in older age. The novelty of the present
study is that measurements of triceps surae muscle architecture
and Achilles tendon properties were made from top-level older
athletes that included both endurance and sprint runners.
Achilles tendon properties. To the best of our knowledge,
this is the ﬁrst study to show greater Achilles tendon crosssectional area in older adults with a regular exercise training
background. Contradicting our hypothesis, the results suggest
that long-term exercise did not counteract the age-related
increase in Achilles tendon cross-sectional area. Previous
cross-sectional studies suggest that Achilles tendon crosssectional area increases in response to both long-term exercise
loading (20, 33) and normal aging (31, 44). The present results
suggest that the Achilles tendon responds to regular loading by
increasing cross-sectional area in an intensity-dependent manner. Moreover, the increase in cross-sectional area appears to
be additive to the increase due to normal aging. This ﬁnding
supports recent ﬁndings by Couppé et al. (7), who showed that
regular endurance running was associated with larger patella
tendon cross-sectional area in both young and older adults.
A possible explanation for aging and exercise training to be
associated with larger tendon cross-sectional area is that tendon
hypertrophy is needed to compensate for an age-related decrease in mechanical properties of the tendon collagen structure. Another possible explanation is that greater tendon crosssectional area in older adults is observed as a consequence of
intratendinous accumulation of lipids or water. These two
possible mechanisms are not exclusive and could together
explain the observed results. The following paragraphs introduce these proposed explanations in more detail.

Table 3. Muscle architecture and size
YC

Soleus fascicle length, mm
Normalized soleus fascicle length, mm/mm
Soleus pennation angle, °
Soleus thickness, mm
MG fascicle length, mm
Normalized MG fascicle length, mm/mm
MG pennation angle, °
MG thickness, mm
Gastrocnemius cross-sectional area, cm2

40.6 ⫾ 8.8
0.102 ⫾ 0.021
21.0 ⫾ 5.7
14.3 ⫾ 2.6
47.7 ⫾ 6.6
0.121 ⫾ 0.018
24.8 ⫾ 4.0
20.1 ⫾ 2.5
24.2 ⫾ 4.5

OC

38.6 ⫾ 7.6 (0.24)c
0.100 ⫾ 0.021 (0.11)d
21.2 ⫾ 4.0 (⫺0.05)
13.1 ⫾ 2.7 (0.44)
45.0 ⫾ 7.6 (0.35)
0.117 ⫾ 0.022 (0.17)
24.4 ⫾ 4.2 (0.09)
17.7 ⫾ 3.2 (0.77)a
20.1 ⫾ 4.5 (0.89)a,e

OE

31.2 ⫾ 3.9 (1.18)a
0.073 ⫾ 0.008 (1.55)b
23.7 ⫾ 5.3 (⫺0.46)
13.4 ⫾ 2.7 (0.33)
45.3 ⫾ 6.5 (0.34)
0.108 ⫾ 0.015 (0.71)
23.3 ⫾ 4.8 (0.34)
17.2 ⫾ 3.6 (0.94)
20.9 ⫾ 3.4 (0.73)

OS

35.3 ⫾ 8.3 (0.57)
0.083 ⫾ 0.022 (0.83)
21.6 ⫾ 8.3 (⫺0.08)
12.8 ⫾ 3.7 (0.49)
47.7 ⫾ 7.0 (0.00)
0.111 ⫾ 0.021 (0.46)
24.1 ⫾ 3.5 (0.18)
18.6 ⫾ 2.7 (0.55)
25.1 ⫾ 4.4 (⫺0.19)

Values are means ⫾ SD (with effect size compared with YC in parentheses). MG, medial gastrocnemius. Signiﬁcantly different from YC: aP ⬍ 0.05, bP ⬍
0.01. Signiﬁcantly different from OE: cP ⬍ 0.05, dP ⬍ 0.01. eSigniﬁcantly different from OS: P ⬍ 0.05.
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In animal models, aging has been linked with an increase in
type V collagen and a greater proportion of small collagen
ﬁbrils, which probably contribute to concurrently observed
reduced ultimate tensile stress (10, 48). Greater tendon crosssectional area in older adults could be due to a necessary
adaptation to reduce maximal tendon stress to safe levels for
older tendons that possibly have reduced ultimate tensile stress.
To reduce the stress to a safe level, cross-sectional area must be
proportional to maximal force acting on the tendon, thus
explaining the greater cross-sectional area in older sprint runners compared with older untrained adults observed in the
present study.
Greater tendon cross-sectional area in older adults could also
serve to maintain sufﬁcient stiffness, which could be important
both for protecting the tendon from strain-induced damage and
for muscle function. A possible age-related reduction in stiffness of tendon collagen structure may be partly compensated
by an age-related increase in collagen cross-links, especially in
advanced glycation end-product cross-links (6), which stabilize
collagen structure and may increase tendon stiffness. Life-long
endurance running has been shown to be associated with lower
advanced glycation end product cross-link density (7). If older
athletes in the present study had a lower density of collagen
cross-links, this could explain the requirement for older athletes to have even greater tendon cross-sectional area compared
with untrained older adults, to maintain tendon stiffness with
aging.
Based on current knowledge of tendon adaptation, loading
intensity is the main factor determining adaptations in tendon
mechanical properties (5). Thus it seems unlikely that sprinttrained older athletes would have the lowest Achilles tendon
Young’s modulus among the groups in the present study. A
possible explanation could be that larger tendon cross-sectional
area in older adults is not an adaptation to lowered tendon
Young’s modulus. Instead it could be due to accumulation of
tendon subcomponents that do not markedly affect tendon
mechanical behavior. These could include extracellular lipid
deposits and proteoglycans and glycosaminoglycans that attract water. Extracellular lipid deposits within tendon have
been associated with aging (14), and this could be common to
all older adults, irrespective of exercise training. On the other
hand, production of proteoglycans and glycosaminoglycans
could be increased with exercise training-induced tendon loading (15). This would explain the observed lower Young’s
modulus and stress of the tendon in older adults in the present
study and also explains why greater tendon cross-sectional area
was not related to greater tendon stiffness.
Within- and between-operator reliability of Achilles tendon
cross-sectional area measurement using ultrasound imaging
has been reported to be good (11, 50). In the present study,
duplicate analysis of tendon cross-sectional area images produced intraclass correlation 0.989 and typical error 2.1%.
However, validity of tendon cross-sectional area measurement
using ultrasound imaging is not known; thus the results should
be interpreted with some caution. Future studies should try to
replicate the ﬁndings of the present study, preferably using
magnetic resonance imaging, which allows measurements of
tendon cross-sectional area along the whole tendon. More
research examining tendon composition and collagen structure
in older adults is also warranted to explain the mechanisms
behind changes in tendon cross-sectional area.
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In contrast to our hypothesis that life-long running would
mitigate age-related changes in tendon mechanical properties,
we found that Young’s modulus was signiﬁcantly lower in
older compared with young adults, irrespective of training
status, with no signiﬁcant differences between the older
groups. There were also no signiﬁcant between-group differences in initial tendon length or tendon stiffness. Thus the
lower Young’s modulus in older compared with young adults
can be attributed mainly to the larger tendon cross-sectional
area in older adults.
It should be noted that a toe-region with a lower slope of the
tendon force-elongation curve at low forces or stresses was not
observed (Fig. 1). We think that the reason for highly linear
force-elongation/stress-strain curves is initial force acting on
the Achilles tendon at a 90° ankle angle, and the fact that we
calculated the curve starting from 10% MVC force. Lack of
toe-region has also been previously observed for Achilles
tendon in vivo when elongation is measured from the medial
gastrocnemius muscle-tendon junction (27), as done in the
present study.
To summarize the ﬁndings regarding tendon mechanical
properties, Young’s modulus of the Achilles tendon was signiﬁcantly lower in older compared with young adults, irrespective of training status. Despite this, Achilles tendon stiffness
was conserved in all groups of older adults. Thus the lower
muscle strength, greater tendon cross-sectional area, and conserved tendon stiffness resulted in reduced maximal tendon
stress and strain in older adults. Reduced tendon stress and
strain could be a necessary mechanism to decrease the probability of tendon injury, as aging may decrease tendon fascicle
sliding that possibly leads to greater loading of the fascicles
themselves (47). A functional consequence of similar Achilles
tendon stiffness but lower muscle strength in older compared
with young adults is a limited maximal capacity for elastic
energy storage and subsequent utilization during locomotion.
This may contribute to the reported greater metabolic cost of
transport in older compared with young adults (35).
Triceps surae muscle architecture, size, and strength. The
present data also suggest that, in general, muscle architecture is
not greatly different in older habitual runners in contrast to
both untrained older or young adults. Soleus fascicle length
was found to be signiﬁcantly shorter in endurance-trained older
adults than young and older untrained adults. Although somewhat speculative, it may be that shorter fascicles observed in
long-term endurance runners in the present study are due to
adaptation that improves the efﬁciency of force production in
locomotion. Soleus has short muscle fascicles compared with
tendon length (51). Consequently, soleus muscle operates
mainly as a force rather than a power producer in locomotion
(4). Thus, as this muscle does not need to produce large
amounts of work, short fascicles may decrease the energy cost
of force production due to lower activated muscle volume per
unit of force output compared with longer fascicles (29). We
recently observed that shorter fascicle length in soleus and
gastrocnemius was associated with better mobility in older
adults (45), further supporting the suggestion that shorter
soleus fascicle length in older endurance runners may be an
adaptive response to life-long exercise training.
Another ﬁnding of the present study is that long-term endurance running was not associated with greater strength or
size of triceps surae muscles compared with untrained older

J Appl Physiol • doi:10.1152/japplphysiol.00511.2015 • www.jappl.org

68

Muscle-Tendon Properties in Older Athletes

controls. Plantar ﬂexion strength and maximal tendon force in
endurance-trained older adults was signiﬁcantly lower compared with that in young adults. Moreover, the effect sizes for
the difference in gastrocnemius thickness and cross-sectional
area were comparable to those between young and older
controls, which were also statistically signiﬁcant. Taken together, these results suggest that endurance running is not a
sufﬁcient stimulus for maintenance of muscle mass and size
with aging.
In contrast, the present data suggest that high-intensity
loading due to sprint training may be an effective stimulus to
counteract the age-related decline in both muscle mass and
strength in triceps surae muscles. We observed that gastrocnemius muscle cross-sectional area was signiﬁcantly larger in
sprint-trained older adults compared with untrained older controls. In addition, plantar ﬂexion strength and maximal tendon
force were not signiﬁcantly different from those of young
controls, with about one-half the effect size as in endurancetrained older adults compared with young controls. These
ﬁndings are supported by previous studies in young adults in
which sprint running but not endurance running was associated
with greater muscle strength and size in triceps surae muscles
(18, 23). It may be that the beneﬁcial effects of sprint training
preferentially target gastrocnemius muscle, which contains
more fast-twitch muscle ﬁbers than soleus (13).
Methodological considerations. The strengths of the present
study are that the world-class older athletes measured in the
present study had a life-long physical activity background and
had performed many decades of regular exercise training. In
addition, both the trained and untrained older adults were over
70 yr old and thus can be assumed to be affected by primary
biological aging.
Limitations of the present study include the cross-sectional
study design, which does not allow conclusions about causeeffect relationships that a longitudinal study design may allow.
Cross-sectional studies can be affected by selection bias. It is
possible that subjects with favorable muscle-tendon properties
for endurance or sprint running were more likely to participate
in such activities. However, we did not observe differences
between older trained and untrained subjects in genetically
determined variables such as Achilles tendon moment arm,
forefoot length, or Achilles tendon length, all of which are
related to running performance (3, 25, 26, 42). This suggests
that selection bias caused by genetic predisposition toward
favorable musculoskeletal properties for running did not considerably affect our data, although the possibility of selection
bias cannot be completely excluded. Another limitation of the
present study is the small sample size. However, it was not
possible to obtain a larger sample of older athletes from the
highest performance level.
Conclusions. The present ﬁndings suggest that triceps surae
muscle size, architecture, strength, and tendon stiffness are
relatively unaffected by long-term running training in older
adults. The reason for this ﬁnding may be that the triceps surae
muscle group is highly loaded in daily activities, and thus
training produces only a small relative overload to this muscle
group. Considering the unparalleled physical performance of
the older athletes in the present study, it appears that the
measured triceps surae muscle-tendon properties are not the
key determining factors in their physical performance. However, relatively high individual variation in these properties
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suggests that a well-functioning muscle-tendon unit may be
achieved via different combinations of muscle and tendon
properties. In addition, it is likely that, in the present study,
there were differences between the groups in factors that were
not measured but that affect physical performance. These
include muscle ﬁber type, composition, molecular level modiﬁcations in contractile proteins, and neural activation (8, 21,
41). To further elucidate the importance of muscle architecture
and tendon mechanical properties for physical performance,
future studies should investigate how aging and physical loading affect muscle-tendon interaction during locomotion.
In conclusion, our data suggest that long-term physical
loading induced by either endurance or sprint running does not
have a signiﬁcant effect on Achilles tendon stiffness in older
adults. However, the loading patterns associated with sprint
and endurance training in older age both appear to increase
Achilles tendon cross-sectional area in an intensity-dependent
manner. Furthermore, the present results suggest that sprint
running but not endurance running may mitigate age-related
loss of muscle mass and strength in triceps surae muscles. On
the other hand, endurance training in older age may alter
muscle architecture in a way that is beneﬁcial for movement
economy.
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VSHHGPDWF
DW WKHLUSUHIHUUHGVSHHGDQGLQDGGLWLRQDWD
VSHHGPDWFKHGWRWKHSUHIHUUHGVSHHGRI\RXQJDGXOWV
VROHXVPXVFOHIDVFLFOH
ROHXVPXVFOHIDVFLFOH OH
7KHUHVXOWVVKRZHGWKDWVROHXVPXVFOHIDVFLFOHOHQJWKDQGOHQJWKFKDQJHVZHUH
VLPLODUEHWZHHQ
OGHUDGXOWVZHUHDOORZHG
GHUDGXOWVZHUHDOORZH
WKH JURXSV ZKHQROGHUDGXOWVZHUHDOORZHGWRZDONDWWKHLUSUHIHUUHGVSHHG7KLV
UHVXOWVXJJHVWV
SUHIHUUHGZDONLQJVSHHG
UHIHUUHGZDONLQJVSHHG
DGDSWDWLRQRISUHIHUUHGZDONLQJVSHHGLQROGHUDGXOWVWRSUHVHUYHVROHXVPXVFOHIDVFLFOH
PHFKDQ
DYLRU
LFDO EHKDYLRU

7KLVVWXG\LQYH
7KLVVWXG\LQYHVWL
7KLVVWXG\LQYHVWLJDWHG
WULFHSVVXUDHPXVFOHWHQGRQ IXQFWLRQLQ\RXQJDQGROGHUPHQ WR

LQVLJKWLQWR
JKWLQW WKH PHFKDQLVPVWKDWPD\XQGHUOLHUHGXFHGSODQWDUIOH[RUIRUFHDQGSRZHUJHQHU
JDLQLQVLJKWLQWR
OGHU
GHU DGXOWV LQ ZDONLQJ DQG WKHUHIRUH SRVVLEO\ DOVR UHGXFHG SUHIHUUHG ZDONLQJ VSHHG
DWLRQ LQ ROGHU
7KHSXUSRVHRIWKHVWXG\ZDVWRFRPSDUH WULFHSVVXUDHPXVFOHWHQGRQ IXQFWLRQ IDVFLFOHOHQJWK
DQG YHORFLW\ DQG 77 OHQJWK FKDQJHV  EHWZHHQ \RXQJ DQG ROGHU PHQ DW PDWFKHG \RXQJ men’s
SUHIHUUHGZDONLQJVSHHG DQGSUHIHUUHGZDONLQJVSHHGV,QDGGLWLRQWULFHSVVXUDHPXVFOHWHQGRQ
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IXQFWLRQ ZDV FRPSDUHG ZLWKLQ ROGHU PHQ EHWZHHQ WKH WZR ZDONLQJ VSHHGV %DVHG RQ SUHYLRXV
OLWHUDWXUHZHK\SRWKHVL]HGWKDWZKHQWKHJURXSVZHUHFRPSDUHGDWPDWFKHGZDONLQJVSHHG 77 LQ
WULFHSVVXUDHPXVFOHVZRXOGHORQJDWHPRUHLQROGHUFRPSDUHGWR\RXQJPHQ GXHWRORZHUVWLII
QHVV OHDGLQJ WR JUHDWHU PXVFOH IDVFLFOH VKRUWHQLQJ DPSOLWXGH DQG VKRUWHQLQJ YHORFLW\ LQ ROGHU
HQ\RXQJD
PHQ WRFRPSHQVDWHIRUJUHDWHUWHQGRQVWUHWFK:HDOVRK\SRWKHVL]HGWKDWZKHQ\RXQJDQGROGHU
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IIHUHQFHVL
HUHQFHV Q WULFHSVVXU
FHSV
PHQ ZHUHFRPSDUHGDWSUHIHUUHGZDONLQJVSHHGV WKHUHZRXOGEH QRGLIIHUHQFHVLQ
WULFHSVVXUDH
PXVFOHWHQGRQ IXQFWLRQEHWZHHQWKHJURXSV

0HWKRGV
Subjects

7KLUWHHQ\RXQJ <281*\HDUVROG
DQGROGHU
\HDUVROG DQG
DQG
ROGHU 2/'(5\HDUVROG PHQ

YROXQWHHUHG IRU WKH VWXG\ 7KH VDPSOH
FRQVLGHUHG VXIILFLHQW EDVHG RQ SUHYLRXV VWXG\
PSOH VL]H ZDV FRQVLGHUHG
FRQVLGHU
SURYLGLQJDSSUR[LPD
XVLQJVLPLODUPHWKRGRORJ\  SURYLGLQJDSSUR[LPDWHO\VWDWLVWLFDO
SRZHU <281* ZHUH
GYHUWLVHPHQWVDPRQJXQLY
HUWLVHPHQWVDPRQJXQL
UHFUXLWHGXVLQJHPDLODGYHUWLVHPHQWVDPRQJXQLYHUVLW\VWXGHQWVDQG2/'(5
ZHUHUHFUXLWHGIURP
ROGHU SHRSOH$OOVXEMHFW
SHRSOH$OOVXEMHF
ORFDOPHHWLQJVRIROGHU
SHRSOH$OOVXEMHFWVZHUHFRPPXQLW\OLYLQJDQGZHUHDEOHWRZDONZLWK
GLVFRPIRUW
FRP
7KHHWKLFVFR
HHWK
RXWSDLQRUGLVFRPIRUW
7KHHWKLFVFRPPLWWHHRIWKH8QLYHUVLW\RI-\YlVN\OlDSSURYHGWKHVWXG\
OSDUWLFLSDQWVVLJQHGDQLQ
SDUWLFLSDQWVVLJQHGDQL
DQGDOOSDUWLFLSDQWVVLJQHGDQLQIRUPHGFRQVHQWSULRUWRSDUWLFLSDWLRQLQWKHVWXG\7KHVWXG\ZDV

FRQGXFWHGDFFRUGLQJWRWK
FWHGDFFRUGLQJWR
FRQGXFWHGDFFRUGLQJWRWKHSULQFLSOHVVHWE\WKH'HFODUDWLRQRI+HOVLQNL
ng trials
Walking

6XEMHFWV ZHUH DVNHG WR ZDON RYHU D PHWHU IRUFH SODWIRUP DW WKHLU SUHIHUUHG ZDONLQJ
VSHHG7KH\VWDUWHGZDONLQJWKUHH PHWHUV EHIRUHDQGVWRSSHGZDONLQJWKUHHPHWHUVDIWHUWKHIRUFH
SODWIRUPWRHQVXUHWKDWZDONLQJVSHHGZDVVWDEOHRYHUWKHIRUFHSODWIRUP7KHWULDOVZHUHWLPHG
XVLQJ SKRWRFHOOV DW WKH VWDUW DQG HQG RI WKH IRUFH SODWIRUP DQG WKH DYHUDJH ZDONLQJ VSHHG ZDV
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FDOFXODWHGIURPWKHPHDVXUHGWLPH7KHDYHUDJHZDONLQJVSHHGRIWKUHHFRQVHFXWLYHWULDOVZLWK
ZDONLQJVSHHGVZLWKLQZDVGHILQHGDVSUHIHUUHGZDONLQJVSHHG,QDGGLWLRQWRWKHSUHIHUUHG
ZDONLQJ VSHHG 2/'(5 SHUIRUPHG WULDOV DW D VSHHG WKDW PDWFKHG WKH PHDQ SUHIHUUHG VSHHG RI
<281* ZLWKLQ7KHUHIRUHDOO<281* ZHUHWHVWHGEHIRUH2/'(5,QERWKSUHIHUUHGDQG
RQ
Q DOOVXEMHFWVSHU
DOOVXEMH
DOO
VXEMH
PDWFKHGVSHHGWULDOV GDWDZHUHUHFRUGHGIURP DWOHDVWWKUHHWULDOV,QDGGLWLRQ
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RIWKHWULDOZDVUHFRUG
WKHWULDOZDVUHFR
IRUPHGRQHWULDOZLWKPD[LPDOZDONLQJVSHHGIURPZKLFKRQO\WKH WLPHRIWKHWULDOZDVUHFRUGHG
Muscle fascicle length and pennation angle

GLDOJDVWURFQHPLXVDQGV
0XVFOHIDVFLFOHOHQJWKDQGSHQQDWLRQDQJOHRIPHGLDOJDVWURFQHPLXVDQGVROHXVPXVFOHV

EH  0+] OLQHDU DUUD\
DUUD\ SUREH ZLWK  PP
ZHUH VLPXOWDQHRXVO\ PHDVXUHG $Q XOWUDVRXQG SUREH
DQLD
QLD  ZDV DWWDFKHG RYHU WKH
W PHGLDO JDVWURFQHPLXV
ILHOG ZLGWK 7HOHPHG (FKR%ODVWHU /LWKXDQLD
HPLXV 0* DQG
DQGVROHXVP
PXVFOHYLVXDOL]LQJERWKPHGLDOJDVWURFQHPLXV
DQGVROHXVPXVFOHVVLPXOWDQHRXVO\  ,P
0XVFOH IDVFLFOH OHQJWK DQG RULHQWDWLRQ DQG
DJHV ZHUH FROOHFWHG DW  +] DQG VWRUHG RQ D 3& 0XVF
0XVFOH
VEHWZHHQ0*DQGVROHX
RULHQWDWLRQRIWKHDSRQHXURVLVEHWZHHQ0*DQGVROHXVZHUHWUDFNHGIURPWKHXOWUDVRXQGLPDJHV
NLQJDOJRULWKP
QJDOJRULWKP  LQ0$
Q0$
XVLQJDQDXWRPDWLFWUDFNLQJDOJRULWKP
LQ0$7/$%
0DWK:RUNV,QF1DWLFN0$86 7KH
HVWKHRULHQWDWLRQRIWKH
HVWKHRULHQWDWLRQRIWKHW
DOJRULWKPSURGXFHVWKHRULHQWDWLRQRIWKHWUDFNHGDQDWRPLFDOIHDWXUH
IDVFLFOHRUDSRQHXURVLV LQ
KHSUREHRULHQWDWLRQ7KL
SUREHRULHQWDWLR
UHODWLRQWRWKHSUREHRULHQWDWLRQ7KLVLQIRUPDWLRQZDVXVHGWRFDOFXODWHSHQQDWLRQDQJOHRIWKH
HV DQJOHEHWZHHQPXVF
DQJOHEHWZHHQPXVFOH
IDVFLFOHV
DQJOHEHWZHHQPXVFOHIDVFLFOHVDQGWKHDSRQHXURVLV 6ROHXVPXVFOHIDVFLFOHGDWDIURP
QHROGHUVXEMHFW
OGHUVXEMHFW Z
HU QR
HUH
RQHROGHUVXEMHFW
ZHUH
QRWDQDO\]HGGXHWRLQDGHTXDWHLPDJHTXDOLW\

5HIHUH
5HIHUHQFHO
5HIHUHQFHOHQJWKVRIPXVFOHIDVFLFOHVZHUHPHDVXUHGLQQHXWUDODQDWRPLFDOSRVLWLRQ
NQHH

QGG
H[WHQGHGDQGDQNOHDQJOHDW
IRUQRUPDOL]DWLRQRIWKHIDVFLFOHOHQJWKVGXULQJZDONLQJ7KH
UHIHUHQFHOHQJWKVZHUHPHDVXUHGWKUHHWLPHVLQDUHVWLQJFRQGLWLRQZKLOHVXEMHFWVZHUHVHDWHGLQ
DG\QDPRPHWHUDQGWKHPHDQYDOXHZDVXVHGIRUQRUPDOL]DWLRQ7KHQHXWUDODQDWRPLFDOSRVLWLRQ
ZDV FKRVHQ IRU UHIHUHQFH OHQJWK PHDVXUHPHQWV VLQFH LW KDV EHHQ SUHYLRXVO\ XVHG WR UHSUHVHQW
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RSWLPDO IDVFLFOH OHQJWK   LH WKH SODWHDX UHJLRQ RI WKH VDUFRPHUH IRUFHOHQJWK UHODWLRQVKLS
2SHUDWLQJ OHQJWK ZDV GHILQHG DV WKH QRUPDOL]HG IDVFLFOH OHQJWK DW D VSHFLILF LQVWDQW RI WLPH RU
RYHUDWLPHUDQJH DQGRSHUDWLQJUDQJHZDVGHILQHGDVWKHUDQJHRIQRUPDOL]HGIDVFLFOHOHQJWKV
RYHUDJLYHQWLPHUDQJH
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Maximal voluntary contraction force
HDVXUHG
DVXUHG DW  +] &D
&
3ODQWDUIOH[LRQ PD[LPDO YROXQWDU\ FRQWUDFWLRQ IRUFH ZDV PHDVXUHG
&DP

XLOW
LOW G\QDPRPHWHU 8QLYHUVLW\
8QLYH
8QLY
EULGJH (OHFWURQLF 'HVLJQ &DPEULGJH 8.  LQ D FXVWRP EXLOW
RI
H[WHQGHGDQGDQNOHDQJO
-\YlVN\Ol)LQODQG ZKHUHVXEMHFWV ZHUHVHDWHGZLWKNQHHH[WHQGHGDQGDQNOHDQJOHDW$IWHU
ROXQWDU\FRQWUDFWLRQVODVWL
XQWDU\FRQWUDFWLRQVODVW
D VWDQGDUGL]HGZDUPXS WKUHHLVRPHWULFPD[LPDOYROXQWDU\FRQWUDFWLRQVODVWLQJDSSUR[LPDWHO\
HG ZDV
ZD WDNHQ DV SODQWDUIOH[LRQ
VHFRQGV ZHUH SHUIRUPHG 7KH KLJKHVW IRUFH JHQHUDWLRQ REWDLQHG
namometer’s
amometer’s footplate
foo
wa chosen as a measure of muV
strength. Force produced against the dynamometer’s
was
PRPHQWVLQFHLWZDVFR
PRPHQWVLQFHLWZDVFRQ
FOHVWUHQJWKUDWKHUWKDQDQNOHMRLQWPRPHQWVLQFHLWZDVFRQVLGHUHGWKDWWKLVPHDVXUHUHIOHFWVWKH
HQHUDWLRQ LQWKH SXVK
VKRII
PD[LPDOFDSDFLW\IRUIRUFHJHQHUDWLRQ
SXVKRIISKDVHRI
ZDONLQJWDNLQJLQWRDFFRXQWSRVV
RRWOHQJWKEHWZHHQWKHVX
WOHQJWKEHWZHHQWKHVX
LEOHGLIIHUHQFHVLQIRUHIRRWOHQJWKEHWZHHQWKHVXEMHFWV
nit and tendon length
Muscle-tendon unit

XULQJ ZDONLQJ VDJLWWDO
VDJLWWD SODQH
S
'XULQJ
DQNOH DQG NQHH MRLQW DQJOHV ZHUH PHDVXUHG DW  +]

PEULGJH(OHFWURQLF'HVLJ
&DPEULGJH(OHFWURQLF'HVLJQ&DPEULGJH8.
XVLQJFXVWRPEXLOWHOHFWURJRQLRPHWHUV 8QLYHU

LW\RI-\YlVN\Ol)LQOD
-\YlVN\Ol)LQOD DWWDFKHGRYHUWKHODWHUDOVLGHRIWKHMRLQWV0XVFOHWHQGRQXQLW 078 
VLW\RI-\YlVN\Ol)LQODQG
VIRUERWK0
RUERW
OHQJWKVIRUERWK0*DQGVROHXVZHUHFDOFXODWHGIURPWKHMRLQWNLQHPDWLFVXVLQJUHJUHVVLRQHTXD
WLRQVGHILQHGE\+DZNLQV +XOO  7HQGLQRXVWLVVXH 77LQFOXGLQJERWKSUR[LPDODQGGLVWDO
IUHHWHQGRQDQGDSRQHXURVLV OHQJWKV IRUERWK0*DQGVROHXVZHUHFDOFXODWHGDV/77 /078 –
/)$6 FRV SHQQDWLRQDQJOH ZKHUH/078 LV078OHQJWKDQG/)$6 LVPXVFOHIDVFLFOHOHQJWK  
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078 DQG 77 OHQJWKV ZHUH QRUPDOL]HG E\ GLYLGLQJ WKHP E\ WKHLU FRUUHVSRQGLQJ UHIHUHQFH
OHQJWKVZKLFKZHUH GHWHUPLQHGLQWKHVDPHZD\ DVWKHPXVFOHIDVFLFOHUHIHUHQFHOHQJWKV
Muscle activity
RJUDS
7R GHWHUPLQH PXVFOH DFWLYLW\ LQ ZDONLQJ DQG LQ 09& WHVWV HOHFWURP\RJUDSK\
(0* 

A
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UD[RQ ,QF 6FRW
6FRWW
ZDV PHDVXUHG IURP 0* DQG VROHXV XVLQJ D WHOHPHWULF (0* V\VWHP 1RUD[RQ
6FRWWVGDOH
SHU DQG DOFRKRO ZLSHV
WZ
$= 86$  $IWHU VKDYLQJ DQG SUHSDULQJ WKH VNLQ ZLWK ILQH VDQGSDSHU
ZLSHV WZR
UWKHVNLQ ZLWK PPLQWHUHOHF
PPLQ
PPL
HOHFWURGHV $PEX$6%DOOHUXS'HQPDUN ZHUHDWWDFKHGRYHUWKHVNLQ
7KHGDWDZHUHVDPSO
7KHGDWDZHUHVDPSOH
WURGHGLVWDQFHDFFRUGLQJWR6(1,$0UHFRPPHQGDWLRQV  7KHGDWDZHUHVDPSOHGDW+]
U &DPEULGJH(OHFWUR
&DPEULGJH(
QLF
QLF
SUHDPSOLILHGDQGVHQWZLUHOHVVO\WRDQ$'FRQYHUWHU
&DPEULGJH(OHFWURQLF'HVLJQ&DPEULGJH
RVWGXHWRWHFKQLFDOSUREOH
VWGXHWRWHFKQLFDOSUREO
8. (0*GDWDIURPRQHROGHUVXEMHFW ZHUH ORVWGXHWRWHFKQLFDOSUREOHPVLQGDWDFROOHFWLRQ
Ground reaction forces

QGUHDFWLRQIRUFHV
UHDFWLRQIRUFHV *5) ZHUHUHFRUGHGXVLQJWZRFXVWRPEXLOW
7KUHHGLPHQVLRQDO JURXQGUHDFWLRQIRUFHV

-\YlVN\Ol )LQODQG  IRUFH SODWIRUPV SRVLWLRQHG VLGH E\ VLGH WKDW
PHWHU ORQJ 8QLYHUVLW\ RI -\YlVN\Ol
FHVWREHPHDVXUHGVHSDUD
EHPHDVXUHGVH
DOORZHGUHDFWLRQIRUFHVWREHPHDVXUHGVHSDUDWHO\IRUERWKOHJV7KHGDWDZHUHFROOHFWHGDW
H (OHFWURQLF 'HVLJQ &DPEULGJH
&DP
+] &DPEULGJH
8.  *5)V ZHUH QRUPDOL]HG E\ GLYLGLQJ WKH
ERG\ZHLJKW
ZHLJ
IRUFHVE\ERG\ZHLJKW
ata analysis
Data

'DWDDQDO\VHV
'DWDDQ
'DWDDQDO\VHVZHUHSHUIRUPHG LQ0$7/$% 0DWK:RUNV,QF1DWLFN0$86 $OOGDWD

USRODW
SROD
ZHUHLQWHUSRODWHGWR+]DQGV\QFKURQL]HG(0*GDWDZHUHEDQGSDVVILOWHUHGEHWZHHQ
DQG+]XVLQJD IRUWKRUGHU]HURODJ%XWWHUZRUWKILOWHU*5)V ZHUHORZSDVVILOWHUHGDW +]
DQG MRLQW NLQHPDWLFV DQG XOWUDVRXQG GDWD ZHUH ORZSDVV ILOWHUHG DW  +] IRUWK RUGHU ]HURODJ
%XWWHUZRUWKILOWHU 6WULGHF\FOHVZHUHVHSDUDWHGEDVHGRQYHUWLFDOJURXQGUHDFWLRQIRUFHGDWDDQG
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LQWHUSRODWHGWRGDWDSRLQWV'DWDIURP HDFKVWULGHZHUHDYHUDJHGZLWKLQDVXEMHFW DQGWKH
PHDQGDWDZHUH XVHGLQ IXUWKHU DQDO\VLV $Q H[FHSWLRQWR WKLV ZDV (0*GDWDIURPZKLFKURRW
PHDQ VTXDUHG 506  YDOXHV GXULQJ WKH VWDQFH DQG SXVKRII SKDVHV ZHUH FDOFXODWHG IURP HDFK
VWULGHQRUPDOL]HGWRPD[LPDOPV506REWDLQHGGXULQJ09&WHVWVDQGWKHQ DYHUDJHGDFURVV
FH(0*HQ
VWULGHV)RUYLVXDOL]DWLRQPRYLQJPV506ZLQGRZVZHUHXVHGWRSURGXFH(0*HQYHORSHV
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terSRODWHGEDFNWRXQ
SRODWHGEDFNWR
To calculate fascicle, MTU and TT velocities, subject’s mean data was inter
interSRODWHGEDFNWRXQLWV
LWLHVZHUHFDOFXODWHGE\Q
WLHVZHUHFDOFXODWHGE\Q
RIWLPHXVLQJWKHPHDQGXUDWLRQRIWKHLQFOXGHGVWULGHV DQGYHORFLWLHVZHUHFDOFXODWHGE\QXPHU
LFDOGLIIHUHQWLDWLRQRIOHQJWKVZLWKUHVSHFWWRWLPH

GIURPWKHDQWHULRU
IURPWKHDQ
SRVWHU
SRVWHU
7KHVWDUWRIWKHSXVKRIISKDVHZDVLGHQWLILHGIURPWKHDQWHULRUSRVWHULRU*5)DVWKHLQ

H WR SRVLWLYH 6HOHFWHG YDULDEOHV
Y
VWDQW DW ZKLFK WKH IRUFH FKDQJHG IURP QHJDWLYH
ZHUH FDOFXODWHG
IHUUHGWR
IHUUHG
WR DVVWDQ
DVVWDQFH RUIUR
IURPWKHZKROHVWDQFHSKDVH KHUHDIWHUUHIHUUHGWR
RUIURPWKHSXVKRIISKDVH KHUHDI
DN
N OHQJWK ZDV XVHG DV
DV D VXUURJDWH PHDVXUH RI WKH LQVWDQW RI
WHU UHIHUUHG WR DV SXVKRII  77 SHDN
77PD[LPDOHORQJDWLRQ
PD[LPDOHORQJDWLR
PXVFOHWHQGRQXQLWSHDNIRUFH77PD[LPDOHORQJDWLRQZDVFDOFXODWHGDVWKHGLIIHUHQFHEHWZHHQ
QJWKGXULQJ
JWKGXULQ WKH ZKROHVWU
PD[LPDODQGPLQLPDOOHQJWKGXULQJWKH
ZKROHVWULGH6WUDLQZDVFDOFXODWHGE\GLYLGLQJPD[LPDO
HIHUHQFHOHQJWK
IHUHQFHOHQJW
HORQJDWLRQE\77UHIHUHQFHOHQJWK

QXPEHURIVWULGHVLQFOXGH
PEHURIVWULGHV
7KHQXPEHURIVWULGHVLQFOXGHGLQWKHDQDO\VLVSHUVXEMHFWZDV
DQGIRU

1*
* 2/'(5
(5 SUHIHUUHGVS
<281*
SUHIHUUHGVSHHGDQG2/'(5 PDWFKHGVSHHGUHVSHFWLYHO\$GLIIHUHQWQXPEHU
RIVWULGHVZDVLQFOXGHGIU
GHVZDVLQFOXGHG
RIVWULGHVZDVLQFOXGHGIURPVHSDUDWHWULDOV7RHQVXUHWKDWWKHUHSRUWHGZDONLQJ
VSHHGVUHIOHFWHG
DYHUDJHVWULGHR
DJHVWU
WKHDYHUDJHVWULGHRIHDFKLQGLYLGXDOZDONLQJVSHHGZDVFDOFXODWHGDVWKHZHLJKWHGPHDQRIWKH
UHWK
HWK
WULDOVZKHUHWKHQXPEHURILQFOXGHGVWULGHVIURPHDFKWULDOZDVXVHGDVWKHZHLJKWV
Statistical analysis
'DWDZHUHILUVWFKHFNHGIRUQRUPDOLW\ZLWK6KDSLUR:LONWHVWDQGIRUKRPRJHQHLW\RIYD
riance with Levene’s test. Differences between <281* DQG 2/'(5 ZHUH WHVWHG XVLQJ LQGH
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SHQGHQW VDPSOHV WWHVW DQG GLIIHUHQFHV EHWZHHQ SUHIHUUHG DQG PDWFKHG VSHHG ZLWKLQ 2/'(5
ZHUH WHVWHG XVLQJ SDLUHG VDPSOHV WWHVW )RU QRQQRUPDOO\ GLVWULEXWHG YDULDEOHV 0DQQ:KLWQH\
8WHVWDQG:LOFR[RQVLJQHGUDQNWHVWZHUHXVHGIRUEHWZHHQDQGZLWKLQJURXSFRPSDULVRQVUH
VSHFWLYHO\$VVRFLDWLRQVEHWZHHQSUHIHUUHGZDONLQJVSHHGDQGSDUDPHWHUVUHODWHGWRWULFHSVVXUDH
Q5HJUHVVL
PXVFOHWHQGRQIXQFWLRQZHUHWHVWHGXVLQJ3HDUVRQSURGXFWPRPHQWFRUUHODWLRQ5HJUHVVLRQDQDO
VWLFDOVLJQLILFDQ
FDOVLJQ
FHZ
FHZDV
\VLVZDVXVHGWRWHVWHIIHFWRIDJHRQWKHDVVRFLDWLRQV7KHOHYHORIVWDWLVWLFDOVLJQLILFDQFHZDVVHW
DWLVWLFV YHUVLRQ 
DWS6WDWLVWLFDODQDO\VHVZHUHSHUIRUPHGXVLQJ,%063666WDWLVWLFV

5HVXOWV
Subject characteristics
6DPSOH PHDQV RI <281* DQG 2/'(5 ZHUH UHODWLYHO\
UUHODWLYHO\ VLPLODU LQ KHLJKW EXW 2/'(5
ZHUH VOLJKWO\ KHDYLHU DQG KDG KLJKHU
LJKHU
JKHU ERG\ PDVV LQGH[
LQGH[ FRPSDUHG WR WKH VDPSOH PHDQV RI
DYHUDJH  Z
<281* WDEOH   2/'(5 ZHUH RQ DYHUDJ
ZHDNHU LQ ERG\ ZHLJKWQRUPDOL]HG SODQWDU
UHGWR
GWRWKH<281*
81 

IOH[LRQVWUHQJWKFRPSDUHGWRWKH<281*
YV1ERG\ZHLJKWS  1RVLJQLILFDQW
EHWZH
GLIIHUHQFHV ZHUH REVHUYHG EHWZHHQ
EHWZHHQ <28
<281* DQG 2/'(5 LQ IDVFLFOH 078 RU 77 UHIHUHQFH
ZHUHXVHGWRQRUPDOL]HWK
UHXVHGWRQRUP
OHQJWKVWKDWZHUHXVHGWRQRUPDOL]HWKHGDWD
io
o-temporal gait paramet
paramete
Spatio-temporal
parameters
6SDWLRWHPSRUDOSDUDPHWHUVRIZDONLQJDUHUHSRUWHGLQWDEOH7KHSUHIHUUHGVSHHGZDV
6SDWLRWHPSRUD
6SDWLR
RZHULQ
ZHULQ 2
VORZHULQ2/'(5
FRPSDUHGWR<281* S EXWWKHPDWFKHGVSHHGLQ2/'(5ZDV
VLPLODUWRWKHSUHIHUUHGVSHHGRI<281* S  6LPLODUO\RWKHUVSDWLRWHPSRUDOJDLWSDUD
PHWHUVVLJQLILFDQWO\GLIIHUHGEHWZHHQ<281* DQG2/'(5DWSUHIHUUHGVSHHG S EXWQRW
DW PDWFKHG VSHHG S!  0D[LPDO ZDONLQJ VSHHG ZDV  VORZHU LQ 2/'(5 FRPSDUHG WR
<281* YVPVS  
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Muscle fascicle lengths
,QERWK<281* DQG2/'(5 DIWHULQLWLDOVKRUWHQLQJ0*IDVFLFOHVZHUH UHODWLYHO\ LVR
PHWULF WKURXJK WKH ILUVW KDOI RI VWDQFH DIWHU ZKLFK WKH IDVFLFOHV VKRUWHQHG GXULQJ SXVKRII )RU
7K
VROHXVIDVFLFOHVKRUWHQLQJVWDUWHG HDUOLHUDOUHDG\GXULQJWKH ILUVWKDOIRIVWDQFH7KHUHZDVDOVR
OIRIVWDQFHLQ
IRIVWDQFHLQ
PRUHSURQRXQFHGOHQJWKHQLQJRIVROHXVPXVFOHIDVFLFOHVGXULQJWKHILUVWKDOIRIVWDQFHLQ2/'
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(5ZKLFKZDVQRWHYLGHQWLQ<281* ILJXUH 

0XVFOH IDVFLFOH RSHUDWLQJ OHQJWKV DUH VKRZQ LQ ILJXUH  %RWK 0* DQG VROHXV PXVFOHV

81* LQVWDQFHDWSUHIHUU
RSHUDWHGDWDQDUURZHUUDQJHLQ2/'(5 FRPSDUHGWR<281*
LQVWDQFHDWSUHIHUUHGVSHHG 0*
VROHXV
VROHXV YV

YVRIUHIHUHQFHOHQJWK S VROHXVYVRI
UHIHUHQFH
IHUHQFHVZHUHREVHUYHG
IHUHQFHVZHUHREVHUYHGE
OHQJWKS  +RZHYHUQRVLJQLILFDQWGLIIHUHQFHVZHUHREVHUYHGEHWZHHQWKHDJHJURXSVDW
GLGQRWVLJQLILFD
GLGQRWVLJQLILFDQWO\GLIIH
PDWFKHGVSHHGV$OVRRSHUDWLQJUDQJHVGLGQRWVLJQLILFDQWO\GLIIHUEHWZHHQ<281*
DQG2/'
I RQO\,Q
RQO\ 2/'(5
2/'(5LQFUHD
LQFU
(5 ZKHQFDOFXODWHGIURPSXVKRIIRQO\,Q2/'(5LQFUHDVHLQZDONLQJVSHHGVLJQLILFDQWO\LQ
Q0*ERWKLQZKROHVWDQ
FUHDVHGWKHRSHUDWLQJUDQJHLQ0*ERWKLQZKROHVWDQFHDQGSXVKRII
DQGLQVWDQFHRQO\LQVR
 YV   RI UHIHU
OHXV 0* VWDQFH 
UHIHUHQFH OHQJWK S  0* SXVKRII  YV
UHQFHO
HQFHOHQJWKS
HQJWKS V
VR
RIUHIHUHQFHOHQJWKS
VROHXVVWDQFHYVRIUHIHUHQFHOHQJWK
S 

<281* DQG
<2
DQG2/'(5
2/'(5 GLGQRWVLJQLILFDQWO\GLIIHULQPHDQIDVFLFOHOHQJWKGXULQJVWDQFHRU

SXVKRIIRULQIDVFLFOHOH
RIIRULQIDVFLFOH
SXVKRIIRULQIDVFLFOHOHQJWKVDWSHDN77OHQJWK,Q2/'(5ZDONLQJVSHHGGLGQRWKDYHD
VLJ
DQW HIIHF
HIIHFW RQ 0* PHDQ IDVFLFOH OHQJWK GXULQJ VWDQFH 0* RU VROHXV PHDQ IDVFLFOH OHQJWK
QLILFDQW
K
GXULQJSXVKRIIRU0*RUVROHXVIDVFLFOHOHQJWKDWSHDN77OHQJWK
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Muscle-tendon unit and tendinous tissues lengths
078OHQJWKVZHUHGHULYHGIURPMRLQWDQJOHVDQGWKXVMRLQWDQJOHVDUHQRWVHSDUDWHO\UH
SRUWHG078SHDNOHQJWKDQGOHQJWKDWWRHRIIZHUH VLJQLILFDQWO\ORQJHULQ2/'(5 FRPSDUHGWR
V 
<281* LQ ERWK PXVFOHV DW SUHIHUUHG VSHHG SHDN OHQJWK 0*  YV


S  VROHXV  YV  S  OHQJWK DW WRHRII 0* 

YV
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  EXW WKH
WK UDQJH
H GGXUL
 S  VROHXV  YV  S 
GXULQJ
VLJQLILFDQWGLIIHUHQFHVZ
VWDQFHGLGQRWGLIIHUEHWZHHQWKHJURXSV$W PDWFKHGVSHHGQRVLJQLILFDQWGLIIHUHQFHVZHUHRE
UDQJHV0*078UDQJH
UDQJHV0*078UDQJH
VHUYHGEHWZHHQ<281* DQG2/'(5 LQ078OHQJWKVRUUDQJHV0*078UDQJHVLJQLILFDQWO\
V LQFUHDVHG IURP SUHIH
LQFUHDVHG LQ 2/'(5 ZKHQ ZDONLQJ VSHHG ZDV
SUHIHUUHG WR PDWFKHG
YV S  

QGLGQRWGLIIHUE
QGLGQRWGLIIHUEHWZHHQW
77PD[LPDOHORQJDWLRQDQG VWUDLQGLGQRWGLIIHUEHWZHHQWKHJURXSV
QRU GLGWKH\FKDQJH

GDWDIURPERWKJURXSVDQ
GDWDIURP
ERWKJURXSV
ZLWKVSHHGLQ2/'(53RROLQJWKHGDWDIURPERWKJURXSVDQGERWKVSHHGV
RI2/'(5UHVXOWHGLQ
PDOHORQJDWLRQDQGVWUDLQ YDOXHV0*PPDQG
WKH IROORZLQJPHDQ77PD[LPDOHORQJDWLRQDQGVWUDLQ
G

VROHXVPPDQG

muscle
-tendon
tendon unit ssh
Muscle fascicle and musc
muscle-tendon
shortening velocities

ROHXV SHDN VKRUWHQLQJ
VKRUWHQLQJ YHORFLW\
YH
6ROHXV
GXULQJ SXVKRII ZDV VLJQLILFDQWO\ KLJKHU DW WKH IDVWHU

PSDUHG
SDUHG WR VORZHU ZDONLQ
FRPSDUHG
ZDONLQJ VSHHG LQ 2/'(5  YV  UHIHUHQFH OHQJWKV
VLPLO
S   DQG D VLPLOD
VLPLODU WHQGHQF\ ZDV REVHUYHG LQ 0*  YV  UHIHUHQFH
V S 

OHQJWKV
 )DVFLFOH VKRUWHQLQJ YHORFLW\ DW SHDN 77 OHQJWK ZDV VLJQLILFDQWO\ ORZHU LQ
2/'(5 FRPSDUHG WR <281* DW SUHIHUUHG VSHHG 0*  YV  UHIHUHQFH
OHQJWKVS VROHXVYV UHIHUHQFHOHQJWKVS  EXWQRWDWPDWFKHG
VSHHG 0*S VROHXVS  6ROHXVIDVFLFOHVKRUWHQLQJYHORFLW\DWSHDN77OHQJWKZDV
VLJQLILFDQWO\ KLJKHU DW WKH IDVWHU FRPSDUHG WR VORZHU ZDONLQJ VSHHG LQ 2/'(5  YV
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UHIHUHQFHOHQJWKV S  EXW D VWDWLVWLFDOO\VLJQLILFDQWGLIIHUHQFHZDVQRWREVHUYHG
LQ0* S  
Muscle-tendon interaction
,QERWK0*DQGVROHXVPXVFOHIDVFLFOHOHQJWKFKDQJHVZHUHFOHDUO\GHFRXSOHGIURPWKH
JWK FKDQJHV
FKDQJHV GXULQJ
OHQJWK FKDQJHV RI WKH 078 &RQWULEXWLRQV RI PXVFOH IDVFLFOH WR 078 OHQJWK
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IHUUHGVSHHGLQERWK
IHUUHGVSHHGLQERWKPX
VWDQFHZHUHVLJQLILFDQWO\ORZHULQ2/'(5 FRPSDUHGWR<281* DWSUHIHUUHGVSHHGLQERWKPXV
SILJ
SILJ 6LJ
FOHV 0*YVS VROHXVYVSILJ
2/'(5 ZHUHFRPSDUHGDWPDWFKHG
ZHUHFRPSDUH
ZHUHFRPSDUHG
QLILFDQWGLIIHUHQFHVZHUHQRW REVHUYHGZKHQ<281* DQG2/'(5
VHGPXVFOHIDVFLFOHWR07
HGPXVFOHIDVFLFOHWR0
VSHHGV,QFUHDVHLQZDONLQJVSHHGVLJQLILFDQWO\LQFUHDVHGPXVFOHIDVFLFOHWR078OHQJWKFKDQJH
 S  VROHXV 
UDWLR LQ 2/'(5 0*  YV 
 YV 
S  

0XVFOH IDVFLFOH YHORFLWLHV ZHUH FOHDUO\ GLIIHUHQW IURP
IURP 078 YHORFLWLHV 0XVFOH IDVFLFOH

LQJYHORFLWLHVGXULQJSXV
JYHORFLWLHVGXULQJSX
UHODWLYHWR078SHDNVKRUWHQLQJYHORFLWLHVGXULQJSXVKRIIGLGQRWVLJQLILFDQWO\
GLIIHUEHWZHHQ
U ZLWKL
ZLWKLQ 2/'(5
2
EHWZHH
EHWZHHQ
<281* DQG2/'(5 RUZLWKLQ2/'(5
EHWZHHQGLIIHUHQWZDONLQJVSHHGVLQHLWKHUPXVFOH
ILJ
URXSVDQGYHORFLWLHVWRJHW
RXSVDQGYHORFLWLHVWRJ
 3RROLQJERWKJURXSVDQGYHORFLWLHVWRJHWKHU078SHDNVKRUWHQLQJYHORFLWLHVGXULQJSXVKRII
DJHDQGWLPHVJUHDW
JHDQGWLPHVJUHD
ZHUHRQDYHUDJHDQGWLPHVJUHDWHUWKDQSHDNVKRUWHQLQJYHORFLW\RIWKHPXVFOHIDVFLFOHV
LQ
GVROHXVUHVSHFWLYHO\
UHVSHFWLYHO\
0*DQGVROHXVUHVSHFWLYHO\

Electromyography
omyography

506(0*
06
506(0*DFWLYLW\RI0*DQG
VROHXVGLGQRWVLJQLILFDQWO\GLIIHUEHWZHHQ<281* DQG

2/'(5 DW HLWKHUZDONLQJVSHHGZKHQFRPSDUHGGXULQJVWDQFHRUSXVKRII+RZHYHU(0*DF
WLYLW\VLJQLILFDQWO\LQFUHDVHGLQERWKVWDQFHDQGSXVKRIILQERWKPXVFOHVLQ2/'(5 DVWKH\LQ
FUHDVHG WKHLU ZDONLQJ VSHHG IURP SUHIHUUHG WR PDWFKHG VSHHG 0* VWDQFH  YV
50650609,&S SXVKRIIYV 50650609,&S 
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VROHXVVWDQFHYV 50650609,&S SXVKRIIYV
50650609,&S  
Ground reaction forces
3HDN SURSXOVLYH DQG UHVXOWDQW IRUFHV GXULQJ SXVKRII VLJQLILFDQWO\ LQFUHDVHG
DVHG LQ 2/'(5
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ZLWKLQFUHDVHLQZDONLQJVSHHG SURSXOVLYHYVERG\ZHLJKWVSUH
ZHLJKWVS
ZHLJKWVS

VXOWDQWYVERG\ZHLJKWVS  +RZHYHUERWKSHDNSURSXOVLYHDQGUH
RWKSHDNSURSXOVLYHDQ
RWKSHDNSURSXOVLYHDQG
2/'(5 FRPSDUHGWR<281*
FRPSDUHGWR<2
FRPSDUHGWR
<2
VXOWDQWIRUFHVGXULQJSXVKRIIUHPDLQHGVLJQLILFDQWO\ORZHULQ2/'(5
DW
ZHLJKWVS UHVXOW
UHVXOWDQW
UHVXO
PDWFKHGVSHHG SURSXOVLYHYVERG\ZHLJKWVS
YVERG\ZHLJKWVS  

Associations between preferred walking speedd and triceps surae muscl
muscle-tendon
function
musc

$ VLJQLILFDQW SRVLWLYH FRUUHODWLRQ
EHWZHHQ SUHIHUUHG ZDONLQJ VSHHG DQG
WLRQ
LRQ ZDV REVHUYHG
REVHUYH EHWZH

ERG\ ZHLJKWQRUPDOL]HG SODQWDUIOH[LRQ
 S   3UHIHUUHG ZDONLQJ VSHHG
UIOH[LRQ
H[LRQ VWUHQJW
VWUHQJWK U 
UHODWHG ZLWK 0* PHDQ IDVFLFOH YHORFLW\ GXULQJ SXVKRII U 
ZDV DOVR VLJQLILFDQWO\ FRUUHODWHG
XV IDVFLFOH
VFLFOH YHORFLW\ GXULQ
S   PHDQ VROHXV
GXULQJ SXVKRII U  S   PLQLPXP VROHXV
\GXULQJSXVKRII
\GXULQJSXVK
RII U S

IDVFLFOHYHORFLW\GXULQJSXVKRII
 VROHXVIDVFLFOHYHORFLW\DWHVWLPDWHGSHDN
HUDWLRQ
Q U  S
S
IRUFH JHQHUDWLRQ
 VROHXV IDVFLFOH WR 078 OHQJWK FKDQJH UDWLR GXULQJ VWDQFH
S  VROHXVPXVFOHIDVFLFOHRSHUDWLQJUDQJHGXULQJVWDQFH
VROHXVP
U S
U S  DQG

0*77SHDNVWUDLQ
7SHDNVWUDLQ U S   /LQHDU UHJUHVVLRQDQDO\VLVVKRZHGWKDWDJHRQO\KDGD
VLJQLILFDQWHIIHFW
S RQWKHDERYHUHODWLRQVKLSVIRU0*PHDQIDVFLFOHYHORFLW\GXULQJSXVK
FDQWHIIHFW
QWHII
RIIDQGVROHXVIDVFLFOHWR078OHQJWKFKDQJHUDWLRGXULQJVWDQFH
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'LVFXVVLRQ
7KHFXUUHQWVWXG\H[DPLQHGWULFHSVVXUDHPXVFOHWHQGRQ IXQFWLRQLQ\RXQJDQGROGHUPHQ
GXULQJ ZDONLQJ 1RVLJQLILFDQW GLIIHUHQFHVZHUHREVHUYHGEHWZHHQWKH \RXQJDQG ROGHU PHQ DW
PDWFKHGZDONLQJVSHHGLQDQ\WULFHSVVXUDHPXVFOHWHQGRQ IXQFWLRQSDUDPHWHUV2QO\SHDN*5)V
2QO\
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GXULQJSXVKRIIZHUHVLJQLILFDQWO\ORZHULQROGHU FRPSDUHGWR\RXQJPHQ +RZHYHUDWWKHLUSUH
+RZHYHUDWWKH
IHUUHGZDONLQJVSHHGVROGHU PHQ XWLOL]HG D QDUURZHUIDVFLFOHRSHUDWLQJUDQJHKDGORZHUIDVFLFOH
QJUDQJHKDGORZHUIDVFLF
JUDQJHKDGORZHUIDV
LFOHOHQJWKFKDQJHVDFFRX
FOHOHQJWKFKDQJHVDFFRX
VKRUWHQLQJYHORFLW\DWHVWLPDWHGSHDNIRUFHJHQHUDWLRQ DQGIDVFLFOHOHQJWKFKDQJHVDFFRXQWHGIRU
\RXQJPHQ
\RXQJ
Q 7KHVHILQGLQ
D ORZHUSURSRUWLRQRI078OHQJWKFKDQJHVFRPSDUHGWR\RXQJPHQ
7KHVHILQGLQJVPD\ SDUWO\
H[SODLQZK\ROGHU DGXOWV SUHIHUWRZDONDWD VORZHUVSHHG
SHHG
HHG

7KHUHVXOWVRIWKHFXUUHQWVWXG\GLGQRWVXSSRUWRXUILUVWK\SRWKHVLV:HGLGQRWREVHUYH
RWVXSSRUWRXUILUVWK\SR
RWVXSSRUWRXUILUVWK\SRW

GLIIHUHQFHVLQ77HORQJDWLRQEHWZHHQ\RXQJDQG
PHQZKHQWKHJURXSVZHUHFRPSDUHGDW
\RXQJDQG
RXQJDQG ROGHU PHQZKH
WKH PDWFKHG VSHHG ZKLFK ZH H[SHFWHG
SUHYLRXV
SHFWHG EDVHG RQ SUHYLRX
SUHYLR
X VWXGLHV WKDW VKRZHG ORZHU $FKLOOHV
PSDUHGWR\RXQJDGXOWV
PSDUHGWR\RXQJ
GXOWV  +RZHYHURXUILQGLQJLVFRQ
WHQGRQVWLIIQHVVLQROGHU FRPSDUHGWR\RXQJDGXOWV
RI&VDSRHWDO
&VD
  VKRZ
KRZ
VLVWHQWZLWKWKHUHVXOWVRI&VDSRHWDO
VKRZLQJ
ORZHUVWLIIQHVVEXWVLPLODU0*IDVFLFOHVKRUW
PSDUHGWR\RXQJZRPHQ
HQLQJLQROGHU FRPSDUHGWR\RXQJZRPHQLQLVRPHWULFFRQWUDFWLRQVZLWKVLPLODUIRUFHJHQHUDWLRQ
PD[LPDO
[LPD  ,WFRXOG
XOG EHWKDWDSRQHXURVHV
EHWKD
E
UHODWLYHWR PD[LPDO
WKHVWLIIQHVV RIZKLFK FDQYDU\ DFFRUGLQJWR
OHYHORIPXVFOHIRUFH
77OHQJWKFKDQJHVGHVSLWHSRVVLEOHGLIIHUHQFHVLQIUHH
RIPXVFOHIRUFH  VHUYHWRSUHVHUYH
RIPXVFOHIRUFH
VHUY
VHUYH
WHQGRQVWLIIQHVVEHWZHHQWKHDJHJURXSV
:HDOVRK\SRWKHVL]HGWKDWFRQWUDFWLOHFRQGLWLRQVLQWUL
HQGRQVWLIIQHVVEHWZHHQ
QVWLIIQHVVEHWZHH
VXUDHPXVFOHV
DHPX
FHSVVXUDHPXVFOHVZRXOGEHOHVVRSWLPDOIRUIRUFHJHQHUDWLRQ
DFFRUGLQJWRPXVFOHIRUFHYHORFLW\
LQ
Q
SURSHUWLHVLQROGHU
FRPSDUHGWR \RXQJPHQ DWPDWFKHGZDONLQJVSHHG7KHUHVXOWVGLGQRWVXS
SRUWWKLVK\SRWKHVLVDVQRVLJQLILFDQWGLIIHUHQFHVZHUH REVHUYHGEHWZHHQWKHDJHJURXSV7KXVLW
FDQEHFRQFOXGHGWKDWWKHUHVXOWVGRQRWVXSSRUWWKHLGHDWKDWGLIIHUHQFHVLQ77EHKDYLRURUWUL
FHSVVXUDHPXVFOHIDVFLFOHOHQJWKRUYHORFLW\EHWZHHQ\RXQJDQGROGHUPHQFDQH[SODLQUHGXFHG
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SODQWDUIOH[RUSHUIRUPDQFHLQROGHUPHQ+RZHYHULWVWLOOUHPDLQVSRVVLEOHWKDWVLJQLILFDQWO\OHVV
HQHUJ\ QRUPDOL]HG WR ERG\ PDVV  ZDV VWRUHG LQ 77 RI ROGHU FRPSDUHG WR \RXQJ PHQ DV VXJ
JHVWHG E\ ORZHU SHDN UHVXOWDQW *5) DQG VLPLODU 77 HORQJDWLRQ FRQWULEXWLQJ WR SUHYLRXVO\ RE
VHUYHGUHGXFWLRQLQDQNOHSODQWDUIOH[LRQSHDNSRZHUDWODWHSXVKRIILQROGHUPHQGXULQJZDONLQJ
DELOLW\LQR
R
 7KHUHVXOWVKRZHYHUVXSSRUWHGRXUK\SRWKHVLVWKDWIRUFHJHQHUDWLRQ DELOLW\LQ
DELOLW\LQROGHU
PHQ
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KH HVWLPDWHG
HVWLPD
WLPHRI
PHRI SH
LPSURYHVDWSUHIHUUHGZDONLQJVSHHGDV IDVFLFOHVKRUWHQLQJYHORFLW\DWWKH
HVWLPDWHGWLPHRISHDN
IRUFHJHQHUDWLRQ ZDVORZHULQROGHU PHQ at preferred compared to young adult’s preferred walN

LQJVSHHG WKXVLPSURYLQJPXVFOHIRUFHJHQHUDWLRQ DELOLW\

P SUHYLRXV VWXGLHV H[DPLQLQJ
H[DP
7KH UHVXOWV RI WKH FXUUHQW VWXG\ GLIIHUHG IURP
WULFHSV VXUDH

GXOWV LQ Z
ZDONLQJ
  3UHYLRXV VWXGLHV KDYH
PXVFOH IDVFLFOH EHKDYLRU LQ \RXQJ DQG ROGHU DGXOWV
ZDONLQJ  
WK FKDQJH SDWWHU
SDWWHUQ RU RSH
VKRZQ GLIIHUHQFHV LQ HLWKHU IDVFLFOH OHQJWK
RSHUDWLQJ OHQJWK EHWZHHQ WKH DJH
ZDONLQJVSHH
ZDONLQJVSHHGV
 $SRVVLEOHUHDVRQIRUWKHGLVFUHSDQ
JURXSVZKHQFRPSDUHGDWPDWFKHGZDONLQJVSHHGV
HYLRXV VWXGLHVLVWKDWLQW
VWXGLHVLVWKDWLQ
F\EHWZHHQWKHFXUUHQWDQGSUHYLRXVVWXGLHVLVWKDWLQWKHFXUUHQWVWXG\
VSDWLRWHPSRUDOJDLWSD
EHWZHHQWKHJURXSVDWP
HWZHHQWKHJURXSVDWP
UDPHWHUVZHUHPDWFKHGEHWZHHQWKHJURXSVDWPDWFKHGZDONLQJVSHHG
ZKHUHDVLQWKHSUHYLRXV
WVV DGRSWHG JUHDWHU VWULGH
VWUL
VWULGH IUHTXHQF\ DQG VKRUWHU VWULGH OHQJWK WR ZDON DW WKH
VWXGLHV ROGHU DGXOWV
\RX
DGXOWVZKLFKP
VZKLFKP
VDPHVSHHGDVV \RXQJ
\RXQJDGXOWVZKLFKPD\KDYHDQHIIHFWRQPXVFOHIXQFWLRQGHVSLWHWKHPDWFKHG
JVSHHG ,WFRXOGEHWKDWWKHROGHUPHQLQWKHFXUUHQWVWXG\ZHUHLQEHWWHUSK\VLFDOFRQGL
,WFRXOGEHWKDW
,WFRXOGEHWKDWW
ZDONLQJVSHHG
RQ FRPSDUHG WR WK
WLRQ
WKH ROGH
ROGHU DGXOWV LQ WKH SUHYLRXV VWXGLHV WKDW UHSRUWHG GLIIHUHQFHV LQ VSDWLR
PSRUDOJDLWSDUDPH
OJDLWSD
WHPSRUDOJDLWSDUDPHWHUVDWPDWFKHGZDONLQJVSHHGEHWZHHQ\RXQJDQGROGHUDGXOWV7KLVPD\LQ
DLQWKH
QWK
WXUQH[SODLQWKHGLVFUHSDQF\LQWKHILQGLQJVUHODWHGWRVSDWLRWHPSRUDOJDLWSDUDPHWHUV

7KHILQGLQJWKDWWULFHSVVXUDHPXVFOHWHQGRQIXQFWLRQZDVQRWVLJQLILFDQWO\GLIIHUHQWEH
WZHHQ\RXQJDQGROGHUPHQDWPDWFKHGZDONLQJVSHHGEXWGLIIHUHQFHVZHUHREVHUYHGDWSUHIHUUHG
VSHHGV VXJJHVW WKDW WULFHSV VXUDH PXVFOHWHQGRQ NLQHPDWLFV DUH PDLQO\ GHWHUPLQHG E\ ZDONLQJ
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VSHHGZLWKRXWVLJQLILFDQW HIIHFWV RI DJH 7KLV ZDVVXSSRUWHGE\WKHVLJQLILFDQW FRUUHODWLRQVRE
VHUYHGEHWZHHQSUHIHUUHGZDONLQJVSHHGDQGWULFHSVVXUDHIDVFLFOHVKRUWHQLQJYHORFLWLHVVROHXV
RSHUDWLQJUDQJHDQGPXVFOHWHQGRQLQWHUDFWLRQDQG0*77VWUDLQ$JHKDGVLJQLILFDQWHIIHFWRQ
WKHVHDVVRFLDWLRQVRQO\LQIHZYDULDEOHVLQZKLFKFDVHVWKHVLJQLILFDQWDJHHIIHFWZDVFDXVHGE\
QVEHWZHHQ
VLJQLILFDQWFRUUHODWLRQVZLWKLQROGHUEXWQRW\RXQJPHQ+HQFHWKHDVVRFLDWLRQVEHWZHHQZDONLQJ
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JURXSVRUZHUHRQO\H
RXSVRUZHUHRQO\
VSHHGDQGPXVFOHWHQGRQIXQFWLRQZHUHQRWGLIIHUHQWEHWZHHQWKHDJHJURXSVRUZHUHRQO\HYL
GHQWLQROGHUPHQ

:DONLQJ VORZHU WKDQ \RXQJ PHQ’V SUHIHUUHG VSHHG
HG LPSURYHG WULFHSV VXUDH
VXUD FRQWUDFWLOH
VXU

FRQGLWLRQVIRUIRUFHJHQHUDWLRQ E\UHGXFLQJVKRUWHQLQJYHORFLW\DWHVWLPDWHGSHDNIRUFH
JHQHUD
QJYHORFLW\DWHVWLPDWHG
WLRQ7KXVDWSUHIHUUHGZDONLQJVSHHGROGHU PHQQ FDQJHQHUDWHWKHVDPHIRUFHZLWKORZHUDFWLYD
FDQJHQHUDWHWKHVDP
FDQJHQHUDWHWKHVDPH
WLRQDQGKHQFHHQHUJ\FRVWFRPSDUHGWRIDVWHUZDONLQJVSHHGV
7KLVLVKLJKOLJKWHGE\WKHUHVXOWV
IDVWHUZDONLQJVSHHG
DVWHUZDONLQJVS V 7K
RIWKHFXUUHQWVWXG\VKRZLQJWKDWDQLQFUHDVHLQZDONLQJVSHHGRI
LQROGHUPHQZDVDFFRP
QLQFUHDVHLQZDONLQJVSHH
LQFUHDVHLQZDONLQJV
HDVHVLQ0*DQGVROHXV5
DVHVLQ0*DQGVROHXV
SDQLHGE\DQGLQFUHDVHVLQ0*DQGVROHXV506(0*UHVSHFWLYHO\GXULQJSXVKRII
LQSHDNUHVXOWDQW
QSHDNUHVXOWDQW *5) ,,QDGGLWLRQDWSUHIHUUHGZDONLQJVSHHGLQ ROGHU
EXWRQO\DLQFUHDVHLQSHDNUHVXOWDQW
PHQWULFHSVVXUDHPXVFOHVRSHUDWHG
ZLWKLQDQDUURZHUUDQJH WKXVSRVVLEO\SHUIRUPLQJ OHVVPH
PXVFOHVRSHUD G ZLWKLQ
PXVFOHVRSHUDWH
ZLWK
FKDQLFDO ZRUN
DQG 77 HODVWLFLW\
DOVR
N DQG
DVWLFLW\ DOV
O DFFRXQWHG IRU D JUHDWHU SURSRUWLRQ RI WKH 078 OHQJWK
FKDQJHV7KHVHZDONLQJ
VSHHGUHODWHG DGDSWDWLRQV LQ WULFHSVVXUDH PXVFOHWHQGRQ IXQFWLRQPD\
V7KHVHZDONLQJ
ZDONLQJ VSHHG
SURYLGHDPHFKDQLVPWRPLWLJDWHWKHDJHUHODWHGUHGXFWLRQ
LQ SODQWDUIOH[RUIRUFHJHQHUDWLRQ FD
URYLGHDP
GHDPHHFKDQLVPWRP
FKDQLVP
SDFLW\
DQGWRUHGXFHWKHHQHUJ\FRVWRIZDONLQJ
LW\ DQGWRUH
DQGWRUHGXFH

:H SSURSRVH WKDW WKH ZDONLQJ VSHHGUHODWHG DGDSWDWLRQV LQ WULFHSV VXUDH PXVFOHWHQGRQ

IXQFWLRQ REVHUYHG LQ WKH FXUUHQW VWXG\ FRXOG SOD\ D UROH LQ WKH VHOHFWLRQ RI D VORZHU SUHIHUUHG
ZDONLQJVSHHGLQROGHUFRPSDUHGWR\RXQJDGXOWV,QVXSSRUWRIWKHLGHDWKDWSODQWDUIOH[RUIRUFH
JHQHUDWLRQLVDQLPSRUWDQWIDFWRULQWKHVHOHFWLRQRISUHIHUUHGZDONLQJVSHHGLQROGHUDGXOWVZH
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REVHUYHGDVLJQLILFDQWFRUUHODWLRQEHWZHHQSUHIHUUHGZDONLQJVSHHGDQGERG\ZHLJKWQRUPDOL]HG
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ULPHQWDODQGPRGHOLQJVWXGLHV  DQGDVLPLODUPHFKDQLVPFRXOGEHLQYROYHGLQWKHVHOHF
QVIRUIRUFH
WLRQRISUHIHUUHGZDONLQJVSHHGRIROGHUDGXOWV,PSURYHGFRQWUDFWLOHFRQGLWLRQVIRUIRUFHJHQHUD
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DHQHUJ\FRVWRIZDONLQ
HQHUJ\FRVWRIZDO
WLRQFRXOGDOVRSOD\DUROHLQWKHVHOHFWLRQRISUHIHUUHGZDONLQJVSHHGYLDHQHUJ\FRVWRIZDONLQJ
\FRVWRIZDONLQJSHUXQ
+XPDQVWHQGWRSUHIHUZDONLQJVSHHGVWKDWPLQLPL]HJURVVHQHUJ\FRVWRIZDONLQJSHUXQLWGLV
O\ ODUJH FRQWULEXWLRQ WR
W FKDQJHV LQ
WDQFH    7ULFHSV VXUDH PXVFOHV PD\ PDNH D UHODWLYHO\
DONLQJVSHHGVLQFHLWKDVE
ONLQJVSHHGVLQFHLWKDVE
ZKROHERG\HQHUJ\FRVWLQZDONLQJZLWKFKDQJHVLQZDONLQJVSHHGVLQFHLWKDVEHHQVKRZQXVLQJ
WKHRQO\PXVFOHVRIW
WKHRQO\PXVFOHVRIWKH
(0*GULYHQVLPXODWLRQVWKDWWULFHSVVXUDHZHUHWKHRQO\PXVFOHVRIWKHDQDO\]HGORZHUOLPE
WLRQ
RQ DELOLW\ ZLWK
ZLW LQFUHDVL
PXVFOHV WKDW GHFUHDVHG WKHLU IRUFH JHQHUDWLRQ
LQFUHDVLQJ ZDONLQJ VSHHG UHTXLULQJ
GIRUFHJHQHUDWLRQ  7
GIRUFHJHQHUDWLRQ
JUHDWHUDFWLYDWLRQWRPDLQWDLQUHTXLUHGIRUFHJHQHUDWLRQ
7KXVLPSURYHPHQWLQWULFHSVVXUDH
HQHUDWLRQ DQG FRQVHTX
FRQWUDFWLOH FRQGLWLRQV IRU IRUFH JHQHUDWLRQ
FRQVHTXHQWLDO GHFUHDVH LQ PXVFOH DFWLYDWLRQ WR
II IRUFH JHQHUDWLRQ
JHQHUDWLRQ PD\ DIIHFW
D
PDLQWDLQ UHTXLUHG OHYHO RI
WRWDO HQHUJ\ FRVW RI ZDONLQJ DQG KHQFH
RIVORZHUZDONLQJVSHHGV
ZHUZDONLQJVSH
GULYHWKHVHOHFWLRQRIVORZHUZDONLQJVSHHGVLQROGHUDGXOWV,QDGGLWLRQLWKDVEHHQVKRZQWKDW
RPSHQVDWH
PSHQVDWH IRU UHGXFHG SODQWDUIOH[RU
S
ROGHU DGXOWV FRPSHQVDWH
SRZHU DQG ZRUN RXWSXW GXULQJ SXVKRII E\
JWKHXVHRIKLSH[WHQVRU
XVHRIKLSH[WHQ
LQFUHDVLQJWKHXVHRIKLSH[WHQVRUVLQHDUO\VWDQFH
 ZKLFKPD\RSHUDWHZLWKJUHDWHUUHVHUYH
SDFLW\
FLW\  +RZHYHUWKL
FDSDFLW\
+RZHYHUWKLVGLVWDOWRSUR[LPDOVKLIWLQPXVFXODUVWUDWHJ\ZKHUHSRZHUJHQHUD
RQRISODQWDUIOH[RUV
SODQWDUIOH[RUV
WLRQRISODQWDUIOH[RUVWKDWFDQXWLOL]HDFDWDSXOWDFWLRQGXHWRDORQJ$FKLOOHVWHQGRQ
 LVUH
\ SRZ
SRZHU
SODFHG E\
SRZHU JHQHUDWLRQ IURP DQ 078 ZLWK D VKRUW WHQGRQ PD\ LQFUHDVH HQHUJ\ FRVW RI
ZDONLQJ GXH WR XQIDYRUDEOH PXVFOH VKRUWHQLQJ YHORFLWLHV RI WKH PXVFOHV SURYLGLQJ WKH SRVLWLYH
SRZHU  ,QDGGLWLRQWKHGLVWDOWRSUR[LPDOVKLIWLQPXVFXODUVWUDWHJ\LQROGHUDGXOWVZKLFKLV
DVVRFLDWHGZLWKPRUHFRQVHUYHGFHQWHURIPDVVWUDMHFWRU\  PD\LQFUHDVHHQHUJ\FRVWGXHWR
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OHVVHIILFLHQWSHQGXOXPOLNHPHFKDQLFDOHQHUJ\H[FKDQJH  +HQFHLPSURYHGFRQWUDFWLOHFRQ
GLWLRQVIRUIRUFHJHQHUDWLRQLQSODQWDUIOH[RUVGXHWRVORZHUZDONLQJVSHHGPD\LQFUHDVHWKHSUR
SRUWLRQRISODQWDUIOH[RUSRZHURXWSXWWRWKHWRWDOSRVLWLYHSRZHUZKLFKPD\EHDPRUHHFRQRPL
FDOVWUDWHJ\)LQDOO\LWVKRXOGEHQRWHGWKDWZDONLQJLVDFRPSOH[PRWRUDFWLRQDQGVHYHUDOGLI
W RWKHUIDFW
IHUHQW PXVFXODUVWUDWHJLHVFDQEHXWLOL]HGLQ ZDONLQJ ,W LV DOVR SUREDEOHWKDW
RWKHUIDFWRUVWKDQ
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H[DPSOHLWKDVEHHQSU
DPSOHLWKDVEHHQ
WKRVHPHQWLRQHGDERYHDIIHFWVHOHFWLRQRISUHIHUUHGZDONLQJVSHHG)RUH[DPSOHLWKDVEHHQSUH
XOVLRQ LQ SXVKRII
SXVK RII WR LP
SXVK
YLRXVO\ VXJJHVWHG WKDW ROGHU DGXOWV PD\ SXUSRVHIXOO\ OLPLW SURSXOVLRQ
LPSURYH
UHVSRQVLEOHIRUVHOHFWLRQ
UHVSRQVLEOHIRUVHOHFWLRQ
EDODQFH  7KXVLWLVOLNHO\WKDWQRVLQJOHIDFWRULVVROHO\UHVSRQVLEOHIRUVHOHFWLRQRISUHIHUUHG
ZDONLQJVSHHG
Limitations

LVWKH
LV
WK WZRGLPHQVLRQDOQDWXUHRIXOWUDVRXQGLPDJLQJ(U
WZRGLPHQVLRQDOQD
WZR
GLPHQ
$OLPLWDWLRQRIWKHFXUUHQWVWXG\LVWKH

WKV FRXOG DULVHIURP RXW
RX RISODQHPRWLRQ RIWKHIDVFLFOHVDQG
URULQ WKHPHDVXUHGIDVFLFOHVOHQJWKV
EHLQJFRPSOHWHO\DOLJQHG
EHLQJFRPSOHWHO\DOLJQHG
IURPWKH LPDJLQJSODQHQRWEHLQJFRPSOHWHO\DOLJQHGZLWKWKHIDVFLFOHGLUHFWLRQ
 ,QDGGLWLRQ
ZHUHPHDVXUHGIURP
HUHPHDVXUHGIURPDD VVLQJOHORFDWLRQDQGWKXVLWLVQRWNQRZQKRZZHOO
PXVFOHIDVFLFOHOHQJWKVZHUHPHDVXUHGIURPD
PXVFOHIDVFLFOHEHKDYLR
PXVFOHIDVFLFOHEHKDYLRU
WKHUHVXOWVUHIOHFWPXVFOHIDVFLFOHEHKDYLRULQRWKHUSDUWVRIWKHPXVFOHV+RZHYHUWKHPHDVXUH
RQWKDWZDVXVHGLQWKHF
KDWZDVXVHGLQ
PHQWORFDWLRQWKDWZDVXVHGLQWKHFXUUHQWVWXG\VKRXOGUHSUHVHQWWKH
JHQHUDOSDWWHUQRIIDVFLFOH
K FKDQJHV
FKD
OHQJWK
FKDQJHV DW OHDVW IRU 0
0*   )XUWKHUPRUH WKHVH OLPLWDWLRQV PD\ LQGXFH HUURUV LQ WKH
DEVROXWH
XWH YDOXHV EXW SUREDEO\
SURE
SU
GR QRW DIIHFW EHWZHHQ RU ZLWKLQ JURXS FRPSDULVRQV )LQDOO\ RXU
\ZDVOLPLWHGE
DVOLP
VWXG\ZDVOLPLWHGE\WKHODFNRILQYHUVHG\QDPLFVEDVHGHVWLPDWLRQVRIPXVFOHWHQGRQXQLWPH
QG
G HHQHUJHWLFV 7KHVH PHDVXUHV ZRXOG SURYLGH LPSRUWDQWDGGLWLRQDO LQVLJKWV WR PXVFOH
FKDQLFV DQG
IXQFWLRQ
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Suggestions for future research
7R JDLQ IXUWKHU LQVLJKW LQWR DJHUHODWHG GLIIHUHQFHV LQ WULFHSV VXUDH PXVFOH IXQFWLRQ LQ
ZDONLQJ DODUJHUUDQJHRIVSHHGVVKRXOGEHWHVWHGIURPERWK\RXQJDQGROGHU DGXOWV ZLWKLQYHUVH
HDV
G\QDPLFV EDVHG HVWLPDWHV RI MRLQW WRUTXHV SRZHUV DQG PXVFOH IRUFHV 7KHVH PHDVXUHPHQWV
LQ
HYLGHQFHIRUZ
YLGHQFHIRUZ
FRPELQDWLRQZLWKPHDVXUHPHQWRIUHVSLUDWRU\JDVHVFRXOGSURYLGHIXUWKHUHYLGHQFHIRUZKHWKHU
PXVFOHIRUFHJHQHUDWL
PXVFOHIRUFHJHQHUDWLRQ
VHOHFWLRQRIZDONLQJVSHHGGHSHQGVRQIDFWRUVUHODWHGWRHQHUJ\FRVWPXVFOHIRUFHJHQHUDWLRQRU
,QIXWXUH LVDOVRLPSRUWDQW
LVDOVRLP
SHUKDSVRWKHUIDFWRUVVXFKDVEDODQFHDVSUHYLRXVO\VXJJHVWHG  ,QIXWXUHLW
QPXVFOHIXQFWLRQDQGZ
WRH[DPLQHWKH HIIHFWVRIGLIIHUHQWH[HUFLVHLQWHUYHQWLRQV RQPXVFOHIXQFWLRQDQGZDONLQJVSHHG
HQWLRQVVSHFLILFDOO\DLPHG
QWLRQVVSHFLILFDOO\DLPH
LQ ROGHU DGXOWV2ISDUWLFXODU LQWHUHVWFRXOGEHLQWHUYHQWLRQVVSHFLILFDOO\DLPHGWRVWUHQJWKHQWKH
HW\SHRIWUDLQLQJLQWHUY
HW\SHRIWUDLQLQJLQWHUYH
VROHXVPXVFOHDQGWRLQFUHDVH77VWLIIQHVV2QHW\SHRIWUDLQLQJLQWHUYHQWLRQWKDWFRXOGEHXVHG
WUHQJWK
UHQJWK WUDLQLQJWKDWKDV
WUDLQLQJ
IRUWKLVSXUSRVHLVKLJKIRUFHLVRPHWULFVWUHQJWK
WUDLQLQJWKDWKDVEHHQVKRZQWR EHHIIHFWLYH DW
LQFUHDVLQJ$FKLOOHVWHQGRQVWLIIQHVV  
Conclusions
JPHFKDQLVPVXQGHUO\LQJ
FKDQLVPVXQGHUO\LQJ
8QGHUVWDQGLQJPHFKDQLVPVXQGHUO\LQJWKH
DJHUHODWHGGHFOLQHLQSUHIHUUHGZDONLQJVSHHG
EHDEOHWRWDUJHWSUHYHQWDW
HDEOHWRWDUJHWSUHYHQWDW
LVLPSRUWDQWWREHDEOHWRWDUJHWSUHYHQWDWLYHDQGUHKDELOLWDWLYHVWUDWHJLHVPRUHHIIHFWLYHO\
DQGWR
EHWWHU XQGHUVWDQG
EHWZHHQ
UHGXFHG ZDONLQJ VSHHG DQG DGYHUVH KHDOWK RXWFRPHV 7KH
HUVWDQG
QG WKH OLQN EHWZHHQ
EHW
UHVXOWVRIWKHFXUUHQW
VWXG\VXJJHVW WKDWIRUFH JHQHUDWLRQ DELOLW\RIWULFHSVVXUDHPXVFOHVLV GH
WVRIWKHFXUUHQW
VRIWKHFXUUHQW VWXG\VX
FUHDVHGLQROGHU
ZKHQLQFUHDVLQJZDONLQJVSHHGIURPWKHLUSUHIHUUHG ZDONLQJVSHHGWRWKH
FUHDVHGLQ
GLQROGHU
GHU PHQ Z
SUHIHUUHGZDONLQJVSHHGRI\RXQJ
PHQ,QDGGLWLRQWKLVFKDQJH LQZDONLQJVSHHGLQFUHDVHVWKH
UHGZDONLQJ
ZDON
SURSRUWLRQRIIDVFLFOHWRPXVFOHWHQGRQXQLWOHQJWKFKDQJH VXJJHVWLQJOHVVHIIHFWLYHXWLOL]DWLRQ
RIWHQGLQRXVWLVVXHHODVWLFLW\7KHUHGXFWLRQLQSUHIHUUHGZDONLQJVSHHGZLWKDJLQJPD\SURYLGHD
PHDQV WRFRPSHQVDWHIRUWKH GHFOLQHLQWULFHSVVXUDHPXVFOHVWUHQJWKDQGWRPLQLPL]HWKH HQHUJ\
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FRVWRIZDONLQJ,PSURYLQJSODQWDUIOH[RUVWUHQJWKFRXOGEHDQ HIIHFWLYHVWUDWHJ\WRLPSURYHDQG
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PDLQWDLQ ZDONLQJVSHHGLQROGHU DJH
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$FNQRZOHGJHPHQWV
:HWKDQN3DWULFLR3LQFKHLUD$QQDPDULD3pWHUDQG$QGUiV+HJ\LIRUDVVLVWDQFHZLWKWKH
VWXG\:HDOVRWKDQNDOOVXEMHFWVIRUWKHLUSDUWLFLSDWLRQ7KLVVWXG\ZDVVXSSRUWHGE\JUDQWVIURP
WKH )LQQLVK&XOWXUDO)RXQGDWLRQDQG(PLO$DOWRQHQ)RXQGDWLRQWR/6
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&RQIOLFWRILQWHUHVW

7KHDXWKRUVKDYHQRILQDQFLDORURWKHUFRQIOLFWV RILQWHUHVW
VW
W WR GHFODUH7KHUHVXOWV
GHFODUH7KHUHVXOWVRIWKH

SUHVHQWVWXG\GRQRWFRQVWLWXWHHQGRUVHPHQWE\$&60
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