The Pennsylvania State University
The Graduate School
College of Health and Human Development

MUSCULOSKELETAL ARCHITECTURE AND PLANTARFLEXOR MUSCLE
FUNCTION IN THE HUMAN ANKLE JOINT

A Dissertation in
Kinesiology
by
Sabrina S. M. Lee

© 2009 Sabrina S. M. Lee

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Doctor of Philosophy
December, 2009

The dissertation of Sabrina S. M. Lee was reviewed and approved* by the following:

Stephen J. Piazza
Associate Professor of Kinesiology, Mechanical Engineering, and
Orthopaedics & Rehabilitation
Dissertation Advisor
Chair of Committee

Robert B. Eckhardt
Professor of Kinesiology

Andris Freivalds
Professor of Industrial & Manufacturing Engineering

Jinger S. Gottschall
Assistant Professor of Kinesiology
John H. Challis
Professor of Kinesiology
Graduate Program Director, Kinesiology

*Signatures are on file in the Graduate School

ABSTRACT
The complex relationship between musculoskeletal architecture and muscle
function is an intriguing one: Are animals born with immutable muscle and joint
structure characteristics, or is musculoskeletal architecture dictated by functional
demands? Classic research in comparative functional morphology suggests that the
musculoskeletal architectural parameters (such as muscle fascicle length, pennation
angle, muscle thickness, and moment arm) of many animals allow them achieve maximal
performance. This correspondence of form and function has been demonstrated in
animals such as the cheetah, the fastest running animal, and the frog, one of nature’s best
jumpers,
While muscle architecture and joint structure have been shown to influence
function in animals, the relationships between musculoskeletal architecture and muscle
function are not well established for many human movements. Previous investigations
have established that fascicle length, pennation angle, and muscle thickness influence
muscle function through the force length and force velocity properties of muscle. Muscle
moment arm, however, has received less attention. Muscle moment arm affects the
force-, moment-, and power-generating capacity of a muscle such that a muscle with a
smaller moment arm may operate on more favorable regions of the force length and force
velocity curves, although mechanical advantage may be sacrificed to do so.
Human locomotor performance is often evaluated using gait analysis, but the
influence of musculoskeletal architecture on variables measured in the gait laboratory has
received little attention. The overall goal of this dissertation was to investigate the link
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between musculoskeletal architecture and locomotor performance in sprinters and older
adults, populations that have obvious functional demands. In vivo measurements of
lateral gastrocnemius muscle and ankle joint structure were made, as well as assessments
of locomotor performance through gait analysis. Our findings suggest that sprint
performance may be enhanced by shorter plantarflexion moment arm and longer toes as
demonstrated by in vivo measurements using ultrasonography and a simple computer
simulation of the sprint push-off. Those two musculoskeletal architecture parameters
permit generation of greater forward impulses which is essential during the acceleration
phase at the start of a sprint race.
Reductions in ankle plantarflexor function with advancing age, in the form of
decreases in strength and power, have been shown to correlate with slower gait in the
elderly. Our findings show that plantarflexor moment arm is a strong predictor of gait
velocity in elderly individuals who walk slowly. In addition, several musculoskeletal
architectural parameters of the lateral gastrocnemius were found to correlate with ankle
kinematic, kinetic, and spatiotemporal gait parameters during gait at slow, preferred, and
fast speeds in elderly individuals. These specific results suggest that age-related changes
in muscle and joint architecture may be associated with declines in mobility, specifically
walking, through their influence on plantarflexion rangle of motion and plantarflexor
moment and power. The studies of sprinters and older adults in this thesis provide insight
and understanding into the influence of musculoskeletal architecture on plantarflexor
function. It is hoped that these findings will lead to targeted training protocols that will
improve locomotor performance and quality of life for the elderly.
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CHAPTER 1
INTRODUCTION
OVERVIEW AND PURPOSE OF THIS RESEARCH
The role of a muscle in producing a specific movement is determined in part by
the muscle’s force-generating capacity that is directly related to muscle power. This
capacity depends on muscle architecture parameters (moment arm, fascicle length,
pennation angle, and physiological cross-section area) and the force-length and forcevelocity relationships. The moment arm of a muscle can be defined as a geometric
indicator of a muscle’s capacity to produce rotational moment about a given joint (i.e., a
muscle that has a large moment arm can produce more moment). Part of the work
presented in this dissertation is motivated by previous examinations of muscles and joints
of animals which exemplify the relationship between muscle and joint architectural
parameters and function. For example, it has been demonstrated in frogs that the largest
static torque produced occurs at joint angles for which neither the static muscle force or
muscle moment arm is maximized (Lieber and Boakes, 1988b) but it have also been
shown that the structure of frog limbs is optimized for power generation during the
dynamic task of jumping (Lutz and Rome, 1994).
When examining cursorial animals, it becomes apparent that the fastest running
animals such as the cheetah, have plantarflexor muscles that attach close to the ankle
joint centre with a large distance between the point of application for the ground reaction
force (GRF) and the joint center. Fast runners thus have higher “gear ratios” (moment
arm of the GRF divided by the moment arm of the muscle) than do walking, digging, or

swimming animals (Hildebrand, 1960). When considering fiber length and moment arm,
the ratio of optimal fiber length to muscle moment arm determines the range of joint
motion over which a muscle may generate force, such that a muscle with a large ratio is
able to produce greater force over a greater range of motion (Alexander, 1981).
The purpose of this research is to investigate the functional implications of
musculoskeletal architecture in the human ankle joint.

In humans, muscle architecture

parameters such as fascicle length and pennation angle have been quantified, but their
functional implications have not been extensively explored in either healthy individuals
or in populations that have obvious differences in functional demands. Another
important parameter is muscle moment arm, which is rarely measured. The results of
previous investigations have suggested that sprinting is an activity that is especially well
suited to elucidating these relationships (Abe et al., 2000; Kumagai et al., 2000).
Previous authors have measured the fascicle lengths of sprinters to be greater than that of
non-sprinters (Abe et al., 2000;2001) and have shown correlations between sprint
performance and fascicle length (Kumagai et al., 2000). Having longer fascicles may
allow for greater force generation and faster maximum shortening velocity. However,
there have not been any studies relating moment arm, fascicle length, pennation angle to
the force-length and force-velocity properties in humans.
This dissertation is also motivated by age-related changes in musculoskeletal
architecture and gait. Many people suffer from limited mobility which affects their daily
living and overall well-being. Decreases in muscle and joint function occur in the aging
population and many studies indicate that older people have decreased muscle strength
and power (e.g., Karamandis and Arampatzis, 2006). Muscle strength can be defined as
2

the ability of a muscle or muscle group to exert maximal force or torque whereas muscle
power can be calculated as the product of force and the velocity at which the force is
produced (Puthoff and Nielsen, 2007). Although lower extremity muscle strength has
been correlated to functional limitations in the elderly (Rantanen et al., 1999; Gross et al.,
1998), it is suggested that peak muscle power can be more important than strength in
relating muscle impairment to limited function and disability (Suzuki et al., 2001).
Furthermore, muscle power has been shown to decline at a greater rate than strength
(Skelton et al., 1994) and can lead to limited mobility which is related to morbidity,
disability, and mortality (Guralnik et al., 2000).
Walking ability is a fundamental determinant of independence in daily life and it
is well established that lower extremity muscle strength is positively associated with
walking speed (e.g.. Skelton et al., 1994). Gait velocity begins to decline 12 to 16% per
decade (Hinman et al., 1988) and is associated with reduced stride length (Crowinshield
et a., 1978); however, cadence remains unaffected by age (Hinman et al., 1998).
Standardized tests of physical performance are commonly applied in geriatric settings to
evaluate the functional mobility of elderly individuals (Guralnik et al., 2000) such as the
Six Minute Walk Test. This test is commonly used to measure submaximal aerobic
capacity (Swisher et al., 1998), has been found to be correlated with impairments in leg
strength and power, specifically at the knee and ankle (Bean et al., 2002). With advanced
age, decrease in walking velocity is accompanied with decreased ankle plantarflexion
angle, moment, and power (Winter, 1990; Kerrigan et al., 1998). Possible determinants
of ankle function include plantarflexor musculoskeletal architectural parameters of such
as fascicle length, pennation angle moment arm that influence the force and moment
3

generating capacity of muscle through the force-length and force-velocity relationships.
Age-related changes in plantorflexor muscle architecture have been investigated (Thom
et al., 2005; Morse et al., 2005); however, its influences on the kinetics and kinematics of
gait have not been explored.
This dissertation will investigate the relationship between plantarflexor muscle
architecture parameters and muscle function through in vivo measurements of such
parameters and the kinetic and kinematics measurements of tasks that have obvious
functional demands. The results from these studies are important to further
understanding the complex influence of specific muscular and joint properties on the
force and moment generating capacities of muscle in young adults and other populations
such sprinters and the elderly. Comparisons of sprinters and non-sprinters will elucidate
how specific musculoskeletal architecture can satisfy the functional demand of speed and
acceleration and comparisons of young and elderly individuals may indicate muscle
structural parameter differences that result from, or lead to, limited mobility and muscle
function.
SPECIFIC AIMS AND HYPOTHESES
Aim 1. To investigate if there are differences in musculoskeletal architecture
between sprinters and non-sprinters and if so, how these differences relate
to running performance.
Rationale: Previous research has attributed sprinters’ superior accelerating
ability to muscle fiber composition (Mero et al., 1981; Costil et al., 1976) and
fascicle length (Kumagai et al., 2000; Abe et al., 2000; Abe et al., 2001). It has
4

been demonstrated that the fascicle length of gastrocnemius in sprinters is
greater in sprinters than it is in non-sprinters (Abe et al., 2000) and that
gastrocnemius fascicle length is positively correlated with sprinter performance
(Kumagai et al., 2000). In addition, pennation angle tended to be smaller in
sprinters in one study (Kumagai et al., 2000), but were similar between female
sprinters and non-sprinters in another study (Abe et al., 2001). Having longer
fascicles and smaller pennation angle may allow sprinters to operate on the
plateau region of the force-length curve and to operate more favorably on the
force-velocity curve. Thus, more force can be produced which is crucial for
generating large forward impulse needed in sprint acceleration (Baumann, 1976;
Delp et al., 1999). However, the structure of the ankle joint has received less
attention as a potential determinant of performance. There have not been
investigations of sprinters’ Achilles’ tendon moment arm that should critically
affect the force and moment generating capacity of the gastrocnemius muscle
through the force-length and force-velocity characteristics. The influence of
moment arm on speed is explained by investigations into cursorial and noncursorial animals in which fast animals that primarily run have higher gear
ratios (lever arm of the ground reaction force divided by the moment arm of the
muscle) than animals that primarily walk, jump, or swim (Hildebrand, 1960).
When optimal fiber length and moment arm are considered as a ratio, a muscle
that has a large ratio of optimal fiber length to moment arm can generate large
forces over a large range of motion because the sarcomeres shorten less and
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slower for a given rotation (Alexander, 1981). Thus, a more favorable operating
point on the force-velocity curve is achieved.
H1. We hypothesize that sprinters have longer gastrocnemius fascicle lengths,
smaller pennation angles, and shorter plantarflexor moment arms than
those of non-sprinters which enable them to generate the forward impulse
and propulsion needed during the acceleration phase of sprinting
(Baumann, 1976; Hunter et al., 2005).

Aim 2. To determine if there are age-related changes in musculoskeletal
architecture of the human ankle joint.
Rationale: It is well established that strength and power decrease as individuals
get older (Gross et al., 1998; Karamanidis et al., 2006; Rantanen et al., 1999). It
has also been extensively investigated whether changes in muscle architecture
occur due to training or aging, but results have been inconsistent. Previous
research has determined that with age, there is a decrease in muscle volume and a
decrease in fascicle length (Morse et al., 2005). These changes have been found
to relate to decreases in the force generating capacity of muscles. However, there
is only one study that has reported the Achilles’ tendon moment arm of older
individuals (Morse et al., 2005) and no difference in moment arms between young
and elderly individuals was found . Measuring moment arm in older individuals
may also reveal that the degree to which these age-related changes in strength and
power are affected by changes in moment arm, if any such effect exists at all. It is
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possible that some individuals maintain the ratio of fascicle length to moment arm
ratio such that the value is similar to younger individuals.
H2. We hypothesize that elderly adults have shorter gastrocnemius fascicles
and smaller pennation angles than young adults, but no significant
differences in Achilles’ tendon moment arm between the two groups will
be found. There may be variation in moment arm among the elderly that
better enable some older adults to generate power with less muscle mass.

Aim 3. To assess the influence of musculoskeletal architecture on locomotor
performance during level walking.
Rationale: Kinematic and kinetic changes related to aging have been well
documented for level walking (e.g., (Kerrigan et al., 1998; Winter, 1990; Hamel
et al., 2005). There have been studies of ground reaction forces during stair
negotiation (Stacoff et al., 2005; Christina and Cavanagh, 2002; Larsen et al.,
2008), but there have been few studies of joint moment and power in older adults
(Nadeau et al., 2003). Furthermore, no studies have determined if these agerelated changes in locomotor performance are correlated with musculoskeletal
architecture.
As humans age, there are decreases in walking velocity (Kerrigan et al.,
1998), ankle plantarflexion angle, moment, and power (Winter, 1990). It is
possible that healthy older adults who do not have mobility difficulties achieve
normal plantarflexion power even with a reduction in muscle force through
adaptation in muscle architecture such as having shorter moment arms, longer
7

fascicles, and smaller pennation angle as seen in the sprinters. Since
plantarflexion power is closely related to plantarflexion velocity, a shorter
moment arm allows the plantarflexion velocity to be maintained and normal
plantarflexion power can be achieved. A muscle that passes closely to the joint is
able to move joints through wider angles such that for a given muscle length
excursion, the limb is moved over a greater distance (Hildebrand, 1960) and
greater joint angular velocity is achieved. As the rate of power decline is greater
than that of strength and is more closely related to limited mobility (Suzuki et al.,
2001b; Suzuki et al., 2001b; Skelton et al., 1994), it is crucial to identify the
mechanisms that affect muscle power and address these mechanisms through
prevention and rehabilitation. There is the possibility that any differences in
musculoskeletal may be attributed to adaptation, natural decrease in the functional
capacity of the muscle, or immutable anatomical characteristics.
H3. We hypothesize that there is a negative correlation between Achilles’
tendon moment arm length and ankle power during level walking.
H4. We hypothesize that there is a positive correlation between gastrocnemius
fascicle length and ankle power during level walking.

Aim 4. To correlate lower extremity performance tests with joint moment and
power during level walking.
Rationale: Clinical lower extremity performance tests are often used to assess the
physical function and disability of elderly individuals. They provide advantages
over self-reported measures in terms of validity, reproducibility, and the ability to
8

identify high levels of function (Guralnik et al., 1994). Tests such as the TimedUp-and-Go, Four Meter Walking Velocity, and Six Minute Walk Tests can be
predictive of disability, mortality, and correlated with impairments in lower
extremity power and strength (Suzuki et al., 2001b; Suzuki et al., 2001b; Bean et
al., 2002a). Bean et al. reported that ankle and knee strength were strong
predictors of the Six Minute Walk Test performance with ankle and knee power
being even stronger predictors (Bean et al., 2002b). These studies measure
isometric strength and power using dynamometer, so it is unclear how these tests
relate to the kinetics during locomotion. We propose to correlate the results of
those three aforementioned lower extremity performance tests to the kinetics and
kinematics measured during level walking. This allows a more accurate
indication of how reliable these lower extremity performance tests can predict
functional mobility.
H5. All three lower extremity performance tests will be strongly correlated
with ankle plantarflexion power during level walking.

9

CHAPTER 2
REVIEW OF LITERATURE
INFLUENCE OF MUSCULOSKELETAL ARCHITECTURRE ON THE FORCE
LENGTH AND FORCE VELOCITY PROPERTIES
The force and moment generating capacity of a muscle determines its ability to
produce the desired movement through the force length and force velocity properties.
The shape of the force length curve can be an indication of the force generating capacity
of skeletal muscle (Gordon et al., 1966) and the portion on which the muscle operates has
been suggested to be associated with control (Julian and Morgan, 1979): the ascending
limb can be characterized as being more mechanically stable than the descending limb
(Hill, 1953; Burkholder and Lieber, 2001). There is an optimal length where a muscle
can generate the maximum force. The force velocity curve demonstrates that a muscle
generates maximum force at isometric contraction and generates less force as the
shortening velocity increases (Hill, 1938). The shape of these curves is affected by
muscle architecture. Although, fiber composition and biochemical properties have been
attributed to properties such as maximum shortening velocity (Bodine et al., 1982; Sacks
and Roy, 1982; Spector et al., 1980), but muscle architecture may be a stronger
determinant (Burkholder et al., 1994; Sacks and Roy, 1982). This capacity depends on
muscle architecture such as physiological cross-sectional area (PCSA), fascicle and fiber
length, pennation angle, and moment arm. It is well established that PCSA is
proportional to the force capacity of a muscle (i.e. (Zajac, 1989) and specific tension
values for mammalian muscles of ~ 22.5 N/cm2 have been reported (Powell et al., 1984).
The pennation angle is an important determinant of PCSA as it is defined as the
10

magnitude of muscle fiber area that is perpendicular to the longitudinal axis of the
individual muscle fibers multiplied by the cosine of the pennation angle (Wickiewicz et
al., 1983; Powell et al., 1984).
Fiber length is proportional to the shortening speed of the muscle as the muscle
fiber shortening speed is a sum of the in-series sarcomeres shortening speeds (Zajac,
1992). Having longer fibers is advantageous because the muscle may consist of fibers
with a larger number of sarcomeres which reduces the shortening velocity during a given
joint rotation. Sarcomere shortening velocities for such fibers will be less than for shorter
fibers because the shortening is distributed over more sarcomeres, thus giving longer
fibers a greater maximal shortening velocity (Sacks and Roy, 1982; Burkholder et al.,
1994; Kumagai et al., 2000; Bodine et al., 1982; Narici, 1999). It is important to note
that the performance of fascicles cannot be directly extrapolated to behavior of fibers.
The fascicle can be viewed as the interface between muscle fibers and tendons such that
it is a determinant of the force transmission from fibers to tendon (Kawakami et al.,
2000). Muscle fibers can terminate within a fascicle and fiber overlapping occurs
(Hijikata and Ishikawa, 1997). This results in different behavior of the individual
components of the fascicle and the overall behavior of the fascicle. The force length
curve is generally shown normalized optimal fiber or sarcomere length. If one considers
an un-normalized force length curve, a muscle that has long fibers will have a wider
plateau region compared to a muscle that has short fibers. In addition, a muscle that has
long fibers will have a greater maximum shortening velocity so that the curve is shifted
upward. Thus, for a given velocity, the muscle with long fibers generates more force
than a muscle with short fibers (Powell et al., 1984).
11

Although fiber length has a more primary role in dictating maximum shortening
velocity, pennation angle can affect the shortening velocity due to its influence on the
way muscle fibers are organized in the muscle (Burkholder et al., 1994). As long as the
pennation angle is greater than zero degrees, such as in pennate muscle like the
gastrocnemius muscle, the fiber velocity is always slower than the whole muscle velocity
(Lieber and Friden, 2000). By shortening slower, it operates on the more favorable
region of the force velocity curve. However, because the force generated by each fiber is
not parallel to the muscle line of action, the larger the pennation angle, the less each fiber
contraction contributes to the total muscle shortening (Gans and Bock, 1965) .
Consequently, the force transmission from the muscle fibers to the tendon is less efficient
since the force produced by the muscle fibers is at a disadvantageous angle to the tendon
line of action (Kawakami et al., 1995). However, large pennation angles allow for a
greater number of muscle fibers to be packed into a muscle for a given volume; thus, the
cross-sectional area is larger and greater force can be produced. Several researchers have
reported associations between muscle thickness, pennation angle, and fascicle length
(Abe et al., 1998; Kawakami et al., 1993).
Muscle thickness is significantly correlated with pennation angles (Kawakami et
al., 2000). There is much variation in pennation angle within the general population
which suggests that the specific tension of muscle is influenced by the amount of
contractile material attached to the tendon and the efficiency of force transmission from
muscle fibers to tendon which are both affected by pennation angle (Kawakami et al.,
2000).
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The moment arm determines how well the linear physical quantities (muscle
force, excursion, and velocity) are transformed into the corresponding rotational ones
(moment of muscle force about the joint center, joint angular velocity, and excursion
(Zajac, 1992). The moment arm can be described as the perpendicular distance from the
musculotendon unit to a joint center of rotation (Zajac, 1992). Thus, a muscle that has a
greater moment arm is able to produce more moment at a joint for a given force.
Moment arm influences the change in muscle fiber length that occurs during joint
rotation such that a muscle with a short moment arm will undergo less excursion for a
given joint rotation than a muscle will a large moment arm (Lieber and Friden, 2000) .
The function of the muscle depends on the force, moment arm, and torque. Torque, the
ability of a force to cause rotation of a lever, is defined as the product of the force and the
moment arm.
When one considers how the individual influences of each muscle architectural
parameter on the force length and force velocity properties affect the overall muscle and
what a muscle is intended for, it becomes apparent that the relationship between
musculoskeletal architecture and function is one that is complex and multifaceted. It is
possible that there is some optimal architecture for each muscle that depends whether the
muscle is intended as a “high force” or “high speed” muscle. For example, having a large
PCSA is associated with high force production as mentioned earlier, but this may mean
the muscle has short fibers to keep the same volume as a longer muscle. Having short
fibers result in high shortening velocity which reduces the force generating capacity of
the muscle. When other parameters such as optimal fiber length and moment arm are
considered as a ratio, a muscle that that has a large ratio of optimal fiber length to
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moment arm can generate large forces over a large range of motion because the
sarcomeres shorten less for a given rotation and are able to remain on the active lengthtension curve (Alexander, 1981). Similarly, the sarcomeres of muscles with larger ratios
will shorten less rapidly during concentric contraction. Thus, a more favorable operating
point on the force-velocity curve is achieved. If a muscle with longer fibers has a
proportionally greater moment arm, the shortening velocity of the sarcomeres will be
unaffected by the difference in fiber length. Conversely, short muscle moment arms may
accentuate the benefits of long muscle fibers during concentric contraction by reducing
sarcomere shortening velocities. It is important to note that the influence of force
velocity on force generation is very large such that architectural parameters that affect the
operating point on the force velocity curve contribute more to the force generating
capacity of the muscle (Lieber and Friden, 2000). Furthermore, the power generated by
the muscle is a product of the force generated by the muscle and the velocity at which it
shortens such that the shortening velocity may play a more primary role.
ANIMAL STUDIES
These relationships between the muscle architecture and muscle function have
been explored in animal models such as in the work of Lieber and Boakes who found that
static moment generation is a result of the interaction between muscle and joint properties
and not just either property independently (Lieber and Boakes, 1988a). The joint angle at
which maximum static torque was generated was not the same for when maximum force
and moment arm occurred. There is evidence that the moment arms of muscle important
for locomotion are optimized for enhancing performance during dynamic rather than
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static tasks as demonstrated by Lutz and Rome who showed that the musculoskeletal
structure of frog limbs does seem to be optimized for power generation during jumping,
however; muscle architecture, muscle moment arms, and movement dynamics combine
to maximize the power generated by the semi-membranous muscle during a jump (Lutz
and Rome, 1994). The influence of moment arm on speed is explained by investigations
into cursorial and non-cursorial animals in which fast animals that primarily run have
higher gear ratios (lever arm of the ground reaction force divided by the moment arm of
the muscle) than animals that primarily walk, jump, or swim (Hildebrand, 1960). By
inserting closer to the joint, a muscle can move the joint through wider angles such that a
muscle with a shorter moment arm can move the limb over a greater distance. This
benefits the stride rate that is important for running speed of cursorial animals
(Alexander, 1981). The muscle architecture, specifically moment arm has been examined
in fast cursorial animals such as the racing greyhound, ostrich, and horses.
Investigations of muscle moment arms in fast running animals such as the racing
greyhound (Williams et al., 2008) reveal that the latissimus dorsi, which has a propulsive
role during sprinting, has a high muscle fiber to moment arm ratio. The authors suggest
that this high ratio allows the muscle to generate large torques over a wide range of
motion at fast joint angular velocities. Small moment arms of the ankle muscles of
ostrich that have primary roles of rapidly extending the ankle support the notion that
enhancing the ability to increase joint angular velocity may be more useful than
increasing the moment during sprinting (Smith et al., 2007). In the context of cursorial
animals, the effective mechanical advantage, the ratio of the extensor muscle moment
arm to the moment arm of the ground reaction force, may not be influenced by increasing
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running speed across cursorial animals (Biewener, 1989). However, the effective
mechanical advantage did scale with increased body mass between the species which
explains the ability of animals to reduce the mass-specific force of the muscles as body
mass increases. Muscle-powered accelerations such as those in frog jumping can be
influenced by the effective mechanical advantage (Roberts and Marsh, 2003). Roberts
and Marsh demonstrated that frogs initially have poor mechanical advantage during
jumping and increases during the movement. This enhances the elastic storage and
release of energy which improves jumping performance. These animal studies of
mechanical advantage and moment arm provide evidence that the musculoskeletal system
has the ability to be structured in a way that satisfies the functional demand of the system.
It is unclear and relatively unexplored whether this applies to human.
The influence of muscle architecture on the force velocity characteristics of
muscle is well described in the studies of cat soleous (SOL) and gastrocnemius medialis
(GM) (Spector et al., 1980). Spector et al. found that the gastrocnemius muscle had a
higher proportion of fast twitch fibers , greater pennation angle (GM: 21º, SOL 6º) and
shorter fibers (GM: 20 mm; SOL: 37 mm), but the maximum shortening velocity of the
sarcomeres of the GM was almost three times faster than that of the SOL. However,
when accounting for the pennation angle and fiber length differences, the maximum
shortening velocity of the GM was only 1.5 times faster than that of the SOL.
Furthermore, even though the peak isometric tension of the MG was almost five times
greater than that of the SOL, the specific tension of the two muscles was similar. The
specific tension is important to consider as it reflects the muscle volume, fiber length, and
pennation angle,
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IN VIVO HUMAN MEASUREMENTS OF MUSCULOSKELETAL
ARCHITECTURE OF THE GASTROCNEMIUS MUSCLE
The influence of muscle and joint structure on in vivo function in humans has
received less consideration; however, there has been a plethora of work measuring
muscle and joint structure in humans. With technological imaging advancement, fascicle
length, pennation angle, muscle thickness, and muscle volume of the triceps surae muscle
(soleus, lateral, and medial gastrocnemius muscle) have been measured in vivo using
techniques such as ultrasound and magnetic resonance imaging (MRI) (Kawakami et al.,
1993; Kawakami et al., 1995; Kearns et al., 1998; Abe et al., 2000; Maganaris et al.,
1998; Fukunaga et al., 2001a; Esformes et al., 2002; Maganaris, 2003; Maganaris, 2004;
Loram et al., 2006; Spanjaard et al., 2007; Mohagheghi et al., 2008; Fukunaga et al.,
1997; Kurokawa et al., 2001; Fukunaga et al., 2001b; Kanehisa et al., 2003; Miyatani et
al., 2004; Fukunaga et al., 1997; Ito et al., 2000; Kubo et al., 2007; Maganaris et al.,
2000). From ultrasound images, the fascicle can be observed between the superficial and
deep aponeuroses of the gastrocnemius. Pennation angle can also be measured as the
intersection between the fascicle and the aponeurosis. Muscle thickness is commonly
measured as the distance between the superficial and deep aponeuroses. More recent
advances include intra-operative measurements of sarcomere length changes that enable
development of the force length curve for specific muscles of healthy individuals and
those of children with spastic muscles (Foran et al., 2005; Lieber and Friden, 2000;
Lieber et al., 2005).
There are several methods of measuring Achilles’ tendon moment arm and with
the advancement of imaging technology. Rugg et al. (1990) measured moment arms for
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the Ach tendon with respect to a moving and fixed center of rotation (COR) using MRI
from dorsiflexion to plantarflexion (Rugg et al., 1990). Using the graphical method of
Reuleaux (1875), where the center of rotation of the ankle is located on tracings of the
tibia and talus at intervals, the Achilles’ tendon moment arm were found to range from
5.1 to 6.0 ± 0.3 cm for the fixed COR method, and ranged from 4.9 to 5.9 ± 0.4 cm for
the moving COR method . Although moment arm measurements were greater with
respect to a fixed COR than a moving COR for Ach tendon (3.1 %), the authors
explained that the variation in moment arm was not due to the difference between using a
fixed and moving COR. Instead, the displacements of 2.5mm and 3.0mm were seen of
the moving COR and 1.5 mm and 2.0 mm of the fixed COR in the anterior-posterior
direction and superior-inferior direction, respectively. This finding was important for
addressing the error associated with locating COR for moment arm estimations so that
comparisons between results of other studies might be made more meaningful. Many
studies use the Reuleux method with magnetic resonance imaging to determine Achilles’
tendon moment, so it is important to acknowledge the sources of error. Similar results
were reported by Maganaris et al. who also used the COR method with MRI
image(Maganaris et al., 1998).
The tendon and joint displacement method assumes the amount of tendon
excursion is a function of the joint displacement. The major advantage of this method is
that it eliminates the need to know the location of the center of rotation. The relationship
between joint displacement, tendon excursion, and moment arm was shown by Brand et
al. who demonstrated that the moment arm can be determined from the amount of tendon
excursion of the flexor profundus as the finger is moved around the axis of the
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interphalangeal joint (Brand et al., 1975). Tendon excursion increased as the flexor
pulley at the metacarpophalangeal joint was advanced. In their study, the finger was
modeled as a simple pin axis joint and the force equilibrium equations were derived
based on the Principle of Virtual Work where a staic position is assumed (Storace and
Wolf, 1979). The sum of the work done by the muscle force, F, over a tendon
displacement, ∆L, and the work done by the moment, M, over a change in angles, ∆Ө, is
zero if no motion occurs leading to the equation:
(1)
Thus, the moment arm is calculated as the change in tendon displacement divided by the
change in the joint displacement by -1(An et al., 1984).
(2)
Spoor et al. uses the term “effective moment arm” to describe the average
moment arm calculated for a specific range of angles. This method can be advantageous
over direct measurement of moment arms when: 1)there are changes in position or
direction of the motion axis during knee flexion or extension; 2) the tendon spans several
joints; 3) the tendon or muscle line of action is not straight; and 4) when soft tissue
displacement during movement may change the position of the tendon. These factors can
greatly affect the calculated moment arms if direct measurement is used (Spoor et al.,
1990).
Compared to MRI, ultrasonography is less expensive, readily available, and can
capture images in real-time. This allows for dynamic measurements and immediate
feedback on the quality of the image. It has been shown that there are differences
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between Achilles tendon moment arms computed from ultrasound images of tendon
excursion and moment arms obtained from MRI scans (Maganaris et al., 2000). The
discrepancy between the two methods are suggested to be attributed to differences in the
fundamental assumptions of each method: when using MRI it is assumed that the centre
of rotation between the calcaneus and talus is accurately located using the Reuleaux
method, while the use of ultrasound assumes that tendon excursion may be measured
accurately. The authors suggest that a scaling factor of 1.22 - 1.27 be applied to Achilles’
tendon moment arms measured using ultrasound be applied to obtain corresponding
moment arms measured using MRI.
As shown from several studies, moment arm changes from rest to maximum
voluntary contraction (MVC). Maganaris et al. found that the Ach tendon moment arm
increased from 44 mm to 55 mm at rest and 54 mm to 70 mm at MVC as the ankle
rotated from 15º dorsiflexion to 30º plantarflexion. The Ach tendon moment arm
increased by 22-27 % from rest to maximum isometric plantarflexion and suggested that
a ratio of 1.22:1 to 1.27:1 exists between moment arms at rest and at maximum voluntary
contraction (Maganaris et al., 1998). This increase may have been due to excursion of
the Ach tendon and the center of rotation from the rest position. The instant centers of
rotation moved 2 mm to 3 mm transversely from the proximal to distal direction and by 3
mm to 4 mm in the superior-inferior direction. The thickness of the soleus and
gastrocnemius muscles can increase from rest to isometric dorsiflexion MVC which can
alter the position of the Ach tendon by a posterior shift (Maganaris et al., 1998; Kubo et
al., 2007; Maganaris et al., 1998). Thus, Ach tendon moment arm is increased. These
results emphasize the importance of considering differences in moment arm lengths
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between rest and at MVC because joint moment and forces can be overestimated or
underestimated if used incorrectly.
A common concern associated with measuring tendon excursion is whether or not
slack in the muscle-tendon complex affects the amount of tendon excursion observed.
Elastic properties of tendons cause tendon elongation when tension is applied (Fukunaga
et al., 1996; Ito et al., 1998). It was reported that during in vivo elbow joint flexion, the
relaxed muscle-tendon complex of the brachialis muscle becomes very slack. Ito et al.
(2000) addressed this concern of muscle slackness and tendon elasticity by comparing the
TA moment arm values during varying levels of contraction and found that the moment
arms at 0% were about half of those at 30 % and 60 % MVC.
SPRINT PERFORMANCE
In order to elucidate the complex relationship between musculoskeletal structure
and function in humans, it can be useful to look at specific populations such as runners
who have different functional demands. During a 100 m race, human sprinters typically
accelerate during the first 30 to 50 m and then maintain peak velocity over the remaining
50 to 70 m (Hunter et al., 2005). The time required to reach peak velocity has been
shown to correlate better with final time than does the length of the constant-velocity
phase (Baumann, 1976). The acceleration phase has been determined to be a critical
phase during sprint performance where generating forward impulse is necessary for
propulsion (Baumann, 1976; Hunter et al., 2005). During this phase, fast forward
velocity is achieved through the concentric work of the leg muscles and the muscle must
generate large forces such that a large ground reaction force is generated. Although the
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acceleration phase is a crucial phase of sprinter, It is important to acknowledge the
investigations of sprint starts as the starting position can determine the initial lengths of
the muscles that provide the main driving force to accelerate the body from rest (Mero et
al., 2006). The authors found that a block position that results in longer muscle-tendon
lengths at the ankle may contribute to greater joint moment and power during push-off.
The determinants of distance running performance differ from that of sprint
performance. Distance running performance is strongly related to running speed and
running economy (Conley and Krahenbuhl, 1980). Running speed is determined by
stride rate, stride length, and ground contact time (Nummela et al., 2007) whereas
running economy is influenced by net vertical impulse of the ground reaction force
(Heise and Martin, 2001), stride length (Cavanagh and Williams, 1982), and vertical leg
stiffness (Heise and Martin, 2001). In addition, application of large support forces to the
ground (Weyand et al., 2000) have been shown to increase as running speed increases.
SPRINT MECHANICS
Differences in gait cycle, ankle joint kinematics, and kinetics can be observed
between running and sprinting. Initial contact during running occurs with the heel such
that greater ankle dorsiflexion is required compared to a more neutral ankle position
during sprinting because the forefoot contacts the ground first (Novacheck, 1998).
Therefore, there is no initial dorsiflexor moment in sprinting whereas in running, there is
plantarflexion moment at 5 -10 % of the gait cycle. However, maximum plantarflexion is
greater during the generation phase of stance in sprinting. There is greater ankle power
generation which is essential for forward propulsion. The rate of ankle joint rotation
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determines muscle shortening velocity should be made with reference to the movement
dynamics of the task and the rate of rotation will itself be determined in part by the
torques generated by the ankle plantarflexors. Both hip and ankle joint contributions to
force generation is crucial during the accerleration phase of sprinting (Ito et al., 1997;
Jacobs et al., 1996). While the sprint start does require large plantarflexor power
generation (Johnson and Buckley, 2001) and the positive work done by the plantarflexors
has been shown to be highly correlated with stride length and stride frequency (Ae et al.,
1985), it appears that this is achieved by sacrificing mechanical advantage in favor of an
arrangement that minimizes sarcomere shortening velocity during rapid plantarflexion. A
study of the role of biarticular muscles in activities such as sprinting and jumping
revealed that the gastrocnemius muscle contributes 25 and 28 % to the total amount of
work during jumping and sprinter, respectively (Jacobs et al., 1996). Plantarflexor
moment is generated by an increase in force of the triceps surae muscle and a decrease in
force of the tibialis anterior (Jacobs and van Ingen Schenau, 1992). In that study, Jacobs
et al. suggest that ankle power results from the power transported from the knee to the
ankle by the gastrocnemius muscles.
SPRINTER MUSCULOSKELETAL ARCHITECTURE
There are factors that sprinters possess that are generally accepted as factors to
enhance sprint performance such as having a higher proportion of fast-twitch muscle
fibers (Mero et al., 1981; Costil et al., 1976) and larger leg muscles (Kumagai et al.,
2000; Abe et al., 2001). Muscle architecture has been shown to influence the force
generating capacity of muscle and have greater effect that biochemical properties ands
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fiber composition (Burkholder et al., 1994; Sacks and Roy, 1982). Previous
investigations of anatomical structure in elite sprinters have revealed difference between
sprinters and non-sprinters as well as correlations between musculoskeletal morphometry
and sprinting ability. Ultrasound imaging has shown that sprinters have gastrocnemius
and vastus lateralis muscles of greater thickness and with longer fascicles than those of
non-sprinters. Elite male and female sprinters have a high proportion of fast-twitch
muscle fibers in the lower-extremity (Mero et al., 1981) and sprinters have longer
gastrocnemius muscle fascicles than those of non-sprinters. Furthermore, fascicle length
is positively correlated with sprint performance (Kumagai et al., 2000; Abe et al., 2000;
Abe et al., 2001). Having longer fascicles is advantageous because the muscle may
consist of fibers with a larger number of sarcomeres which reduces the shortening
velocity during a given joint rotation. Thus, the force reduction that occurs due to forcevelocity effects is minimized. For sprinters, the advantage of long fascicles is attenuated
if the moment arm is larger. However, having a larger moment allows for large
plantarflexion moment to be generated. It is presently unknown whether elite human
sprinters generate large forward impulses by having long muscle moment arms that
enhance torque production for a given force, or by having short moment arms (relative to
optimal fiber length) that increase muscle force by specifying favorable operating points
on the force velocity and force-length curves (Carrier et al., 1994). It has also been
suggested that there is a relationship between the mechanical advantage of a muscle and
the proportion of type II muscle fibers (Gandevia and Mahutte, 1980) since a muscle with
a small mechanical leverage must develop large forces and fast motor units in human
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muscle can develop more tension than slow motor units (Garnett et al., 1978). However,
the influence of moment arm on sprint performance has been relatively unexplored.
There have been studies of the musculoskeletal architecture of distance runners.
Rosager et al. and Scholz et al. had opposing results when determining the moment arms
of distance runners (Scholz et al., 2008; Rosager et al., 2002). Rosager et al. estimated
moment arms from magnetic resonance and found no differences in Achilles’ tendon
moment arm between non-runners and distance runners. Contrastingly, Scholz et al.
determined moment arms by measuring the distance between the ankle and the Achilles
tendon and found that distance runners had significantly smaller moment arms that were
strongly correlated with energetic cost during running. The authors used a mathematical
model to explain how short moment arms should lead to increased storage of elastic
energy in the Achilles’ tendon and thus reduce metabolic energy consumption.
Gastrocnemius muscle fascicles length has also been shown to be shorter in
distance runners than in sprinters than in distance runners (Abe et al., 2000) and
gastrocnemius pennation angle was found to be larger in distance runners than in
sprinters and non-runners. Because the distance runners also possessed similar muscle
thickness as non-runners, Abe et al. suggest that the greater pennation angle of the
distance runners can be explained by the shorter fascicle length and/or increases of slow
muscle fiber cross-sectional area which are beneficial for distance running.
ELEDERLY MUSCULOSKELETAL ARCHITECTURE
Decreases in strength can be attributed to decreases in muscle volume such that
loss of muscle mass, or sarcopenia occurs. Sarcopenia is a condition where there is a loss
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of muscle tissue which results in decreased muscle mass and strength . Atrophy results
from both a loss and reduction in muscle fiber size (i.e. (Lexell et al., 1988). In a
cadaveric study, Lexell et al. conclude that ageing atrophy actually begins very early
around 25 years of age and accelerates such that by the age of 50, 10 % of the muscle
area is lost (Lexell et al., 1988). This rate increases to approximately 12 % to 15 % per
decade and increases even more after the age of 65. Atrophy is mainly caused by a loss
of fibers and the existing fibers are smaller compared to younger males (Larsson et al.,
1979; Vandervoort and McComas, 1986; Narici et al., 1991; Lindle et al., 1997). The
smaller fiber size can be attributed to mostly to smaller type II fibers.
Many studies have investigated, in detail, the changes in muscle architecture of
the gastrocnemius muscles with advancing age. For example, decreases in the triceps
surae muscle volume are attributed to decreases of 17% of the soleus muscle, 27% of the
lateral gastrocnemius, and 29% of the medial gastrocnemius muscle (Morse et al.,
2005b). In that same study, it was observed that only the fascicles of the medial
gastrocnemius were shorter in older individuals by 16% whereas the fascicles of the other
muscle of the triceps surae remained unchanged. Pennation angles were smaller for all
three muscles by 15 – 18%. Shorter fascicle and smaller pennation angle reduce the force
generating capacity of a muscle through the force-length and force-velocity relationships.
In another study, Morse et al. (2005) found that the volume and anatomical crosssectional area of the lateral gastrocnemius were 28 % and 17% smaller in the elderly.
Age-related changes in muscle architecture are reported in the literature are inconsistent
as Kubo et al. (2003) examined the relative muscle thickness, pennation angle, and
fascicle length of the medial gastrocnemius of women aged 20 to 79 years of age. They
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reported significant decreases in muscle thickness with increasing age, but reported no
different in pennation angle or fascicle length. These inconsistent results may be
attributed to the differences in health and physically activity levels of the sample
population.
An interesting study by Binzoni et al. examined the pennation angle of the medial
gastrocnemius in a group of humans ranging from newborns to the elderly. They report
that the pennation angle is not constant as we age and increases with age (Binzoni et al.,
2001). The influence of age on moment arm has only investigated by Morse et al. (2005)
who did not found any differences between young and elderly males. Moment arm may
compensate for age-related changes in muscle architecture or the degree to which these
age-related changes affect function may depend on moment arm.
ELDERLY STRENGTH AND POWER
In older individuals, it is well established that mobility is associated with quality
of life which is associated with morbidity, disability, and mortality (Guralnik et al.,
2000). Injuries are the 6th leading cause of death for individuals over the age of 65 and
falls are the primary cause of the injuries. Limits on mobility can be caused by changes
in nervous system and musculoskeletal system such that lower extremity muscle strength,
and power are diminished (Karamanidis et al., 2006; Gross et al., 1998; Rantanen et al.,
1999). Muscle strength can be defined as the ability of a muscle or muscle group to exert
maximal force or torque whereas muscle power can be calculated as the product of force
and the velocity at which the force is produced (Puthoff and Nielsen, 2007). Peak muscle
power is suggested to be a more crucial factor than strength when relating muscle
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impairment to limited function, disability, and falling risk (Izquierdo et al., 1999; Bean et
al., 2002a; Bean et al., 2003). It has been suggested that since power is influenced by
both force production and contraction velocity, it may be a stronger determinant of
functional limitations as many tasks are relatively speed dependent such as stair climbing.
The importance of peak power to functional ability can be due to the greater rate at which
muscle power declines (3.5 % per year) than at which strength declines (1.5 % per year)
(Skelton et al., 1994). In a similar study of women, Skeleton et al. noted that leg
extension power was correlated with maximal gait velocity and maximum stair-mounting
height (Skelton et al., 1994). Not only does aging affects power more than strength, but
torque and power of the ankle plantarflexors are more affected at fast velocities (Candow
and Chilibeck, 2005). It was observed in older subjects that isokinetic plantarflexion
torque decreased as the angular velocities increased at the ankle (Cunningham et al.,
1987). More specifically, muscle power of the ankle muscle is an excellent predictor of
functional performance (Suzuki et al., 2001a). Also, low peak torque of the plantarflexor
muscles have been demonstrated to be related to falling risk in community-dwelling older
individuals (Whipple et al., 1987) and reduced leg extension power due to aging has been
shown to be associated with declining maximal gait velocity (Rantanen and Avela, 1997).
Thom et al. examined the influence of muscle architecture on the torque-velocity and
power-velocity relationships of the medial gastrocnemius muscle of male elderly
individuals (69 to 82 years of age) and young men (Thom et al., 2007). The found that
the maximum isometric torque and maximum contraction velocity were 48.5 % and 38%,
respectively, lower in the elderly group than in the younger men. However, muscle
strength is not significantly linearly associated with functional limitations which suggests
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that there is a minimal level of muscle strength that is required to complete tasks such as
walking and any further increase in strength does not always improve performance
(Buchner et al., 1996). This explanation can support the finding that resistance training
in frail adults increases strength and gait speed (Fiatarone et al., 1994), but for adults who
are initially strong, resistance training further increases strength, but there is no effect on
gait speed (Buchner et al., 1997). Thus, it is important to identify and quantify other
factors that limit functional ability and mobility in elderly individuals.
ELDERLY GAIT
There has been much work comparing the kinetics and kinematics of level
walking of young adults and elderly individuals. As age increases, forward velocity
decreases accompanied with decreases in ankle plantarflexion angle, moment and power
(Winter, 1990). Regarding the ground reaction forces, the first peak of the vertical
ground reaction force and loading rate is higher in older adults (Hamel et al., 2005). For
stair negotiation in older individuals, there has been less work investigating the joint
kinetics and there has been emphasis primarily on the ground reaction forces. It has been
shown that during ascent, older individuals tend to have smaller ground reaction forces
while there are no significant differences in ground reaction forces during descent
(Stacoff et al., 2005; Christina and Cavanagh, 2002). When considering the individual
contribution of hip, knee, and joint moment and power during level walking and stair
climbing, it becomes apparent that the magnitude of the knee and ankle joint moment and
power are much greater than that of the hip joint (Riener et al., 2002). Furthermore,
when allowing for the greater size of the knee flexor and extensor muscles compared to
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the ankle dorsiflexors and plantarflexor muscles, it is obvious that ankle function is a
significant predictor of stair locomotion (Cavanagh et al., 1997). Furthermore, this can
be extended to other tasks where ankle strength plays an important role in generating
torque during gait (Kerrigan et al., 1998; Kerrigan et al., 2000) and chair rising (Gross et
al., 1998; Judge et al., 1996b; Bendall et al., 1989). In a very comprehensive study of
elderly gait kinetics and kinematics, Kerrigan et al. report that several changes exist at
both preferred and maximal gait velocity: reduced peak hip extension, increased anterior
pelvic tilt, and reduced plantarflexion and ankle power generation. Interestingly, ankle
plantarflexion moment was not reduced which suggests that it is not strength that may be
limiting ankle function, but it is the ability to rapidly plantarflex the ankle.
Judge et al. (1996) found that there were differences in posture and in joint
motion for specific portions of the gait cycle. Older subjects had reduced ankle
plantarflexion during late stance (13º ± 5º) compared to young subjects (17º ± 5º). Peak
ankle dorsiflexion did not differ between the two groups. Older subjects generated 17%
lower power (2.9 ± 0.9 W) compared to young subjects (3.5 ± 0.9 W). Other kinematic
measures tended to be lower, but not significant. Hip flexor power at 60 % gait cycle was
higher in older subjects (0.92 ± 0.27 W/kg vs. 0.87 ± 0.29 W/kg). When normalized by
step length, older subjects generated 16 % more hip flexor power. Ankle plantarflexor
power, hip extensor power, and hip flexor power were independent predictors of step
length with joint power explaining 62 % of variance in step length. Ankle power
predicted 54 % of variance in step length. When age was included as an independent
variable, joint power explained 70 % of the variance in step length. Older group had a
4.6 cm shorter step length. When subjects were asked to increase their velocity to
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maximal gait velocity, there was a 26 % increased in velocity (1.12 ± 0.17 to 1.42 ± 0.36
m/s), cadence increased 15 % (117 ± 7 to 134 ± 9 steps/min), and step length increased
10 % (from 0.67 ± 0.1 to 0.74 ± 0.09 leg lengths). Hip flexor moment increased 25 %
and hip flexor power increased 72 % at maximal gait. Ankle plantarfelxor moment did
not change at 1.4 ± 0.3 Nm/kg. As step length and cadence increased, ankle plantarflexor
power did not increase. This suggests that elderly individuals are already generating their
maximum plantarflexor power during their preferred gait velocity. Young adults increase
ankle plantarflexor power 38% (3.4 W/kg to 4.7 W/kg) at maximum pace (Winter DA.
1991). The authors suggest that the three potential roles of ankle plantarflexor kinetics
on body motion are: a) allow the body to advance over the stance foot; b) to in initiate the
movement of the stance leg into swing; and c) to propel the body forward. Their data
support the idea that the ankle plantarflexors contribute to accelerate the stance leg into
swing. In addition, since there was not a reduction in hip extension, they concluded that
hip extensor power had a small contribution compared to that of ankle plantarflexor
power (Judge et al., 1996a).
Increasing walking velocity can be accomplished by either increasing step length
or step rate, but reduced step length appears to be more prevalent than the former in
elderly individuals (Crowninshield et al., 1978; Hinman et al., 1988; Elble et al., 1991;
Murray et al., 1984). Variability in step length is significantly higher in elderly
individuals (Grabiner et al., 2001) which may explain the variation in mobility loss is
high as well. When elderly individuals are asked to increase their gait velocity, there are
changes in lower extremity kinematics and in the strategy older adults employ to increase
their gait velocity from usual to maximal pace. Both step length and cadence increased
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10-15 % without any increases in ankle plantarflexor power during late stance phase
(Judge et al., 1996a). However, increased hip flexor power was observed which suggests
that deficit in ankle plantarflexor power is compensated by hip flexor power.
RELATIONSHIP BETWEEN LOWER EXTREMITY STRENGTH, POWER,
AND GAIT IN ELDERLY INDIVIDUALS
Knee and ankle strength has been associated with step length and joint power
during gait, but there is no significant relationsip between hip flexion or extension
strength and step length or power at hip. Isokinetic strength was correlated with power at
the knee during loading response, during stance, but not late stance. Isokinetic strength
of ankle plantarflexors was associated with ankle plantaflexor power developed during
late stance (r = 0.57, p = 0.003) and with step length (Judge et al., 1996).
Suzuki et al. (2001) observed that plantarflexor and dorsiflexor power were
independent predictors of chair rise and stair climb performance, respectively, but neither
plantarflexor or dorsiflexor strength were predictors of those two tasks. Instead,
plantarflexor strength was only an independent predictor of habitual and maximal gait
velocity. They suggest that both the force and velocity-generating capacity of the ankle
are important for stair climbing and chair rising performance. This supports the findings
that peak muscle power decreases more rapidly with age than strength. Furthermore,
Bean et al. (2002) reported R2 values of 0.24 and 0.37 between the Six Minute Walk Test
and ankle plantar flexion strength and power, respectively. Judge et al. found that reduced
ankle power explained 52 % of the variation in step length in older adults
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CLINICAL TESTS
Standard clinical tests of lower extremity performance are commonly used to
assess mobility in elderly individuals. These are less time consuming, require less
equipment, and are easily administered in clinical settings (Guralnik et al., 2000). One
common test is the Six Minute Walk test where the individual is asked to walk at a
preferred pace for six minutes on level ground. It is commonly used to measure aerobic
capacity in elderly individuals (Bean et al., 2002b). This test is clinically useful in these
populations because: 1) it is less time consuming and exhausting than a treadmill
protocol; 2) it is a reliable measure of exercise ability after familiarization; 3) it is a
predictor of morbidity and mortality; 4) it produces less anxiety in individuals than other
similar tests (Montgomery and Gardner, 1998); and 5) it is highly repeatable
(Montgomery and Gardner, 1998; McDermott et al., 2003; Steffen et al., 2002). The
Four Meter Walk Velocity test is often used to test for gait speed which is a good indictor
of disability risk (Guralnik et al., 2000), strong predictor of self-reported physical
function (Cress et al., 1995), and may be as good a predictor of disability outcomes as
full, complete physical performance battery (Guralnik et al., 2000). Gait speed is
measured for four meters during which the individual walks at their usual preferred speed
with a one meter start up before starting timing. This test has been shown to be highly
reproducible (Ferrucci et al., 1996; McDermott et al., 2003; Studenski et al., 2003). The
Timed-Up-and-Go test is frequently used as a test of balance and stability. This test
requires the individual to stand from an armless, straight-backed chair, walk 3.05 m (10
feet), walk back to the chair, and sit down at the individual’s comfortable pace
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(Shumway-Cook et al., 2000; Jette et al., 1999). The time it takes to complete that task is
strongly correlated to the level of functional mobility. In addition, it has been shown to
be sensitive enough to identify individuals who are prone to falls (Shumway-Cook et al.,
2000) and is highly repeatable (Podsiadlo and Richardson, 1991; Jette et al., 1999). Its
use is recommended by the British Geriatrics Society and the American Geriatrics
Society (American Geriatrics Society, 2001).
INFLUENCE OF TRAINING ON MUSCULOSKELTAL ARCHITECTURE
The differences in musculoskeletal architecture between different groups of
individuals may represent normal adaptive responses to training resembling that
demonstrated in animal models in which sarcomere number increases as a result of
training (Williams and Goldspink, 1978; Ashmore and Summers, 1981; Lynn et al.,
1998). In humans, differences in muscular architecture due to training have been
observed by Kearns et al. (2000) who reported larger leg muscles and longer fascicle
length in the dominant legs of junior soccer players (Kearns et al., 2001). The
relationship between increased fascicle length and muscle thickness in trained individuals
is observed by several studies (Kumagai et al., 2000). Support for genetics as the
predominant factor in determining muscle architecture is reported by Abe (2000) who
discovered that the fascicle lengths of the lateral gastrocnemius muscle in trained and untrained monozygous twins were significantly different (Abe, 2002). However, he also
observed that the muscle fascicle lengths of the medial gastrocnemius were different
which suggests that adaption caused by external factors such as training can also occur.
The reason for this discrepancy between the medial and lateral gastrocnemius response to
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training in unclear but may be attributed to the innate differences in muscle architecture;
the lateral gastrocnemius muscle is characterized with longer fascicles and thus has a
greater potential shortening velocity and the medial gastrocnemius has shorter fascicles
and greater pennation angle which enables it to have greater force generating capacity
(Kawakami et al., 1998). Architectural differences of pinnate muscles such as the biceps
brachii of horses which has the opposite relative architectural parameters such that the
lateral head has short fascicles and the medial has longer fascicles (Hermanson and
Hurley, 1990; Hermanson et al., 1991). It is believed that muscle with shorter fascicles
are primarily contributing towards postural stability whereas as muscles with long
fascicles are more important during dynamic activities (Hermanson and Hurley, 1990;
Hermanson et al., 1991). On a the single fiber level, muscle fiber cross-sectional area
also increases following heavy-resistance training and can be positively correlated with
the change in quadriceps volume and cross-sectional area (Aagaard et al., 2001). It is
important to note that the authors of that study observed disproportionate changes in fiber
cross-sectional area and anatomical muscle cross-sectional area, 16 % and 10%,
respectively. This may be explained by the influence of pennation angle as increases in
pennation due to training results in greater physiological fiber area for a given volume of
muscle (Aagaard et al., 2001). Interestingly, fiber size increases been shown to be fiber
specific in humans by Aagaard et al. (2001) with only increases in fiber type II being
significant
It is unknown, however, whether the differences in bony geometry that would be
required for shorter moment arms are adaptations to training or if they are immutable
skeletal characteristics. Moment arm adaptation could be brought about through a
35

change in the location of the center or rotation or migration of tendon attachment sites,
but such responses to running have not been observed in sheep (Zumwalt, 2006). When
examining the influence of training on muscle architecture, it is important to consider
how the force generating capacity of the muscle is affected by individual changes. For
example, although the PCSA increases after training, it is important to look at the specific
tension which is determined as the force divided by the PCSA. The specific tension has
been shown to decrease.
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CHAPTER 3
BUILT FOR SPEED: MUSCULOSKELETAL STRUCTRE AND
SPRINTER ABILITYY
INTRODUCTION
The ability to accelerate rapidly during the first few strides of a 100 m race is
what separates truly elite human sprinters from merely good ones(Baumann, 1976;
Hunter et al., 2005). During the push off from the starting blocks and in the several steps
that follow, the leg muscles of a sprinter must do as much concentric work as possible in
a coordinated fashion to increase the forward velocity of the body’s centre of mass.
Some factors that one would expect to enhance this work have been found to correlate
with human sprinting performance: the fastest sprinters have a higher proportion of fasttwitch muscle fibres (Costill et al., 1976; Mero et al., 1981) and larger leg muscles (Abe
et al., 2001; Kumagai et al., 2000). It is also reasonable to expect that the moment arm of
a muscle would influence sprinting ability in complex ways. A muscle with a large
moment arm about a joint has favourable mechanical advantage for generating torque
about that joint, and large joint torques are needed to accelerate rapidly at the start of a
race . Having a large moment arm, however, will also cause a muscle to shorten more for
a given joint rotation. (Carrier et al., 1994). Large moment arms should thus should
attenuate muscle force generation during shortening due to the force-velocity property
(Nagano and Komura, 2003).
Classic research in comparative functional morphology suggests that the skeletal
structure of the foot and ankle, in combination with muscle moment arms, are
determinative of locomotor speed. The fastest running animals, such as cheetahs, have
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plantarflexor muscles that attach close to the ankle joint centre with a large distance
between the point of application for the ground reaction force (GRF) and the joint centre
(Hildebrand, 1960). Fast runners thus have higher “gear ratios” (moment arm of the GRF
divided by the moment arm of the muscle) than do walking, digging, or swimming
animals (Carrier et al., 1998; Hildebrand, 1960). It is also important to consider muscle
moment arm in relation to muscle fascicle length. The ratio of the fascicle length to
moment arm has been identified as a determinant of the range of joint motion over which
a muscle may generate force (Alexander, 1981). This is a critical ratio because the
muscle moment arm and the number of sarcomeres determine how much individual
sarcomeres will shorten or lengthen for a given joint rotation.
There is evidence that the moment arms of the muscles important for locomotion
are evolved for enhancing performance during dynamic rather than static tasks. The
largest ankle moments produced statically by the frog gastrocnemius occur at joint angles
for which neither muscle moment arm nor static muscle force is maximized (Lieber and
Boakes, 1988). The musculoskeletal structure of frog limbs does, however, seem to
maximize power generation during jumping. Muscle architecture, muscle moment arms,
and movement dynamics combine to maximize the power generated by the
semimembranosus muscle during a jump (Lutz and Rome, 1994). A similar tuning of
musculoskeletal properties for dynamic tasks has not been documented in humans. It is
unknown, for example, whether better human sprinters have muscle moment arms that
are favourable for sprinting.
Previous investigations of anatomical structure in elite sprinters have revealed
differences between sprinters and non-sprinters as well as correlations between
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musculoskeletal morphometry and sprinting ability. Ultrasound imaging has shown that
sprinters have gastrocnemius and vastus lateralis muscles of greater thickness and with
longer fascicles than those of non-sprinters (Abe et al., 2001). Kumagai et al. and Abe et
al. showed that fascicle lengths and pennation angles of the same muscles correlated
positively with performance in sprinters (Abe et al., 2000; Kumagai et al., 2000). Longer
muscle fibres have more sarcomeres and thus for a given fibre shortening velocity, the
individual sarcomere shortening velocities would be slower in a longer fibre. At a given
fibre shortening velocity, each sarcomere in a longer fibre would operate closer to
isometric and thus would be able to generate more force owing to the force-velocity
property. Further, for a given intrinsic sarcomere maximum shortening velocity, a longer
fibre has a greater fibre vmax because the sarcomere shortening velocities add (Bodine et
al., 1982; Burkholder et al., 1994; Kumagai et al., 2000; Sacks and Roy, 1982).
Alexander suggested that muscles with long fibres were suited for performing work
during acceleration in dogs (Alexander, 1974). Pennation angle has been shown to have
a weak correlation with force or speed production, and mainly influences the manner in
which the fibres are packed within muscle to maximize force output (Burkholder et al.,
1994). While longer fibres and greater pennation would be expected to be increase force
for a given muscle shortening velocity, variation in muscle moment arm determines
tendon excursion for a given joint rotation and thus has the potential to modulate the
force production that would be useful to an accelerating sprinter. If a muscle with longer
fibres has a proportionally greater moment arm, then the shortening velocity of the
sarcomeres will be unaffected by the difference in fibre length. Conversely, short muscle
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moment arms may accentuate the benefits of long muscle fibres during a concentric
contraction by reducing sarcomere shortening velocities.
There have been no studies of the muscle moment arms of sprinters, but there
have been investigations of the Achilles’ tendon moment arms of distance runners.
Rosager et al. estimated moment arms from magnetic resonance imaging (MRI) and
found no significant difference in moment arm between runners and non-runners
(Rosager et al., 2002). Scholz et al., however, recently reported a strong correlation
between moment arm and energetic cost during running in a study in which moment arms
were determined by measuring the distance between the ankle and the tendon externally
(Scholz et al., 2008). The authors used a mathematical model to explain how short
moment arms should lead to increased storage of elastic energy in the Achilles’ tendon
and thus reduce metabolic energy consumption, although a link was not established
between heel length and running performance.
The purpose of the present study was to measure the plantarflexion moment arms
of the Achilles’ tendon, plantarflexor muscle architecture parameters, and foot and ankle
anthropometric characteristics in sprinters and non-sprinters. As in previous studies, the
fascicle length and pennation angle of the gastrocnemius muscle were determined from
ultrasound images but we were able to examine these results along with moment arms
measured in the same subjects. A simple mathematical model was used to simulate a
sprinter’s push-off during the first steps of a race in order to quantify the contribution of
plantarflexor moment arm and foot structure to propulsive impulse.
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MATERIALS AND METHODS
Participants
Twelve collegiate sprinters and 12 height-matched non-athletes not engaged in
competitive sports participated in the study (Table 3.1). Seven of the sprinters were
specialists in the 100 m (or long jumpers who trained with sprinters) who had selfreported personal best times ranging from 10.7 to 12.3 s, and the other 5 had 200 m times
between 23.3 and 24.0 s. Participants gave informed consent and all procedures were
approved by the Institutional Review Board of The Pennsylvania State University.

Ultrasonography
Ultrasonography was used to collect images of the lateral gastrocnemius and
Achilles’ tendon from which musculoskeletal structural properties were estimated. To
determine muscle fascicle lengths and pennation angles, B-mode ultrasonography (Aloka
1100; transducer: SSD-625, 7.5 MHz and 39 mm scan width; Wallingford, CT) was used
to capture images from the central region of the right lateral gastrocnemius muscle
(Figure 3.1) while each participant stood quietly in anatomical position with the probe
aligned along the muscle belly. The lateral gastrocnemius muscle was chosen because it
is superficial and because it has the longest fascicle lengths of any of the triceps surae,
thus giving it greater potential to generate force during explosive movements requiring
higher shortening velocity (Kumagai et al., 2000). Ultrasound aqueous gel was applied to
the skin to enhance propagation of the ultrasonic waves. Ultrasound images were
enhanced and digitized using routines custom-written in MATLAB (Mathworks, Inc;
Natick, MA). The pennation angle was measured as the angle between the fascicular
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path and the deep aponeurosis (Abe et al., 2001; Abe et al., 2000; Kumagai et al., 2000).
Fascicle length lf was estimated using the muscle thickness t, the distance between the
superficial and deep aponeuroses, and the pennation angle θ according to lf = t / sin θ
(Abe et al., 2001; Abe et al., 2000; Kumagai et al., 2000). Measurements were repeated
on a second day for three non-sprinter subjects to assess reliability; average differences in
fascicle length and pennation angle were 1.2 mm and 0.5°, respectively.
Ultrasound imaging was also used to determine tendon excursion during ankle
plantarflexion in order to compute the plantarflexion moment arm of the Achilles’
tendon. Each participant sat with the right knee fully extended and the thigh held in place
with respect to the base of the test apparatus (Figure 3.2). The right foot was secured
with Velcro® straps to a foot platform that was hinged so that it rotated in the sagittal
plane. The hinge axis was directed mediolaterally and was approximately aligned with
the malleoli and a potentiometer (Midori Precisions, CP-2FK, Tokyo, Japan, repeatability
± 0.005%, linearity ± 1%) attached to the foot platform was used to record the ankle joint
rotation. Potentiometer voltages were linear with platform rotation (calibration
coefficient = 68.9°/1V; (R2= 0.9991) and were recorded using a data acquisition system
consisting of a National Instruments analogue to digital (A/D) converter (Dataq
Instruments, DI, 148U, Ohio) and a personal computer. The A/D converter had a
measurement range of ± 10 V and resolution of ±19.5 mV and a maximum sample rate of
240 Hz. The data acquisition software (Windaq/Lite, Dataq Instruments, Ohio) averaged
the signal such that the output had a resolution of ±2 mV.
During a trial, one experimenter manually rotated the foot from approximately 10º
dorsiflexion to 20º plantarflexion in 3 s while a second experimenter held the ultrasound
42

probe against the skin longitudinally on the posterior distal third of the leg at the
appropriate musculotendinous junction, where the gastrocnemius muscle inserts into the
Achilles tendon. Ultrasound images captured at 30 Hz during each trial were digitized
and saved to a personal computer with a frame grabber card (Scion Corporation, LG-3,
Frederick, Maryland) with the imaging software, Scion Imaging (Scion Corporation,
Frederick, Maryland). Participants were instructed to plantarflex maximally during these
trials to minimize artefact resulting from variation in tendon tension during the movement
(Maganaris et al., 1998a). Tendon excursion was measured as the displacement of the
musculotendinous junction computed from the ultrasound images using an automated
algorithm for tracking image features between frames (Lee et al., 2008). Five foot
rotation trials were performed for each participant.
The plantarflexion moment arm of the Achilles’ tendon was calculated as the first
derivative of tendon excursion versus joint angle (An et al., 1984). Achilles’ tendon
excursions were generally linear with respect to ankle angle, and the slopes of lines fit to
these data were taken to represent moment arm for each trial. Each participant’s moment
arm was found by averaging across the five foot rotation trials. Measurements were
repeated on a second day for three non-sprinter subjects to assess reliability; the average
difference in moment arm was 3.2 mm.

Anthropometry
Distances between various bony landmarks on the right lower legs of all subjects
were made using a millimetre-graded tape measure. Subjects stood in anatomical
position while the experimenter measured (1) the distances between the head of the fibula
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and the lateral malleolus; (2) the anteroposterior (AP) distance from the most posterior
point on the heel to the most anterior point on the toes; (3) the AP distance from the heel
to the first metatarsal head; and (4) the AP distance from the heel to the lateral malleolus.
Additional measurements of distances between landmarks on the foot were derived post
hoc by subtracting these measures from one another.

Statistics
Two-tailed t-tests were used to test for differences (α = 0.05) between sprinters
and non-sprinters in lateral gastrocnemius thickness, lateral gastrocnemius pennation
angle, lateral gastrocnemius fascicle length, Achilles’ tendon moment arm, the ratio of
fascicle length to moment arm, and the various anthropometric measures.

Computer Model
To study how sprint performance is affected by muscle and joint structure in the
context of the movement dynamics, a planar, forward-dynamic computer simulation of a
sprinter’s push-off was developed (Figure 3.3). The mass of the sprinter (75 kg) was
concentrated at a point 1 m above the ankle connecting the “body” segment to the “foot”
segment. The foot was a massless link with 14 cm between the ankle and
metatarsophalangeal (MTP) joint, where another revolute connected the foot to a third
massless “toe” link 7.5 cm long. The distal end of the toe link was connected to ground
by a third revolute joint, and the proximal end of the toe was supported by a damped
spring (k = 2.0 x 105 N m-1; b = 250 N m-1 s) that resisted penetration of this point into
the floor. Torsional springs with stiffnesses of 100 N m rad-1 resisted ankle plantar
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flexion beyond 60° and toe extension beyond 60°. Two Hill-type muscle-tendon
actuators (Hill, 1938) represented the collective triceps surae and toe flexor muscle
groups. The maximum isometric force for the plantarflexor and toe flexor actuators were
set at 6660 N and 948 N, respectively. These values were obtained by summing the
values for each group as represented in the lower extremity model of Delp et al. (Delp et
al., 1990) and then multiplying by 1.5 to reproduce the hypertrophy that would be
expected in a sprinter. The plantarflexor actuator originated 40 cm proximal to the ankle
on the body segment and inserted posterior to the ankle on the foot segment (see below),
while the toe flexor originated 20 cm proximal to the ankle, wrapped around cylindrical
surfaces with radii of 15 mm and 6 mm at the ankle and MTP joints, and inserted 10 mm
distal to the MTP joint on the toe segment. Pennation angles for both muscle-tendon
actuators were set at 0° across simulations. Optimal fibre length lo was 4 cm for each
muscle-tendon actuator and tendon slack length was chosen such that optimal fibre
lengths were attained in 30° plantarflexion, a choice guided by the sarcomere lengths
recently reported for the triceps surae and toe flexors by Ward et al. (Ward et al., 2009).
Actuator tendons were compliant, with normalized force-length curves defined according
to Zajac (Zajac, 1989). Muscle force was computed using a Hill-type model developed
by Schutte (Schutte, 1992). The force-length and shortening force-velocity relations used
were those specified by Hatze (Hatze, 1977) and Hill (Hill, 1938). The maximum
shortening velocity vmax for each muscle actuator was set at 10 lo s-1 (Zajac, 1989). The
equations of motion for the system were developed and integrated using SIMM with
Dynamics Pipeline (Musculographics, Inc.; Santa Rosa, CA) and SD/FAST (Parametric
Technology Corp.; Needham, MA).
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Excitation controls for the muscle-tendon actuators were determined by solving a
parameter optimization problem in which the parameters were the final time tf and 21
excitation nodes for each actuator evenly spaced in time between t = 0 and t = tf.
Excitations for each actuator, utoe flexor(t) and uplantarflexor(t), were determined by linear
interpolation between nodes. An objective function J was defined according to

J(utoe flexor(t), uplantarflexor(t), tf) =
1000 * (vGRF(tf) / W)2 – (Vx(tf)/Vo) – (Yo - Y(tf)) / L

(1)

such that minimizing J accomplished the following: (1) ensured that the vertical reaction
force at the toe at tf normalized by the model weight W was very close to zero; (2)
maximized the horizontal velocity of the mass at tf normalized by the initial horizontal
velocity Vo; and (3) minimized the vertical drop of the mass occurring between t = 0 and
t = tf normalized by the length of the body link L. The last of these terms was necessary
to prevent the model from maximizing forward velocity at toe-off by “diving” forward.
Minimization of J was accomplished using a hybrid particle swarm optimization and
downhill simplex method that was found to converge reliably from varied initial guesses
for the parameter values.
One set of simulations of sprint push-off were conducted with d, the posterior
distance from the ankle to insertion of the tendon, varying between 25 mm and 50 mm in
5 mm increments while toe length was held at 75 mm. The distance d differed from the
perpendicular distance from the ankle to the plantarflexor muscle in neutral position by
less than 1% and so was taken to be a reasonable approximation of the plantarflexor
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moment arm. A second set of simulations was conducted with d fixed at 35 mm while
the length of the toe link was varied from 65 mm to 90 mm in 5 mm increments. Each
simulation began with the ankle in 10° dorsiflexion, the toes extended by 35°, and the
point mass travelling to the right at Vo = 2 m s-1. For each simulation, the horizontal
impulse was computed as the change in the horizontal momentum occurring over the
course of the simulation. Horizontal impulse was selected as the output of interest
because it represents the increase in forward velocity and the forward impulse delivered
during individual steps in the acceleration phase of the sprint has been shown to correlate
with overall sprint performance (Hunter et al., 2005).
RESULTS
The plantarflexion moment arms of the sprinters were 25% smaller than those of
non-sprinters (Table 3.2) and this difference was highly significant (p < 0.001). Sprinters
also had significantly (p = 0.024) longer fascicles than those of non-sprinters.
Consequently, The mean ratio of fascicle length to plantarflexor lever arm was nearly
50% higher in sprinters than in non-sprinters (p < 0.001). No significant difference was
found between the pennation angles of sprinters and those of non-sprinters (p = 0.212).
The sprinters and non-sprinters were height-matched, resulting in no significant
difference in height (p = 0.874) between the groups, but two of the anthropometric
measures were found to differ between groups (Table 3.1). The mean toe length (AP
distance from the first metatarsal head to the tip of the toes) of the sprinters was 9 mm
longer than that of the non-sprinters (p = 0.032). The length of the shank (fibular head to
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lateral malleolus) was 30 mm shorter in sprinters (p = 0.026). All other differences in
anthropometric measures were found to be non-significant (all p ≥ 0.305).
The propulsive impulse imparted to the model in the computer simulations was
found to depend on both plantarflexor muscle moment arm (Figure 3.4) and toe length
(Figure 3.5). As plantarflexion moment arm was decreased from 50 mm to 25 mm,
forward impulse increased by 10.9 kg m s-1 (40%). As toe length was increased from 65
mm to 90 mm, forward impulse increased by 3.1 kg m s-1 (14%).
The increases in simulated forward impulses that resulted from decreases in
plantarflexor moment arm were accompanied by generally longer plantarflexor fibre
lengths and slower plantarflexor shortening velocities (Figure 3.6). At toe-off the
plantarflexor fibre length was 0.72 lo when the plantarflexor moment arm was 25 mm, but
only 0.43 lo when the moment arm was 50 mm. Peak plantarflexor shortening velocity
was 0.46 vmax when the plantarflexor moment arm was 25 mm and 0.80 vmax when the
moment arm was 50 mm. Lengthening of the toes produced fibre length and velocity
changes that were similar to those produced by shortening plantarflexor moment arm, but
to a much lesser degree (Figure 3.7). Increases in forward impulse occurring with longer
toes were also attributable to longer contact times, which were 13% greater for the 90
mm toes as compared to the 65 mm toes. Contact time was only 6% greater for the 25
mm plantarflexor moment arm as compared to the 50 mm moment arm.
DISCUSSION
The goal of this study was to determine if the foot and ankle structure of sprinters
differs from that of non-sprinters in a manner that contributes positively to forward
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acceleration, and thus sprint performance. While maximal sprinting is likely to be aided
by substantial plantarflexion moments, it does not appear that the generation of such
moments is aided by abnormally large plantarflexor muscle moment arms. Instead, we
found that these plantarflexor moment arms are 25% smaller in sprinters than in nonsprinters. We also found that sprinters have longer gastrocnemius fascicles, a finding that
corresponds to the results of previous studies (Abe et al., 2001; Abe et al., 2000;
Kumagai et al., 2000). The longer fascicles and shorter moment arms of the sprinters
combined to produce ratios of gastrocnemius fascicle length to plantarflexion moment
arm that were substantially higher for sprinters. In addition, sprinters were found to have
longer toes and shorter lower legs than those of non-sprinters, anthropometric differences
that have not been reported previously.
The plantarflexor moment arms of the non-sprinter subjects of the present study
are about 1 cm shorter than those reported previously by authors who measured moment
arms in vivo using MRI (Maganaris et al., 1998a; Rosager et al., 2002; Rugg et al., 1990).
This difference between Achilles tendon moment arms computed from ultrasound images
of tendon excursion and moment arms obtained from MRI scans has been documented
previously by Maganaris et al. (Maganaris et al., 2000). The authors of that study
attributed the disagreement between the two methods to differences in the fundamental
assumptions of each method: when using MRI it is assumed that the centre of rotation
between the calcaneus and talus is accurately located using the Reuleaux method, while
the use of ultrasound assumes that tendon excursion may be measured accurately. While
acknowledging that there is no “gold standard” for moment arm measurement, the
authors did advocate that a scaling factor of 1.22 - 1.27 be applied to Achilles’ tendon
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moment arms measured using ultrasound be applied to obtain corresponding moment
arms measured using MRI. If we scale the mean value obtained for our non-sprinter
subjects (41.6 mm) for the sake of comparison, we obtain a scaled moment arm of 51.8
mm, a value that is highly consistent with previously-reported MRI-based measurements.
The results of this study have implications for the manner in which sprint
performance depends upon muscle structure as well as composition. While maximum
muscle shortening velocity may be attributed in part to biochemical properties (Bodine et
al., 1982; Sacks and Roy, 1982; Spector et al., 1980), muscle architecture may be a
determinant that is at least as important (Burkholder et al., 1994; Sacks and Roy, 1982).
In the present study, it was found that the muscle fascicles of the lateral gastrocnemius
are longer in sprinters than in non-sprinters a finding previously made by Abe et al. (Abe
et al., 2001; Abe et al., 2000). Longer fascicles may improve sprint performance;
gastrocnemius fascicle length (Abe et al., 2001) is negatively correlated with 100 m race
times in elite sprinters (Abe et al., 2000). The lateral gastrocnemius pennation angles
found for sprinter and non-sprinter subjects in the present study are similar to the values
measured by Abe et al., but significant differences in pennation between these groups
were not found in that study or in ours (Abe et al., 2000).
Although we did not measure optimal fibre lengths, the moment arms and fascicle
lengths we found suggest that sprinters achieve rapid acceleration using relatively short
plantarflexor moment arms that do not scale with muscle fibre length. The short moment
arms reduce the plantarflexors’ mechanical advantage, but in combination with long fibre
lengths they should also enhance muscle force generation during contractions performed
at high shortening velocities. Computer simulations of isokinetic plantarflexion exercises
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have suggested that Achilles’ tendon moment arms at the smaller end of the range
typically seen in humans produce higher joint moments and increased power output
(Nagano and Komura, 2003). It has also been suggested that there is a relationship
between the mechanical advantage of a muscle and its proportion of type II muscle fibres
(Gandevia and Mahutte, 1980) since muscles with small moment arms must develop
large forces and fast motor units can develop more tension than slower ones (Garnett et
al., 1978).
To our knowledge, the present study is the first investigation of plantarflexor
moment arms in sprinters, although such measurements have been made in distance
runners. Achilles’ tendon moment arm has recently been shown to inversely correlate
with cost of locomotion in distance runners, perhaps because short moment arms require
greater muscle force and thus promote elastic energy storage in tendons (Scholz et al.,
2008). Aramptazis et al. did not directly report gastrocnemius moment arms of distance
runners of varying abilities, but did state that no differences existed in the ratios of tendon
and aponeurosis elongation to joint rotation, which is equivalent to moment arm
(Arampatzis et al., 2006). Rosager et al. reported no differences between the Achilles’
tendon moment arms of high-mileage distance runners and non-runners (Rosager et al.,
2002).
Longer toes may enhance forward acceleration through multiple mechanisms.
Carrier et al. suggested that the increase in the “gear ratio” of the lever arm of the GRF to
the lever arm of the Achilles’ tendon that occurs as the centre of pressure progresses
anteriorly during stance would produce more higher plantarflexor forces due to favorable
force-velocity behavior (Carrier et al., 1994). The simulation results of the present study
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show that longer toes, which also effectively increase the gear ratio, may have such an
effect on plantarflexor force. Longer toes also were found to increase contact time in the
simulations, which would permit more time for acceleration of the centre of mass during
the first phase of a sprint race. A recent study by Rolian et al. showed that the work done
by the toe flexors of distance runners correlated with toe length, suggesting that short toes
are more energetically economical and thus favourable for distance running (Rolian et al.,
2009). Noting that the toes of primitive hominins were longer than those of modern
humans, the authors proposed that short toes have been selected for due to evolutionary
pressure for efficient distance running. In our simulations longer toes did result in more
muscle work being done, but most of this was attributable to the plantarflexors. While
this increase in muscle work might be viewed as inefficient for a distance runner, it
appears to be useful to an accelerating sprinter. Perhaps more primitive longer toes were
selected for at a time when hunting or avoiding predators depended more on rapid
acceleration than endurance running.
A small Achilles’ tendon moment arm may enhance sprint performance by
enhancing muscle force generation, but this determination should be made with reference
to the movement dynamics of the task. The rate of ankle joint rotation partially
determines plantarflexor force through force-velocity effects but the rate of joint rotation
will itself be determined in part by plantarflexor moments. While the sprint start does
require large plantarflexor power generation (Johnson and Buckley, 2001) and the
positive work done by the plantarflexors has been shown to be highly correlated with
stride length and stride frequency (Ae et al., 1985), it appears that this is achieved by
sacrificing mechanical advantage in favour of an arrangement that reduces sarcomere
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shortening velocity and better maintains sarcomere length during rapid plantarflexion.
While longer toes raise the gear ratio (Carrier et al., 1994) by increasing the numerator
(lever arm of the GRF), a smaller plantarflexor moment arm will have the same effect by
decreasing the denominator. Investigations of muscle moment arms in fast running
animals such as the racing greyhound (Williams et al., 2008) revealed that the latissimus
dorsi, which has a propulsive role during sprinting, has a high muscle fibre length to
moment arm ratio similar to the high fascicle length to moment arm ratios we observed in
sprinters. The authors suggested that this high ratio allows generation of large torques
over a wide range of motion at fast joint angular velocities. Smith et al. suggested that
the role played by small moment arms of the ankle muscles of ostriches in increasing
joint angular velocity may be more important than increasing moment with a large
moment arm during sprinting (Smith et al., 2007). Effective mechanical advantage, the
ratio of the extensor muscle moment arm to the moment arm of the GRF, has been found
to not be influenced by increasing running speed across cursorial animals (Biewener,
1989). However, the effective mechanical advantage did scale with increased body mass
across species, which may explain the ability of animals to reduce the mass-specific force
of the muscles as body mass increases. Muscle-powered accelerations such as those in
frog jumping can also be influenced by the effective mechanical advantage (Roberts and
Marsh, 2003). Roberts and Marsh demonstrated that frogs have poor mechanical
advantage early in jumping that improves during the movement. This enhances the
elastic storage and release of energy which improves jumping performance, similar to the
mechanism of increased elastic energy storage following from short plantarflexor
moment arms in distance runners proposed by Scholz et al.
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It is unknown to what degree the differences in muscle and joint architecture
between the sprinter and non-sprinter subjects may be attributed to sprint training. The
longer muscle fascicles found in sprinter subjects are likely to represent a normal
adaptive response similar to that demonstrated in animal models in which sarcomere
number increases as a result of training (Ashmore and Summers, 1981; Lynn et al., 1998;
Williams and Goldspink, 1978). In humans, differences in muscular architecture due to
training have been observed by Kearns et al. who reported larger leg muscles and longer
fascicle length in the dominant legs of junior soccer players (Kearns et al., 2001). Abe
found no differences between the lateral gastrocnemius fascicle lengths of athletes and
their monozygous non-athlete twins (Abe, 2002), but did observe differences in medial
gastrocnemius fascicle length. While there is evidence for fascicle lengths changing in
response to training, adaptations that alter moment arms would require modification of
bony geometry or tendon insertion migration that has not been established as yet. Such
responses to endurance running have been investigated but not observed to occur in sheep
(Zumwalt, 2006). If sprinters’ short moment arms are attributable to immutable skeletal
characteristics, this would support the coaches’ adage that, “The sprinter is born not
made.” (Bannister, 1994).
Certain limitations were associated with the data collection in the present study.
The rotation axis of the apparatus we used was aligned with the mediolateral axis and
located such that it passed approximately through the malleoli. Although this approach is
consistent with the practices of previous authors who made measurements of
plantarflexor moment arms (Maganaris et al., 1998b; Rosager et al., 2002), it is important
to acknowledge the multiplanar nature of natural ankle complex rotations. Different
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moment arms might have been measured if supination-pronation (i.e., a combination of
plantarflexion-dorsiflexion and inversion-eversion) had been imposed or if ankle angle
had been quantified differently. It is also important to note that the fascicle lengths we
measured may not be indicative of muscle fibre lengths as fibres may not span the entire
length of a fascicle (Hijikata and Ishikawa, 1997), fascicle paths may not be well
approximated by straight lines in the plane of the ultrasound image, and fiber thickness
effects were not accounted for. Because we did not count sarcomeres, we cannot draw
conclusions about the optimal fibre lengths of the subjects in this study. In addition, it
has been shown that a more elastic tendon allows muscle fibres to shorten more slowly,
yielding higher force generation (Bobbert, 2001; Hof, 1998; Roberts, 2002) and perhaps
influencing measurements of tendon excursion . Kubo et al. reported, however, that the
compliance of the tendon of the medial gastrocnemius at high force was similar between
sprinters and non-sprinters (Kubo et al., 2000). It is also important to note that sprinting
ability depends upon many factors not considered in our experimental study or varied in
our simulation, including training methods and muscle composition.
The three-degree-of-freedom simulation of sprint push-off employed the simplest
possible model that would be useful for investigating the effects of varied plantarflexor
moment arm and toe length. Its planar nature and lack of hip and knee joints made it illsuited for examination of the effects of foot rotation and the potential benefits of the
shorter lower legs that we measured in sprinters. A more complex model of the footground interaction and fewer assumptions regarding the force-generating capacities of the
muscle-tendon actuators would also be desirable. Sensitivity studies were performed to
determine the influence of plantarflexor tendon compliance, forefoot length (ankle to
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MTP), ankle angle at which optimal fibre length was attained, and initial forward velocity
vo. Neither changing the slope of the linear portion of the tendon force-length curve by
50%, forefoot length by 2 cm, nor the critical ankle angle by 20° altered the general
character of the relationships shown in Figures 3.4 and 3.5. Doubling the initial forward
to 4.0 m s-1, however, greatly reduced forward impulse magnitude and the influences of
both plantarflexor moment arm and toe length on forward impulse. These differences
occurred because of decreased contact time and increased plantarflexion velocity.
Muscle forces were thus reduced and also had less time to influence forward acceleration.
CONCLUSION
The experimental and computational modeling results of the present study provide
insight into the determinants of muscle function during sprinting. In addition, the results
illustrate the importance of considering joint structure as well as muscle architecture in
determining the functional roles of muscles during movements in which muscle rapidly
shortens. Assessment of muscle function during activities in which muscle rapidly
shortens should consider muscle moment arm, not only as an indicator of mechanical
advantage, but also as a determinant of muscle force generation.
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FIGURE LEGEND
Figure 3.1. Ultrasound image of the lateral gastrocnemius.
The arrow indicates the musculotendinous junction, the landmark used for tracking
excursion of the Achilles’ tendon during applied ankle rotation.
Figure 3.2. Schematic diagram of the apparatus used to apply foot rotations.
The subject’s right foot was strapped to a platform (P) that was rotated manually from
dorsiflexion to plantarflexion about a mediolateral axis (A) with respect to the base of the
apparatus (B) by one experimenter while sagittal plane rotation was recorded using a
potentiometer and a second experimenter held an ultrasound probe (U) against the shank.
The ultrasound probe was fitted into a custom-made foam pad that reduced slipping of
the probe along the skin. The thigh was held in place relative to the base by a padded
aluminium arch (T).
Figure 3.3. Planar three-segment, three-degree-of-freedom computational model
used to simulate a sprinter’s push-off.
The simulation began with the point mass m translating forward with velocity vo = 2 m s
1 and ended when contact was broken at the toe (T). The proximal end of the toe
segment was supported at metatarsophalangeal joint (M) by a damped spring with
stiffness k and damping coefficient b. Excitation controls for plantarflexor (PF) and toe
flexor (TF) actuators were determined using parameter optimization. The plantarflexion
moment arm of the PF actuator was approximated by the distance d between the ankle A
and the actuator’s insertion on the foot segment.
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Figure 3.4. Forward impulse imparted to the mass during the push-off simulations
for which plantarflexor moment arm was varied and toe length was held constant
at 75 mm.
Forward impulse was greatest when moment arm was shortest.
Figure 3.5. Forward impulse imparted to the mass during the push-off simulations
for which toe length was varied and toe length was held constant at 35 mm.
Forward impulse was greatest when the toes were longest.
Figure 3.6. Plantarflexor muscle fibre behavior during the push-off simulations for
which plantarflexor moment arm was varied and toe length was held constant
at 75 mm.
Muscle fibre length (normalized by lo) was maintained best (top) and peak fibre
shortening velocity (normalized by vmax) was least (bottom) for simulations in which
moment arm was shortest.
Figure 3.7. Plantarflexor muscle fibre behavior during the push-off simulations for
which toe length was varied and toe length was held constant at 35 mm.
Muscle fibre length (top; normalized by lo) was slightly greater and peak fibre shortening
velocity (bottom; normalized by vmax) was slightly less for simulations in which toes
were longest.
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TABLE LEGEND
Table 3.1. Anthropometric characteristics and ages of the sprinter and non-sprinter
subjects.
Values given are means and standard deviations. P-values are for two-tailed t-tests for
mean differences between groups.
Table 3.2. Musculoskeletal architecture parameters for the lateral gastrocnemius
(LG) measured from ultrasound images.
Values given are means and standard deviations. P-values are for two-tailed t-tests for
mean differences between groups.
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Figure 3.1. Ultrasound image of the lateral gastrocnemius.

60

Figure 3.2. Schematic diagram of the apparatus used to apply foot rotations.
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Figure 3.3. Planar three-segment, three-degree-of-freedom computational model
used to simulate a sprinter’s push-off.
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Figure 3.4. Forward impulse imparted to the mass during the push-off simulations
for which plantarflexor moment arm was varied and toe length was held constant
at 75 mm.

63

Figure 3.5. Forward impulse imparted to the mass during the push-off simulations
for which toe length was varied and toe length was held constant at 35 mm.
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Figure 3.6. Plantarflexor muscle fibre behavior during the push-off simulations for
which plantarflexor moment arm was varied and toe length was held constant
at 75 mm.

65

Figure 3.7. Plantarflexor muscle fibre behavior during the push-off simulations for
which toe length was varied and toe length was held constant at 35 mm.
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Table 3.1. Anthropometric characteristics and ages of the sprinter and non-sprinter
subjects.

*

These quantities were not measured directly, but were derived by subtraction from

measured quantities.
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Table 3.2. Musculoskeletal architecture parameters for the lateral gastrocnemius
(LG) measured from ultrasound images.
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CHAPTER 4
DIFFERENCES IN MUSCULOSKELETAL ARCHITECTURE
BETWEEN YOUNG AND ELDERLY INDIVIDUALS
INTRODUCTION
It is well established that limits on mobility in older individuals are related to
decreased quality of life which is associated with morbidity, disability, and mortality
(Guralnik et al., 2000). Losses in mobility are associated with decreased ankle function as
ankle strength has been shown to be an important determinant of generating torque
during gait (Kerrigan et al., 1998; Kerrigan et al., 2000) and chair rising (Gross et al.,
1998; Judge et al., 1996b; Bendall et al., 1989). In addition, during gait there are agerelated decreases in ankle plantarflexion angle, moment, and power (Winter, 1990) and
decline in muscle force and power generation of the lower extremity in elderly
individuals have been well investigated (Lynch et al., 1999; Lindle et al., 1997).
Changes in the musculoskeletal system have been correlated to functional
limitations of the lower extremity such that mobility is limited (Narici et al., 2003; Gross
et al., 1998). Furthermore, reduction in strength can be attributed to changes in muscle
architecture such as decreases in muscle volume, shortening of fascicles, and decreases in
pennation angle (Karamanidis et al., 2006; Kubo et al., 2003a). The term sarcopenia is
used to characterize age-associated loss of skeletal mass and this age-related muscle
atrophy has been suggested to begin around 25 years of age and accelerates such that by
the fifth decade, 10% of the muscle area is lost (Lexell et al., 1988). The rate increases to
approximately 12 % to 15 % per decade with even more rapid losses above the age of 65
years (Larsson et al., 1979; Vandervoort and McComas, 1986; Narici et al., 1991; Lindle
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et al., 1997) which is caused mainly by a loss of fibers and decreased fiber size. Even
though the total numbers of Type I and Type II muscle fibers are less, atrophy of the
Type II muscle fibers is more prominent (Lexell et al., 1988). All these differences
amount to reduced muscle strength.
More specifically, ankle function can be attributed to age-related muscle
architectural changes of the ankle muscles such as the triceps surae muscle as
plantarflexors have a greater loss in strength compared to the dorsiflexors (Winegard et
al., 1996). Thom et al. examined the influence of muscle architecture on the torquevelocity and power-velocity relationships of the medial gastrocnemius muscle of male
elderly individuals (69 to 82 years of age) and young men (Thom et al., 2007). They
found that the maximum isometric torque and maximum contraction velocity were 48.5
% and 38%, respectively, lower in the elderly group than in the younger men. These
decreases can result from reduced triceps surae muscle volume which occurs mostly from
decreased volume of the gastrocnemius muscles compared to the soleus muscle (Morse et
al., 2005b; Morse et al., 2005). Optimal fiber length length which dictates both maximal
and sub-maximal shortening velocity (Lieber and Friden, 2000) can decrease with
advanced age and contribute to strength or muscle function attrition. Specifically, for the
triceps surae plantarflexion muscles, fascicles of the medial gastrocnemius have been
found to be shorter in older individuals by 16% whereas the fascicles of the other muscle
of the triceps surae remained unchanged (Morse et al., 2005b). Pennation angle which
can also influence muscle force generation and shortening velocity has been shown to
decrease with advancing age all three muscles of the triceps surae by 15 – 18% (Morse et
al., 2005b).

Decrease in pennation angle is expected as fiber size is also reduced in
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elderly individuals, and thus, n combination with shorter fascicles, muscle volume and
physiological cross-sectional area are reduced. In addition, decreased pennation angle in
association with muscle atrophy might be mechanically advantageous as force
transmission to the tendon is more effective (Gans and Bock, 1965; Narici et al., 2003).
Shorter fascicle and smaller pennation angle reduce the force generating capacity
of a muscle through the force-length and force-velocity relationships. There are some
inconsistencies in the literature of age-related changes in muscle architecture as Kubo et
al. (2003) reported significantly decreases in muscle thickness with increasing age, but
found no different in pennation angle or fascicle length of the medial gastrocnemius of
women aged 20 to 79 years of age. Some of these differences between results can be
attributed to differing age ranges and physical activity of the elderly individuals as
training can increase fascicle length in the gastrocnemius muscles (Reeves et al., 2004b).
It is necessary to consider a muscle’s moment arm when evaluating the function
of the muscle in addition to fascicle length, pennation angle, and muscle thickness.
Moment arm is a geometric indicator of a muscle’s potential to production rotational
movement and influences the force and moment generating capacity of a muscle through
the force-length and force-velocity characteristics of muscle. Therefore, any evaluation
of muscle function should include moment arm. Differences in moment arm between
young and elderly individuals have been unexplored and may provide another
musculoskeletal change which may influence locomotor performance or ability. The
only study reporting Achilles’ tendon moment in elderly males is by Morse et al. who
found no difference in Achilles’ tendon moment arm in young and elderly males (Morse
et al., 2005) who were non-sedentary and independently dwelling elderly individuals
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with only a 30 % lower physical activity level than the young males. Thus, it is unknown
whether there are differences in moment arm in elderly individuals that are less
physically active. Moment arm may compensate for age-related changes in muscle
architecture or the degree to which these age-related changes affect function may depend
on moment arm. Understanding of the underlying mechanisms leading to these agerelated changes in musculoskeletal architecture is crucial for developing effective
interventions to decrease the rate of strength and power loss as we age. The purpose of
this study was to investigate age-related architectural differences in the lateral
gastrocnemius: fascicle length, pennation angle, muscle thickness, and Achilles’ tendon
moment arm between young and elderly males.
METHODS
Ten healthy young males and twenty elderly males volunteered to participate in
this study. Descriptive statistics for the subjects’ age, height, mass, and body mass index
are presented in Table 1. Subjects received a screening questionnaire to exclude those
who had any history of stroke, heart attack, arthritis, musculoskeletal disorders, and lower
extremity musculoskeletal injuries within the past year. Both young and elderly
individuals were recreationally physically active. All subjects gave informed consent
prior to testing and the university’s Institutional Review Board approved all procedures.
B-mode ultrasonography (Aloka 1100; transducer: SSD-625, 7.5 MHz;
Wallingford, CT) was used to capture images from the central region of the lateral
gastrocnemius muscle while subjects were standing in anatomical position. These images
were then enhanced and digitized using routines custom-written in MATLAB
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(Mathworks, Inc; Natick, MA). The pennation angle was measured as the angle between
the fascicular path and the deep aponeurosis (Figure 1a). Fascicle length lf was estimated
using the muscle thickness t, the distance between the superficial and deep aponeuroses,
and the pennation angle θ according to:
lf = t / sin θ

(1)

To calculate moment arm, the foot was rotated from approximately 10º
dorsiflexion to 20º plantarflexion using a potentiometer-instrumented rotating foot
platform while ultrasound images of the musculotendinous junction were captured
(Figure 1a). The experimenter manually rotated the subject’s ankle as the subject
plantarflexed maximally against the footplate with the knee in full extension (Figure 1b).
Maximal plantarflexion minimized any artefact resulting from variation in tendon tension
during movement (Maganaris et al., 1998). Tendon excursion was measured by
calculating the displacement of the musculotendinous junction of the gastrocnemius
muscle and Achilles’ tendon from the ultrasound images using an automated algorithm
(Lee et al., 2008). A linear function was fit to the tendon excursion versus angle data for
each trial and moment was calculated by taking the derivative of the line. This tendon
excursion method is often used for calculating moment arm (Grieve et al., 1978;
Hintermann et al., 1994; Klein et al., 1996; Murray et al., 1995; Visser et al., 1990). Five
trials were performed for each subject and the mean across trials was computed for each
subject. Two-tailed two sample t-tests were conducted (α = 0.05) to test for differences
in architecture parameters between the young and elderly group. Measurements were
repeated on a second day for three young subjects to assess reliability; average
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differences in fascicle length, pennation angle, and lever arm were 1.2 mm, 0.5°, and 3.2
mm, respectively.
RESULTS
There were no significant anthropometric differences between the young and
elderly subjects. Elderly individuals were 2.79 % shorter (p = 0.067), had 3.22 % shorter
shank length (p = 0.317), and 1.85 % longer foot length (p = 0.306). The elderly group
had significant greater mass by 13.2% (p < 0.0001 and BMI by 17.3% (p < 0.0001) (see
Table 1 for mean and standard deviation).
Fascicle length was significantly longer by 11.0% in the young group (p = 0.027,
Figure 3a) and pennation angles tended to be smaller in the elderly group by 8.0% but
were not significant (p = 0.148, Figure 3b). Muscle thickness was significantly thicker in
the young individuals by compared to the elderly individuals (p = 0.036), Figure 3c).
Moment arms of the elderly group were significantly smaller by 21 % than those of the
young group (p < 0.0001, Figure 3d).
DISCUSSION
The main finding of this investigation was that some differences in muscle
architecture and joint structure exist between young individuals and elderly individuals.
Young individuals tended to have longer fascicles and larger pennation angles than those
of the elderly group. The moment arm of the Achilles’ tendon moment arm, as measured
using implementation of the tendon excursion of the lateral gastrocnemius, was
significantly shorter in elderly individuals than those of young individuals.
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Previous investigators have showed that gastrocnemius fascicle length is shorter
in older males (Narici et al., 2003; Kubo et al., 2003b; Morse et al., 2005b). As
supported by the results of Morse et al. (2005), the fascicles measured in the elderly
individuals of this study tended to be shorter, but not significantly (Morse et al., 2005b;
Morse et al., 2005). In a similar study, it was observed that only the fascicles of the
medial gastrocnemius were shorter in older individuals by 16% whereas the fascicles of
the other muscle of the triceps surae remained unchanged (Morse et al., 2005b).
However, Kubo et al. did not find any differences in medial gastrocnemius fascicle length
between young and older individuals (Kubo et al., 2003b). The authors attribute the lack
of difference to similar physical activity levels between the young and elderly group.
This decrease in fascicle length can be explained by an age-related loss of sarcomeres
which results in less fiber shortening (Thom et al., 2007). When considering the forcelength curve upon which the gastrocnemius operates on the ascending limb (Herzog et
al., 1991), by shortening less, the fiber operates farther away from the plateau region
where maximal force can be generated. In addition, one may expect shorter fascicle
length to indicate shorter optimal fiber length such that the plateau region of the forcelength curve is more narrow which results in a small region in which large forces can be
generated. Also, a shorter fascicle has a slower maximum shortening velocity which
results in the muscle operating on a more unfavorable region of the force-velocity curve.
Pennation angles tended to be smaller in the elderly males compared to the young
males in this study. Morse et al. reported significantly smaller pennation angles by 1518 % for all three of the muscles of the triceps surae (Morse et al., 2005b) and in another
study, pennation angles were smaller by 12 % in elderly males (Morse et al., 2005).
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However, Kubo et al. reported no differences in pennation angle of the medial
gastrocnemius between young and elderly individuals (Kubo et al., 2003b). Again, the
authors attribute this lack of difference to similar physical activity levels in the two
groups. Pennation angle also contributes to the shortening velocity such that the fiber
velocity is always slower than the whole muscle velocity if the pennation angle is greater
than zero degrees (Lieber and Friden, 2000). This results in greater force generation by
the fibers. Greater pennation angles have also been predicted to increase the muscle
maximum shortening velocity, but only modestly in comparison to the effects of fiber
length (Burkholder et al., 1994). Since the fibers of a pennate muscle do not exert a force
parallel to the line of action, not all of each individual fiber contraction contributes to the
total muscle shortening (Gans and Bock, 1965) because the force transmission from the
muscle fibers to the tendon is less efficient since the force produced by the muscle fibers
is at a disadvantageous angle to the tendon line of action (Kawakami et al., 1995).
However, large pennation angles allow for a greater number of muscle fibers to be
packed into a muscle for a given volume; thus, the cross-sectional area is larger and
greater force can be produced. Therefore, it is unclear whether a decreased in pennation
angle as observed in the present and previous studies is detrimental to locomotor
performance in the elderly. By possessing smaller pennation angles, there are less fibers
and a smaller cross-sectional area; however, the force transmission from the fibers to the
tendon is more efficient. There is much variation in pennation angle within the general
population which suggests that the specific tension of muscle is influenced by the amount
of contractile material attached to the tendon and the efficiency of force transmission
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from muscle fibers to tendon which are both affected by pennation angle (Kawakami et
al., 2000).
Muscle thickness should also be considered when evaluating muscle function as
several researchers have reported associations between muscle thickness, pennation
angle, and fascicle length (Abe et al., 1998; Kawakami et al., 1993; Kawakami et al.,
2000). In the present study, young individuals had significantly thicker lateral
gastrocnemius muscle by 16.3% which is supported by the study of Morse et al. who
found that the volume and anatomical cross-sectional area of the lateral gastrocnemius
were 28 % and 17% smaller in the elderly (Morse et al., 2005b). Kubo et al. also
observed significant decreases in medial gastrocnemius thickness (Kubo et al., 2003a;
Kubo et al., 2003b).
When considering the influence of these age-related changes in musculoskeletal
architecture on force and moment generating capacity through the force-length and forcevelocity relationships, it can be expected that the torque-velocity and power-velocity
relationships are also affected. Maximum muscle power is decreased (Narici et al., 2003)
as well as the maximum isometric torque (Thom et al., 2007). Thom et al. examined the
influence of muscle architecture on the torque-velocity and power-velocity relationships
of the medial gastrocnemius muscle of male elderly individuals (69 to 82 years of age)
and young men (Thom et al., 2007). They found that the maximum isometric torque and
maximum contraction velocity of the medial gastrocnemius were 48.5 % and 38%,
respectively, lower in the elderly group than in the younger men. Decreased shortening
velocity of the elderly individuals was independent of the torque level such that fascicle
length accounted for almost half of the difference in maximum shortening velocity
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between young and elderly males (Thom et al., 2007). They also found that as
contraction velocity increased, the torque decreased more rapidly in older individuals
than in younger individuals which suggests that dynamic torque generation is determined
by both the number of sarcomeres in parallel and the rate of shortening of the sarcomere
in series which reflects the force-velocity property.
It is important to examine both whole muscle function and single fiber properties.
There are inconsistent results as to whether decreases in contractile properties occur at
the single fiber level. There is evidence that single-fiber specific tension is reduced with
advanced age (D'Antona et al., 2003). However, those findings do contradict results
from other similar studies of human muscle (Larsson et al., 1997) where the loss of
muscle mass is suggested to be the critical determinant of whole muscle function as it has
been demonstrated that normalized power, normalized force and contractile velocity is
not reduced in single muscle fibers in elderly individuals compared to measurements
made in young adults (Trappe et al., 2003). Trappe et al. found that the isometric and
isotonic contractile properties of both slow- and fast- twitch fibers are not compromised
with age. An explanation for these inconsistent results is related to whether or not the
physical activity levels of the young and elderly subjects are matched. Therefore, the loss
of both Type I and Type II muscle fibers and that atrophy of the Type II muscle fibers is
more prominent (Lexell et al., 1988) may be an important contribution to the decrease in
muscle strength and power.
To our knowledge, the present study and that of Morse el al. (2005) show the only
data of Achilles’ tendon moment arm in elderly individuals. Our result that the Achilles’
tendon moment arm of elderly adults is significantly shorter than those of younger adults
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contradicts the findings of Morse et al. (2005) who found no difference in moment arm
between the two groups. The differences in moment arm values may be a result of
measurement methods as documented by Maganaris et al. (1998b). Morse et al. used
magnetic resonance imaging to geometrically estimate moment arm. Smaller moment
arms in the elderly may be a reflection of tendon properties and we acknowledge that
some of the moment arms of several subjects are very small values when considering the
simple observation of the distance between an individual’s lateral malleolus and Achilles’
tendon. One explanation relates to the method of using tendon excursion and the main
assumption that the displacement of the musculotendinous junction of the lateral
gastrocnemius and Achilles’ tendon does not include any tendon elongation. By having
the subject maximally plantarflexing throughout the trial, it is assumed that any slack in
the tendon is eliminated. This prompts the concern of tendon compliance in elderly
individuals. There is evidence that with advancing age, tendon compliance increases
(Kubo et al., 2003c; Morse et al., 2005a; Narici et al., 2005). It is possible that the
moment arm values calculated in the present study reflects this increase in compliance
with advancing age as our moment arm values are based on the observed tendon
excursion of the musculotendinous junction using ultrasound. Another explanation is that
the center of rotation is not through the malleoli and it migrates posteriorly during
maximal plantarflexion which results in a smaller estimated moment arm. If elderly
individuals do in fact have smaller Achilles’ tendon moment arm, this may be a
compensation for changes in fascicle length, pennation angle, or muscle thickness. Or
the effect of these other age-related changes in musculoskeletal architecture on function
may depend on moment arm. It is unclear whether possessing a short moment arm is an
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advantageous adaption to compensate for other age-related deficits in muscle function or
a disadvantageous age-related change. The former explanation would support the idea
that a muscle with a small moment arm will undergo less shortening for a given rotation
compared to a muscle with a large moment arm (Lieber and Friden, 2000). This allows
for greater force generation. However, having a small moment arm also results in a small
moment generated at the ankle which may explain ankle function deficits during gait and
other dynamic tasks observed in elderly individuals.
The decrease in fascicle length observed in our elderly individuals may be due to
a shift in the force-length curve and the difference observed in this study is because
fascicle length was measured when the ankle was at a neutral position. However,
interestingly, the muscle length-tension relationship of the ankle dorsiflexor and
plantarflexor muscles may not be affected by the age-related change in the elastic
properties of muscle (van Schaik et al., 1994; Winegard et al., 1997) such that even
though younger individuals produce significantly greater torque, the optimal angle for
torque production remains the same for both younger and older adults.
It is also important to acknowledge that the plantarflexor moment arms of the
young individuals of the present study are about 0.01 m shorter than those reported
previously by authors who measure moment arms in vivo using magnetic resonance
imaging (Kubo et al., 2007). This difference can be attributed to different methods of
measuring moment arm and it is suggested that a scaling factor of 1.22-1.27 be applied to
Achilles’ tendon moment arms measured using ultrasound (Maganaris et al., 2000).
When applied to the mean moment arm values of our young individuals (0.042 m) yields
a scaled moment arm of 0.051m which is consistent with values previously reported.
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A limitation to this study was that physical activity levels and daily energy
expenditures were not matched between the young and elderly groups. Thus, it is
difficult to distinguish whether these changes are due to simply just ageing or a
combination of aging and disuse. The elderly individuals in this study range from those
that are sedentary to those who are relatively active and exercise by walking. Thus, as
suggested by Kubo et al. (Kubo et al., 2003b) that the lack of architectural changes in the
gastrocnemius muscles is because there is greater demand of the plantarflexors during
daily locomotion. However, the results of Narici et al., (2003) indicate that decreases in
fascicle length and pennation angle occur (10.2 % and 13.2 %) in elderly individuals
compared to physically active-matched younger individuals which suggests that disuse
may not have a large contribution to these changes.
CONCLUSION
In summary, this study has illustrated that in Achilles’ tendon moment arm
decreases with advanced age whereas fascicle length and pennation angle tend to
decrease, but not significantly. This difference in moment arm may have influences on
the force and moment generating capacity of the muscle at the ankle joint such that it is
an adaptation to other contributions to age-related mobility deficits or it may be related to
decrease in ankle function in the elderly. These findings may help explain and give
insight into age-related decreases in ankle function, specifically plantarflexor strength,
moment, and power.
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FIGURE LEGEND
Figure 4.1.. Ultrasound images lateral gastrocnemius.
a) The belly of the lateral gastrocnemius with white lines showing a fascicle, the
superficial and deep aponeuroses, the thickness of the muscle (t), and pennation angle θp.
Fascicle length was calculated as t/sinθp. b) The musculotendinous junction (arrow) of
the lateral gastrocnemius used as a tracking landmark to determine tendon excursion
needed for moment arm estimation
Figure 4.2.. Schematic diagram of the apparatus for measuring plantarflexion
moment arm.
The subject’s foot was strapped to a platform (P) and rotated manually from dorsiflexion
to plantarflexion about a mediolateral axis (A) with respect to the base of the apparatus
(B) through the malleoli. The ultrasound probe (U) was placed against the posterior
aspect of the shank. The thigh was stabilized by a padded aluminum
arch (T).
Figure 4.3.. Mean values ateral gastrocnemius musculoskeletal architecture.
a) Fascicle length, b) pennation angle, c) moment arm, d) thickness. An asterisk indicates
significance, p < 0.05.
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TABLE LEGEND
Table 4.1.. Mean anthropometry and mean architectural parameters of lateral
gastrocnemius of young and elderly individuals. (SD values in parentheses).
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Figure 4.1. Ultrasound images lateral gastrocnemius.
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Figure 4.2. Schematic diagram of the apparatus for measuring plantarflexion
moment arm.
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Figure 4.3. Mean values ateral gastrocnemius musculoskeletal architecture.
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Table 4.1.. Mean anthropometry and mean architectural parameters of lateral
gastrocnemius of young and elderly individuals.
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CHAPTER 5
INFLUENCE OF MUSCULOSKELETAL ARCHITECTURAL
PARAMETERS ON GAIT VELOCITY AND FUNCTIONAL
PERFORMANCE TESTS
INTRODUCTION
With advancing age, changes in the nervous, cardiovascular, and musculoskeletal
systems reduce mobility and, in so doing, also reduce independence and overall quality of
life. Daily activities or tasks require a certain level of mobility and an individual’s
capacity to ambulate is instrumental in functioning independently and safely. Falling is
another important problem that is prevalent in the elderly. For community-dwelling
people, the proportion of those who fall each year increases from 30 % to 50 % between
the ages of 65 and 80 years old (Tinetti et al., 1988). To evaluate the functional mobility
of elderly individuals, standardized tests of physical performance are commonly applied
in geriatric settings (Guralnik et al., 2000). The Established Populations for
Epidemiological Study of the Elderly (EPESE) found that gait speed, chair rise time, and
balance skills identified individuals who were at risk of death and nursing home
placement in the elderly population (Guralnik et al., 1994). Preferred gait velocity alone
has been used to estimate the risk of disability in community-dwelling populations
(Guralnik et al., 2000) It is a strong predictor of self-reported physical function (Cress et
al., 1995) and may be as good a predictor of disability outcomes as full, complete
physical performance battery (Guralnik et al., 2000).
Preferred gait velocity begins to decline at 12 % to 16 % per decade after the age
of 70 (Gross et al., 1998). Generally, increasing walking velocity can be accomplished
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by either increasing step length or step rate, but reduced step length appears to be more
common than the former in elderly individuals (Crowninshield et al., 1978; Hinman et
al., 1988; Elble et al., 1991; Murray et al., 1984) and with significantly larger step length
variability (Grabiner et al., 2001). Decreased walking velocity in older adults can be
attributed to age-related reductions in lower extremity strength and power (Rantanen et
al., 1999; Winter, 1990)and more specifically, it is accompanied with deceased ankle
plantarflexion range of motion, plantarflexor moment, and plantarflexor power during
gait (Rantanen et al., 1999; Winter, 1990).
Standard clinical tests of lower extremity performance are commonly used to
assess aerobic capacity and mobility in elderly individuals. These are less time
consuming than gait analysis such that the tests require less equipment and are easily
administered in clinical settings (Guralnik et al., 2000). One common test is the Six
Minute Walk Test (SMWT) where the individual is asked to walk at a preferred pace for
six minutes on level ground. It is commonly used to measure aerobic capacity in elderly
individuals (Bean et al., 2002b). This test is clinically useful in these populations
because: 1) it is less time consuming and exhausting than a treadmill protocol; 2) it is a
reliable measure of exercise ability after familiarization; 3) it is a predictor of morbidity
and mortality; 4) it produces less anxiety in individuals than other similar tests
(Montgomery and Gardner, 1998); and 5) it is highly repeatable (Montgomery and
Gardner, 1998; McDermott et al., 2003; Steffen et al., 2002). Another test is the Four
Meter Walk Velocity Test (FMWVT) is which tests for maximal gait velocity. Gait
speed is measured for four meters during which the individual walks at their usual
preferred speed or maximum speed with a one meter start up before starting timing. This
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test has also been shown to be highly reproducible (Ferrucci et al., 1996; McDermott et
al., 2003; Studenski et al., 2003).
The Timed-Up-and-Go Test (TUGT) is frequently used as a test of balance and
stability. This test requires the individual to stand from an armless, straight-backed chair,
walk 3.05 m (10 feet), walk back to the chair, and sit down at the individual’s
comfortable pace (Shumway-Cook et al., 2000; Jette et al., 1999). The time it takes to
complete that task is strongly correlated to the level of functional mobility. In addition, it
has been shown to be sensitive enough to identify individuals who are prone to falls
(Shumway-Cook et al., 2000) and is highly repeatable (Podsiadlo and Richardson, 1991;
Jette et al., 1999).
These lower extremity functional performance tests are correlated with aerobic
capacity and lower extremity functional limitation as mentioned, and it is only recently
that Bean et al. demonstrated that the Six-Minute Walk Test results are correlated with
ankle plantarflexion strength and power (R2 = 0.24 and 0.37, respectively). As gait and
tasks such as rising from a chair are dependent on muscle strength and power, the
question of whether musculoskeletal architectural parameters of the gastrocnemius
muscle, a plantarflexor muscle, can be attributed to the results of these tests arises. These
parameters include muscle moment arm, fascicle length, pennation angle, and muscle
thickness. It is reasonable to expect that age-related sarcopenia, specifically decreases in
triceps-surae cross-sectional area contribute to reduced plantarflexor moment- and
power- generating capacity, but other musculoskeletal architectural parameters have the
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potential to influence moment and power, and thus, gait velocity. Plantarflexor moment
arm, muscle fascicle length, pennation angle, and muscle thickness are parameters whose
influence on gait velocity has not yet been studied.
Thus, the purpose of this study is to determine the influence of musculoskeletal
architecture of the lateral gastrocnemius (moment arm, fascicle length, pennation angle,
and muscle thickness) on locomotor function established by three functional performance
tests: the Six-Minute Walk Test, Four-Meter Walk test, and the Timed-Up-and Go Test.
The first two tests are evaluating the preferred and maximum walking velocity,
respectively, whereas the TUGT includes more demanding tasks: getting up from a
seated position to a standing one and stopping and turning around.
METHODS
Subjects
Twenty elderly males (age: 75.5 ± 5.6 y; height: 1.74 ± 0.05 m; mass: 85.80 ±
11.60 kg; BMI: 28.10 ± 3.46 kg/m2) volunteered to participate in this study. Subjects
received a screening questionnaire to exclude those who had any history of stroke, heart
attack, arthritis, musculoskeletal disorders, and lower extremity musculoskeletal injuries
within the past year. Subject physical activity levels ranged from sedentary to very
physically active. All subjects gave informed consent prior to testing and all procedures
were approved by the University’s Institutional Review Board.
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Ultrasonography
B-mode ultrasonography (Aloka 1100; transducer: SSD-625, 7.5 MHz;
Wallingford, CT) was used to capture images from the central region of the lateral
gastrocnemius muscle while subjects were standing in anatomical position. These images
were then enhanced and digitized using routines custom-written in MATLAB
(Mathworks, Inc; Natick, MA). The pennation angle was measured as the angle between
the fascicular path and the deep aponeurosis (Figure 1). Fascicle length lf was estimated
using the muscle thickness t, the distance between the superficial and deep aponeuroses,
and the pennation angle θ according to
lf = t / sin θ.

(1)

To estimate plantarflexion moment arm, the foot was rotated from approximately
10º dorsiflexion to 20º plantarflexion using a potentiometer-instrumented rotating foot
platform while ultrasound images of the musculotendinous junction were captured. The
experimenter manually rotated the subject’s ankle as the subject plantarflexed maximally
against the foot plate with the knee in full extension (Figure 2). Maximal plantarflexion
minimized any artifact resulting from variation in tendon tension during movement
(Maganaris et al., 1998). Tendon excursion was calculated from tracking the
displacement of the musculotendinous junction using an automated tracking algorithm
(Lee et al., 2008). Moment arm was calculated as the first derivative of tendon excursion
versus joint angle (An et al., 1983; Hintermann et al., 1994) (Ito et al., 2000). Tendon
excursions were generally linear with respect to ankle angle. The slope of the line was
calculated to be representative of the moment arm. Five trials were performed for each
subject and the mean across trials was computed for each subject. From a previous study,
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measurements were repeated on a second day for three young subjects to assess
reliability; average differences in fascicle length, pennation angle, and lever arm were 1.2
mm, 0.5°, and 3.2 mm, respectively.

Tests of lower extremity performance
For all the lower extremity functional tests, subjects wore comfortable attire and
their preferred footwear. Subjects were allowed to take rests between each test. Testing
was discontinued if subjects felt any pain, dizziness, or shortness of breath. Specific
descriptions of individual tests follow below.
Six Minute Walk Test (SMWT): The subject was instructed to walk at a preferred
pace for six minutes on level ground indoors between two markers set 50 m apart.
Subjects were asked to wear comfortable attire. The total distance walked during the six
minutes was used to determine preferred walking speed. It has been shown that this test
is repeatable (Montgomery and Gardner, 1998; McDermott et al., 2003; Steffen et al.,
2002) .
Four Meter Walk Velocity Test (FMWVT): Gait speed was measured for four
meters during which the subject was instructed to walk at his maximum speed with a one
meter lead up before timing was begun at the start of the 4 m measured distance. Three
trials were conducted. This test has been shown previously to be highly reproducible and
reliable as interrater and test-retest reliability ICC were above 0.9. (Ferrucci et al., 1996;
McDermott et al., 2003; Studenski et al., 2003).
Timed-Up-and-Go Test (TUGT): Subjects sat in a straight-backed chair (seat
height = 46 cm) and upon verbal cue from the experimenter, stood up, walked 3.05 m,
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turned around, walked back to the chair and sat down. Subjects were instructed to
complete this test at a comfortable pace and were instructed not to use the armrests of the
chair for assistance. A stopwatch was used to measure the time between the verbal cue
and when the subject returned to the original seated position. Three trials were
conducted. This test has previously been shown to be reliable as ICC of r = 0.98 for
interrater reliability measured and test-retest reliabity ICC, r = 0.74, have been reported
(Podsiadlo and Richardson, 1991; Jette et al., 1999).
Linear regression was conducted to determine significant relationships (α = 0.05)
between the lower extremity functional performance tests and musculoskeletal
architectural parameters. Two sample t-tests were conducted to test for significant
differences in the functional performance test outcomes and musculoskeletal architectural
parameters between the fast and slow groups (α = 0.05).
RESULTS
Initially, statistical analysis was conducted on all the subjects grouped together.
However, the correlations were very weak. With further inspection of the data, it
appeared that correlations were present if the subjects were separated into two equalsized groups based on their SMWT performance from which preferred gait velocity was
calculated: fast and slow walkers. This grouping was maintained when analyzing the
results of the other tests and measurement of musculoskeletal parameters for comparison
between the two groups. Subjects achieved a mean distance of 495.7 m for the SMWT
resulting in a mean preferred gait velocity of 1.38 m/s. The slow group had velocities
ranging from 1.06 to 1.38 m/s with a mean velocity of 1.23 m/s whereas the fast group
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had velocities ranging from 1.44 to 1.64 m/s with a mean velocity of 1.52 m/s (Table
5.1). The individuals in the fast group had significantly faster preferred gait velocity,
faster maximum gait velocity, and faster Timed-Up-and-Go Test times than those in the
slow group (p < 0.0001, p = 0.008, p = 0.007, respectively, Table 5.1).
There were no significant differences in musculoskeletal architectural parameters
between the fast and slow group, except for normalized muscle thickness (p = 0.041,
Table 5.2). The individuals in the fast group had significantly thicker lateral
gastrocnemius muscle when normalized by body mass.
When regressing each of the three lower extremity functional tests against each
other for all the subjects, the times of the SMWT and the FMWVT were significantly
correlated (R2 = 0.401 , p = 0.003) as well as with the Timed-Up-and-Go times (R2 =
0.486 , p = 0.001). However, the results of the Four Meter Walk Test were not
significantly correlated with the times of the TUGT (R2 = 0.079, p = 0.229).
When all the subjects were grouped together, the strongest correlation between
the lower extremity functional performance tests was between normalized muscle
thickness and the SMWT (R2 = 0.190, p = 0.055, Table 3, Figure 5.3 -5.14). For the slow
group, the only significant correlations were between the SMWT and plantarflexion
moment arm (R2 = 0.669, p = 0.004, Table 5.3, Figure 5.3), and between the TUGT and
pennation angle (R2 = 0.456, p = 0.003, Figure 5.13). For the fast group, there were no
significant relationships between preferred gait velocity and musculoskeletal architectural
parameters (Table 5.3): plantarflexion moment arm (R2 = 0.048, p = 0.543, Figure 5.3),
fascicle length (R2 = 0.211, p = 0.182, Figure 5.4), pennation angle (R2 = 0.247, p =
0.144, Figure 5.5), and muscle thickness (R2 = 0.303, p = 0.099, Figure 5.6).
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DISCUSSION
The key finding of this study is that in elderly individuals with slower preferred
walking velocities, 66.9 % of the variance in walking velocities was explained by
Achilles’ tendon moment arm (Figure 5.3). To our knowledge, not only is this study first
that demonstrates the relationship between a musculoskeletal architectural parameter and
preferred gait velocity., there have not been such a strong association reported between
gait velocity and any factor such as age, height, lower extremity strength, and power.
Muscle fascicle length, pennation angle, and muscle thickness were not found to correlate
with preferred or maximum gait velocity as assessed using the SMWT and FMWVT,
respectively, and the TUGT.
The performance of the lower extremity functional tests is comparable to those of
previous studies with similar subject populations. For the SMWT, our range of distances,
443 m to 495 m are similar to values Steffen et al. reported 417 m to 572 m for
individuals aged 60 to 89 years old (Steffen et al., 2002). Bean et al. also reported
distances of 448.0± 80.9 m for a group of individuals with a mean age of 72.70 ± 4.60
years (Bean et al., 2002b). The preferred gait velocity of the subjects of the present study
(1.06 to 1.64 m/s) calculated using the SMWT is also comparable to that reported from
previous studies (e.g. Kerrigan et al., 2000; Winter DA. 1991; Bendall et al.,1989). The
FMWVT (maximum gait velocity) results are similar to previous studies (Steffen et al.,
2002) that measured maximum gait velocity over 10 m. For elderly individuals ranging
from 60 to 89 years of age, maximum gait velocity ranging from 1.65 to 2.05 was
reported. The times of the TUGT in the present study are comparable to those reported in
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other studies with similar subject populations (Podsiadlo and Richardson, 1991; Bischoff
et al., 2003) (Steffen et al., 2002). Podsadlo et al. separated their subjects into age group
and found that for individuals 60 to 89 years old had Timed-Up-and-Go times of seven to
twelve seconds. The large range of Timed-Up-and-Go times reported in the literature
reflects the diverse physiological conditions and physical activity levels of the various
sample populations. Our subject sample population did include those who were
physically inactive and active with a range of gait velocities. The individuals who were
above the age of 80 tended to be quite active and participated in walking sessions of 30
minutes two or three times per week. This was reflected in the gait velocity values of our
subjects.
The fascicle lengths and pennation angles of the lateral gastrocnemius muscle
measure in the present study are consistent with those reported by Morse et al (Morse et
al., 2005b; Morse et al., 2005). Morse et al. compared elderly to younger males and
found that fascicle length of the lateral gastrocnemius muscle of elderly individuals
tended to be shorter, but the fascicle length of the medial gastrocnemius was significantly
shorter. In addition, pennation angle was significantly smaller in elderly individuals.
The moment arms reported in this present study are 37 % smaller that those reported by
Morse et al. (Morse et al., 2005). This may reflect the method employed to calculate
plantarflexion moment arm. Morse et al. measured the distance between the center of
rotation of the ankle and the line of action of the Achilles’ tendon. Maganaris et al.
advocate that a scaling factor of 1.22 - 1.27 be applied to Achilles’ tendon moment arms
measured using ultrasound be applied to obtain corresponding plantarflexion moment
arms measured using MRI (Maganaris et al., 2005). We used the tendon excursion
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method (An et al., 1983; Hintermann et al., 1994) (Ito et al., 2000) which assumes that
there is no change in tendon strain energy during rotation of the ankle. By instructing the
subjects to plantarflex maximally while the ankle is rotated, we have attempted to
eliminate any slack in the muscle and tendon. However, it has been shown that tendon
compliance is increased in elderly individuals (Kubo et al., 2003c; Morse et al., 2005a;
Narici et al., 2005). Therefore, it is possible the plantarflexion moment arms reported in
this study are more a reflection of tendon excursion resulting from tendon compliance
rather than joint rotation. It is important to note that Bean et al. did not find an
association between the results of the SMWT and submaximal aerobic capacity in
mobility-limited elders without significant cardiovascular or respiratory disease. Instead,
the authors found that the performance of the tests was associated with functional
performance which is dictated by lower extremity strength and power (Bean et al.,
2002b). Bean suggested that for elderly individuals with good cardiovascular and
respiratory health, the SMWT may be inadequate to evaluate their aerobic capacity, but
can evaluate lower extremity function (Bean et al., 2002b). Specifically, ankle
plantarflexor isometric strength and power were the strongest predictors compared to the
hip and knee strength and power of the SMWT performance with R2 values of 0.24 and
0.37, respectively. This observation is well supported by evidence that with advanced
age, gait velocity decreases accompanied with decreased ankle plantarflexion angle,
moment, and power (Winter DA. 1991; Judge et al., 1996b). Kerrigan et al. suggested
that strength may not be limiting ankle function as they found that ankle plantarflexion
moment was not reduced (Kerrigan et al., 1998). Thus, the loss of ability to rapidly
plantarflex the ankle may be limiting ankle function during gait.
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In the present study, the faster walkers tended to have thicker muscles relative
their body mass compared to the slower walkers. Thus, they may not be suffereing as
much for the effects of age-related sarcopenia and moment also does not appear to affect
their gait velocity. It is possible that plantarflexion moment arm has a greater influence
on the gait velocity of the slower walkers because they no longer have the ability to
compensate for a small moment by having larger muscles. When considering the
determinants of maximum gait velocity, while aging affects power more than strength,
torque and power of the ankle plantarflexors are more affected at fast velocities (Candow
and Chilibeck, 2005). Increasing walking velocity can be accomplished by either
increasing step length or step rate, but reduced step length appears to be more prevalent
than the former in elderly individuals (Crowninshield et al., 1978; Hinman et al., 1988).
Judge et al. found that reduced ankle power explained 52 % of the variation in step length
in older adults and when comparing the strategy older adults employed to increase their
gait velocity from preferred to maximal pace, both step length and cadence increased 10
to 15 % without any increases ankle plantarflexor power during late stance phase (Judge
et al., 1996b). It is possible that at faster speeds, plantarflexion moment arm no longer
plays an important role Judge et al. found that older adults walk faster by generating
greater hip flexor power suggesting that a) ankle plantarflexor power cannot be increased
and is thus a limiting factor in determining walking speed and b) different strategies may
be employed at fast and preferred walking speeds in older adults.
In addition, muscle strength is not significantly linearly associated with functional
limitations which suggests that there is a minimal level of muscle strength that is required
to complete tasks such as walking and any further increase in strength does not always
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improve performance (Buchner et al., 1996). This explanation can support the finding
that resistance training in frail adults increases strength and gait speed (Fiatarone et al.,
1994), but for adults who are initially strong, resistance training further increases
strength, but there is no effect on gait speed (Buchner et al., 1997). Thus, the finding that
a large plantarflexion moment arm is correlated with gait velocity indicates that strength
training programs can been targeted to not only increase strength, but to influence
plantarflexion moment arm.
The result of plantarflexion moment arm attributing to 66.9% of the variance in
preferred walking velocity of the slow group but only 4.8 % of the variance in the fast
group suggests that with increasing age, slower gait is caused by having small
plantarflexion moment arms when loss of muscle mass increases and strength is reduced..
Even though a muscle with a small plantarflexion moment arm may be able to generate
greater force. through the force-length and force-velocity relationships, having a larger
Achilles’ tendon moment arm allows a large moment to be generated at the ankle. It
appears that there are differences in fascicle length, pennation angle, and muscle
thickness between young and elderly individuals (Morse et al., 2005; Morse et al.,
2005b), but they are not correlated with preferred gait velocity as shown in the present
study. It is possible that there is much variation in individual changes of the numerous
musculoskeletal architectural parameters and with their complex interactions that
influence the force and moment generating capacity of a muscle, there is no clear or
obvious affect on gait velocity.
Muscle strength can be defined as the ability of a muscle or muscle group to exert
maximal force or torque whereas muscle power can be calculated as the product of force
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and the velocity at which the force is produced (Puthoff and Nielsen, 2007). It has been
suggested that since power is influenced by both force production and contraction
velocity, it may be a stronger determinant of functional limitations as many tasks are
relatively speed dependent such as rising from a chair or stair climbing. The importance
of peak power to functional ability can be due to the greater rate at which muscle power
declines (3.5 % per year) than at which strength declines (1.5 % per year) (Skelton et al.,
1994). In a similar study of women, Skeleton et al. noted that leg extension power was
correlated with maximal gait velocity and maximum stair-mounting height (Skelton et
al., 1994). It was observed in older subjects that isokinetic plantarflexion torque
decreased as the angular velocities increased at the ankle (Cunningham et al., 1987). A
large plantarflexion moment arm might be expected to reduce power production during
fast movement due to the force velocity effects, but it might help in slower tasks such as
elderly gait. This may explain why the positive correlation between plantarflexion
moment arm and gait velocity exists only in the slower walkers of the present study.
As suggested by Bischoff et al., the TUGT is not influenced by independent
impairments such as decreased muscle strength or decreased balance, but the test
evaluates the interplay between those factors (Bischoff et al., 2003). The TUGT is
commonly used to identify elderly individuals who are at a risk for falling (ShumwayCook et al., 2000) (American Geriatrics Society, 2001). It is difficult to set cut-off values
for predicting falls due to variability of the data in the literature as noted by Nordin et al.
(Nordin et al., 2006) though cut-off values ranging from 12 to 16 seconds have been
suggested. The TUGT times of our subjects range from 5.78 to 13.44 s with a mean of
8.44 s meaning that our subject population was fairly high functioning. It is interesting
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that there was a significant relationship between the TUGT performance and the SMWT,
but not with the FMWVT. Both tests require more strength and power than walking at
one’s preferred walk velocity. Suzuki et al. found that plantarflexor power, not strength,
was an independent predictor of chair rise performance (Suzuki et al., 2001b). This
supports the idea that to achieve maximum speed, elderly individuals can only increase
plantarflexor torque and power to a certain level before adopting different strategies to
compensate for the necessary or requirement at the ankle by increasing hip power.
These three lower extremity functional performance tests are clinically convenient
in these elderly populations because the equipment requirement is minimal, these tests do
not require much time to complete, and can produce less anxiety in individuals than other
similar tests (Montgomery and Gardner, 1998). It is often difficult to ensure that subjects
are indeed walking at their preferred gait velocity, especially over short distances in an
environment that does not reflect their usual surroundings and terrain over which they
ambulate.
A limitation to this study is that we did not quantify subject’s aerobic capacity or
physical condition as factors related to decreases in aerobic capacity or other
physiological changes may affect gait velocity. We have self-reported activity profiles of
each subject and even though the subjects were very healthy, individuals possessed a
range of physical activity levels from sedentary to very physically active. The primary
form of exercise for the subjects that were physically active was walking. None of the
subjects participated in any form of rigorous physical activity. It would be beneficial to
include some elderly individuals that were mobility limted. Therefore, even though the
age range of the subjects in this study is from 65 to 88 years of age, extrapolation of these
103

results to physically weaker elderly individuals is not recommended as most of the
subjects of this study were high-functioning and had gait impairments even though a few
possessed slow gait velocities. It is important to acknowledge that this study is crosssectional and does not report musculoskeletal changes as a function of predicted gait
velocity. Studies of age-related differences are often cross-sectional and not longitudinal;
thus, it is difficult to report changes in muscle architectural parameters, muscle strength,
power, and gait as a function of age.
CONCLUSION
In summary, the main finding of this study is that plantarflexion moment arm or
more specifically, tendon excursion of the Achilles’ tendon explains 67% of the variance
of gait velocity in elderly individuals that already have slower gait velocity.. These are
much stronger correlations with gait velocity than ankle strength or power as previous
reported. This finding is an important contribution to understanding the complex, multifaceted problem of loss of mobility and provides a a strong explanation and mechanism
of decreased gait velocity with advancing age.
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FIGURE LEGEND
Figure 5.1. Ultrasound images of the lateral gastrocnemius muscle.
a) The belly of the lateral gastrocnemius with yellow lines showing a fascicle, the
superficial and deep aponeuroses, the white line indicating the thickness of the muscle (t),
and pennation angle θp. Fascicle length was calculated as t/sinθp. b) The
musculotendinous junction (arrow) of the lateral gastrocnemius used as a tracking
landmark to determine tendon excursion needed for plantarflexion moment arm
estimation.
Figure 5.2. Schematic diagram of the apparatus set-up for measuring
plantarflexion moment arm.
The subject’s foot was strapped to a platform (P) and rotated manually from dorsiflexion
to plantarflexion about a mediolateral axis (A) with respect to the base of the apparatus
(B) through the malleoli. The ultrasound probe (U) was placed against the posterior
aspect of the shank. The thigh was stabilized by a padded aluminum
arch (T).
Figure 5.3. Six Minute Walk Test velocity and Achilles’ tendon plantarflexion
moment arm.
Open circles represent the slow group whereas filled circles represent the fast group. The
lines are least-squares best fit regression lines for all the subjects (dotted line, R2 = 0.122,
p = 0.132), the slow group (solid line, R2 = 0.669, p = 0.004), and the fast group (dashed
line, R2 = 0.048, p = 0.543).
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Figure 5.4. Six Minute Walk Test velocity and fascicle length.
Open circles represent the slow group whereas filled circles represent the fast group. The
lines are least-squares best fit regression lines for all the subjects (dotted line, R2 = 0.139,
p = 0.106), the slow group (solid line, R2 = 0.030, p = 0.883), and the fast group (dashed
line, R2 = 0.211, p = 0.182).
Figure 5. 5. Six Minute Walk Test velocity and pennation angle.
Open circles represent the slow group whereas filled circles represent the fast group. The
lines are least-squares best fit regression lines for all the subjects (dotted line, R2 = 0.060,
p = 0.740), the slow group (solid line, R2 = 0.076, p = 0.440), and the fast group (dashed
line, R2 = 0.247, p = 0.144).
Figure 5.6. Six Minute Walk Test velocity and normalized muscle thickness.
Open circles represent the slow group whereas filled circles represent the fast group.
The lines are least-squares best fit regression lines for all the subjects (dotted line, R2 =
0.064, p = 0.280), the slow group (solid line, R2 = 0.010, p = 0.779), and the fast group
(dashed line, R2 = 0.303, p = 0.099).
Figure 5.7. Four Meter Velocity Test and plantarflexion moment arm.
Open circles represent the slow group whereas filled circles represent the fast group. The
lines are least-squares best fit regression lines for all the subjects (dotted line, R2 = 0.013,
p = 0.626), the slow group (solid line, R2 = 0.052, p = 0.522), and the fast group (dashed
line, R2 = 0.065, p = 0.476).
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Figure 5.8. Four Meter Velocity Test and fascicle length.
Open circles represent the slow group whereas filled circles represent the fast group. The
lines are least-squares best fit regression lines for all the subjects (dotted line, R2 = 0.039,
p = 0.406), the slow group (solid line, R2 = 0.000, p = 0.957), and the fast group (dashed
line, R2 = 0.080, p = 0.802).
Figure 5.9. Four Meter Velocity Test and pennation angle.
Open circles represent the slow group whereas filled circles represent the fast group. The
lines are least-squares best fit regression lines for all the subjects (dotted line, R2 = 0.040,
p = 0.802), the slow group (solid line, R2 = 0.031, p = 0.628), and the fast group (dashed
line, R2 = 0.046, p = 0.553).
Figure 5.10. Four Meter Velocity Test and muscle thickness.
Open circles represent the slow group whereas filled circles represent the fast group. The
lines are least-squares best fit regression lines for all the subjects (dotted line, R2 = 0.020,
p = 0.551), the slow group (solid line, R2 = 0.040, p = 0.868), and the fast group (dashed
line, R2 = 0.026, p = 0.655).
Figure 5.11. Timed-Up-and-Go Test and plantarflexion moment arm.
Open circles represent the slow group whereas filled circles represent the fast group.
The lines are least-squares best fit regression lines for all the subjects (dotted line, R2 =
0.049, p = 0.350), the slow group (solid line, R2 = 0.302, p = 0.100), and the fast group
(dashed line, R2 = 0.252, p = 0.139).
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Figure 5.12. Timed-Up-and-Go Test and fascicle length.
Open circles represent the slow group whereas filled circles represent the fast group. The
lines are least-squares best fit regression lines for all the subjects (dotted line, R2 = 0.028,
p = 0.483), the slow group (solid line, R2 = 0.093, p = 0.391), and the fast group (dashed
line, R2 = 0.235, p = 0.156).
Figure 5.13. Timed-Up-and-Go Test and pennation angle.
Open circles represent the slow group whereas filled circles represent the fast group. The
lines are least-squares best fit regression lines for all the subjects (dotted line, R2 = 0.049,
p = 0.349), the slow group (solid line, R2 = 0.456, p = 0.032), and the fast group (dashed
line, R2 = 0.025, p = 0.660).
Figure 5.14. Timed-Up-and-Go Test and muscle thickness.
Open circles represent the slow group whereas filled circles represent the fast
group. The lines are least-squares best fit regression lines for all the subjects (dotted line,
R2 = 0.010, p = 0.896), the slow group (solid line, R2 = 0.293, p = 0.106), and the fast
group (dashed line, R2 = 0.107, p = 0.355).
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TABLE LEGEND
Table 5.1. Results of the Six Minute Walk Test, Four Meter Velocity Test, and
Timed-Up-and-Go Test.
Mean and standard deviations for all the subjects, and for when the subjects are grouped
according to their preferred gait velocity obtained from the Six Minute Walk Test. An
asterisk indicates significance difference between the fast and slow group (p < 0.05).
Table 5.2. Musculoskeletal architectural differences between individuals in the fast
and slow group.
Mean and standard deviation values for plantarflexion moment arm, fascicle length,
pennation angle, muscle thickness, and normalized muscle thickness are provided. An
asterisk indicates significance between the fast and slow group (p < 0.05).
Table 5.3.

Linear regression R2 and p-values for correlations between each

musculoskeletal architectural parameter and the lower extremity functional
performance test results.
R2 and p-values (in parentheses) are given for all the subjects and for when the subjects
are grouped according to their preferred gait velocity obtained from the Six Minute Walk
Test. An asterisk indicates significance between the fast and slow group (p < 0.05).
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Figure 5.1. Ultrasound images of the lateral gastrocnemius muscle.
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Figure 5.2. Schematic diagram of the apparatus set-up for measuring
plantarflexion moment arm.
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Figure 5.3. Six Minute Walk Test velocity and Achilles’ tendon plantarflexion
moment arm.
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Figure 5.4 . Six Minute Walk Test velocity and fascicle length.
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Figure 5. 5. Six Minute Walk Test velocity and pennation angle.
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Figure 5.6. Six Minute Walk Test velocity and normalized muscle thickness.
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Figure 5.7. Four Meter Velocity Test and plantarflexion moment arm.
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Figure 5.8. Four Meter Velocity Test and fascicle length.
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Figure 5.9. Four Meter Velocity Test and pennation angle.
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Figure 5.10. Four Meter Velocity Test and muscle thickness.
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Figure 5.11. Timed-Up-and-Go Test and plantarflexion moment arm.
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Figure 5.12. Timed-Up-and-Go Test and fascicle length.
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Figure 5.13. Timed-Up-and-Go Test and pennation angle.
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Figure 5.14. Timed-Up-and-Go Test and muscle thickness.
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Table 5.1. Results of the Six Minute Walk Test, Four Meter Velocity Test, and
Timed-Up-and-Go Test.
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Table 5.2. Musculoskeletal architectural differences between individuals in the fast
and slow group.
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Table 5.3. Linear regression R2 and p-values for correlations between each
musculoskeletal architectural parameter and the lower extremity functional
performance test results.
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CHAPTER 6
INFLUENCE OF MUSCLE ARCHITECTURE AND JOINT
STRUCTURE ON
ANKLE KINEMATICS AND KINETICS DURING WALKING
INTRODUCTION
The ability to ambulate is essential to completing daily tasks which affect an
individual’s independence. Understanding how gait is influenced by aging is critical to
effectively reversing losses in mobility and for helping to prevent lost mobility in those
who are at risk. Many studies of gait of elderly individuals have been conducted (Judge
et al., 1996b; Crowninshield et al., 1978; Hinman et al., 1988) and it is well established
that forward velocity decreases with age (Winter DA. 1991)with rates of 12 to 16 % after
the age of 70 (Gross et al., 1998). Younger adults tend to reduce gait velocity by altering
their step lengths and step rates, but decreases in gait velocity in elderly individuals have
been primarily attributed to reduced step length (Crowninshield et al., 1978; Hinman et
al., 1988; Elble et al., 1991; Murray et al., 1984) and with significantly larger step length
variability (Grabiner et al., 2001).
The kinetics and kinematics of the lower extremity during gait are different in
elderly individuals compared to young individuals such as decreased ankle plantarflexion
angle and power (Winter DA. 1991) (Kerrigan et al., 1998). There is also a redistribution
of joint moment and powers during gait in elderly individuals. When walking at the same
velocity, elderly individuals tend to use their hip extensors more and use their knee
extensors and ankle planatarflexors less (DeVita and Hortobagyi, 2000). Comparisons
between the magnitude of the individual contributions of the hip, knee, and ankle joint
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moment and power during level walking indicate that the moments and powers produced
by knee and ankle joint muscles are much greater than those produced by hip muscles
(McLaughlin et al., 2002). Additionally, since the size of the knee flexor and extensor
muscles is much larger than the ankle dorsiflexors and plantarflexor muscles, it is evident
that ankle function is an important determinant in gait performance. Bean et al. found
that both peak plantarflexion strength and power were correlated with the Six Minute
Walk Test with R2 values of 0.24 and 0.37, respectively.
The mechanisms behind decline in mobility are not clear. Both decreases in
lower extremity strength and power are positively associated with gait velocity (Bassey et
al., 1988). (Skelton et al., 1994; Rantanen et al., 1994) However, the rate of muscle
power decline is faster than that of muscle strength, 3.5 % and 1.5 % per year,
respectively (Skelton et al., 1994). The influence of muscle impairment on limited
mobility, disability and falling risk has been shown to be more strongly related to peak
muscle power than muscle strength (Izquierdo et al., 1999). In addition, Buchner et al
demonstrated that muscle strength is not linearly associated with functional limitations
which advocates the notion that there is a minimal level of strength required to complete
certain tasks such as walking and increases in strength do not always improve
performance (Buchner et al., 1996). The abovementioned findings emphasize the
importance of plantarflexion power for maintaining gait velocity.
This discrepancy in contribution between muscle strength and power to tasks such
as gait may be rooted in the differences in muscle morphology. Power is dictated by both
force production and shortening velocity. Thus, the effect of musculoskeletal
architecture on both the force length and force velocity curve will dictate of the power
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generated by the muscle. Consequently, power may play a more important role in tasks
where fast contractile velocity is necessary such as stair climbing or walking at fast
speeds. Age-related sarcopenia is a reduction of muscle mass primarily through loss of
fibers and decreased fiber size (Larsson, 1978). This influences the force generation
potential of muscle because the cross-sectional area of the muscle decreases which means
there are less fibers in parallel. Muscle architecture such as, muscle fascicle length,
pennation angle, and muscle thickness also have a critical influence on muscle function.
There is evidence that in the triceps sure, fascicle length is shorter, pennation angle is
smaller, and muscle thickness is reduced in elderly individuals compared to young
individuals (Morse et al., 2004; Morse et al., 2005b; Thom et al., 2007; Kubo et al.,
2003b). All these changes can be associated with changes in the operating region of
which the muscle operates, but the influence on gait has not been explored. Therefore, it
is possible that muscle architecture and joint structure may explain some of the variance
in walking ability in elderly individuals through influence on the force and moment
generating capacity. To the authors’ knowledge, there have not been any studies of this
kind. The purpose of this study was to investigate whether musculoskeletal architectural
parameters (moment arm, fascicle length, pennation angle, muscle thickness, ratio of
moment arm to fascicle length) of the lateral gastrocnemius are associated with ankle
kinematics and kinetics during level walking at slow, preferred, and fast gait velocities in
elderly individuals. The lateral gastrocnemius muscle was studied instead of the medial
gastrocnemius muscle because of innate differences in muscle architecture. The fascicle
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lengths of the lateral gastrocnemius muscle are longer fascicles and thus has a greater
potential shortening velocity than the medial gastrocnemius which has shorter fascicles
and greater pennation angle (Kawakami et al., 1998).
METHODS
Subjects
Twenty elderly males volunteered to participate in this study (age, 75.5 ± 5.6
years; height, 1.74 ± 0.05 m; mass, 85.80 ± 11.60 kg; BMI, 28.10 ± 3.46 kg/m2).
Subjects with the following conditions were excluded from the study: 1) currently or
previous serious cardiovascular problems such as heart attack, stroke, or chest pains; 2)
bone or muscular injuries to the lower body within the past year; 3) neurological
disorders (e.g. Parkinsons’, Multiple Sclerosis, Alzheimers’, or Huntingtons’); 4) lower
body surgical procedures within one year prior to testing. Subject physical activity levels
ranged from sedentary to very physically active. All subjects gave informed consent
prior to testing and all procedures were approved by the university’s Institutional Review
Board.

Ultrasonography
B-mode ultrasonography (Aloka 1100; transducer: SSD-625, 7.5 MHz;
Wallingford, CT) was used to capture images from the central region of the lateral
gastrocnemius muscle while subjects were standing in anatomical position. These images
were then enhanced and digitized using routines custom-written in MATLAB
(Mathworks, Inc; Natick, MA). The pennation angle was measured as the angle between
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the fascicular path and the deep aponeurosis. Fascicle length lf was estimated using the
muscle thickness t, the distance between the superficial and deep aponeuroses, and the
pennation angle θ according to
lf = t / sin θ.

(1)

To estimate plantarflexion moment arm, the foot was rotated from approximately
10º dorsiflexion to 20º plantarflexion using a potentiometer-instrumented rotating foot
platform while ultrasound images of the musculotendinous junction were captured. The
experimenter manually rotated the subject’s ankle as the subject plantarflexed maximally
against the foot plate with the knee in full extension (Figure 2). Maximal plantarflexion
minimized any artefact resulting from variation in tendon tension during movement
(Maganaris et al., 1998). Tendon excursion was calculated from tracking the
displacement of the musculotendinous junction using an automated tracking algorithm
(Lee et al., 2008). Tendon excursions were in general linear with respect to ankle angle,
and moment arm was calculated as the first derivative of tendon excursion versus joint
angle (An et al., 1983; Hintermann et al., 1994) (Ito et al., 2000). Five trials were
performed for each subject and the mean across trials was computed for each subject.
Measurements were repeated on a second day for three young subjects to assess
reliability; average differences in fascicle length, pennation angle, and lever arm were 1.2
mm, 0.5°, and 3.2 mm, respectively.

Kinematics and Kinetics
A 25 m walkway in the gait laboratory was used to collect kinetic and kinematic
measurements during level walking. Two force plates embedded in the middle of the
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walkway were used to measure the ground reaction force (model 9286AA, Kistler
Instrument Corporation, Amherst, NY). Eight channels of analog output from each force
plate were sampled at 1000 Hz. Photocells placed along the walkway calculated the
velocity of each trial. Motion analysis was performed using a system (EVaRT 5.0,
Motion Analysis Corporation, Santa Rosa, CA) with six cameras (Eagle Digital Real
Time, Motion Analysis Corporation, Santa Rosa, CA, 100 frames/sec). Threedimensional position of the lower extremity of the subject was measured during level
walking at three speeds (80 %, 100 %, and 120 % preferred walking velocity). A lower
extremity marker set was used such that hip, knee, ankle, thigh, shank, and foot
kinematics were measured for the right leg while 2 markers on the left foot were used to
calculate step length and step rate. Marker clusters (four markers) were placed on the
thigh and the shank segments. Twenty-seven markers were used for the static trial while
21 markers were used for tracking during each activity. The extra markers for the static
trial were used to establish anatomical coordinate systems for the segments of interest.

Experimental set-up and protocol
We calculated preferred gait velocity from the Six Minute Walk Test (SMWT), a
standard clinical test of aerobic and cardiac function, used to assess mobility in elderly
individuals (Bean et al., 2002b). Each subject, wearing their preferred footwear, was
instructed to walk at their preferred pace for six minutes on level ground indoor between
two pre-measured markers (50 m). A stopwatch was used by the experimenter to indicate
the six minute duration of the test. Testing was performed in two sessions: The SMWT
was performed in the first session and trials in the gait laboratory were conducted in a
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second session. This staging decreased the probability of fatigue interfering with the
testing. Each subject asked to walk at their preferred gait velocity along the walkway of
the gait laboratory at their preferred gait velocity, 80 %, 120 % of their preferred walking
velocity. Five trials of each velocity were conducted. Photocells along the walkway were
used to calculate the gait velocity. Trials were repeated if the walking speed was greater
or less than 5% error and if the subject’s foot did not land completely on the force
platform.

Gait data analysis
Before computing the gait kinematics, kinetics, and temporal parameters, EVaRT
(Motion Analysis Corp.; Santa Rosa, CA) software was used to post process the trial to
identify any markers that may have gone unnamed during the recording session. . Visual
3D software (C-Motion, Inc.; Germantown, MD) was used to compute joint rotations
from marker trajectories and to perform inverse dynamic analysis. Ankle joint rotations
were represented by a series of Cardan angles. Net joint forces, joint moments, and joint
powers were calculated from segment kinematics and force plate readings.

Statistical Analysis
Linear regression analysis was conducted to determine the influence of the
musculoskeletal architectural parameters on gait temporal parameters and ankle joint
kinematics and kinetics during gait. Initially, statistical analysis was conducted on all the
subjects grouped together. However, the correlations were very weak. With further
inspection of the data, it appeared that correlations were present if the subjects were
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separated into two equal-sized groups based on their SMWT performance from which
preferred gait velocity was calculated: fast and slow walkers. This grouping was
maintained when analyzing the results of the other tests and measurement of
musculoskeletal parameters for comparison between the two groups. Two-sample t-tests
were conducted to test for significant differences of each of the variables between the
slow and fast groups (α = 0.05).
RESULTS
Subject Characteristics
The subject characteristics are presented in Table 6.1. The elderly subjects ranged
in age from 65 to 88 years (average age 75.47 ± 5.6) and the age between the two groups
were not significant (p = 0.068). The body mass of the slow group was 11% greater than
that of the fast group (p = 0.041) and the BMI of the slow group was 11% greater (p =
0.023). There was no significant difference in height between groups (p = 0.951). When
muscle thickness was normalized by body mass, the normalized muscle thickness of the
slow group was 24 % smaller than that of the fast group (p = 0.037). Shank length and
foot length were similar between the two groups (p = 0.393, p = 0.13, respectively) as
well as the musculoskeletal architectural parameters (Table 6.1).

Temporal Parameters
At the preferred pace, the slow group had a significantly slower cadence than the
fast group (104 steps/min compared to 116 steps/min, p = 0.009), but at the slower and
faster pace, there were no differences. For both groups, at the slow pace, step rate
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decreased and at the fast pace, step rate increased. Stride length was significantly shorter
by 12 to 16 % for all three speeds in the slow group (all p < 0.002). For both groups, at
the slow pace, stride length decreased and at the fast pace, stride length increased
(Table 6.2).

Kinematics and Kinetics
Peak plantarflexion angle decreased for both groups and with all subjects grouped
together at the slow pace and increased at the fast pace (Table 6.3, Figure 6.1a). For the
slow group, peak plantarflexion was 14 ° compared to 16° for the slow and preferred
pace, respectively and increased to 15.53° at the fast pace. For the fast group, peak
plantarflexion was 17.38 ° compared to 17.44° for the slow and preferred pace,
respectively and increased to 18.60° at the fast pace.
Peak plantarflexion moment decreased for both groups and with all the subjects
grouped together at the slow pace and increased at the fast pace (Table 6.3, Figure 6.1b)
For the slow group, peak plantarflexion moment increased from 1.19 Nm/kg to 1.26
Nm/kg to 1.30 Nm/kg when walking faster (slow pace, preferred pace, and fast pace,
respectively). Similarly, the fast group also increased plantarflexion moment from 1.25
Nm/kg to 1.36 Nm/kg to 1.39 Nm/kg when walking faster (slow pace, preferred pace, and
fast pace, respectively). There were no significant differences in peak plantarflexion
moment between the two groups at all the three walking paces (slow pace: p = 0.29;
preferred pace: 0.15; fast pace: p = 0.14).
Peak plantarflexion power also increased with walking speed (Table 6.3, Figure
6.1c). For the slow group, peak plantarflexion power increased from 1. 35 W/kg to 1.68
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W/kg to 1.83 W/kg when walking faster (slow pace, preferred pace, fast pace,
respectively). Increased plantarflexion power was observed as well as walking pace
increased (1.73 W/kg, 2.13 W/kg, 2.38 W/kg, respectively). The peak plantarflexion
power in the slow group was 28.6 %, 26.9 %, and 29. 5 % less (all, p = < 0.002), than the
fast group at slow, preferred, and fast paces, respectively.

Musculoskeletal architecture and plantarflexion kinematics and kinetics
Single linear regression models assessed the contribution of musculoskeletal
architecture of the lateral gastrocnemius muscle (moment arm, fascicle length, pennation
angle, fascicle length to moment arm ratio, muscle thickness, and normalized muscle
thickness) to peak plantarflexion angle at slow, preferred, and fast paced walking all the
subjects and when the subjects were separated into slow and fast walkers. When all the
subjects were grouped together, fascicle length was the only significant predictor of peak
plantarflexion angle at all three walking paces (slow pace: R2 = 0.388, p = 0.003,
preferred pace, R2 = 0.305, p = 0.012; fast pace: R2 = 0.306, p = 0.011, Figure 6.2).
However, this significant contribution by fascicle length to peak plantarflexion angle was
only observed in the fast group, not the slow group, when the subjects are grouped
separately and the R2 values were even higher (slow pace: R2 = 0.697, p = 0.003,
preferred pace, R2 = 0.609, p = 0.008; fast pace: R2 = 0.608, p = 0.008, Figure 6.3 and
6.4). Although there was no significant correlation between fascicle length to moment
arm ratio and peak plantarflexion angle when all the subjects are grouped together
(Figure 6.5), there was a significant correlation when the fast subjects are grouped
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together (slow pace: R2 = 0.588, p = 0.001, preferred pace, R2 = 0.537, p = 0.016; fast
pace: R2 = 0.540, p = 0.015, Figure 6.6), but none for the slow group (Figure 6.7)
None of the musculoskeletal architecture parameters were significantly correlated
with peak plantarflexion moment, either for all the subjects together or when the subjects
were grouped into slow walkers and fast walkers.
Several musculoskeletal architectural parameters were significant predictors of
peak plantarflexion power (Table 6.6). For all the subjects grouped together, normalized
muscle thickness was significantly correlated with peak plantarflexion power during
walking at a slow pace. When separated into the slow and fast group, no significant
correlations for the slow group were observed. However, both fascicle length and muscle
thickness were significantly strong predictors of peak plantarflexion power during slow
paced walking in the fast group (R2 = 0.625, p = 0.006, R2 = 0.440, p = 0.037,
Figure 6.8).

Musculoskeletal architecture and temporal gait parameters
There were no significant correlations between musculoskeletal architectural and
temporal gait parameters such as stride length and step rate for slow, preferred, and fast
paced walking (Table 6.7 and 6.8). The strongest correlation, though not significant, was
moment arm and stride length for all the subjects (slow pace: R2 = 0.131, p = 0.117,
preferred pace, R2 = 0.109, p = 0.115; fast pace: R2 = 0.151, p = 0.090) and for the slow
group (slow pace: R2 = 0.202, p = 0.192, preferred pace, R2 = 0.210, p = 0.183; fast pace:
R2 = 0.22, p = 0.172). However, for the fast group, the correlations were between
moment arm and stride length were weak (Table 6.7)
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Plantarflexion kinematics, kinetics, and temporal gait parameters
For all the subjects grouped together, at the slow pace, peak plantarflexion angle,
moment, and power were significantly correlated with stride length (angle: R2 = 0.197, p
= 0.050, moment, R2 = 0.257, p = 0.022; power: R2 = 0.237, p = 0.030) (Table 6.9). Also
at the slow pace, peak plantarflexion power was significantly correlated with gait velocity
(R2 = 0.381, p = 0.004). At the preferred pace, only peak plantarflexion power was a
significant predictor of step rate (R2 = 0.226, p = 0.034), gait velocity (R2 = 0.343, p =
0.007), and nearly significant correlation with stride length (R2 = 0.191, p = 0.054). At
the fast pace, peak plantarflexion moment and power were significantly correlated with
stride length (moment: R2 = 0.221, p = 0.037; power: R2 = 0.277, p = 0.017). Also, at the
fast pace, there was a significant correlation between peak plantarflexion power and gait
velocity (R2 = 0.423, p = 0.002). However, when the subjects were grouped as slow and
fast walkers, only peak plantarflexion moment was significantly strongly correlated with
step rate (R2 = 0.669, p = 0.004) for the fast group at the preferred pace.
DISCUSSION
The objective of this study was to explore the contribution of various
musculoskeletal architectural parameters of the lateral gastrocnemius muscle to ankle
kinematics, kinetics, and temporal gait parameters during gait at slow, preferred, and fast
velocities in elderly individuals. Gait patterns between young and elderly individuals
have been well investigated and there are many studies of lower extremity strength and
power. However, the relationships between muscle architecture and joint structure and
ankle kinematics and kinetics during gait have been largely unexplored. There were only
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several correlations between several musculoskeletal architectural parameters of the
lateral gastrocnemius muscle, ankle kinematics, kinetics, and gait temporal parameters
that were oberved. The main finding was that muscle fascicle length and fascicle length
to moment arm ratio were significant independent predictors of peak plantarflexion angle
at all three gait velocities for all the subjects and when the faster subjects were grouped
together (Figure 6.2-6.8).
The ankle kinematics, kinetics and gait temporal parameters are similar to those
reported in other studies of elderly gait (Winter DA. 1991) (Kerrigan et al., 1998; Judge
et al., 1996a; DeVita and Hortobagyi, 2000)(Figure 1). Peak plantarflexion power was
slightly less than what has been reported. The musculoskeletal architectural parameters
are also comparable to previous findings (Narici et al., 2003). However, the
planatarflexion moment arm was substantially smaller by 37 % than what Morse et al.
reported (Morse et al., 2005). This may attributed to the method used to calculate
plantarflexion moment arm. Morse et al. used measured the distance between the center
of rotation of the ankle and the line of action of the Achilles’ tendon whereas the tendon
excursion method was used in the present study (An et al., 1983; Hintermann et al.,
1994) (Ito et al., 2000). Maganaris et al. recommend that a scaling factor of 1.22 - 1.27
be applied to Achilles’ tendon moment arms measured using ultrasound be applied to
obtain corresponding plantarflexion moment arms measured using MRI (Maganaris et al.,
2005). The tendon excursion method (An et al., 1983; Hintermann et al., 1994) (Ito et
al., 2000) assumes that there is no change in tendon strain energy during ankle rotation.
During the trial, subjects plantarflex maximally against the foot platform while the ankle
is rotated to try to satisfy that assumption.. However, it has been shown that tendon
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compliance is increased in elderly individuals (Kubo et al., 2003c; Morse et al., 2005a;
Narici et al., 2005). Therefore, it is possible the plantarflexion moment arms reported in
this study are more a reflection of tendon excursion resulting from tendon compliance
rather than joint rotation.
The lateral gastrocnemius muscle fascicle length and fascicle length to moment
arm ratio were significant independent predictors of peak plantarflexion angle at all three
gait velocities for all the subjects and when the faster subjects were grouped together.
Individuals who plantarflexed more tended to have longer fascicles. By having longer
fascicles, there can be greater change in fiber length during contraction. Consequently,
the whole muscle is also able to shorten more. From an estimated force length
relationship of the triceps surae muscles, Kawakami et al. observed that the lateral
gastrocnemius muscle fascicle lengths are well adapted to generating force during the
ankle range of motion during the stance phase of walking (Kawakami et al., 2000). Mian
et al. compared the behavior of the lateral gastrocnemius muscle at the muscle-tendon
complex, fascicle, and tendinous tissue levels in young and elderly individuals during
level walking (Mian et al., 2007). They report that in the elderly, fascicles shorten on
average 5 mm (8 %) from the heel contact to the shortest length at toe off. The mean
fascicle length taken at rest and with the ankle in a neutral position in the present study
was 56.0 ± 6.8 mm which is comparable to that in the literature (Morse et al., 2005b;
Morse et al., 2005). If that relative shortening percentage is applied to the mean value
then the fascicle will shorten to 51.5 mm which is similar to the range of medial
gastrocnemius muscle fascicle length during the gait cycle in young males around the age
of 30 years old (Lichtwark and Wilson, 2006; Lichtwark and Wilson, 2006) Mian et al.
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did not find any significant difference between the length of lateral gastrocnemius
fascicle shortening between elderly and young individuals and observed that the fascicles
did not stretch at the beginning of stance phase such that the fascicles were isometrically
contracting throughout stance phase (Mian et al., 2007).
Several studies have observed that when elderly individuals are asked to increase
their gait velocity to their maximum, several interesting changes to joint kinematics and
kinetics occur (Judge et al., 1996b); (Kerrigan et al., 1998). At the hip, elderly
individuals tend have reduced hip extension, but are able to increase hip extension
moment to increase gait velocity. Knee angle, moment, and power are reduced at the
preferred gait velocity, but all three parameters increase at the fast gait velocity. For the
ankle, ankle plantarflexion and ankle power were reduced at both velocities which
indicates that either plantarflexor weakness or the reduced range of motion may be the
cause of decreased ankle performance. Interestingly, there was no reduction in ankle
plantarflexion moment which suggests that the ankle muscles do have enough strength to
generate sufficient torque (Judge et al., 1996b); (Kerrigan et al., 1998). Thus, it is the
reduction in muscle shortening velocity that could be the culprit to slower gait velocity as
muscle contraction velocity has been shown to decrease as age increases (Thom et al.,
2007).
Fascicle length of the gastrocnemius muscles has been shown to be shorter in
elderly individuals compared young individuals (Morse et al., 2005b). A shorter fascicle
has a slower maximum shortening velocity and operates on the more favorable region of
the force velocity curve than a longer fascicle. Lichtwark and Wilson observed that
muscle fascicle length increased from walking on a decline, level walking, and walking
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on an incline and the maximum shortening velocity of the medial gastrocenemius muscle
fascicle was about 30 % of the maximum shortening velocity of the muscle-tendon unit
which increased also with grade (Lichtwark and Wilson, 2006). The finding that peak
plantarflexion power was significantly correlated with both fascicle length and muscle
thickness during slow paced walking in the fast group may provide another determinant
of ankle plantarflexion power. Thom et al. observed that fascicle length explained almost
fifty percent of the reduced in maximum shortening velocity between young and elderly
males (Thom et al., 2007).
In all the subjects, peak plantarflexion angle, moment, and power were all
significant independent predictors of stride length at the slow pace. To generate
sufficient moment to propel the body mass through the stance phase, sufficient force must
be generated and to generate greater power, the muscle must be able to contract quickly.
At the preferred paced, peak plantarflexion power was significantly positively correlated
with step rate, gait velocity, and stride length. Bean et al. reported similar R2 values of
0.37 for the correlation between peak plantarflexion power and Six Minute Walk Test
though peak plantarflexion power was tested using an isokinetic dynamomenter (Bean et
al., 2002b) whereas in the present study, we report peak plantarflexon power during gait.
In the present study, preferred gait velocity was determined by the average velocity
calculated during the standardized Six Minute Walk Test where the subject was asked to
walk at a comfortable pace for six minutes (Bean et al., 2002b). When walking at a faster
pace, stride length was significantly correlated with both peak plantarflexion moment and
power whereas gait velocity was only significantly predicted by peak plantarflexion
power for all the subjects. This finding is similar to that of Judge et al. where ankle
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power was a significant predictor of stride length in elderly individuals (Judge et al.,
1996b). They reported that peak plantarflexion power during gait and maximum
isokinetic strength of the plantarflexors explained 52 % and 14 %, respectively, of the
variation in step length whereas in the present study, only 27 % of the variation in step
length was explained. This may be due to a difference in determining and setting the gait
velocity at which the subjects walked during the trials. Subjects were asked to walk at a
comfortable pace over an 11 meter walkway in the study by Judge et al. where as in the
present study, preferred gait velocity was determined using the Six Minute Walk Test.
It is interesting that some of these correlations only emerged at a fast pace. Since
leg strength has been shown to be non-linearly associated with gait velocity (Buchner et
al., 1996), it is possible that at slow and preferred gait velocity, generating moment and
power is more related to muscle strength. However, at a certain velocity, increased
strength does not contribute to walking faster. Instead, shortening velocity becomes the
more prominent determinant. However, Bean et al., also reported the relationship
between muscle power and mobility performance is curvilinear (Bean et al., 2002a). To
walk at maximum speeds, elderly individuals generate greater hip flexor power but do not
increase their ankle plantarflexor power. It is suggested that ankle plantarflexor power
cannot be increased and may be a limiting factor in increasing gait velocity (Judge et al.,
1996b). However, the fast pace at which the subjects walked in this present study was
only 20% of their preferred walking gait velocity, not maximum.
Many of the correlations either emerged or remained present in the fast walking
group. This may be due to variation in muscle strength and power loss among elderly
individuals. Maximum voluntary isometric plantarflexion strength is substantially
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diminished in the elderly (Bemben et al., 1991; Winegard et al., 1997; Winegard et al.,
1996; Lindle et al., 1997; Lynch et al., 1999; Arampatzis et al., 2005) and the ability to
both generate maximal force and generating this force quickly is reduced in the elderly
population (Bemben et al., 1991). The elderly individuals in the fast group generated
significantly greater plantarflexion power at all three velocities, but the only
musculoskeletal architectural parameter that was significantly different between the two
groups was normalized muscle thickness. This may suggest that the mechanism or
strategy to walk is different between individuals that tend to walk slower and those who
walk faster. Other factors must be considered such as fiber composition and
neuromuscular properties which may influence the mechanism and strategy of gait in
elderly individuals.
The triceps surae is often investigated as a whole to determine plantarflexion, but
it is important to note the different fiber composition and innervations of the muscles
comprising the triceps surae muscle which may explain the different functions of each
muscle. The soleus muscle contributes primarily to postural stability while the
gastrocnemius plays a more active role in phasic activity (Campbell et al., 1973). Type I
fibers are more prominent in the soleus muscle (70 to 90 %) whereas the gastrocnemius
muscle has even composition of type II and type I fibers (Saltin and Gollnick, 1983).
Type II fibers have been shown to have five to six fold higher normalized peak power
than type I fibers. Aging is associated with reduction of Type I and Type II muscle fibers
and since atrophy is more prevalent in Type II muscle fibers (Lexell et al., 1988),
reduction in gastrocnemius strength may be more prominent. Davies et al. suggested that
with aging, the muscle fibers of the triceps surae become weaker, slower contracting, and
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more prone to fatigue (Davies et al., 1986). This may be a result of decreased number of
functioning motor units (Danneskiold-Samsoe et al., 1984) and decrease in type II fiber
area (Campbell et al., 1973). It is suggested that this may be due to the type of motor
nerves that innervate the gastrocnemius muscle as age has a greater affect on large motor
neurons (Kanda et al., 1986).
Comparison of contractile properties of the plantarflexors of young and elderly
individuals revealed that speed of contraction in elderly muscle is reduced (Vandervoort
and Hayes, 1989; Petrella et al., 1989). Lengthening of the contraction time and halfrelaxation time of the M responses (muscle response to direct stimulation of the motor
nerve) may be a result of reduced fast-twitch motor unit contribution. Elderly triceps
surae muscle has also been shown to have diminished intrinsic contraction speed in
response to titanic stimulation (Davies et al., 1983). This may be associated with
habitually slower movements such as walking in elderly individuals (Cunningham et al.,
1982). Only about 30% of the variability in specific torque in elderly individuals is
explained by activation capacity which indicates that there are other factors that are
determinants of generating torque at the ankle (Morse et al., 2004).
One limitation to the present study is that physical activity level of the subjects or
their cardiovascular system was not quantified. Although we screened for cardiovascular
and neurological problems, subtle and minor deficits could have been present. It would
have been beneficial to have a thorough medical physical examination as well as tests of
balance to eliminate important factors that may influence gait. The subjects of the
present study were very healthy and could ambulate independently without any problems.
Although the subjects had physical activity levels ranging from sedentary to very
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physically active, according to the self-reported physical activity questionnaire, overall,
the elderly individuals in this study were probably more involved in activities than an
average age-matched population. It would have been beneficial to include have agematched, physical activity level-mismatched groups.
There are limitations with using ultrasonography and the tendon excursion
method to estimate moment arms. Ultrasonography captures images in two-dimensions
such that care must be taken regarding probe placement and observation of the images
during the trial must be taken to assure the tendon excursion imaged does not move in
and out of the plane. With the tendon excursion method, any slack in the muscle and
tendon should be taken up so that the measured tendon excursion does not include
contribution from tendon elongation. Thus, it is important to acknowledge that tendon
compliance has been shown to increase with advancing age (Kubo et al., 2003c; Morse et
al., 2005a; Narici et al., 2005). As a result, even though subjects were instructed to
maximally plantarflex, it is possible that the tendon excursion measured includes some
tendon elongation which would result in a smaller moment arm estimation.
Consequently, the moment arms reported in this study could be a reflection of tendon
compliance.
Only the musculoskeletal architecture of the lateral gastrocnemius muscle was
investigated in the present study. Measurement of the medial gastrocnemius and soleus
may provide a more complete and understanding of plantarflexion function. It is
important to acknowledge that the contribution of the soleus and gastrocnemius muscles
remains similar with advanced age (Morse et al., 2005b). Isometric or isokinetic strength
was also not measured, so it is not possible to make accurate associations between
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musculoskeletal architectural parameters and plantarflexor strength and between ankle
kinematics and kinetics during gait and plantarflexor strength. The non-linear relationship
between leg strength and gait velocity emphasizes the sensitivity of analyzing a group of
elderly individuals that have a wide range of physical activity as strength may be widely
varied as well (Buchner et al., 1996).
The findings of this study are the first to directly examine the musculoskeletal
architectural parameters and their ankle kinetics during walking at different speeds. Mian
et al. investigated the behavior of the lateral gastrocnemius muscle during gait, but only
reported joint kinematics. This supplements important information to clinicians when
attempting to improve an aging individual’s mobility or to slow down the decline in gait
velocity. It would beneficial to look at changes in the musculotendon unit in real-time
using ultrasonography that corresponds to specific events during the gait cycle and
relating those changes to gait kinetics in addition to joint angle which has been
investigated (Mian et al., 2007; Ishikawa et al., 2007).
CONCLUSION
In summary, this study has shown that several musculoskeletal architectural
parameters of the lateral gastrocnemius contribute to ankle kinematics, kinetics, and
temporal gait parameters during gait at slow, preferred, and fast speeds in elderly
individuals. Muscle fascicle length and fascicle length to moment arm ratio were
significant independent predictors of peak plantarflexion angle at all the walking paces
for all the subjects and when the faster subjects are grouped together. Fascicle length to
moment arm ratio was also associated with peak plantarflexion angle. Both fascicle
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length and muscle thickness were predictors of peak plantarflexion power during slow
paced walking in the fast group. These specific results suggests that age-related changes
in muscle and joint architecture may be associated with declines in mobility, specifically
walking, through its influences on plantarflexion angle, moment, and power. The results
are important to understanding the mechanisms behind gait velocity reduction and thus,
provide a means of preventing or establishing better training to counteract these changes
in muscle and joint architecture.
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FIGURE LEGEND
Figure 6.1. Ankle joint kinematics and kinetics.
Mean values (solid lines) and standard deviation (shaded) for :a) angle, b) moment, and
c) power for subjects walking at the slow (red line), preferred (black line), and fast gait
velocity (blue line) for the slow walking group (left) and fast walking group (right).
Figure 6.2. Linear regression of peak plantarflexion angle on lateral gastrocnemius
muscle fascicle length of all the subjects.
The points represent values for each subject during walking at a slow pace (closed
circles, dashed line, R2 = 0.388, p = 0.003), preferred pace (squares, solid line, R2 =
0.305, p = 0.012), and fast pace (open circles, dotted line, R2 = 0.306, p = 0.011).
Figure 6.3. Linear regression of peak plantarflexion angle on lateral gastrocnemius
muscle fascicle length of the fast group.
The points represent values for each subject during walking at a slow pace (closed
circles, dashed line, R2 = 0.697, p = 0.003), preferred pace (squares, solid line, R2 =
0.609, p = 0.008), and fast pace (open circles, dotted line, R2 = 0.608, p = 0.008).
Figure 6.4. Linear regression of peak plantarflexion angle on lateral gastrocnemius
muscle fascicle length of the slow group.
The points represent values for each subject during walking at a slow pace (closed
circles, dashed line, R2 = 0.013, p = 0.754), preferred pace (squares, solid line, R2 =
0..002, p = 0.915), and fast pace (open circles, dotted line, R2 = 0.005, p = 0.852).
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Figure 6.5. Linear regression of peak plantarflexion angle on lateral gastrocnemius
muscle fascicle length to moment arm ratio of all the subjects.
The points represent values for each subject during walking at a slow pace (closed
circles, dashed line, R2 = 0.230, p = 0.032), preferred pace (squares, solid line, R2 =
0.176, p = 0.066), and fast pace (open circles, dotted line, R2 = 0.165, p = 0.076).
Figure 6.6. Linear regression of peak plantarflexion angle on lateral gastrocnemius
muscle fascicle length to moment arm ratio of the fast group.
The points represent values for each subject during walking at a slow pace (closed
circles, dashed line, R2 = 0.588, p = 0.010), preferred pace (squares, solid line, R2 =
0.537, p = 0.016), and fast pace (open circles, dotted line, R2 = 0.540, p = 0.015).
Figure 6.7. Linear regression of peak plantarflexion angle on lateral gastrocnemius
muscle fascicle length to moment arm ratio of the slow group.
The points represent values for each subject during walking at a slow pace (closed
circles, dashed line, R2 = 0.000, p = 0.985), preferred pace (squares, solid line, R2 =
0.009, p = 0.799), and fast pace (open circles, dotted line, R2 = 0.009, p = 0.800).
Figure 6.8. Linear regression of peak plantarflexion power on lateral gastrocnemius
muscle fascicle length of the fast group.
The points represent values for each subject during walking at a slow pace (closed
circles, dashed line, R2 = 0.625, p = 0.006), preferred pace (squares, solid line, R2 =
0.290, p = 0.108), and fast pace (open circles, dotted line, R2 = 0.268, p = 0.125).
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TABLE LEGEND
Table 6.1. Subject Characteristics and Anthropometric Data (mean ± S.D).
An asterisk indicates a significant difference between the slow and fast group. (p < 0.05).
Table 6.2. Temporal Parameters (mean ± S.D).
An asterisk indicates a significant difference between the slow and fast group (p < 0.05).
Table 6.3. Peak Kinematic and Peak Kinetic Values (mean ± S.D).
An asterisk indicates a significant difference between the slow and fast group (p < 0.05).
Table 6.4. Linear regression R2 and p-values for correlations between
musculoskeletal architectural parameters and peak plantarflexion angle during
walking at the slow, preferred, and fast paces.
An asterisk and highlighted results indicates significance (α = 0.05).
Table 6.5. Linear regression R2 and p-values for correlations between
musculoskeletal architectural parameters and peak plantarflexion moment during
walking at the slow, preferred, and fast paces.
An asterisk and highlighted results indicates significance (α = 0.05).
Table 6.6. Linear regression R2 and p-values for correlations between
musculoskeletal architectural parameters and peak plantarflexion power during
walking at the slow, preferred, and fast paces.
An asterisk and highlighted results indicates significance (α = 0.05).
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Table 6.7. Linear regression R2 and p-values for correlations between
musculoskeletal architectural parameters and stride length angle during walking at
the slow, preferred, and fast pace.
An asterisk and highlighted results indicates significance (α = 0.05).
Table 6.8. Linear regression R2 and p-values for correlations between
musculoskeletal architectural parameters and step rate angle during walking at the
slow, preferred, and fast paces.
An asterisk and highlighted results indicates significance (α = 0.05).
Table 6.9. Linear regression R2 and p-values for correlations between ankle
plantarflexion (PF) angle, moment, power, and stride length, step rate, and gait
velocity during walking at the slow, preferred, and fast pace.
An asterisk and highlighted results indicates significance (α = 0.05).
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Figure 6.1. Ankle joint kinematics and kinetics.
a

b

c
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Figure 6.2. Linear regression of peak plantarflexion angle on lateral gastrocnemius
muscle fascicle length of all the subjects.
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Figure 6.3. Linear regression of peak plantarflexion angle on lateral gastrocnemius
muscle fascicle length of the fast group.
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Figure 6.4. Linear regression of peak plantarflexion angle on lateral gastrocnemius
muscle fascicle length of the slow group.
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Figure 6.5. Linear regression of peak plantarflexion angle on lateral gastrocnemius
muscle fascicle length to moment arm ratio of all the subjects.
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Figure 6.6. Linear regression of peak plantarflexion angle on lateral gastrocnemius
muscle fascicle length to moment arm ratio of the fast group.
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Figure 6.7. Linear regression of peak plantarflexion angle on lateral gastrocnemius
muscle fascicle length to moment arm ratio of the slow group.
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Figure 6.8. Linear regression of peak plantarflexion power on lateral gastrocnemius
muscle fascicle length of the fast group.
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Table 6.1. Subject Characteristics and Anthropometric Data (mean ± S.D).
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Table 6.2. Temporal Parameters (mean ± S.D).
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Table 6.3. Peak Kinematic and Peak Kinetic Values (mean ± S.D).
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Table 6.4.. Linear regression R2 and p-values for correlations between
musculoskeletal architectural parameters and peak plantarflexion angle during
walking at the slow, preferred, and fast paces.
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Table 6.5. Linear regression R2 and p-values for correlations between
musculoskeletal architectural parameters and peak plantarflexion moment during
walking at the slow, preferred, and fast paces.
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Table 6.6. Linear regression R2 and p-values for correlations between
musculoskeletal architectural parameters and peak plantarflexion power during
walking at the slow, preferred, and fast paces.
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Table 6.7. Linear regression R2 and p-values for correlations between
musculoskeletal architectural parameters and stride length angle during walking at
the slow, preferred, and fast pace.
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Table 6.8. Linear regression R2 and p-values for correlations between
musculoskeletal architectural parameters and step rate angle during walking at the
slow, preferred, and fast paces.
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Table 6.9. Linear regression R2 and p-values for correlations between ankle
plantarflexion (PF) angle, moment, power, and stride length, step rate, and gait
velocity during walking at the slow, preferred, and fast pace.
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Chapter 7
SUMMARY AND GENERAL DISCUSSION
SUMMARY
The purpose of this dissertation was to investigate the functional implications of
plantarflexor musculoskeletal architecture in the human ankle joint. The functional
performance of a muscle is rooted in its force- and moment-generating capacity. The
abilities to move through a range of motion, generate force to push against the ground,
and to do so quickly if desired, are basic necessities of movement. Much of the work in
this dissertation stems from previous investigations of muscles and joints in animals
(Lutz and Rome, 1994; Lieber and Boakes, 1988a; Lieber and Boakes, 1988b;
Hildebrand, 1960; Milton Hildebrand, 1961; Carrier et al., 1994; Carrier et al., 1998;
Payne et al., 2005; Smith et al., 2006; Williams et al., 2007; Smith et al., 2007; Williams
et al., 2008b; Williams et al., 2008a; Roberts and Marsh, 2003).
The question of whether musculoskeletal form dictates function or whether the
reverse is true is an intriguing one and very difficult to answer as there are many other
factors that influence muscle function, such as fiber composition, biochemistry, and
neural function (Lexell et al., 1988; Mero et al., 1981; Costil et al., 1976). In addition,
muscle parameters are known to adapt to varied functional demands (Kawakami et al.,
1993; Kawakami et al., 1995; Kearns et al., 1998; Kearns et al., 1999; Abe et al., 1999;
Kumagai et al., 2000; Abe et al., 2000; Abe et al., 2001; Kearns et al., 2001; Abe, 2002;
Narici et al., 2003; Reeves et al., 2004a; Reeves et al., 2004b; Reeves et al., 2006).
Before addressing how form may influence function within a group, it may be instructive
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to start by simply examining the relationship between musculoskeletal architecture and
muscle function in populations that have obviously different muscle functional demands.
The ability of elite sprinters to accelerate rapidly suggests that the demands on their
plantarflexor muscles during sprinting are substantially different from similar subjects
who are not sprinters. The early acceleration portion of a sprint race is crucial for sprint
performance (Baumann, 1976; Hunter et al., 2005) and during this period it is necessary
for muscles to produce forces that generate maximal forward impulses (Baumann, 1976).
Elderly individuals, on the contrary, need to compensate for changes such as sarcopenia
(Morse et al., 2005b; Morse et al., 2005; Thom et al., 2007; Kubo et al., 2003a; Kubo et
al., 2003b) due to reduced numbers of muscle fibers and decreased fiber size that
contribute to the reduction in plantarflexion strength (Lindle et al., 1997; Lynch et al.,
1999; Winegard et al., 1996; Winegard et al., 1997; Karamanidis and Arampatzis, 2007;
Rantanen et al., 1994; Rantanen et al., 1999; Rantanen, 2003; Gross et al., 1998).
Further, it is well known that gait velocity decreases with advancing age (Hinman et al.,
1988; Winter DA. 1991; Kerrigan et al., 1998; DeVita and Hortobagyi, 2000; Judge et
al., 1996a; Judge et al., 1996b; Graf et al., 2005) through reductions in stride length
(Crowninshield et al., 1978). Elderly gait kinematics and kinetics from those of young
individuals such that peak plantarflexion angle and power are decreased (Winter DA.
1991; Kerrigan et al., 1998; DeVita and Hortobagyi, 2000; Judge et al., 1996a; Judge et
al., 1996b). The need for sprinters to accelerate rapidly and for elderly subjects to
maintain gait function in the face of reduced muscle force-generating capacity made these
groups ideal subjects for our purposes. In vivo measurements of the musculoskeletal
architecture of elite sprinters and elderly individuals made for this thesis provided a
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means of giving insight into the determinants of muscle, joint structure and functional
performance.
In the first study of musculoskeletal architecture of elite sprinters, we
hypothesized that sprinters have longer gastrocnemius fascicle lengths, smaller pennation
angles, and shorter plantarflexor moment arm than those of non-sprinters. Such
differences would allow sprinters to produce greater forward impulses during the
acceleration phase of sprinting. We found that elite collegiate sprinters indeed had
significantly longer fascicles, shorter moment arms, and larger fascicle to moment arm
ratios than those of non-sprinters. We also unexpectedly found that the toes of sprinters
were significantly longer and their lower legs were significantly shorter. To gain insight
into how moment arm and toe length differences affected sprinting performance, we used
a planar, forward-dynamic computer simulation of a sprinter’s push-off. The simulation
revealed that propulsive forward impulse increased as plantarflexor moment arm
decreased and that longer toes also permitted greater forward impulses. The mechanisms
responsible for these differences in performance were operation over more favorable
ranges on the length and force-velocity curves and longer times of contact.
In the second study, we investigated the musculoskeletal architectural parameters
in young and elderly individuals. Unlike sprinters, who may either have geneticallydetermined immutable muscle properties or have certain muscle and joint structure as a
result of training, elderly subjects may have deficits in mobility that are due either to the
direct effects of aging or to adaptations to other muscle and joint structure alterations. We
observed that elderly individuals tended to have shorter fascicles and smaller pennation
angles than those of young individuals. The plantarflexion moment arms of the Achilles’
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tendon in elderly individuals were unexpectedly found to be substantially shorter than
those of young adult subjects. If plantarflexor moment arms are found to decrease with
age, it would raise questions as to whether smaller moment arms are adaptations to
having shorter fascicles (or vice-versa) or if smaller moment arms simply occur during
aging and independently of changes to muscle fibers.
In the next two studies, the influence of musculoskeletal architecture on
locomotor performance was assessed. Lower extremity functional tests such as the Six
Minute Walk Test, Four Meter Velocity Test, and the Timed-Up-and-Go Test have been
applied by previous investigators to evaluate mobility (Bean et al., 2002b), and we sought
to examine whether links exist between musculoskeletal architecture and the results of
these tests(Guralnik et al., 2000; Shumway-Cook et al., 2000). An interesting finding
was that in our slowest 10 elderly subjects, moment arm was strongly correlated with the
Six Minute Walk Test velocity, with 67% of the variance in preferred gait velocity being
explained. In the fastest 10 elderly subjects, no such correlation between moment arm
and velocity was found.
We also performed gait analysis on elderly individuals to assess kinematic and
kinetic variables and relate these to musculoskeletal parameters. We had hypothesized
that Achilles’ tendon moment arm would be negatively correlated with ankle
plantarflexion angle, moment, and power, and that fascicle length would be positively
correlated with plantarflexion angle, moment, and power. Instead, we found that fascicle
length and fascicle length to moment arm ratio that were predictors of peak plantarflexion
angle during slow, preferred, and fast paced walking for all the subjects and for the fast
walkers. Another interesting finding was that there were independent correlations
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between peak plantarflexion power and both fascicle length and muscle thickness during
slow paced walking in the fast group. This suggests that there is some relationship
between musculoskeletal architecture and ankle function that is dependent on the pace of
walking. Further, the strategies used by slow and fast walkers for walking and increasing
gait velocity may be different. This was apparent when we observed that correlations
emerged depending on the pace of walking and which speed group the subjects belonged
to. We found that for all subjects, peak plantarflexion angle, moment and power were all
significant predictors of stride length at the slow pace, but at the preferred pace, only
peak plantarflexion power was significantly correlated with step rate, gait velocity, and
stride length. However, both peak plantarflexion moment and power were significant
predictors of stride length at the fast pace. The relationship between kinetic and temporal
gait parameters found in this study suggests that elderly gait patterns are complex and
that the mechanisms and strategies that elderly individuals adopt depend on the pace
selected.
DIFFERENCES IN MUSCULOSKELETAL ARCHITECTURE AMONG
DIFFERENT POPULATIONS
Many previous studies of gastrocnemius muscle architecture are of healthy young
individuals and a variety of other populations such as children with cerebral palsy (Lieber
and Friden, 2000; Lieber et al., 2004), elderly individuals (Morse et al., 2005b; Morse et
al., 2005; Kubo et al., 2003b) , and athletes such as runners (Kumagai et al., 2000; Abe et
al., 2000; Abe et al., 2001), soccer players (Kearns et al., 2001), and sumo wrestlers
(Kearns et al., 1999). Technological advances allow ultrasonography to be readily used
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to make in vivo measurements in real-time. Fascicle length, pennation angle, and muscle
thickness are common muscle architectural parameters examined as all three influence
the force length and force velocity properties of muscle. Consequently, these properties
determine the force and moment generating capacities of a muscle which are
determinants of muscle function. The ability to generate force and to do so quickly if
desired is crucial in performing daily tasks and ones that require explosive movements
such as jumping or sprinting. Plantarflexion moment arm has received less attention and
has mainly been investigated in healthy young individuals with only a few studies of
other population such as distance runners (Scholz et al., 2008) and the elderly (Morse et
al., 2005).
Our result that lateral gastrocnemius muscle fascicle length is longer in sprinters
than non-sprinters is supported by several studies (Kumagai et al., 2000; Abe et al., 2000;
Abe et al., 2001). Furthermore, fascicle length appears to be negatively correlated with
sprint times (Kumagai et al., 2000). By having longer fascicle lengths, the plateau region
of the force length curve is wider such that the region in which high forces can be
generated is greater. The fascicles of elderly individuals are shorter possibly due to agerelated loss of sarcomeres (Thom et al., 2007) which results in the opposite effect on the
force length curve: the plateau regions is more narrow. Fascicle length also dictates the
region of the force velocity curve on which the muscle operates. A longer fascicle has a
faster maximum shortening velocity which allows the muscle to operate on the more
favorable portion of the force velocity curve. Thus, for sprinters and elderly individuals,
the effects of each group’s fascicle length on the force generation capacity of the muscle
are opposite.
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Pennation angle mainly influences force output and secondary, shortening
velocity (Burkholder et al., 1994; Gans and Bock, 1965). A muscle can consist of more
muscle fibers if the pennation angle is greater (Gans and Bock, 1965). Consequently,
with more fibers, the cross-sectional area is larger which results in greater force
generating capacity. Greater pennation angle is also related to increased muscle
maximum shortening velocity (Burkholder et al., 1994) and the larger the pennation
angle, the slower fiber shortening relative to the whole muscle velocity which allows the
muscle to generate more force (Lieber and Friden, 2000). However, force transmission
from the muscle fibers to the tendon is more efficient if the pennation angle is smaller
(Kawakami et al., 1995). Our findings indicated that both sprinters and elderly
individuals tend to have smaller pennation angles than non-sprinters and young
individual, respectively. This suggests that there is no definitive advantage or
disadvantage of larger pennation angle with regards to force generation.
Moment arm, like pennation angle, has both advantages and disadvantages for
force and moment generation. A muscle with a larger moment arm will have greater
excursion for a given rotation compared to a muscle with a smaller moment arm (Lieber
and Friden, 2000). With greater excursion, the muscle will shorten at a faster rate
(Carrier et al., 1994) and operate on the unfavorable portion of the force velocity curve
(Nagano and Komura, 2003). However, with a larger moment arm, greater moment can
be generated at the ankle. Again, similar to the pennation angle results, both sprinters
and elderly individuals had shorter moment arms than the non-sprinters and young
individuals, respectively. It is an intriguing finding that two populations, sprinters and the
elderly, who clearly have different functional demands, would have smaller moment arms
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than their controls, as stated earlier, either through adaptation through training or as
compensation for other factors that affect muscle function.
Lastly, fascicle length to moment arm ratio is a parameter that is a determinant of
the range of motion over which a muscle may generate force (Alexander, 1981). This
ratio also dictates the amount of shortening or elongation that individual sarcomeres will
undergo for a given joint rotation. In the sprinters, we observed a nearly 50 % higher
ratio than that in non-sprinters whereas young individuals had a mere 13 % higher ratio
than elderly individuals. This suggests that the contribution of fascicle length to moment
arm ratio to muscle function may vary depending on the functional demand.
IMPLICATIONS: THE INFLUENCE OF MUSCULOSKELETAL
ARACHITECTURE ON LOCOMOTOR PERFORMANCE
The idea that muscle and joint architecture is “optimized” (or evolved) for
performance of a dynamic task is strongly exemplified in animals. For example, the
musculoskeletal architecture of the frog semimembranous muscle appears to be
optimized for power generation during jumping (Lutz and Rome, 1994). The cheetah, the
fastest running animal, has plantarflexor muscles with small moment arms and high gear
ratios (moment arm of the ground reaction force divided by the moment arm of the
muscle (Hildebrand, 1960).
Since the acceleration phase of sprinting is crucial to winning the race (Baumann,
1976; Hunter et al., 2005) (Baumann 1976, Hunter 2005), plantarflexor function during
push-off in the first few steps is extremely important. The output we examined using our
computer simulation was the forward impulse imparted to the body by the ground
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reaction force. Shorter plantarflexor moment arms and longer toes enhanced force
generation by reducing sarcomere shortening velocity and thus allowing for greater
forces to be applied to the ground and longer contact times.
In elderly individuals, it is well established that gait velocity decreases with
advancing age and is accompanied by diminished peak plantarflexion angle and power
(Winter DA. 1991; Kerrigan et al., 1998; DeVita and Hortobagyi, 2000; Judge et al.,
1996a; Judge et al., 1996b). Step length and step rate are determinants of gait velocity,
but the reduction in stride length is more prominent (Crowninshield et al., 1978; Murray
et al., 1984). We found that stride length was positively correlated with peak
plantarflexion power which corresponds to the findings of Judge et al. (1996). Force
production and shortening velocity play crucial roles in generating power, and having
longer fascicles helps in both regards as a muscle with longer fascicles can generate more
force and has a faster maximum shortening velocity than a muscle with short fascicles
(Lieber and Friden, 2000). We observed that the plantarflexion angle, moment, and
power during walking is influenced by fascicle length and fascicle length to moment arm
ratio However, it is interesting that moment arm alone explained 67% of the variation in
preferred walking speed (but only for the slowest subjects) and that this was a positive
correlation. It is clear that the functional demands of sprinters and elderly individuals are
very different and we have demonstrated that this is reflected in their musculoskeletal
architecture.
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FUTURE WORK: IMMUTABLE CHARACTERISTICS OR ADAPTATION
An important question that arises from these findings is whether these changes in
musculoskeletal architecture occur as an adaptation. If so, what are the mechanisms
behind this adaptation? The addition or loss of sarcomeres dictates fiber length changes
and there is some evidence for fascicle lengthening in response to training. The longer
fascicles found in the sprinters may be a result of training as found in animals models
(Williams and Goldspink, 1978; Holly et al., 1980; Ashmore and Summers, 1981; Lynn
et al., 1998; Koh and Herzog, 1998; Butterfield et al., 2005). In humans, longer fascicles
in the dominant leg of junior soccer players were found compared to the non-dominant
leg (Kearns et al., 2001) and in the elderly, Reeves et al. observed increased muscle
fascicle length in individuals who had undergone resistance training (Reeves et al.,
2006). Evidence that moment arms can be altered, however, has not been reported in
humans or animals, but few such studies have been performed. Zumwalt et al. did not
find any moment arm changes in sheep that had undergone enduring running training
(Zumwalt, 2006). For moment arms to change, migration of either the tendon path or
joint center of rotation would have to occur.
CONCLUSION
The findings of this dissertation provide insight into the complex and multifaceted relationship between musculoskeletal architecture of the lateral gastrocnemius
muscle and locomotor performance. Through in vivo measurements, we have identified
potential contributors to various mobility performance indicators such as generating
forward impulse in sprinters, ankle kinematics and kinetics, and gait temporal parameters
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in elderly individuals. This understanding can be used to investigate training regimes for
sprinters in order to achieve faster acceleration, and for elderly individuals to either
prevent loss of mobility and reduction of gait velocity or to regain mobility and to
improve gait velocity.
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