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Abstract

Recently published reports suggest the role of the muscles and tendons of the lower limbs
are an important factor in determining the energy cost of running (E..,). Specifically, there exists
a link between the mechanical properties of the Achilles tendon (AT) and E,,, but the impact of
the muscle’s energy cost is not considered. To date, very little is known regarding the interaction
between AT stiffness, muscle energetics and E,,,. Further, little is known about the AT stiffness-
energetics relationship in female runners. Therefore, the overall goal of this thesis was to
explore the relationship between AT stiffness and muscle energetics in male and female distance
runners.

The first study revealed AT stiffness of female runners was lower than in males, but Ey,
was similar to males. Further, the relationship between E,,, and Achilles tendon stiffness was
not different between the sexes. Results from the second study demonstrated that when
reductions in AT stiffness were simulated, the rate of muscle energy use was elevated and the
magnitude of muscle activation needed to reach a target force was increased.

A novel method of assessing AT moment arm was assessed in study four. A key finding
was that moment arm did not change through ankle range of motion. These results were used in
the fifth study which demonstrated using estimates of muscle energetics, along with kinematics
and kinetics during running that strain energy release from the AT during running was
significantly lower than the muscle energy cost required for strain energy storage to occur.
Lastly, using a prolonged run as an acute method of reducing AT stiffness, the impact of changes
in AT stiffness during running on muscle energetics and E,,, was evaluated. Results from this
final study suggest that prolonged running reduces AT stiffness, the impact of which is an
elevated muscle energy cost and increased whole-body E,,, without a significant increase in
estimated AT strain energy release. Together these findings support the notion that the role of
the AT in running is to accommodate muscle-tendon unit length change, thereby reducing the

amount of muscle fascicle shortening and therefore muscle energy cost.
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This dissertation is based on a collection of stand-alone manuscripts, and there may be some

redundancy in the introduction, methods and discussion of chapters two through seven.
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Chapter One: Introduction

1.1 General introduction

This thesis presents an investigation into the changes in tendon stiffness and muscle
energetics of in vivo human skeletal muscle and is compiled as a series of independent
manuscripts. Therefore, each chapter contains an introduction specific to that investigation. A
general introduction to the thesis is presented here.

The energy cost of running (E.,;») has been a unique trait to human evolution, as it allowed
our Homo sapiens ancestors to cover great distances on a finite energy supply. This allowed
these individuals the unique advantage of hunting by foot over great distances while generating
very little metabolic heat. The reduced metabolic heat generation, as well as the ability to
dissipate that heat which is generated offered a unique advantage to Homo sapiens over the rest
of the animal kingdom, who did not have this advantage of economy of locomotion and
thermoregulatory capacity (Bramble and Lieberman, 2004). Since quadrupeds cannot
simultaneously pant and gallop (Bramble and Jenkins, 1993), the technique of forcing animals to
gallop over long distances particularly during the hottest times of day, allowed early Homo
sapiens to literally follow the hunted animal until the animal was driven to hyperthermia and
died.

Today, the importance of E,y;, is highlighted in that it is an important physiological
predictor of distance running performance among elite runners and may be the key performance
variable in breaking the two-hour marathon. As it relates to health, understanding the factors
which dictate a good exercise economy may be beneficial in that it allows one to perform
exercise or activities of daily living at a low metabolic cost. This becomes important when

individuals are faced with a rapidly-declining maximal oxygen uptake in the face of aging or



disease; a good exercise economy, defined as a low metabolic cost, may be the sole way of
accomplishing these routine tasks.

The energy cost of exercise is primarily determined by the energy cost of muscle
contraction yet much of the work studying the energy cost of running does not consider what the
muscles are doing. More specifically, few studies have investigated the interaction between
muscle and tendon in minimizing the energy cost of muscular contraction and how this may
translate to improving the whole-body E,,. Furthermore, virtually nothing is known about
muscle- tendon interactions in female runners. Most research on this topic has been done on
male runners.

It has become apparent in recent years that the role of the muscle-tendon unit in the lower
limbs may be an important determinant of E,;,. During running, muscular contractions are
repeated. The energy cost of these contractions is thought to be dependent on the required force
and the amount of fibre shortening during the contractions. The tendon, if sufficiently
compliant, may allow the fibres to remain isometric during a stretch-shorten cycle of the whole
muscle-tendon unit. As a result, the tendon alone can accommodate the joint range of motion,
keeping the energy cost of the contraction low (Roberts ef al, 1997). Also during these actions,
elastic energy is stored in the tendon (Voigt et a/, 1995) during the tendon stretch, and a portion
of this elastic energy is returned during the shortening phase (Cavagna et al, 1968, Voigt et al,
1995). The tendons of the lower limbs act as a spring. There is growing evidence to suggest that
the elastic recoil provided by the tendon contributes a significant portion of the energy for
propulsion (Arampatzis et al, 2006, Hof et al, 2002, Lichtwark and Wilson, 2008, Scholz et a/,
2008). The elastic properties of tendons can enhance muscle performance, as well as reduce the
energetic cost of contraction, during stretch-shortening cycle activities because tendon stretch
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and recoil reduces the muscular work (Gabaldon et al, 2008, Lichtwark et al, 2007), and muscle
work is thought to require additional energy beyond that required for isometric force
maintenance (Ryschon et al, 1997, Chasiotis et al, 1987, Bergstrom and Hultman, 1988, Russ et
al, 2002).

It has previously been shown that in a group of trained distance runners, the most
economical runners displayed a higher stiffness of the Achilles tendon (AT) compared to the less
economical runners (Arampatzis et al, 2006, Fletcher et al, 2010). To date, it is unclear how
and why a stiff AT may be associated with a lower En.

There are apparent advantages of stiff tendons in some cases, and compliant tendons in
other cases. The lengthening of a tendon for energy storage is relevant in stretch-shortening
cycles where a substantial pre-stretch of the tendon occurs early in a contraction. A compliant
tendon allows more energy conversion of either kinetic or gravitational energy to potential
energy. This energy can subsequently be released upon shortening. A compliant tendon may
also help by allowing the tendon to lengthen during the stretch phase of the stretch-shortening
cycle thereby keeping fascicle shortening velocity low. This permits high active force to be
generated. In contrast, a stiff Achilles tendon is associated with lower E,y, in spite of lower
capacity for elastic energy storage and return.

Differences in the mechanical properties of the tendon will result in differences in the
storage and release of tendon strain energy as well as the muscle energy cost to allow that tendon
strain energy to occur. To date, the interaction between tendon strain energy and the associated
muscle energy cost has not been examined, nor has this interaction been studied where AT

mechanical properties are altered acutely.



1.2 Purpose of the research

Therefore, the purpose of this thesis was to examine changes in tendon compliance and

skeletal muscle energetics in vivo. Examining the difference in muscle and whole-body energy

cost between stiff and compliant Achilles tendons was accomplished in several ways:

1.

By examining differences in E,,, between males and females, where it was anticipated the
AT mechanical properties would differ.

By acutely altering AT stiffness by allowing additional shortening of the muscle tendon
unit during contraction and examining the change in the rate of muscle energy use.

By examining differences in E,,, and AT mechanical properties between elite and trained
runners, where it was anticipated the AT mechanical properties would differ.

By estimating the amount of AT strain energy released per stride, and the associated
muscle energy cost for this tendon strain energy storage/release to occur in elite and
trained male and female runners.

By estimating the change in AT mechanical properties and the associated energy cost of
muscle contraction before and after a prolonged run, where it was predicted the AT

mechanical properties and whole-body E,,, would be altered as a result of the run.

1.3 Hypotheses

It was hypothesized that:

1.

E.n and AT mechanical properties would differ between similarly-trained male and

female runners.



2. Additional muscle fascicle shortening, as measured by ultrasonography would result in an
elevated muscle energy cost measured using near-infrared spectroscopy.

3. Enn measured at a common relative speed would differ between elite and trained runners.
These differences would be partially attributable to the differences in AT mechanical
properties between elite and trained runners.

4. The differences in AT mechanical properties would result in differences in both the
estimated amount of tendon strain energy and muscle energy cost for storage of tendon
strain energy to occur between elite and trained male and female runners.

5. A prolonged submaximal run would result in:

a. A reduction in AT stiffness

b. An increase in the estimated tendon strain energy storage/release

c. An elevated muscle energy cost in order for tendon strain energy to occur, a result
of elevated muscle fascicle shortening following the run.

d. An elevated E,, following the prolonged run, some of the elevated energy cost

being attributable to the elevated triceps surae muscle energy cost post-run.

1.4 Overview of separate chapters

Chapter two is dedicated to understanding the major factors that influence Ey, from a
muscle energetics perspective. Many reviews have been dedicated to understanding the specific
factors dictating E,,, and how they may be improved with various forms of training (Saunders et
al, 2004, Anderson, 1996, Barnes and Kilding, 2014). However, most studies do not consider
the fact that our skeletal muscles require energy to contract and this is where the energy is going.
Here, we review the general factors that influence the energy cost of running, and try to put them
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into the context of understanding the role that muscle contraction and muscle energetics plays in
contributing to the variability in the E,,, and how, from a muscle energetics point of view, the
energetic factors which likely can and cannot be changed with training.

In Chapter 3, we address the question of whether or not there are differences in Epyy
between similarly-trained male and female distance runners. While this question has been
addressed previously by several authors (Ingham et al, 2008, Daniels and Daniels, 1992,
Helgerud et al, 2010, Pate et al, 1992), there is still contention as to whether differences between
male and female runners exist. We believe much of this controversy arises from the
inappropriate measurement of E, itself. Furthermore, very little is known regarding the specific
AT mechanical properties in female runners and how this relates to Eyyn. If Eqn does not differ
between the sexes, yet the AT mechanical properties do, why might this be the case? Is AT
stiffness ‘tuned’ to a higher compliance in the slower runners in order to minimize muscle
shortening, and therefore run with a lower muscle energy cost?

In Chapter 4 we address whether additional muscle shortening and/or work contributes to
an elevated muscle energy cost, and therefore likely an elevated E.,,. To accomplish this, we
measured muscle fascicle shortening, the level of muscle activation and the rate of muscle
energy use in vivo during isometric and isokinetic contractions. These data have allowed us to
quantify in vivo the differences in the rate of muscle energy use between isometric and isokinetic
contractions, where it was anticipated the amount and rate of muscle shortening would differ.

In order to appropriately estimate triceps surae muscle and Achilles tendon forces from
joint moments during running, it is important to accurately estimate the AT moment arm at
different ankle angles. In Chapter 5 we propose a novel correction for passive force in
estimating the AT moment arm length. These data allowed us to accurately estimate tendon
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forces during running in order to estimate AT tendon strain and muscle energy cost during
running.

Chapter 6 presents the relationship between AT strain energy storage and release and the
estimated corresponding muscle energy cost for this strain energy storage to occur, allowing us
to reconsider the role of the AT during distance running. Given that elite runners have
considerably stiffer ATs, they should have reduced capacity of the AT to store tendon strain
energy. Here, we further evaluate the idea that the role of the AT in running is to reduce muscle
shortening, thereby reducing muscle energy cost.

In Chapter 7 we continue with the idea that the role of the AT during distance running is
not to store and release strain energy but to reduce muscle shortening; we have evaluated the
change in AT stiffness and E,, following a prolonged run in trained distance runners. It was
anticipated that the prolonged run would result in dynamic creep and thus reduced AT stiffness.
Therefore the amount of strain energy stored and released during each stride should increase.
However, we also anticipated that this reduced AT stiffness would result in an elevated muscle
energy cost, thus reducing the effectiveness of the additional storage and release of tendon strain
energy.

Lastly, we offer some general conclusions regarding the role of the AT during distance
running and how this relates to muscle energetics in vivo. Furthermore, commentary regarding
how this work can be applied to future research, with particular attention to the interaction

between in vivo tendon mechanical properties and muscle energetics during exercise.
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2.1 Abstract

The economy of running has traditionally been studied as the oxygen cost of running, and
there is a considerable body of literature that presents economy this way, without consideration
of the energy equivalent. Fundamentally, the understanding of the major factors that influence
the energy cost of running can be obtained with this approach. However, a recent return to
presenting economy as an energy equivalent (Fletcher et al., 2009, Shaw et al., 2014) has
allowed a refocusing of the topic on the origin of the need for energy and this approach will
provide a more basic understanding of the factors affecting the energy cost of running (En).

Without muscle contraction, running would be impossible. Yet most of what we
understand about E,,, ignores the fact that our skeletal muscles require energy to contract and
this is where the energy is going. Here, we review the general factors that influence E.yy,, and try
to put them into the context of understanding the role that muscle contraction and muscle
energetics plays in contributing to the variability in the E,. In order to achieve this approach
successfully, it is important to understand the determinants of muscle energy cost that are not
affected by training. These include, environmental factors, surface characteristics and certain
anthropometric features. We contrast this with a presentation of the factors affecting E,,, that are
affected by training, including certain anthropometric features, muscle and tendon properties and
running mechanics. Summarizing the key features that dictate muscle energy cost during
distance running has allowed us to consider the influence of biomechanics (limb weight and
length, AT and vertical ground reaction force etc) and physiology (force-length-velocity

properties of muscle) in dictating the muscle energy cost, and therefore Ep.



2.2 Introduction
2.2.1 Importance of E,,, to distance running performance

Endurance running performance is determined by a combination of physiological factors.
These include a high maximal oxygen uptake (V O,pmqy), the ability to minimize disturbances to
homeostasis at a higher fraction of V0,4, and the energy cost required to run (E,,,) at that high
fraction of V0,,,4,. The ability to tolerate disturbance to homeostasis may also be important.
With few exceptions, world-class marathon running performances are achieved in runners who
possess V0, may values above 75 mlekg ' emin™ and the portion of V0,4, that can be sustained
for the marathon distance is at least 80% of V05,4, (Foster and Lucia, 2007). Using the ACSM
metabolic equations for the energy cost of running over level ground, a mean V0, of 71.9 mlekg’
lemin™ is required to achieve the current marathon world-best (2:03:23, TAAF). Given this
assumed V0, to run at this speed (342 memin™") and assuming the runner could maintain 80% of
V 0ymax for the marathon, this effort would require a V 0,,,,4, of nearly 90 mlskg'smin'. Values
this high have rarely, if ever, been reported in distance runners. If an elite marathoner could
sustain 90% of V0,4, for over two hours, this would require a V0,4, of 80 mlekg'smin™ to
surpass the current world marathon best time. V0,4, values this high have been reported in
elite runners but it seems unlikely that elite runners could sustain relative intensities of 90%
V 0ymax for this time frame (Billat et al., 2001).

So how are such phenomenal running performances possible? It is likely the energy
demanded by an elite marathoner to cover the distance in world-record time is significantly
lower than that estimated by the ACSM metabolic equation. Assuming the marathon distance is

sustained at a relative intensity of 80% of V05,45, and Eq, was reduced by 10%, then the

10



required V 0,4, would only be 81 mlskg'smin™. Values this high have been frequently
reported in elite distance runners (Pollock, 1977; Zhou et al., 2001). Thus, E.;, can greatly
influence the speed at which the marathon can be sustained, and will likely be a key determinant
in breaking the 2-hour mark for the marathon (Joyner et al., 2011). These estimates, however, do
not consider that E,,, may increase over the course of the run (Brueckner et al., 1991; Petersen et
al., 2007). This phenomenon, which has been largely unexplored in elite distance runners, may
be one of the main contributors preventing a sub 2-hour marathon (Fletcher et al., 2011) and
further highlights the important impact of E,, on distance running performance.

It is known that E, is likely influenced by a number of physiological and biomechanical
factors and several excellent reviews have been written on the topic in the last 25 years
(Anderson, 1996; McCann and Higginson, 2008; Morgan et al., 1989; Morgan and Craib, 1992;
Saunders et al., 2004). Recently, we have estimated that the active muscle energy cost represents
a substantial portion of the total metabolic cost of running (Fletcher and Maclntosh, 2014).
Specifically, we have estimated that the energy cost of triceps surae muscles contraction during
the running stride of highly-trained runners represents nearly 25% of the total metabolic cost of
running. This proportion increases to nearly 40% in lesser-trained male and female runners
(Figure 2.1). The energy cost of other active muscles would also contribute to the total
metabolic cost of running. Consequently, understanding the specific factors that dictate the
muscle energy cost during running offers a unique understanding of the underlying factors which
might also dictate E,,,. However, to date the factors which dictate the muscle energy cost during

running have not been given appropriate consideration.
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2.2.2 Quantifying the energy cost of running

It has long been established that there exists a linear relationship between running speed and
oxygen uptake in humans (Henry, 1951; McMiken and Daniels, 1976). E,, has predominantly
been expressed as the steady-state VO, (ml-kg™'smin™) at a particular running speed (Daniels,
1985); a low VO, at a given speed implying a ‘good running economy’. A good running
economy (low E.,) further suggests success in or previous training for athletic endurance
performance (Conley and Krahenbuhl, 1980; Daniels and Daniels, 1992; Daniels, 1985);
therefore, considerable effort was made in assessing distance running performance potential by
measuring V0, at a given submaximal speed. For example, Dill (1965) found that the VO, of a
champion marathoner was 17% lower than a champion miler running at the same speed. Similar
findings that marathoners may be more economical than runners specializing in shorter distances
have frequently been reported (Costill et al., 1973; Pollock, 1977). This observation is probably a
consequence of the measured speed being better suited to the marathoners’ typical training paces.
Furthermore, V0, is frequently found to vary in similarly-trained runners of equal abilities
(Daniels, 1974) and has been identified as an important factor in the success of East African
distance runners (Lucia et al., 2006; Wilber and Pitsiladis, 2012).

ATP is resynthesized from ADP and P; from the energy released during oxidative
phosphorylation. O, is consumed when it accepts electrons at the end of the electron transport
chain to form ATP via ATP synthase. Thus, V0, reflects the quantity of ATP used when aerobic
metabolism can provide all of the energy at a given running speed. This is only true: 1) when
sufficient time is given to achieve a physiological steady-state and 2) when the speed is less than

that which results in accumulation of blood lactate. This latter point is important because at
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speeds greater than this, steady-state conditions are unlikely as a result of the V0, slow
component and non-aerobic metabolism contributes to the energy cost.

Berg (2003) conceded that measurement of V0, was reliable but suggested that using the
V0, to assess Er,, may not be entirely sound. He recognized that V0, does not account for the
type of substrate utilized, a factor that modifies the energy equivalent per volume of oxygen
metabolized. This fact has been given previously to mistakenly justify the expression of Ey, as
simply a V0,. However, substrate selection may be important in long duration events where
sparing of muscle and liver glycogen is important. As a consequence, Berg (2003) suggested it
was important to consider the respiratory exchange ratio and complete the calculation of Eyy.
Based on this notion, we suggested that the measurement of the energy cost to run a given
distance (kcal or kJ per km) was a more sensitive and more appropriate measure of Ey,, than V0,
alone (Fletcher et al., 2009). Recently, these suggestions were confirmed, showing that this
method of expressing Eu, in terms of energy cost is a more valid and reliable measure of Ey,
compared to VOZ or O; cost alone (Shaw et al., 2013; Shaw et al., 2014).

Despite the vast array of research on the aerobic demand of running at a common speed,
comparing athletes at the same absolute running speed does not account for differences in the
speed associated with the lactate threshold (sLT), which is an estimate of the anaerobic
threshold. The anaerobic threshold is defined as the highest sustained intensity of exercise for
which measurement of oxygen uptake can account for the entire energy requirement (Svedahl
and Maclntosh, 2003). Consequently, by not accounting for differences in sLT between runners,
the same absolute running speed represents a different relative speed for each runner.

Expressing E.;, at a common relative speed below the lactate threshold is important to ensure
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that a V0, steady-state can be achieved and to minimize differences in substrate use. We
(Fletcher et al., 2009) and others (Costill et al., 1979) have demonstrated that the respiratory
exchange ratio (RER) increases as a function of running speed and with it, the energy made
available per liter of oxygen increases (Lusk, 1928). Lastly, it seems logical to measure E, at a
speed that relates to some competition distance, like the marathon (ie. at a similar intensity
relative to the lactate threshold) as long as that speed is below the speed at which lactate
accumulates.

Despite the expression of E,, in terms of energy having been established in the 1960s
(Margaria et al., 1963), it is only recently that studies have taken advantage of the additional
information given by the RER (Albracht and Arampatzis, 2013; Di Prampero et al., 1986; Di
Prampero et al., 1993; Fletcher et al., 2013a; Franz et al., 2012; Mooses et al., 2013; Pialoux et
al., 2008; Shaw et al., 2013). Therefore, we suggest appropriate expression of Ey;, should be
done in terms of units of energy (kcal or kJ) and per unit distance (per km) and per body mass
(kg) rather than simply a V0, to best reflect the actual energy cost and to permit comparisons
when the absolute speed of running is different. In calculating E,,, in this way, we were able to
address such issues as the apparently paradoxical negative relationship between V0,4, and Eqn
(Morgan and Daniels, 1994; Pate et al., 1992) and apparent differences in E,, in similarly-
trained male and female runners (Daniels and Daniels, 1992; Fletcher et al., 2013a; Helgerud,

1994; Helgerud et al., 2010).

2.3 Skeletal Muscle energetics

Without muscle contraction, running would be impossible. Yet most of what we

understand about E,, ignores the fact that our skeletal muscles require energy to contract and
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this is where the energy is going. Here, we review the general factors that influence the energy
cost of running, and try to put them into the context of understanding the role that muscle
contraction and muscle energetics plays in contributing to variability in the E.,. The energy cost
of muscle contraction is primarily dictated by the rate at which ATP is hydrolyzed. The primary
use of ATP within the muscle can be divided into two portions: the energy cost of cross-bridge

cycling and of ion pumping.

2.3.1 Skeletal muscle energetics
2.3.1.1 Cross-bridge turnover and activation (ion pumping)

Muscle energy cost in vivo arises from cross-bridge turnover as well as non-cross bridge
processes. The latter being the energy cost of ion pumping, primarily from the Na"-K" ATPase
and the sarco-endoplasmic reticulum Ca*" ATPase (SERCA) pumps. The energy cost associated
with Ca®" re-uptake represents the majority of the energy cost associated with ion pumping
(Homsher and Kean, 1978).

There are two main methods to estimate the non-cross-bridge energy cost of contraction.
Typically, this energy cost is calculated during isometric contractions when muscle length is
changed above optimal length and estimated for a long length where filament overlap would be
prevented (Barclay et al., 1993) or by preventing cross-bridge interactions pharmacologically. In
doing so, cross-bridge cycling, and thus ATP use at the cross-bridge site, is prevented (Young et
al., 2003). Eliminating energy for cross-bridge interactions yields the energy use for non-cross-
bridge function. This is assumed to be primarily for ion pumping.

Excitation-contraction coupling (E-CC) is the sequence of events in a muscle including

the following: an action potential is propagated along the surface membrane and into the
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transverse tubules; Ca”" is released from the sarcoplasmic reticulum (SR); Ca*" is then bound to
troponin, causing a re-configuration of tropomyosin and the ultimate binding of the myosin head
to actin; ATP is broken down by actomyosin ATPase, releasing energy and causing the myosin
head to swing resulting in force development and/or translation of the actin filament. This E-CC
includes passive activation as well as the energy requiring cross-bridge interactions. Energy is
not required for action potential propagation or Ca”" release. Chemical energy is required in
order to regenerate ATP that is used for crossbridge turnover (section 2.3.1.2).

Relaxation occurs when the Ca®" is actively transported out of the cytoplasm and back
into the SR. Energy is required by the SERCA pump, which shuttles 2 Ca®" ions per ATP
hydrolyzed (Riiegg, 1986). When contractions are of short duration, the energy cost is greater
because of the fibre shortening against the series elastic structures during force development. .
Combining the energy cost of SERCA and Na'-K" ATPase pumps accounts for 30-40% of the
energy used during an isometric contraction, where the energy associated with cross-bridge
cycling as a result of shortening is not considered (Barclay et al., 1993; Barclay, 1996; Homsher
et al., 1972). When shortening is considered, the proportion of the energy cost attributed to non-
crossbridge ATPases is much less because shortening considerably increases the cross-bridge
turnover (Smith et al., 2005). Considering this cost of shortening, an isometric contraction is
more costly in the initial part of the contraction when force is rising because the fibres shorten
against the series elastic components of the muscle. During locomotion, most muscle

contractions are of short duration, so this is a relevant aspect of the energy cost of locomotion.

2.3.1.2 Turnover of cross-bridges

2.3.1.2.1 Isometric contractions
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During an isometric contraction, energy cost is elevated compared to the resting state.
Since, by definition no external work is performed during an isometric contraction, the energy
cost must arise primarily from time-dependent cross-bridge cycling. Barclay et al. (2010a) have
previously estimated this rate to be 1.5 ATP splitss™ in frog sartorius muscle at 0°C. In human
muscle, assuming the ATP turnover rate is 1 mmolskg™ wet wtes™ (Katz et al., 1986) and a cross-
bridge concentration of 0.18 mM (Barclay et al., 2010b), each cross-bridge splits 5.6 ATP per
second. That is, the ATP splitting cycle requires 180 ms. A cross-bridge duty cycle of 0.3
(Barclay et al., 2010a) would require the cross-bridge be attached for 60 ms; the remaining 120
ms presumably being required for the cross-bridge to return to a state from which it can attach
again. This duty cycle would be fibre-type specific; a shorter duty cycle associated with fast-
twitch fibres. Thus, the energy required during an isometric contraction is dependent solely on
the required force (which dictates the number of cross-bridges required to support that force) and
the contraction duration. However, recognizing that as force develops in an isometric
contraction, the tendon is stretched thereby requiring shortening of the fibres, additional cross-

bridge cycles will be required.

2.3.1.2.2 Shortening contractions

Shortening at a velocity greater than a critical velocity can increase the rate of turnover of
individual cross-bridges. This critical velocity depends on the rate of shortening being fast
enough that the isometric crossbridge turnover is exceeded and is different for myosin isoforms:
faster for fast-twitch myosin isoforms. This critical velocity is the equivalent of a cross-bridge
sweep (per half sarcomere) per isometric cross-bridge cycle time for each half sarcomere fibre
length. At the optimal velocity, that for which efficiency is maximal, the energy cost of a
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shortening contraction is 2-3 fold greater than that expected during an isometric contraction. This
increase in energy demand is referred to as shortening-induced increase in ATP turnover
(Woledge et al., 1988). The amount of ATP split, and therefore energy use by the muscle is
proportional to the amount of shortening within each half sarcomere and is dependent on the
working stroke (or cross-bridge sweep) of each cross-bridge. This working stroke distance
increases as a function of shortening velocity (Barclay et al., 2010a). At velocities greater than
that associated with optimal efficiency, the cross-bridge remains attached beyond the filament
displacement at which their force reaches zero, opposing filament movement generated by cross-
bridges at earlier stages of their attachment cycle. These cross-bridges thus contribute to the
decreasing average force per cross-bridge as shortening velocity increases.

Therefore the shortening energy cost is also proportional to shortening velocity (Hill, 1938;

Homsher and Kean, 1978).

2.3.2 Energy cost of muscle contraction

Running can be considered a series of voluntary muscle contractions; the force of
contraction being dictated by the running speed and the controlled motion of the lower leg. The
required level of voluntary muscle activation is primarily determined by the force-length-
velocity relationships of the muscle and the need for force or movement through a specific
angular displacement. The level of muscle activation a combination of motor unit recruitment
and rate coding as measured by surface EMG, dictates the energy cost since the rate of energy
consumption depends on the number of fibres activated and the rate and number of cross-bridge

cycles required. The volume-specific rate of energy consumption is greater in fast-twitch
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muscles during isometric contractions and slow shortening because faster muscles have higher
rates of time-dependent cross-bridge cycling (Katz et al., 1986; Rall, 1985).

The energetic cost of generating force is also dependent on the average length of the
activated muscle fibre. For muscles having similar fibre type compositions and operating under
similar levels of activation and shortening velocities (relative to length), muscles with shorter
fascicles can be expected to consume proportionally less ATP per unit force generated compared
to muscles with longer fascicles (Roberts et al., 1998b). The volume of active muscle recruited
to generate the required force is the product of fascicle length and active cross-sectional area.
Consequently, a muscle with longer fascicles will require a greater active volume of muscle and
therefore, a greater amount of ATP will be consumed. Thus, it seems likely that muscle
architecture is adapted to economize the metabolic cost of generating the required force. The
link between muscle fascicle length, tendon stiffness and muscle contractile energetics has been
modeled previously (Lichtwark and Wilson, 2008). These authors have demonstrated that
maximum efficiency is achieved over a wide range of muscle fascicle lengths and tendon
stiffness values; however, most importantly, these authors demonstrated that different muscle
fascicle lengths and tendon compliance combinations are required to maximize contractile
efficiency depending on the gait conditions (walking vs running) and speed. Their results
suggest different fascicle length-tendon compliance combinations are selected to keep muscle
shortening velocity (and therefore the amount of muscle work) low. This reduces the required
volume of activated muscle according to the force-velocity relationship. This idea is well-
matched with the energy cost of running considering that during running, the triceps surae
muscles perform little work (Ishikawa et al., 2007; Roberts et al., 1997) and economy of muscle
force generation, rather than efficiency, may be the more relevant feature.
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2.3.2.1 Force-length relationship

The force of contraction during running is dictated by the running speed and the
controlled motion of the lower leg. It has been known for some time that the force a muscle can
produce depends on its average sarcomere length whereby an optimal muscle length exists.
Muscle contraction at longer or shorter lengths than this optimal length results in less muscle
force (Gordon et al., 1966; Ramsey and Street, 1940). As it relates to E.,, for a given amount of
muscle force required to run a particular speed, the required level of activation can be minimized
if the muscle is operating near optimal length. In keeping the level of activation low, muscle
energy cost and therefore E,,, can be reduced (Stainsby and Lambert, 1979).

The classic experiments of Gordon et al. (1966) were the first to relate this force-length
curve to the amount of myofilament overlap and the corresponding number of cross-bridges
available to develop force. At sarcomere lengths above and below optimum, the measured
tension decreases as a function of the number of active cross-bridges available to develop the
tension. The force-length relationship has been expanded to in vivo human sarcomere length
estimation (Walker and Schrodt, 1974) and the quantification of the force-length relationship of
whole muscle using ultrasound (Austin et al., 2010; Finni et al., 2001; Ichinose et al., 1997;
Maganaris, 2003). An important consideration, however, is that the classic force-length curve of
Gordon et al. (1966) applies only to maximally active muscle fibers. As it relates to whole-body
energy cost, very few exercises are performed under conditions of maximal activation.

During submaximal stimulation, the length at which peak force occurs is longer than the
optimal length associated with maximal stimulation. This is apparent both in situ (Rack and

Westbury, 1969) and in vivo (Ichinose et al., 1997) and appears to be associated with enhanced
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contractile response at long muscle lengths (Lambert et al., 1979; Rassier et al., 1999). This
probably relates to a decrease in intermyofilament spacing and subsequent changes in calcium
sensitivity at long sarcomere lengths (Fuchs and Wang, 1991; Stephenson and Wendt, 1984;
Wang and Fuchs, 1994).

At short muscle-tendon unit lengths, the tendon is slack (Huijing et al., 1989). Thus,
muscle shortening is required simply to take up the tendon slack prior to the development of any
appreciable joint moment. This can be seen in vivo as a large toe region of the force-tendon
elongation curve where considerable stretch the tendon occurs with little force development
(Figure 2.2). For a given muscle-tendon unit length, a higher force is associated with more
tendon elongation and a corresponding additional muscle shortening. This additional shortening
could result in the muscle sarcomere length being shorter than the optimal and would necessarily

increase the level of muscle activation needed to reach a given force (Ichinose et al., 1997).

2.3.2.2 Force-velocity relationship

The relationships between mechanical work, efficiency and speed of shortening were first
proposed by AV Hill almost 100 years ago (Hill, 1922). Since the rate of mechanical work (or
power output) is the product of force and velocity, the maximum power output that can be
generated by a muscle, or group of muscles, is defined and limited by their force-velocity
relationships. The now commonly used hyperbolic force-velocity equation of Hill (1938)
dictates the conditions for power output.

Since power is the product of force and velocity, the power-velocity relationship is also
bound by this equation. However, under conditions of submaximal activation, the velocity at

which peak power is achieved is slower and peak power achieved is lower. This has been
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extensively described previously (Chow and Darling, 1999; MaclIntosh et al., 2000; Sargeant,
2007). For a given force requirement, the level of activation can be minimized if the muscle can
operate at a lower shortening velocity (Figure 2.3). In running, where a set force must be
generated, the level of activation can be minimized if the velocity of shortening is low (Fletcher

etal., 2013b).

2.3.2.3 Motor unit recruitment

The muscle’s in vivo force-length and force-velocity relationships dictate the magnitude
of activation required to achieve a given force and velocity of shortening (Praagman et al., 2006).
The force-velocity relationship dictates that force production for a given level of activation is
maximal when that force can be developed isometrically (Roberts et al., 1997, Gabaldon et al.,
2008, Biewener, 1998, Fenn and Marsh, 1935) and decreases as shortening velocity increases.
Stainsby and Lambert (1979) suggest that the major determinant of metabolic cost of contraction
in voluntary movement should be motor unit recruitment. This notion is consistent with the
observed increase in EMG during cycling, which has a minimum at a unique cadence associated
with a given power (Maclntosh et al., 2000), and this cadence is closely related to the optimal
cadence for best efficiency (Coast and Welch, 1985). Load, shortening and velocity of shortening
have less impact on the magnitude of energy requirement (Stainsby and Lambert, 1979). For
submaximal contractions like those imposed during running, the level of activation needed to
generate a given force can be minimized when the fascicles are allowed to develop force

isometrically.
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Keeping the underlying factors dictating energy use in muscle in mind, attention will turn
to the energy cost of running: those factors that are not affected by training will be considered.

This will be followed by an examination of those factors which can be affected by training.

2.4 Factors not affected by training

E.n can acutely change by factors other than those factors related to training. These
factors include environmental factors (wind, temperature, altitude), surface features and

footwear.

2.4.1 Environment
2.4.1.1 Wind

The energy required to overcome wind-resistance is a function of the runner’s frontal
surface area (section 2.4.3.3), air density (altitude, humidity and pressure) and the wind velocity.
Pugh (1971) found that work required to overcome wind resistance was a linear function of
running speed and wind velocity-squared. As such, when running at speeds approaching the 2-
hour marathon barrier (5.8 mes™), the extra energy required to overcome air resistance is
approximately 8% higher compared to running with no air resistance (Pugh, 1970). This extra
energy can be nearly completely abolished by drafting behind other runners, which saves 80% of
the extra energy required to overcome wind resistance (Pugh, 1971). However, wind also serves
a thermoregulatory function in that cooler air crosses the skin during running, allowing for
greater heat loss by convection. This may result in lower heat storage, and a longer exercise

duration as a consequence. Presumably the extra energy is required due to the need to generate
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greater propelling force. This would relate to the need for increased motor unit recruitment in

muscles contributing to the forward propulsion.

2.4.1.2 Temperature

The environmental temperature can certainly limit running performance since high
environmental temperatures lowers a runner’s ability to dissipate heat. Heat exchange between
the body and the environment is defined by the relative impact of the metabolic rate (ie. Epn),
which is balanced by heat loss by convection, radiation and evaporation (Cheuvront and
Haymes, 2001). Thus, a lower E,, for a given environmental temperature and humidity will
result in less heat storage, and a longer exercise duration is permitted. Similarly, a runner with a
comparatively low E,, can perform at a higher metabolic rate, corresponding to a faster speed,
for the same level of heat storage. Where less heat is generated, less energy is required for
peripheral circulation as warmed blood from the core is transferred to the skin (MacDougall et
al., 1974; Rowell et al., 1969). Pulmonary ventilation is also elevated in hyperthermic conditions
(Chu et al., 2007), which may also explain the elevated E,,,, owing to an elevated work of

breathing (COAST et al., 1993).

2.4.1.3 Altitude

Measured at a common absolute speed (255 memin™"), sea-level oxygen cost of running is
approximately 4.5% greater than that measured at an altitude of 2300 m (Daniels et al., 1977).
The difference in oxygen cost measured on the treadmill is 4%, so most of the altitude dependent
difference is not related to overcoming air resistance. The only mechanism suggested for the

lower oxygen cost at altitude was the possibility of differences in the anaerobic energy

24



contribution at altitude (Daniels et al. 1977). The possibility for anaerobic contribution at altitude
when there was not at sea level relates to the compromised maximal oxygen uptake and the
lower intensity associated with the anaerobic threshold. Any contribution by anaerobic
metabolism would decrease the oxygen demand, even if the total energy cost was not different.

There is another possible contributing factor. When converting the oxygen cost to the
energy cost, the energy equivalent of the oxygen uptake increases at altitude, so for the same
energy yield, oxygen uptake would be lower. When running the same absolute speed at altitude
as at sea level, this speed represents a greater speed, relative to the compromised lactate
threshold. At a greater relative speed, the RER will be closer to 1 and the energy yield per
volume of oxygen will be higher. At an altitude of 2300m, the measurements of oxygen cost
were likely made at a speed at altitude which represents a relative speed which is approximately
10-15% faster as a result of the compromised lactate threshold at altitude (Daniels, 1970;
Faulkner et al., 1968; Friedmann et al., 2004). This elevated relative speed is accompanied by a
higher RER and a corresponding increase in the caloric equivalent of oxygen uptake. An
increase in the speed relative to the lactate threshold (sLT) of 10-15% represents an increase of
more than 1.5% in the caloric equivalent of oxygen. For example, at 90% sLT, the caloric
equivalent of oxygen is approximately 4.97 kcalsL™ (Fletcher et al., 2009). A 10% increase in
the running speed (to 99% sLT) raises the caloric equivalent to nearly 5.04 kcaleL™'; an increase
of 1.2% in the energy equivalent of oxygen uptake. This would impact the measurement of E,y,
between sea-level and altitude conditions.

If the sea-level measurements were made at a relative intensity of 90% sLT, the RER at
this speed should be approximately 0.93 (Fletcher et al., 2009). Using the V0, data presented by
Daniels et al. (1977) at 255 memin"', this represents a caloric cost of 0.99 kcalekg™'skm™ for his
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58 kg runners. That same running speed at altitude would represent a speed approaching (or
exceeding) the sLT. At this speed, the RER would be close to 1.00 and the equivalent caloric
cost becomes 0.96 kcalekg™'skm™. Taking into account the energy yield per litre of oxygen
accounts for more than half of the 4% difference in oxygen cost between altitude and sea-level
treadmill running and yields a difference in sea-level vs altitude Ey,, of 0.03 kcalekg'ekm.

It was also hypothesized that the thinner air at altitude presents less resistance to
ventilation, and therefore a lower work of breathing at altitude. However, these authors showed
that pulmonary ventilation at altitude was 15-20% greater compared to at sea-level (110 Lemin™
vs. 96 Lemin™") and thus could not explain the lower oxygen cost at altitude. Estimating the
energy cost of ventilation at altitude (96 Lemin™") and at sea-level (110 Lemin™) according to
Mazess (1968), the energy cost of ventilation would have been 0.11 and 0.08 kcalkg'km™" at
sea-level and at altitude, respectively. Thus, the lower resistance to ventilation at altitude (0.03
kcalekg'skm™) likely explains the lower Ey, at altitude when Ey,, is presented as an energy
equivalent.

Taken together, the differences between sea-level and altitude oxygen cost may likely be
explained by the lower work of ventilation, increased energy per litre of oxygen uptake and

possible anaerobic contribution that was not accounted for.

2.4.2 Surface Features
2.4.2.1 Friction

Running straight ahead at a constant speed on a dry, smooth, flat surface requires friction
between shoe (or foot) and surface (Frederick, 1986). When on a slippery or wet surface or

when changing speed or direction, subjects tend to modify their kinematics (and therefore use a
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less-than-optimal movement pattern) to compensate for surface characteristics (Frederick, 1983).
Presumably, this also elevates E.y, although further research is required to determine the

magnitude of this increase as a result of the less than optimal kinematics.

2.4.2.2 Surface stiffness

Runners are capable of adjusting their leg stiffness, allowing them to run with similar
kinematics over a variety of different surfaces with varied stiffness (Ferris et al., 1998). If a
runner was not able to quickly adjust leg stiffness based on the surface, the vertical displacement
of the centre of mass would be greater as surface stiffness decreased. There exists an optimal
surface stiffness over which a runner’s best performance can be achieved (McMahon and
Greene, 1979). These authors have demonstrated that a ‘tuned’ track surface, could be built for
which ground contact time is decreased, and there is an increase in stride length and ultimately
this could result in 2-3% improved performance times. These improvements in performance
were most pronounced over long-distance races, for which ground contract time and stride length
is related to En,. (Kram and Taylor, 1990). Later, Kerdok et al. (2002) examined the energetic
implications of running surfaces of variable stiffness, the lowest of which was within the range
of stiffness tested by McMahon and Greene (1979). They showed that while the running
mechanics during the support phase were essentially unchanged, E,, increased as a function of
surface stiffness. The E.,, was reduced with lower surface stiffness. These authors postulated
that an increase in energy rebound from the compliant surface in the latter portion of ground

contact contributed to the lower Eyp.
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2.4.2.3 Other surface features

E.n 1s also elevated on soft and uneven surfaces, as evidence by E,,, being significantly
elevated while running on sand compared to grass or concrete (Lejeune et al., 1998; Pinnington
and Dawson, 2001; Zamparo et al., 1992). The elevated E,,, on sand has been attributed to a
reduction in the re-utilization of elastic energy and/or the energy lost due to backwards
translation of the foot during push-off. It has also been hypothesized that an elevated muscle-
tendon work while running on sand contributes to the elevated E,;, (Lejeune et al., 1998). In
terms of the muscle energetics presented earlier, these mechanisms (foot slip, increased work and
decreased tendon strain energy release) translate to an increased shortening and probably
increased motor unit recruitment. Both of these factors would increase the energy cost of muscle

contraction.

2.4.2.4 Footwear

It has been suggested that runners attempt to maintain a specific (optimal?) movement
pattern during running (Nigg and Wakeling, 2001), which therefore explains the often-
demonstrated lack of significant change in kinematics and/or kinetics between footwear designs
(Cole et al., 1995; Dufek et al., 1991; Nigg et al., 1987). Adapting to a less than optimal
movement pattern would result in changes in muscle activation and which would manifest as
differences in metabolic cost.

It has been suggested that a potential mechanism by which footwear might reduce E,, is
because footwear serves to reduce some of the impact shock. A reduction in E,, of 3% with
well-cushioned shoes compared to poorly-cushioned ones support this notion (Frederick et al.,

1986). These authors developed a ‘cost of cushioning’ hypothesis whereby a portion of the
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measured E.,, in well-cushioned shoes is reduced because less muscle activation is required to
brace the force of impact with the ground. To support this hypothesis, E.,, was compared
between well-cushioned shod and unshod conditions. The former condition would incur an
estimated increase in E,, as a result of the mass of the shoes. Despite the added mass of the
shoes, E.., was not different between shod and unshod conditions. These results contrast with
those of Perl et al. (2012) who demonstrate a 2-3% reduction in E,, while barefoot running on a
treadmill compared to shod, despite accounting for differences in shoe mass, footstrike type
(forefoot vs rearfoot) and stride frequency. The authors attribute the reduction in E, in the
barefoot condition to more elastic energy storage and release in the longitudinal arch. At the
speed at which their subjects ran (3 mes™), the additional energy release required to account for
the 2-3% difference in Ern, between conditions would be approximately 17-24 Jestride™. This
additional energy release was estimated from the absolute energy cost differences between
conditions and the estimated stride length at that running speed (Cavanagh and Kram, 1989).
This seems feasible given that approximately 34 Jestride is stored in the arch of the foot during
running (Ker et al., 1987). Presumably cushioned shoes reduce this energy storage and release.
To eliminate any confounding factors such as shoe construction, Tung et al. (2014)
isolated the effect of cushioning on E,, by attaching the same cushioning foam to the belt of a
treadmill. In so doing, E.,, was reduced by 1.6% when runners ran unshod on the cushioned belt
in comparison to running unshod without the cushioning. Interestingly, E.,, was not different
between shod and unshod conditions on a normal treadmill belt, likely because the beneficial
effects of cushioning were balanced by the detrimental effects of added shoe mass. These results

suggest 1) shoe mass can have a meaningful influence on the measured E,,, and 2) there exists a
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trade-off between running in very light running shoes at the expense of extra cushioning in order
to minimize Ey,.

Runners are also able to assess shoe comfort reliably (Hennig et al., 1996) and it has been
hypothesized that comfort could relate to performance (Nigg, 2001). In fact, oxygen cost was
0.7% lower in shoes deemed ‘most comfortable’ compared to those deemed ‘least comfortable’
(Luo et al., 2009). Further insight into the specific mechanism for a lower E,,, between footwear

(kinematics, kinetics, muscle activity etc) should be investigated.

2.4.3 Anthropometry
2.4.3.1 Ankle & Foot Morphology

Erun 1s determined primarily by the energy needed for muscle contraction of sufficient
force to support body weight during the stride duration (Kram and Taylor, 1990). Therefore,
average muscle force and thus muscle energy cost is related to the average F, during stance, as
dictated by body mass and the F, moment arm and the moment arm of the Achilles tendon
(Carrier et al., 1994; Ker et al., 1987). These moment arms are shown in Figure 2.4. The ratio of
F, moment arm to that of the Achilles tendon is referred to as the gear ratio. Often, the F,
moment arm length is interpolated from known forefoot length. In this case, the ratio of forefoot
length to AT moment arm is referred to as the foot lever ratio (Kunimasa et al., 2013). Both F,
and AT moment arms can be altered by changing ankle joint kinematics during the stance phase.
This has important implications to E.;, since changes in joint angle configuration at touch-down
result in changes in both the F, and AT moment arms. The relative change in the gear ratio for a
given F, will determine the magnitude of the required muscle force. Reductions in the gear ratio

result in a reduction in muscle forces.
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It has previously been suggested that the Achilles tendon moment arm length changes
with ankle angle, the maximum of which occurs at large dorsiflexion angles (Fath et al., 2013;
Maganaris et al., 1998; Maganaris et al., 2000). However, we (Fletcher and Maclntosh,
submitted) and others (Hashizume et al., 2012) have recently demonstrated that this may not be
the case; Achilles tendon moment arm length remains constant throughout the range of motion.
Thus, additional ankle excursion during stance may not result in a greater muscle force required
to generate a given ankle moment during the stance as a result of a decreasing AT moment arm
length.

During running, the ankle angle at touchdown is nearly 90 degrees, with elite runners
exhibiting less ankle excursion during stance compared to good runners (Cavanagh et al., 1977;
Williams and Cavanagh, 1987). A small excursion translates to lower angular velocity and a
corresponding slower velocity of contraction. A slower velocity of contraction results in lower
level of activation needed to generate a given force and consequently lower energy cost of
muscle contraction.

A shorter AT moment arm, measured at rest, is associated with a lower E.;, (Mooses et
al., 2014; Scholz et al., 2008). The advantage of a short AT moment arm in reducing Ey,;, has
been attributed to increases in the elastic energy storage/release from the AT during running
since larger AT forces for a given joint moment are required with a short AT moment arm; more
elastic strain energy is stored and released in a tendon stretched to the same magnitude if AT
forces are higher. It has been estimated that a reduction in the AT moment arm of 10% would
result in a reduction in running V0, of approximately 4.2 mlskg'emin™' (Scholz et al., 2008). The
estimated energy savings of a shorter moment arm are based solely on the extra elastic energy

storage from the shorter AT moment arm and ignore the additional muscle energy cost associated
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with elevated AT force. This muscle energy cost would be considerably higher (Fletcher and
Maclntosh, 2014),

Shorter moment arms also require smaller muscle shortening velocity to achieve a given
joint angular velocity (Nagano and Komura, 2003). This effect may be substantial, given the
relatively large angular velocities at the ankle joint during submaximal running (KyroLAINEN et
al., 2001). As previously suggested however, the elevated AT force associated with a shorter
moment arm may also incur a substantial muscle energy cost (Fletcher and Maclntosh, 2014) and
as such, a longer AT moment arm may help reduce E,, by reducing the required muscle force
and level of muscle activation to sustain a given joint moment. To support this hypothesis, elite
Kenyan long-distance runners, a population known for their exceptionally-low E, (Larsen,
2003; Wilber and Pitsiladis, 2012), have longer AT moment arm lengths and shorter forefoot
lengths compared to similarly-trained Japanese distance runners (Kunimasa et al., 2013).
Furthermore, both long AT moment arm and short forefoot lengths are associated with better
endurance performance. Considering a lower gear ratio reduces the energy cost of muscle
contraction (Biewener et al., 2004; Carrier et al., 1994). Reducing the gear ratio from 2 to 1.5
reduces the estimated triceps surae muscle energy cost by nearly 40% (Fletcher and MacIntosh,
2014), assuming the same amount of shortening. However, a long AT moment arm also
necessitates a greater amount of shortening for a given angular displacement.

The length of the F, moment arm is also dictated by the length of the forefoot. Forefoot
length is another anatomical feature (along with presumably short or long moment arm lengths)
for which humans have evolved, presumably to favor economical walking and running. In
relation to body mass, humans possess extremely short forefoot lengths (Rolian et al., 2009).
This evolutionary adaptation has long been assumed to benefit bipedal locomotion since short
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toes require smaller plantarflexor forces to balance the large dorsiflexion moments as a result of
F, (MANN and HAGY, 1979; Weidenreich, 1923). Using kinematic, force and plantar pressure
measurements, this hypothesis was tested in a sample of human subjects. It was demonstrated
that relatively long forefoot lengths had to generate more than four times the peak flexor force
compared to a short-toed individual over a single stance phase (Rolian et al., 2009). The authors
suspected that such an increase in force output would lead to at least a small increase in the
metabolic cost of running. This seems very likely given that the elevated muscle force would
result in a greater active muscle volume and a concomitant increase in energy cost. Thus, it
seems logical to suggest that it is the ratio of F, to AT moment arm lengths, rather than the

absolute AT moment arm length itself which dictates the muscle energy cost.

2.4.3.2 Body mass, body composition and mass distribution

Not only is absolute body mass an important energy cost parameter in the energy cost of
running, but body composition and distribution of that mass may be equally important. Active
skeletal muscle is primarily responsible for the energy use, so a body mass consisting of a high
proportion of skeletal muscle mass and low fat mass should be advantageous in reducing the
energy cost of running over a fixed distance, since transporting metabolically-inactive tissue like
fat would come at a metabolic cost. In fact, Kenyan boys show a lower leg circumference than
boys of similar age from other continents (Larsen, 2003). This suggests that even lower muscle
mass may be advantageous.

It is estimated that the energy cost of running (measured as V0,) was elevated by 4.5%
for every additional kg of load carried distally whereas the energy cost was only elevated by 1%

when that same weight was carried on the trunk (Jones et al., 1986). Therefore, minimizing the
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weight of the swinging limbs, by minimizing fat and muscle weight in these areas should reduce
the energy cost of running, as long as the muscle mass necessary to generate the forces and
movements is maintained.

Since running involves rotation of the limbs, a substantial portion of the body mass
should be located at a close proximity to the joint centre of rotation. This serves to minimize the
limb moment of inertia, which comprises a substantial portion of the total metabolic cost of
running, since joint moment need to impart an angular acceleration is proportional to the moment
of inertia (Cavagna et al., 1964; Fenn, 1930). Swinging the limbs during running may come at a
substantial energy cost. Using measurements of blood flow as a proxy for energy use by the
active skeletal muscles in running guinea fowl, Marsh et al. (2004) were able to conclude that
26% of the total lower limb blood flow (and thus an equal proportion of the metabolic rate) was
responsible for swinging the limb. This proportion of the metabolic rate was independent of
running speed. Using a device that pulled the leg anteriorly during the swing phase, reducing the
need of the muscles to swing the leg directly, Modica and Kram (2005) showed a reduction in
metabolic cost by 20%. This estimate was later refined to ~7% of the metabolic cost of running
(Warddrip, 2007), the difference likely a result of the device used by Modica and Kram also
aiding in forward propulsion (Arellano and Kram, 2014a).

The metabolic cost of arm swing has also been addressed: is swinging the arms
metabolically beneficial or costly (Arellano and Kram, 2014b)? By having subjects hold their
arms in different positions, these authors demonstrated that running with a normal arm swing
incurred the lowest metabolic cost (Figure 2.5). While swinging the arms might incur a

metabolic cost, these data suggest the arm swing serves to reduce the amplitude of shoulder and

34



torso rotation. Without arm swing, shoulder and torso rotation must increase to counterbalance
the rotational angular momentum of the swinging legs.

A reduction in the moment of inertia of the swinging limbs can be accomplished either by
decreasing the distally-located mass, such as reducing fat, muscle or shoe weight, or reducing the
radius over which that mass is rotated. The latter can be accomplished acutely by increasing the
knee flexion angle during the swing phase. Assuming similar knee flexion angles, runners
possessing short femur and long tibia lengths would also possess a smaller lower limb moment
of inertia compared to runners with relatively long femurs and short tibias. Limb moment of
inertia may also be minimized during the swing phase by reducing the angle formed between
femur and tibia. Elite runners tend to exhibit a more acute knee angle during the swing phase
compared to good runners (Cavanagh et al., 1977). However, these authors did not assess Ey,
and as such it cannot be said with certainty how these kinematic differences are related to Eyn.

While the assumption that a higher joint moment is required where limb moment of inertia
is high remains clear in theory, the influence of limb moment of inertia on the energy cost has
only scarcely been examined. Cavanagh et al. (1977) showed small differences in knee joint
angle between elite and good distance runners; however these differences were small and not
significant. Later, Williams and Cavanagh (1987) showed no difference in limb lengths in
runners whose energy costs were different. To date though detecting differences in the energy
cost of running as a result of various anthropometric measures and/or masses from the various
segments of the body have been difficult, with many studies showing no differences in economy
as a result (Cavanagh et al., 1977; Williams, 1985; Williams and Cavanagh, 1987). This can
either result from the large sample size requirements and/or the technical error of measurement
to detect these small differences in the energy cost. Conversely, the influence of individual
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differences in lower limb mass distribution and/or moments of inertia on E,;, is not as great as
theoretically suggested. As suggested by Williams and Cavanagh (1987), there does not appear
to be easily identifiable and universally applicable patterns of economical movement that will

apply to all runners.

2.4.3.3 Frontal surface area

It is apparent that much of what we now know about E,;, has been derived from
metabolic measurements performed on a treadmill in the laboratory. These measurements are
sometimes difficult to extrapolate to overground running given the lack of air and wind
resistance in the laboratory. Therefore, it is also difficult to determine with any degree of
certainty to what extent the V0, is elevated when running overground. The magnitude of difference

in V02 between overground and treadmill running has been the subject of much investigation (Bassett et
al., 1985; Jones and Doust, 1996; Maksud et al., 1971; McMiken and Daniels, 1976). The difference
between overground and treadmill running would be related to the energy in overcoming aerodynamic
drag. A smaller frontal area reduces the drag (resisting force) opposing the runner’s forward motion
(Pugh, 1971). Many researchers have attempted to correct for the additional energy required to
overcome wind resistance by imposing some gradient to the laboratory treadmill when
measuring Ep,.

From measurements made of a model runner in a wind tunnel, A.V. Hill (1928)
suggested there might be an equivalent work against vertical forces (as in running up a grade of
some slope) and the horizontal work required to overcome air resistance; as such, the equivalent
treadmill slope could be calculated in order to best simulate the effect of air resistance on

overground running. Later however, Pugh (1970) found, as would be predicted from Hill’s
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(1928) original equation, that the energy cost of running was proportional to wind resistance and
thus running speed, but a precise relationship between grade and overground running (where
wind resistance could be considered) was not shown. Using a portable Douglas bag system,
Maksud et al. (1971) measured VO, during track and treadmill running and concluded that at
speeds faster than 187 memin™', track running resulted in a ‘generally higher V0, compared to
treadmill running. These authors attributed this difference primarily to the need to overcome air
resistance during track running. This would account for an additional 8% energy cost at 358
m°min'1(Pugh, 1970), equivalent to 14:00 over 5,000m. Later, McMiken and Daniels (1976),
using a similar gas collection system (Daniels, 1971), could not demonstrate a difference
between overground and treadmill running in elite distance runners at speeds up to 260 memin'
and concluded that level-grade treadmill running was a valid instrument for the estimation of Eyy,
in distance runners. The following year however, it was reported that track running resulted in a
higher E,,, compared to running on the treadmill, at least at speeds greater than 255 memin™'
(Daniels et al., 1977).

It would seem from early theoretical observations (Hill, 1928; Pugh, 1971) that
overground E,,, would be higher than level grade treadmill E,,,, and some measurements made
using portable gas-collection/measurement systems would confirm these theoretical findings
(Daniels, 1971; Maksud et al., 1971). Thus, attempts have been made to correct for these
differences by imparting some gradient to the laboratory treadmill in order to best reflect the
metabolic cost of overground running. For example, studies have employed grades of 1-2%
(Heck et al., 1985; Helgerud et al., 2010; Jones and Doust, 1996; Tegtbur et al., 1991), but only
the study by Jones and Doust (1996) has justified the rationale for choosing such a gradient.

These authors suggest a 1% grade best reflects the V0, during overground running; however
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only at speeds greater than 225 memin™ was overground running significantly different than
level-grade treadmill running.

There are three reasons which confound the use of some gradient when measuring E,, on
the treadmill to compensate for wind resistance First, differences in the imposed treadmill slope
make it difficult to compare values for E.,, between studies. Secondly, the fundamental factors
dictating E.,, on level ground are different than those factors while running up a slope. When
running up a slope at progressively faster speeds, E., increases in proportion to body mass since
the increased energy expenditure when running up a slope is related to the gain in potential
energy (van Ingen Schenau, 1979). This may not be the case in uphill treadmill running because
of the potential differences during the support phase of running since the supporting leg is
moving down the belt during ground contact; foot contact occurs at a similar vertical position on
each step (van Ingen Schenau, 1979). Additionally, if the centre of mass was displaced
horizontally along the belt, energy would be required to propel the body back up the belt with
each step. Furthermore, over level ground, running at progressively faster speeds, the E,
increases as a cubic function of the running speed (Léger and Mercier, 1984), in proportion to
body surface area and aerodynamic drag (Pugh, 1971). Lastly, the biomechanics of running up a
slope may be different compared to running on the level, as a result of differences in kinematics
and/or kinetics of running between the two modes of exercise (Anderson, 1996; Nelson et al.,
1972). These differences have been shown to increase the muscle energy cost as a result of
greater muscle work during uphill running (Roberts et al., 1997).

Above, we have attempted to outline those factors not affected by training which likely
affect the energy cost of muscle, and therefore, whole-body E.,,. There exist specific
anthropometric (eg. limb length) and morphological (eg. ankle and foot anatomy) characteristics
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that influence the measured E,.,. However, it is well-known that E,,, is lower in trained distance
runners compared to lesser-trained runners (Fletcher et al., 2009; Pollock, 1977) thus it is clear
that E, s likely altered by both short and long-term training protocols. These training strategies
have recently been reviewed (Barnes and Kilding, 2014). Below we outline the various factors
of Eun that are altered by training and consider the influence of muscle energy cost on those

factors.

2.5 Factors affecting E,,, that are altered by Training
2.5.1 Anthropometry
2.5.1.1 Body mass

Long-distance runners are smaller and lighter than middle-distance runners (Cavanagh
and Kram, 1989). Also, elite African runners appear to be of lower body mass (Coetzer et al.,
1993) and BMI (Saltin et al., 1995) compared to their Caucasian counterparts. These
anthropometric differences appear to have persisted since childhood (Larsen et al., 2004). While
little research has examined why body mass confers an athletic advantage, several factors
specifically related to the energy cost of muscle contraction may explain this. For example, it is
well established that F, expressed relative to body mass is increased as a function of running
speed (Keller et al., 1996). Thus, at a given running speed, the absolute F, is lower in lighter
runners compared to heavier runners. As such, there should be lower energy cost required by the
active muscles. Over a wide range of body masses, Taylor et al. (1980) showed that the energy
cost of running at a particular speed is proportional to the force exerted by the muscles active
during stance. By manipulating the required muscle force by the addition of extra mass it was

shown that the increased energy cost was proportional to the mass of the carried load.
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2.5.1.2 Allometric-scaling for body mass

Because body mass must be supported during running, the expression of E,y, is typically
done as the energy cost relative to the subject’s body mass (in kg). Because oxygen
consumption during running does not increase to the same extent as body mass (Bergh et al.,
1991; Rogers et al., 1995), allometric-scaling for body mass has been used. The allometric
scaling relationship is:

V0,=aBM® 2-1
where BM is body mass, a is a constant and b is the scaling exponent. Where the relationship
between BM and V0, is linear, the value of 5 should be 1 and E,, should be scaled to BM™.
For mammals, ranging in mass from less than 100 g to greater than 1000 kg, the allometric-
scaling exponent for basal oxygen uptake is generally taken to be % (Kleiber, 1932; Schmidt-
Nielsen, 1984).

However, it has been argued that the body mass (BM) scaling factor of % for V0, is by
no means universal (Glazier, 2005; Heusner, 1987; Welsman et al., 1996) and a wide range of
body masses is necessary to accurately assess the relationship. Therefore, appropriate
verification of the classic allometric scaling relationship (Equation 2-1) should be used (West et
al., 1997; West et al., 2002). This may be particularly important in situations where ranges of
BM are relatively small. Such would be the case when scaling within the range of body masses
seen in adult human studies (Fletcher et al., 2013a). Furthermore, since the metabolic cost of
running is dictated by the muscle energy use, there is no reason to believe the E,y, follows the
same scaling as basal metabolic rate. Since body mass contributes to the metabolic cost of
transport in a linear fashion (Roberts et al., 1998a), it is not obvious that a scaling factor other
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than b =1 is justified. The linear relationship between E,,;, and body mass in trained male and

female runners is shown in Figure 2.6.

2.5.2 Muscle Properties

E.n at a given relative speed, eg. relative to the speed associated with the lactate
threshold, is determined by the total volume of muscle that must be active to support body
weight during the stance phase as well as the rate at which that unit volume of muscle transforms
energy (Kram and Taylor, 1990; Roberts et al., 1998b). The volume of active muscle is equal to
the cross-sectional area (CSA) and the muscle fascicle length. The rate at which the muscle
transforms energy is dependent on muscle fibre type. Each of these factors dictating muscle
energy cost has been elaborated upon previously (Kram and Taylor, 1990; Roberts et al., 1998b;
Taylor, 1985). The rate of muscle energy use (ECy) is given by:

ECy = (LF/o)Ey
Where L and F are fibre length and muscle force, respectively and o is the force per unit cross-
sectional area. E), is the rate at which each unit volume uses energy which for isometric
contraction is related to the muscle fibre type; fast-twitch muscles have higher rates of energy
use related to the elevated cost of cross-bridge cycling and activation costs (Barclay et al., 2010a;
Rall, 1985). E,., increases as a function of running speed since force is developed more rapidly,
implying activation of additional motor units. Faster running speed also requires a faster
velocity of shortening. At some critical velocity of shortening, the time-dependent turnover of
cross-bridges becomes inconsequential and the turnover is related to the velocity of shortening.

This critical velocity will be faster with slow-twitch muscle.
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It is well-established that muscle cross-sectional area increases after a period of resistance
training which may (Blazevich et al., 2003; Kawakami et al., 1995) or may not (Blazevich et al.,
2007; Seynnes et al., 2007) be accompanied by a concomitant decrease in muscle fascicle length,
at least in pennate muscle; changes in fascicle length appearing prior to an increase in muscle
CSA. However, to run at a given submaximal speed, an increase in absolute strength as a result
of increased muscle CSA would result in a lower relative intensity. This lower relative intensity
would not require the need to recruit higher threshold motor units, where the muscle energy cost
is higher. This may be one of the explanations by which E,, is improved following a period of
strength training. The effect of strength training on E,, has been recently summarized quite well
(Barnes and Kilding, 2014). Chronic endurance training may also result in a shift to a higher
proportion of slow Type I fibres (Rusko, 1992) further ameliorating the reduction in muscle

energy cost at a given speed.

2.5.3 Tendon stiffness

Strength training has also been shown to increase tendon stiffness (Kubo et al., 2001a;
Kubo et al., 2001b; Kubo et al., 2002b) and increased tendon stiffness has been proposed to be
one of the main mechanisms behind an improved E,;, following plyometric training (Saunders et
al., 2006) despite the apparent reduction in energy storage and return associated with a stiff
tendon.

It is not well understood how specific mechanical alterations of tendon can affect the
energy cost of muscle contractions. It is suggested that the energy cost of contraction is related
to the level of motor unit activation and both the amount of shortening and the shortening

velocity (Stainsby and Lambert, 1979). Further, the amount and velocity of shortening are
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dictated by the muscle’s in vivo force-length and force-velocity relationships (Praagman et al.,
2006). In fact, many seminal papers make inferences regarding the energy cost of contraction
assuming muscles operate over a similar range of the force-velocity relationship, regardless of
speed of locomotion or body size (Kram and Taylor, 1990). As such, it would be of interest to
know where the muscles operate and how altering the mechanical properties of the tendon affect
the operating range of the muscle on their respective force-length and force-velocity curves.

Recent classic papers from a variety of species and muscle functional tasks highlight the
fact that muscle shortening patterns during natural movement are well matched to their
contractile properties (Askew and Marsh, 1998; Lutz and Rome, 1994; Roberts et al., 1997). The
fact that muscles operate at the most appropriate loads and favorable velocities based on these
contractile demands suggest that contractile properties of muscle and the tendon are well
matched. For example, Lutz and Rome (1994) found that the semimembranosus muscle of the
frog operated at appropriate lengths and shortening velocities to maximize power output during
maximal jumping (Figure 2.7). This effect would not be possible unless the tendon was perfectly
tuned (with respect to stiffness and proportion of muscle-tendon length occupied) to allow the
muscle to operate at the appropriate length and velocity. This effect is also shown during human
cycling whereby vastus lateralis muscle fascicle lengths operate on the plateau of the force-
fascicle length relationship during maximal cycling (Austin et al., 2010). At submaximal power
outputs, the fascicle lengths operate at longer lengths due to less strain of the tendon. This shift
to a longer length can presumably take advantage of the shift in the submaximal optimum of the
force-length relationship (Ichinose et al., 1997). Thus, a “functional coupling” (Austin et al.,
2010) exists between the mechanical properties of the tendon and the muscle fascicle length and
velocity.
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The tendon can also act in such a way as to minimize the amount of work that is required
by the muscle in order to minimize metabolic cost. By minimzing the length change during
active muscle contraction, the tendon allows the muscle’s force-length-velocity relationship to be
optimized. In theory, if the length change of the whole muscle-tendon unit can be accomodated
by the tendon alone, the muscle can operate isometrically, thus minimizing the level of muscle
activation required to produce the necessary force. By outfitting wild turkeys with surgically
implanted strain gauges on the tendon and sonomicrometry crystals on muscle fascicles of the
lateral gastrocnemius, Roberts et al. (1997) were able to measure the force and fascicle length
changes of the muscle-tendon unit as the turkeys ran on level ground. What they demonstrated
was that the fibers of the lateral gastrocnemius developed force but underwent very little length
change during the stance phase of running. Thus, the Achilles tendon was able to take up much
of the muscle-tendon length change so the fibre shortening could be reduced. The Achilles
tendon also accomodates much of the muscle-tendon unit length change during human running.
(Ishikawa et al., 2007; Lichtwark et al., 2007) and thus greatly reducing the shortening-induced
muscle energy cost (Fletcher and MacIntosh, 2014). Presumably, the mechanical properties of
the Achilles tendon was ‘tuned’ to accommodate the majority of muscle-tendon unit length
change. Any change in these mechanical properties would affect the magnitude of length change
of the muscle fascicles, and energy cost would necessarily be higher.

The relative shortening velocities in running turkeys has recently been measured directly
in which the above hypothetical scenario has been shown to occur (Gabaldon et al., 2008).
During level running, the shortening velocity of the lateral gastrocnemius were quite low (~0.05
V/Vmax), supporting the notion that force can be maximized and activation minimized (as reflected
by electromyography) at low shortening velocities. Having to run up an incline required slightly
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greater V/Vmax ratios (~0.12 V/Vy,y) and the volume of active muscle that had to be recruited
increased in accordance with the muscle’s force-velocity properties.

Regardless of the mechanical energy fluctuations of the body that occur during the
running stride, running animals (including humans) moving at a constant speed must generate
enough muscle force to intermittently support their body weight. As running speed increases,
force must be developed more quickly which requires the recruitment of additional motor units,
likely related to the faster, less economical muscle fibers. This results in a higher metabolic cost
for the same impulse: greater force is developed in a shorter period of time. This is why the cost
of generating these muscle forces determines to a large extent the metabolic cost of running,
from rodents to horses (Kram and Taylor, 1990).

Of course, this argument is only valid if one considers that during running, the tendon
compliance is tuned in such a way that it allows the muscle fascicles to generate force at low
shortening velocities. If the tendon is too stiff, then lengthening and shortening is required by
the fascicles and the volume of active muscle recruitment increases. If the tendon is too
compliant, much of the energy for force generation will be consumed shortening the fascicles
even with negligible joint rotation. In the case where high forces need to be generated quickly,
as Kram and Taylor (1990) would suggest in fast running, too compliant a tendon would require
greater fascicle shortening than that necessary for joint rotation, resulting in higher velocity. This
suggests that there may be an “optimal tendon compliance” with respect to minimizing muscle

shortening.
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2.5.3.1 Does an “optimal stiffness” exist to reduce the EC of running?

It has previously been shown that in a group of trained distance runners, the most
economical runners displayed a higher Achilles tendon stiffness compared to the less economical
runners (Arampatzis et al., 2006; Fletcher et al., 2010). The former study demonstrated the
opposite to be true in the patellar tendon — that the most economical runners had a lower patellar
tendon stiffness compared to the less economical runners (Arampatzis et al., 2006). This
opposite result suggests that the roles of these two muscles in minimizing the energy cost during
running are different. The reason for these apparently contrary observations with respect to the
impact of tendon stiffness on the muscle energy cost is not obvious, however. We contend that
the role of the tendon in running is to minimize the energy cost of muscle contraction. Is it
possible that energy cost is minimized in the quadriceps muscles by a more compliant tendon,
while a stiffer tendon reduces energy cost in the triceps surae?

The two muscle groups are known to behave in different ways during running. The
quadriceps muscles undergo a stretch —shortening cycle (Gillis and Biewener, 2001), but the
triceps surae has little if any stretch and performs predominantly a shortening contraction
(Ishikawa et al., 2007). This suggests the role of these two muscles and their tendons during
running are different.

There are apparent advantages of stiff tendons in some cases, and compliant tendons in
other cases. The lengthening of a tendon for energy storage is relevant in stretch-shortening
cycles where a substantial pre-stretch of the tendon occurs early in a contraction. A compliant
tendon allows more energy conversion of either kinetic or gravitational energy to potential strain
energy. This energy can subsequently be released upon shortening. A compliant tendon may

also help by allowing the tendon to lengthen during the stretch phase of the SSC and shorten
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during the shortening phase, thereby keeping fascicle shortening velocity low and reducing the
necessary level of activation of motor units required to generate the force. If tendon compliance
is optimal, the power-velocity relationship can be optimized because the fascicles are shortening
at the appropriate velocity (Askew and Marsh, 1998; Gabaldon et al., 2008). This may be the
case in the patellar tendon, which would lend support to previous evidence suggesting a more
compliant patellar tendon might decrease E.,, (Albracht and Arampatzis, 2006; Arampatzis et al.,
2006).

Conversely, a more compliant AT requires greater muscle fibre shortening and/or
velocity of fibre shortening for a given joint movement. In the AT, force transmission to the
joint may be favoured over elastic energy storage and release. This is the case because for a
given amount and rate of muscle tendon unit shortening, less muscle fibre shortening is needed
with a stiff tendon compared to a compliant one where additional fibre shortening is needed to
accommodate tendon stretch. We have recently estimated the tendon strain energy release from
the AT and compared that to the estimated muscle energy cost in order for this strain energy
storage to occur (Fletcher and MaclIntosh, 2014). These results demonstrate that the storage and
release of tendon strain energy comes at a considerable muscle energy cost. Therefore, reducing
shortening-induced energy cost contributes to a reduced E,,,. Thus, it appears that a compliant

tendon may be favoured in one case whereas a stiff tendon can be favoured in another.

2.5.4 Running Mechanics
2.5.4.1 Stride Length and stride frequency

At speeds below the lactate/ventilatory threshold, where E,, is most appropriately

measured, the lowest E,;, in humans is generally thought to occur at stride frequencies of 83 to
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91 strides per minute (Hunter and Smith, 2007). This freely-chosen stride frequency closely
resembles the stride frequency associated with the lowest energy cost (Hogberg, 1952; Hunter
and Smith, 2007), particularly in trained runners, although the self-selected stride frequency is
generally 3-8% lower than the optimal frequency when measured at 80% of sLT (de Ruiter et al.,
2013). This is shown in Figure 2.8. The difference between self-selected and optimal stride
frequency in terms of oxygen uptake is generally small (< 3 mlekg'*min™); however, a larger
increase in oxygen uptake is seen when stride frequency is slower than optimal compared to a
correspondingly faster stride frequency (de Ruiter et al., 2013; Hogberg, 1952). Thus, it seems
odd from an energy-saving perspective that runners freely choose a slightly slower than optimal
stride frequency compared to a slightly faster one. However, the difference is relatively small
and may be inconsequential.

At a given running speed, concomitant with a change in stride frequency is a change in
stride length, both of which tend to increase with running speed, although proportionally greater
increases in stride frequency are seen compared to the increase in stride length, at least at
submaximal speeds where the measurement of E,, is valid (Cavanagh and Kram, 1989). When
E.nis expressed in terms of the energy cost required to transport a unit body weight a unit
distance, small animals use more energy to run a given distance than do large animals (Kram and
Taylor, 1990); since small animals must take many fast strides to cover the same distance a large
animal can cover in one stride. The mass-specific energy cost is highest in small animals since
the muscle fibres of these animals must develop force more quickly, thus requiring greater rates
of cross-bridge cycling and Ca®" pumping (Barany, 1967; Rome, 1992). In human runners, those
runners with longer legs, and thus longer stride lengths should have a lower energy cost; they
will take fewer strides to cover a given distance than a runner with small strides. However, the
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relationship between stride length (expressed either in absolute terms or relative to height or leg
length) and E,;, in human runners is moderate at best (Cavanagh and Williams, 1982; Williams
and Cavanagh, 1987).

Running is often considered a bouncing gait whereby humans literally bounce along the
ground (Cavagna et al., 1964), storing and recovering kinetic and potential energy as the centre
of mass rises and falls with each stride, thus closely resembling a simple spring. By having
subjects hop at various speeds on a treadmill, Farley et al. (1991) were able to deduce that a
range of hopping frequencies existed whereby the body behaved like a spring, storing and
recovering elastic energy. However, at higher than optimal frequencies, the time available to
apply force to the ground was necessarily shorter, but more contacts per unit time would be
required. Average energy cost would probably relate to the integral of force over some fixed
time, rather than per bounce. Below the optimal frequency, the body did not behave in a spring-
like manner and the recovery of elastic energy was reduced. Clearly there is a trade-off between
ground contact time, and the requirement to generate force rapidly and the ability to generate
large forces over a relatively long period during the stance phase, which serves to minimize E;n.
The fact that runners tend to choose a stride frequency slightly lower than optimal frequency
suggests a greater importance is placed on maintaining ground contact time (and thus allowing a
slower recruitment of muscle fibres) over maximizing the storage and release of elastic energy.
The self-selected stride frequency should be the one at which the metabolic cost of operating the
springs is the lowest (Farley et al., 1993) since muscle metabolic energy is required in order to
store and release elastic strain energy from the tendons (Alexander, 1986; Fletcher and

Maclntosh, 2014).
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2.5.4.2 Ground contact time

Modeling running as a simple spring-mass system can characterize the mechanics of the
body’s centre of mass quite well (Farley et al., 1993; McMahon and Cheng, 1990); however, it
does not adequately explain the energetics of running, since theoretically a perfectly-elastic
spring could supply all of the metabolic energy required to run (Arellano and Kram, 2014a). An
alternative to the spring-mass model hypothesis, the ‘cost of generating force hypothesis’ was
proposed (Taylor et al., 1980).

By measuring the metabolic cost of carrying various loads, these authors observed the
metabolic cost increased in direct proportion to the added load. Therefore it was proposed that
the metabolic cost of running arose in association with the cost of generating force over time,
rather than generating mechanical work. The metabolic cost is proportional to the average
vertical force applied to the ground and inversely proportional to the ground contact time over
which the force can be applied (Kram and Taylor, 1990).

Higher running speeds are achieved with higher peak ground reaction force (F,
(Cavanagh and Lafortune, 1980) but average F, over a complete stride is equal to the subject’s
body weight (Kram and Taylor, 1990). By determining a constant ‘cost coefficient’, these
authors were able to determine that the mass-specific metabolic cost of running could be
explained by how quickly F, could be generated during the stance phase. Since faster running
speeds are associated with shorter ground contact times, the required F, needs to be generated
more quickly as speed increases, elevating the metabolic cost. Roberts et al. (1998a) later
showed that 70-90% of the speed-associated increase in metabolic rate could be explained by the
increase in the rate of force generation. For any tendon stiffness the velocity of fascicle

shortening will be proportional to the rate of force development. To generate a given force more
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muscle fibres must be recruited to that produce force (Roberts et al., 1998a). To further support
the cost of generating force hypothesis, several authors have shown an inverse relationship
between E,;, and ground contact time (Chapman et al., 2012; Di Michele and Merni, 2013;
Williams and Cavanagh, 1987). Di Michele and Merni (2013) estimated that an increase in
ground contact time of 1 ms was equivalent to a reduction in Ey,, of approximately 0.05 Jokg™'em"
! since the force to support body weight has to be generated more rapidly. Together, these
results suggest the speed-associated increase in Ey, is a result of the elevated muscle energy cost

associated with generating force more rapidly.

2.5.4.3 Footstrike Pattern

The fastest marathon runners primarily use a forefoot strike pattern as opposed to heel
strike (Ardigo et al., 1995; Cavanagh and Lafortune, 1980; Nilsson and Thorstensson, 1989).
This seems counter-intuitive for minimizing E,, since ankle plantarflexor moments are larger
during the first half of stance (Williams et al., 2000). Heelstrike reduces the F, moment at the
ankle because the centre of pressure resides under the heel of the foot during the first half of
stance and this reduces the length of the F, moment arm (Cavanagh and Lafortune, 1980;
Williams and Cavanagh, 1987). Conversely, the centre of pressure during stance, a surrogate of
the F, moment arm length, is centered under the ball of the support foot in the forefoot landing
pattern. Thus, heel strike pattern substantially reduced the EMG of the lateral gastrocnemius and
soleus muscles compared to forefoot strike (Cunningham et al., 2010).

However, despite heel striking to be theoretically-optimal to minimize E,, for the reasons
listed above, when E,,, was measured in the same subjects adopting either a heelstrike or

forefoot strike pattern during running at various speeds, no difference in Ey, (expressed as the O,
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cost of transport) was seen between the two conditions (Cunningham et al., 2010). These results
are contrary to those of Williams and Cavanagh (1987) who found the most economical runners
were those with a heelstrike pattern. These authors suggested that a heelstrike pattern may
reduce E.,, because (contrary to a forefoot), the forefoot runners were not using the available
cushioning in the heel of their running shoes, and thus the forefoot landing results in additional
muscle activation in order to attenuate the impact associated with ground contact (Boyer and
Nigg, 2004; Nigg and Wakeling, 2001). Alternatively, forefoot striking may result in a higher
average gear ratio resulting in higher necessary TS force.

The main issue with examining differences in E.,, between forefoot and heel strike
patterns is that many studies artificially impose an unnatural gait to the subject. Thus, a lower
E.;n measured under one condition may be the result of runners being unfamiliar with the novel
gait pattern. We have described above how runners may self-optimize movement patterns (stride
length, frequency, etc) to reduce E,. It is also likely that runners self-select the footfall pattern
that results in the lowest possible E.;,,. To demonstrate this theory, Gruber et al. (2013)
measured E,,, in habitual forefoot and heelstrike runners and found no difference in VOZ between
groups when running with their habitual footstrike pattern. Interestingly, at all running speeds,
runners habituated to the heel strike pattern showed a higher V0, when asked to forefoot strike,
which was not seen when the forefoot group ran with a heel strike pattern. Only at high speeds
was the heel strike pattern less economical in the habitual forefoot runners. Taken together,
these results suggest a heel strike pattern might confer an advantage in endurance running events,
as a result of a lower E,,, in both habitual heel strike and forefoot runners. When the muscle-
tendon unit of the triceps surae was modeled to assess the muscle mechanics and energetic

differences between foot strike patterns, it was shown that the forefoot strike pattern resulted in a
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near-isometric contraction during stance. This allows a lower muscle energy cost for a given
force compared to the heel strike pattern, where high contraction velocities during stance were
demonstrated (Gruber, 2012). A significant difference in the metabolic energy cost, however,

could not be shown.

2.5.4.4 Flexibility

Despite the general belief among runners and coaches that greater flexibility may result
in improved E., (Craib et al., 1996), there is very little evidence to support this notion. A lower
flexibility (measured during a sit and reach test) is associated with a lower E.y, (Craib et al.,

1996; Gleim et al., 1990; Trehearn and Buresh, 2009). Various suggestions have been made by
which a lower flexibility may decrease E.n: 1) reducing the trunk muscle energy cost to maintain
stability (Craib et al., 1996) and/or 2) increasing the storage and return of elastic energy (Jones,
2002). The latter mechanism appears unlikely 1) given that such a small portion of the total
metabolic energy (500-900 J) is stored and released as elastic energy (<90 J, Fletcher and
Maclntosh, 2014; Ker et al., 1987) and 2) mechanically, a stiff AT stores less strain energy for a
given force compared to a more compliant tendon. As we have previously suggested (section
2.5.3.1), an optimal tendon stiffness exists and therefore, a delicate balance between the amount
of flexibility training (with the intention that stretching training will reduce AT stiffness (Kubo et
al., 2002a; Morse et al., 2008)) and strength training (to increase tendon stiffness (Kubo et al.,
2001a; Kubo et al., 2001b)) may result in less than optimal tendon mechanical properties in order

to minimize muscle energy cost (Fletcher et al., 2013b)..
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2.6 Conclusions and future directions: Muscle energetics and E,,

E.n has been extensively studied in the biomechanics and exercise physiology literature
and is known to be influenced by a variety of factors. However, much of the interpretation of
Eun exists from the measurement of the steady-state V0,at a given submaximal running speed,
without calculation of the energy equivalent. It is difficult to conclude whether similar
interpretations of E,, exist (eg. male vs female E,y,, altitude vs sea-level) where E,,, is expressed
in terms of energy cost to run a fixed distance at a given relative intensity. It is only recently that
this expression of E,, has been encouraged.

For the first time, we have described the influence of many of the factors which influence
E.n in terms of the biomechanical and physiological factors which dictate the muscle energy cost
during the stance phase of running. This has allowed us to consider the relative importance of
the storage and release of elastic energy from tendon in reducing the energy cost, which we
argue is relatively minor compared to the muscle energy cost required to store the elastic strain
energy. Consideration has been given to the influence of biomechanics (limb weight and length,
AT and vertical ground reaction force etc) and physiology (force-length-velocity properties of
muscle) in dictating the muscle energy cost, and therefore E,yy.

Future research in elite athletes should be aimed at the effectiveness of different training
interventions (eg. strength, stretching or plyometric training) on E,,, where it is expressed in
terms of energy. Specifically, a greater understanding of the muscle and tendon interactions
during running is warranted: during distance running, where does the muscle operate relative to
their submaximal force-length-velocity relationships? How is this altered through training
intervention (where muscle and tendon properties may be changed)? What is the impact of

fatigue (mechanical or physiological) on the muscle energy cost, and on E;y,?
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Future directions should also include the measurement of factors which dictate muscle
energy cost across different pathologies (aging, disease, disuse) in order to best prescribe
appropriate training and/or rehabilitation programs for elite Paralympic athletes who may have
compromised muscle and/or tendon function or for individuals where exercise tolerance may be

limited by an elevated energy expenditure.
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2.9 Figures
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Figure 2.1. E,,» and muscle energy cost in male and female runners.

Whole-body energy cost per stride (solid bars) estimated across three relative running speeds in
three groups: Elite males (EM), trained males (TM) and trained females (TF). Dashed bars
indicate the estimated muscle energy cost (c) per stride for each group and speed, respectively.
Adapted from Fletcher and Maclntosh (2014). Used with kind permission of the American

Physiological Society.
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Figure 2.2. Average estimated Achilles tendon force-elongation curves during running for
elite male (EM), trained male (TM) and trained female (TF) distance runners.

Solid and dashed lines represent the mean and sd of the second-order polynomial (Equation F =
AdL2+ BdL 3-3) for all

groups, respectively. Used with kind permission of the American Physiological Society.
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Figure 2.3. The effect of greater shortening velocity on muscle activation to achieve a
target force.

The force-velocity relationship, scaled to activation (Chow and Darling, 1999). The short dashed
and solid lines represent 50% and 85% of maximal motor unit activation, respectively. The long
dashed line represents maximal activation. When force can be generated isometrically, target
force can be achieved with minimal motor unit activation, as shown by the open square. When
shortening is permitted, additional motor unit activation is required (filled square). Used with

kind permission of Springer Science+Business Media.
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AT Force

AT force = (GRF*MAgyp) * MA ;! .‘
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Figure 2.4. Estimated Achilles tendon (AT) force from ground reaction forces (GRF) and

the gear ratio, the ratio of the moment arms of the GRF and AT, respectively.
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Arm Swing
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Figure 2.5. The metabolic cost and upper body kinematics of running with and without
arm swing.

Subjects were asked to run while: swinging their arms normally (NORMAL), holding the hands
with the arms behind the back in a relaxed position (BACK), holding the arms across the chest
(CHEST), and holding the hands on top of the head (HEAD). During the trials, oxygen uptake
was collected in order to calculate E,,,. The data demonstrate that running without arm-swing
(compared with the control, * indicates P<0.05 and ** indicates P<0.01) increases net metabolic
cost, indicating that arm-swing provides a small, but significant metabolic benefit during human
running. Reprinted from Arellano and Kram (2014a). Used with kind permission of Oxford

University Press.
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Figure 2.6. Allometric-scaling of body mass on submaximal VO, during running.
Data are from Fletcher et al. (2013a), showing the relationship between the measured VO,
(Lemin™") at 95% sLT and body mass. Black lines show the linear regression (+ 95% C.L.) of the
relationship. The 95% C.I. for b in Equation VO2= aBMb

2-1was 0.86 to 1.42. This value was not significantly different

from 1 (p=0.553).
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Figure 2.7. Force-length (A) and force-power-velocity relationship (B) of the frog
semimembranosus muscle during maximal jumping.

Measured data points are from Lutz and Rome (1994) and are shown as open and closed circles.
A. During jumping, sarcomeres operate near the plateau region of the force-length relationship to
maximize force production. B. The mean velocity of shortening during maximal jumping
corresponds to a shortening velocity associated with maximal power production. Used with kind

permission of the American Association for the Advancement of Science.
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