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Abstract

The temporal structure, or complexity, of torque output is thought toctefie
adaptability of motor control and has important implications for system fumatith

high values endowing greater adaptability in response to alterations ohetaskd. The

aim of this thesis was to investigate the effect of neuromuscular fatighe complexity

of isometric muscle torque output. It was hypothesised that neuromuscular fatigue would
lead to a reduction in the complexity of muscle torque output, as measured by
approximate entropy (ApEn), sample entropy (SampEn) and the detrended fluctuation
analysis (DFA) a scaling exponent. The first experimental study (Chapter 4)
demonstrated that muscle torque complexity was significantly reduced during both
maximal and submaximal intermittent fatiguing contractions, with the values at task
failure indicative of increasingly Brownian noise (DFA o > 1.50). It was subsequently

shown in the second study (Chapter 5) that this reduction in complexity occurred
exclusively during contractions performed above the critical torque. It was next
demonstrated, in the third study (Chapter 6), that pre-existing fatigue significantl
reduced torque complexity and time to task failure, but still resultechsistent values

of complexity at task failure regardless of the time taken to reach that point. In the fourth
study (Chapter 7) caffeine ingestion was found to slow the rate of reductiorgire tor
complexity with fatigue, seemingly through both central and peripheral mechanisms.
Finally, in the fifth study (Chapter 8) eccentric exercise decreased the commexit
torque output, with values only recovering to baseline levels after 24 hours regovery
comparison to only 10 minutes recovery following isometric exercise. These results
demonstrate that torque complexity is significantly perturbed by neuromuscular .fatigue
This thesis has thus provided substantial evidence that the complexity of mutot co
during force production becomes less complex, and that muscles become less adaptable,

with neuromuscular fatigue.
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Chapter 1 - Introduction

In 1905, Albert Einstein discovered noise, publishing a seminal paper in the Annalen der
Physik outlining the principle that particles move according to Brownian molecular
motion (Einstein, 1905). This discovery solved one of the greatest issues in the history of
science, providing proof of the existence of atoms. In the century sinaeghamental
discovery, noise has gone on to permeate and influence virtually every fisdtbnte

and technology (Cohen, 2005).

Figure1.1. A familiar photograph of Albert Einstein emerges from 1000 imagesi@&f white noise.
From Shatsky et al., 2009.

However, over the last 111 years the essential contribution that noise makes to numerous
physical and biological systems has frequently, and unjustly, been overloekdid ¢5d

Lipsitz, 2013). Indeed, when it comes to physiology and sporting performance, noise is
often regarded and defined as unwelcome, disturbing the balance of a system and
degrading performance (Slitkin and Newell, 1998). As such, attempts are ofterianade
reduce or even remove noise altogether, through the use of methods siltehirag f
averaging and repeated trials (Ivanov et al., 2001; Lipsitz, 2002). In recent yeagb, tho

it has started to become recognised that noise in physiological systems is beneficial
(Goldberger and West, 1987a), and that rather than being a problem, noisefaan, in

play a constructive, functional role (Faisal et al., 2008).



What is noise?

Noise is traditionally thought of as unwanted variability in a signal;ieavpoint
confirmed by the Oxford English Dictionary, which defines noise as “random or irregular
fluctuations which interfere with or obscure a signal”. From a scientific point of view,

noise is a stochastic process with specific spectral characteristics (Sejdigsite)
2013). Stochastic processes are the probabilistic counterpart to deterministic processe
Deterministic processes are governed by a set of equations that detexantly how a
system will behave over time; while stochastic processes demonstrate indeternmidacy, a
are at least partially random (Kaplan et al., 1991; Pincus and GolduE®g4), Whilst

many different stochastic processes exist, the three most common types are is#jte no

pink noise and Brownian noise.

White noise (Figure 1.2A and B), also known a< dffise, is a stochastic process
characterised by equal energy over all frequencies (Sejdic and Lipsitz, 2013jndts na
derives from an analogy with the frequency spectrum of white light, in that itsr powe
spectral density is the same at all frequencies. White noise can be thoughaving no
memory; it is a serially uncorrelated, random signal, in which current and futiuresy

are unpredictable and independent of past values.

Pink noise (Figure 1.2C and D), also known as 1/f noise, is a non-statramagm
process characterised by equal energy per octave, and has a powel sigesity
roughly inversely proportional to frequency (Sejdic and Lipsitz, 2013). Ibows the
influence of past events on the future, with the influence of random events (Keshner,
1982). Originally observed as low-frequency noise in vacuum tubes (Johnson, 1925), pink
noise has since been observed in a variety of diverse fields, froraneican(Baillie,

1996) to music (Voss and Clarke, 1975) to numerous physiological systems and outputs
(Lipsitz and Goldberger, 1992; Manor and Lipsitz, 2012).

Brownian noise (Figure 1.2E and F), also known a&ridfse, can be mathematically
defined as the integral of white noise and has a power spectral densityelynvers
proportional to its frequency squared, and is characterised by greatgy anhdower
frequencies (Sejdic and Lipsitz, 2013). It is named not after the colour Hvawatter

the botanist Robert Brown, who observed Brownian motion in the seemingly erratic

2



movements of pollen in water. Brownian noise can be thought of as being characterised
by a relatively smooth output and by a long-term memory (Goldberger et al., 2002).
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Figure 1.2. White noise (A), the power spectral density of white noise (B); pinken@@), the power
spectral density of pink noise (D); Brownian noise (E), and the pspeatral density of Brownian noise
(F). From Sejdic and Lipsitz, 2013.

Noise and variability in sports performance

In sports performance, variability often serves as a measure of succeabsing task

goals (Slifkin and Newell, 1998). Noise and high variability are typically thoughs of
being indicative of inconsistent and poor performance; while the absence of noise and
variability are thought of as necessary for successful performance. Athlatesysaes

of their lives practicing; seeking to achieve consistency and to minimise awoise
variability in their actions. Some sports (e.g. archery, biathlon, dartsherxding) even
reward competitors for their consistency in meeting task requirements (Slifkin and
Newell, 1998; Lakie, 2010).

It is now starting to be recognised, however, that noise and variabilitycarenly
omnipresent and unavoidable in sporting performance, but are also functionds(Bav
al., 2004). It has been demonstrated that elite athletes do not exhibit motor irejarianc
even after years of practice (Bauer and Schéllhorn, 1997; Davids et al., 20Gfhpand



outcome consistency does not require movement consistency (Bartlett et al., 2@87). It h
instead, been suggested that highly skilled performers are able to exploit varaatallity
that variability can reflect subconscious compensatory measuresbilfyrien the co-
ordination patterns of skilled performers may, therefore, provide an aglaptichanism

to potential external (e.g. environmental) perturbations, may reduce injuryndskay
facilitate performance (Holt et al. 1995; Bartlett et al., 2007; SteaqiduDecker, 2011).

Noise and variability in physiology

The principle of homeostasis has been a dominant tenet in physiology for approaching a
century (Goldberger, 1991). First introduced as a concept by Claude Bernard ith&865,
term homeostasis was coined and popularised by the American physiologist W.B.
Cannon, and describes the observation that an organism operates ¢ovesdaality in

its physiological processes in order to maintain a constant internal envirgi@aenon,

1929; Goldberger, 2001; Que et al., 2001).

Homeostatic systems can be defined as seeking constant outputs, and can besdracte

by three essential features (Davis, 2006). The first feature of a homeostatic system is that
it has a set-point that defines, precisely, the output of the system (R80B). The
second feature is feedback; any perturbation to the system will be sensed, compared with
the set-point and adjusted back to that set-point (Turrigiano, 2007). The third feature is
precision; homeostatic systems will precisely re-adjust back to their set-point, with
sensors providing information on the exact deviation, allowing effectors toiaact
negative feedback loop (Davis, 2006). Based on these features, it would be expected that
any variability or noise in a homeostatic system would be immediately minimised or
eliminated (Goldberger, 1991).

The notion of the physiological steady state implied by homeostasis has, howewer, bee
complicated over the last 25 years by the observation that many physabjogicesses,

under basal conditions, are characterised by a great deal of intrinsic igriabil
(Goldberger et al., 1990; Lipsitz, 2002; West, 2006). For example, numerous studies have
demonstrated that the normal healthy heart rate (Figure 1.3) is characteyised
fluctuations and variability that violate the constancy expected from an uryeeitur

homeostatic process (Yamamoto and Hughson, 1994; Peng et al., 1995a; Goldberger et

4



al., 2002). Such variability is indicative of stochastic processes, candsdleabas 1/f or

pink noise (Peng et al., 1995b), and has also been demonstrated across many other
physiological systems and processes, including the normal electroencephalogram,
hormone level and gait pattern (Goldberger et al., 1990; Goldberger et al., 1991; Lipsitz,
2002; Hausdorff, 2007).
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Figure 1.3. Normal resting heart rate is far from homeostatic and is characterised byggeardom
fluctuations. From Goldberger et al. 2002.

The observation that many physiological systems are in constant flux and exhiistc
variability, even at rest, has provided an interesting challenge to th& dassept of
homeostasis. Indeed, with continuous fluctuations appearing to characterise normal,
healthy function in so many physiological processes, the traditional view of ifyriabi
and noise being unwanted comes into question. It would seem, therefore, that
homeokinesis, defined as the ability of an organism functioning in a variable éxterna
environment to maintain a highly organised internal environment fluctuating within

acceptable limits, is a more appropriate term (Yates, 1982; Que et al., 2001).

A new view of noise and variability

Noise and variability are now starting to become recognised as integral parts o
physiological systems, rather than being detrimental to performance and needég to
minimised. It has been suggested that there is an optimum amount of variadilitgise

within physiological systems (Figure 1.4), which functions as an essential ingredient and
confers adaptability to the system (Manor et al., 2010; Sejdic and Lipsitz, 2013).
Deviations either side of this optimal variability, caused by perturbationsasuageing,
disease and fatigue, are associated with reduced function (Figure 1.4; Qu2Ga1g.

Thus, the traditional view that too much variability is detrimental to performance still



holds, but it also seems that a lack of variability can be equally detrimental (Vaillancourt
and Newell, 2002).
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Figure 1.4. Noise can have a beneficial effect or can degrade system performahepréfents white
noise; 1/f represents pink noise; and i¢presents Brownian noise. From Sejdic and Lipsitz, 2013.

Due to its recent recognition as functional, interest in the noise and véayiadili
physiological systems and their outputs has been increasing. Research suggests that any
perturbation to the system, be it chronic or acute, has the potential to disrupt the
functional, adaptive baseline levels of noise and variability. Such changes logenthe

been observed across a wide range of systems in the chronic perturbation that is ageing
(Kaplan et al., 1991; Ho et al., 1997; Vaillancourt et al., 2001). It is postulated that these
changes could have important implications for the system’s adaptability, functionality

and performance in a wide variety of settings (Manor and Lipsitz, 2012).

Noise and variability in neuromuscular fatigue

Variability is a common feature of human movement, with contracting muscles producing
neither a smooth nor steady force (Contessa et al., 2009). For closentorg tehas

been known that neuromuscular fatigue exacerbates this variability (Binet, 192dy; gre
increasing its amplitude (Hunter et al., 2004) and decreasing the quality of tletontr
(Missenard et al., 2009). The purpose of the present thesis is to utilise relagiwely n
metrics in the quantification of noise and variability to investigate the compland
fractal scaling of motor output during neuromuscular fatigue. The central themes of th
following review of literature are: 1) the characteristics, measurement arhns&os

of neuromuscular fatigue; and 2) complexity and fractal scaling, and their applications to

human physiology.



Chapter 2 - Review of Literature

Part | — Neuromuscular fatigue and related concepts

2.1 - Fatigue

It has been recognised by perceptive observers since antiquity that inieersimalised
muscles show a progressive decline in performance, a phenomena physiologists term
“neuromuscular fatigue” (Allen et al., 2008a). There are many different definitions of
neuromuscular fatigue. It can broadly be defined as a reduction in the maximal voluntary
force or power generating capacity of a muscle or muscle groupmlé@ia, 2001; Allen

et al.,, 2008a; Enoka and Duchateau, 2008). This definition, it could be argued, is
incomplete. It fails to elucidate the reason for the decrement in perforrmaddails to

reflect its transient nature. Perhaps, then, a more complete definittmu@muscular
fatigue is “a loss in the capacity for developing force and/or velocity of a muscle, resulting

from muscle activity under load and which is reversible by rest” (NHLBI, 1990). This
definition is reflective of the fact that neuromuscular fatigue is induced by agcepses
during exercise, and starts to recover on the cessation of exercise (@a20@Y; Taylor

and Gandevia, 2008); and also distinguishes it from muscle weakness or damage (Fitts
1994; Vgllestad, 1997; Allen et al., 2008a). Neuromuscular fatigue is also distinct from
exhaustion, which is defined as an inability to maintain exercise at a given target
force/intensity (Vgllestad et al., 1988)

The causes of neuromuscular fatigue are complex; it is not a simple process with a single
cause. Multiple processes in the nervous system and muscle contribute to the
development of neuromuscular fatigue, many of which begin at the onset of muscle
contraction (Enoka and Duchateau, 2008; Taylor and Gandevia, 2008). The causes of
neuromuscular fatigue are task dependent, and differ depending on the ¢yeecise,

the intensity of exercise (e.g. maximal or submaximal) and the duration ofditse

bout (Fitts, 1994; Allen et al., 1995a; Taylor and Gandevia, 2008). Understanding the
aetiology of neuromuscular fatigue is of great importance, as the deweiophfatigue

often leads to significant reductions in muscle and whole body performance (Hill, 1925;
Merton, 1954; Stephens and Taylor, 1972; Sahlin and Seger, 1995; Amann and Dempsey,

2008), which can profoundly restrict performance in occupational dutieh (a8

7



firefighting and soldiery), recreational sports and professional sports (McKenna and
Hargreaves, 2007).

Characteristics of neuromuscular fatigue

As previously mentioned, neuromuscular fatigue can be defined as “a loss in the capacity
for developing force and/or velocity, resulting from muscle activity utodel and which
is reversible by rest” (NHLBI, 1990). This definition highlights two important
characteristics of neuromuscular fatigue, reduced force generatiagtgagnd reduced
shortening velocity, and hints at a third, namely a reduction in power output, theipro

of force multiplied by shortening velocity (Allen et al., 1995a; Allen et al., 2008a).

The loss in the force generating capacity of a muscle has been demdrastrass a wide
range of experimental conditions. It is most evident during a sustained magloabvy
contraction (MVC; Figure 2.1A), in which force steadily declines and neuromuscular
fatigue is observed from the start (Merton, 1954; Bigland-Ritchie et al., Bajland-
Ritchie et al., 1982; Bigland-Ritchie et al., 1983a). During such contractions, lasting
abouta minute, force falls to approximately one-third to one-half of the inv#dle
(Stephens and Taylor, 1972; Bigland-Ritchie et al., 1983a). During intermittent maximal
or submaximal contractions, the decline in force generating capadiggdsreadily
apparent and force can be maintained at a target intensity for a |oeged of time
(Figure 2.1B). Under such conditions, neuromuscular fatigue gradually develops and
exhaustion eventually manifests as the inability to continue the contraction(s) at the
original intensity, with the target force often becoming greater than thetfatean be
produced by a maximal effort (Bigland-Ritchie et al., 1985; Bigland-Ritchik, 19%86a;
Taylor et al., 2000). The rate of development of neuromuscular fatigue during
submaximal contractions is dependent on the contraction intensity, with higher intensity
contractions leading to more rapid development (Dolmage and Cafarelli, T9@1¢. is

also some dependence on the muscle or muscle group tested; muscles witkra grea
proportion of fast twitch, type Il fibres (e.g. the quadriceps) fatigue more quiukiy
those with predominantly slow twitch, type | fibres (e.g. the soleus; Bigland-R#thie
al., 1986a; Harridge et al., 1996).
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Figure 2.1. Schematic representations of the reduced muscular performance seénefstant of a
sustained MVC (A), and the delayed reduction of muscular perfornsaeceduring intermittent
submaximal contractions interspersed with MVCs (B). Note the different tinessmathe two graphs.
Adapted from Vgllestad, 1997.

Fatigue-induced reductions in shortening velocity have been studied less extensively tha
the decrement in force generating capacity, probably due to the deeatacal difficulty

in its measurement (Allen et al., 1995a). Reductions in shortening velocity are of
physiological importance, as most voluntary muscle activity is used foeratng
movements requiring shortening against various loads (Hill, 1927; Wilkie, 1950). The
reduced shortening velocity brought about by neuromuscular fatigue can be described
terms of a decrease in maximal shortening velocity (i.e. the shortenirgtyelbzero

load; Edman and Mattiazzi, 1981; De Ruiter and De Haan, 2000; Jones et al., 2006) or
by increased curvature of the concentric part of the force-veladayianship (Figure

2.2; De Ruiter et al., 1999; De Ruiter and De Haan, 2000; De Ruiter et al., 2000).
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Figure 2.2. Schematic representation of the increased curvature of the force-velocity réiatiwitl
neuromuscular fatigue in the adductor pollicis in situ. Adapted fromuiterRet al. 2000.

Interestingly, in contrast to in situ human muscle, results from isolated ricbghause
muscle fibres demonstrate decreased curvature of the force-velocitpnstapi with
neuromuscular fatigue (Edman and Mattiazzi, 1981; Westerblad and Lannergren, 1994)
which would act to preserve muscle power. Such differences between in situ human
muscle and isolated mammalian fibres have been attributed to the lower that norm
physiological temperatures typically used when examining isolated fibres (De Ruiter a
De Haan, 2000).

A reduction in the capacity to generate force and a reduced shorteluoigyveombine

to result in a decrease in their mathematical product, mechanical powar @Al.,

1995a; Allen et al., 2008a). With neuromuscular fatigue, not only is there a reduced
camcity to generate power, but maximum power is produced at progreskiwealy
shortening velocities as neuromuscular fatigue develops (Figure 2.3; De Hahn e
1989; Westerblad and Lannergren, 1994; De Ruiter and De Haan, 2000). Neuromuscular
fatigue typically induces a power decrement approximately twice the extehie of
decrement seen in isometric force production (James et al., 1995; Jones et al., 2006).
Decreased force generating capacity has a large impact on power dutmg
movements that require high forces, while reduced shortening velocity becomes more
important as the speed of the movement increases (Allen et al., 1995a; Allen et al.,
2008a).
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Figure 2.3. Schematic representation of the decreased power output and lower velocity mimaxi
power generation with neuromuscular fatigue in the adductor pollisitiinAdapted from De Ruiter et
al. 1999.

2.2 - Models and measurement of neuromuscular fatigue

Decades of study on neuromuscular fatigue have utilised a wide variety of models,
protocols and assessment methods to elucidate its characteristics and mechanisms
(Vollestad, 1997; Allen et al., 2008a). The model used to assess neuromuscular fatigue
can range from the study of individual muscle fibres to the whole body, ahdjisat
importance, as different models can be used to provide information abapeitiéc
mechanism (i.e. the physiological processes) involved in neuromuscular fatigpe or
assess performance changes (i.e. functional relevance; Vgllestad, 1997; Cairns et al.,
2005). The measures used to assess neuromuscular fatigue have traditionally been
reductions in force, torque, shortening velocity or power, though techniquesasuc
electrical stimulation and electromyography can also provide importantiafion and

have been frequently applied (Binder-Macleod and Snyder-Mackler, 1993; Vgllestad,
1997; Millet et al., 2012).

Skinned musclefibres

Skinned muscle fibres, in which the surface membrane has been eitheratlyeanic
mechanically removed, have been widely used in the study of neuromuscular fatigue
(Lamb, 2002; Allen et al., 2008a). Studies of skinned muscle fibres involve the fibre being

attached to a force transducer and immersed in experimental bufferst(Rhtel 895;

11
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Coupland et al., 2001; Debold et al., 2004). This allows the measurement of maximal
isometric tension (§ and maximum shortening velocity £%). The composition of the
experimental buffers varies, and can be changed from an environmentveftdctne

normal intracellular milieu to one reflecting the metabolic changes that have been shown
to occur during fatigue. Two metabolic changes postulated to be of the greatest
importance to the decline of maximum force during neuromuscular fatigue bawe b
studied extensively using skinned fibres: acidosis, due to an increased concentration of
hydrogen ions ([H]); and increased inorganic phosphate]j[Rlue to breakdown of
phosphocreatine (PCr; Allen et al., 1995a; Westerblad et al., 2002).

The main advantage of using skinned fibres is that they provide the most direct way to
assess the cellular mechanisms of fatigue (Westerblad et al., 2002); that ikpthéyea
intracellular solution to be completely specified, making it possible to exdha@regfects

of changing individual metabolites (though it must be noted that it may be arciioiera

of metabolites, rather than an individual metabolite, that causes fatigue), ardidiney
metabolic and ionic changes with fatiguing contractions to be studied in isolatioe{Pate
al., 1995; Allen et al., 2008a). Skinned fibres also make it possible to study myaofibrillar
properties, sarcoplasmic reticulum release and uptake, and action potential/calcium
(C&*) release coupling (Posterino et al., 2000; Allen et al., 2008a). Furthernotine,
animal (Fryer et al., 1995; Pate et al., 1995; Dutka and Lamb, 2000) and human fibres
(Stienen et al., 1996; Tonkonogi et al., 1998; Bottinelli et al., 1999) can ke use
However, the disadvantages of skinned preparations are that they may lose important
intracellular constituents, the relevant metabolites to study must first be identified using
other models, and it could be argued that conclusions drawn from studies on single
skinned fibres are not relevant to the fatigue experienced by humans during vgoes

of exercise (Westerblad et al., 2000; Westerblad et al., 2002; Allen et al., 2008a). In
response to this latter criticism, available data indicate that the mecbkarfifatigue are
qualitatively similar across diverse experimental models, ranging from §ingle up to

exercising humans (Allen et al., 1995a).

Single muscle fibres

Isolated single muscle fibres, dissected from whole muscles, are another useiuiomod
investigating neuromuscular fatigue. Typically, single fibres are subject to tetanic
stimulation (Westerblad and Allen, 1991; Westerblad et al., 1993; Chin and Allen, 1996)

12
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with plate electrodes, so that the action potential is generated simultaregonsilfiple

points along the fibre, which eliminates longitudinal transmission of the actiontipbte

as a possible mechanism of neuromuscular fatigue (Allen et al., 2008a). Stimulation is
typically supramaximal (i.e. above that required to elicit a maximal resparsd
continues until force reaches a value approximately 30% of its initial (&igere 2.4,
Westerblad et al., 1993; Chin et al., 1997; Chin and Allen, 1998). This method allows the
measurement ofPVmax the force-velocity relationship (from which mechanical power
can be calculated) and the rates of force development and relaxationrrénrend
Westerblad, 1989; Westerblad et al., 1997).

Figure 2.4. A typical force record produced by tetanic stimulation in an isolatedlenfisce. From
Lannergren and Westerblad, 1991.

The advantages of working with single fibres are that there is only one tyf@eof
present, changes in force with ionic and metabolic changes can be correlated, fluorescent
measurements of ions, metabolites and membrane potential is possible, and extracellular
drugs, ions and metabolites can be easily and rapidly applied (Allen et al., 2008a).
However, single fibres do not survive well and are prone to damage at normal
physiological temperatures (LaAnnergren and Westerblad, 1987), likely due to production
of reactive oxygen species (Moopanar and Allen, 2005). This has meant thatdegleat

of research on single muscle fibres has been conducted at low, un-physiological
temperatures, at which it is becoming increasingly clear that muscle responds djfferentl
(Pate et al., 1994). It must be noted, though, that more recent work has been catducted
higher temperatures, more representative of those found in the body (Westerdlad

1997; Nelson and Fitts, 2014). Further disadvantages of using single fibres are the
technically difficult dissection and the absence of changes in oxygen té@sjoand
potassium (K) concentration, which may contribute to neuromuscular fatigue (Allen et
al., 2008a).
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| solated whole muscle

Many studies on neuromuscular fatigue have been performed on isolated whole muscles
to measure force and [€h (Westerblad et al., 2000; Allen et al., 2008a). As with
experiments on single muscle fibres, the whole muscles are bathed in a solution
mimicking that found in vivo, and are subject to tetanic stimulation at supramlaxim
currents (Dahlstedt et al., 2000). Arguably the only advantages of using isolated whole
muscles are that it is simpler than a single fibre experiment and the disseatoch

less technically demanding than that required for a single or skinned muscle fibre (Allen
et al., 2008a).

The main issue with using isolated whole muscles is the absence of vascular perfusion
(Barclay, 2005; Allen et al2008a), which means the muscle’s metabolic requirements

must be met by diffusion of rom the preparation’s outer surface. In vivo, the distance

O2 must travel from the blood vessels to the centre of muscle cells is no more than a fe
tens of micrometres; in isolated preparations, the distancewu€l diffuse are typically

10- to 100-fold greater (Barclay, 2005). As © consumed as it diffuses through an
isolated muscle, if the rate of consumption is high relative to the rate of supplypxn

core will develop in the centre of the muscle (Hill, 1928; Barclay, 2005; Allen. et al
2008a). This anoxic core develops more rapidly at 35 °C than at 20 °Ca|B&005),
making testing at normal physiological temperatures problematic. A further isthee is
fact that K, H*, carbon dioxide (C¢€) and lactate all accumulate in the extracellular
space. Until a diffusion gradient sufficient to allow diffusion out of the preparation
develops, the concentrations of extracellulari, CO; and lactate will be substantially

higher in the centre of the muscle (Allen et al., 2008a).

Musclein vivo

The “gold standard” model for assessing neuromuscular fatigue is the intact perfused
muscle under central control (Allen et al., 2008a). By studying neuromuscular fatigue in
this way, all physiological mechanisms are present, and fatigue can be caesieiby
central and/or peripheral mechanisms. Furthermore, it allows an extensiveofange

exercise protocols to be applied.
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As neuromuscular fatigue is primarily characterised and defined by a loss in the capacity
for generating force (Bigland-Ritchie et al., 1982; Bigland-Ritchie e1886a; NHLBI,

1990; Gandevia, 2001), its reliable assessment is highly dependent upon our ability to
measure force generating capacity (Bigland-Ritchie et al., 1983a; VglléS&d), In

vivo studies on humans frequently use isometric MVCs to assess force generating
capacity, as they provide an easy and direct assessment of neuromuscukar idtigh

is readily observed from the start of the contraction (Vgllestad, 1997; Cairns et a)., 2005
It must be noted, though, that while numerous studies of neuromuscular fatigue have used
MVCs as their assessment measure, normal voluntary locomotor activity isitirierm

and characterised by low motoneuron firing rates that result in only partial summation of
force (Bigland-Ritchie et al., 1985; Vagllestad, 1997; Cairns et al., 2005). Witimthis
mind, many researchers choose to use submaximal and/or intermittent tcorgrac
varying percentages of MVC, with the contractions terminated when the participant can
no longer maintain a target force (Bigland-Ritchie et al., 1985; BiglandhRitt al.,
1986a; Taylor et al., 2000).

Due to the functional importance of generating power during typical delyements

(Allen et al., 1995a; Allen et al., 2008a), measurement of the ability to generate power is
also of importance. Changes in power output with fatiguing exercise can basily
measured using cycle ergometry or running (Sargeant et al., 1981; McCartney et al.,
1983). Peak power is attained within a few seconds of the commencementiseeaed
gradually tails off. During cycling, for example, power output typically falls by
approximately 50% and reaches a steady value within three minutes, withalties
equating to the critical power (Vanhatalo et al., 2007; Vanhatalo et al., 2@d&gr P
output is also commonly assessed using isokinetic dynamometers, which allow a
multitude of different muscles to have their performance measured at different

contraction velocities and joint angles (Baltzopoulos and Brodie, 1989; Kannus, 1994).

Electromyography

Electromyography is a frequently used tool in the in vivo study of neuromusculaiefatig
Changes in the electromyogram (EMG) were first used to investigate neuromuscular
fatigue in the 1950s (Cifrek et al., 2009), and are now one of the most widendisedt

indices of neuromuscular fatigue (Vgllestad, 1997). There are two types of EMG: surface
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EMG (seEMG) and intramuscular EMG; with SEMG being the most commonly used, due
to the fact it is non-invasive, with signals being recorded from the skin siFeicoi

and Felici, 1999; Cifrek et al., 2009). The signal from the SEMG is the instantaneous
algebraic summation of the electrical contributions made by active motor unitsaa(Earin
al., 2004; Sung et al., 2010). The characteristics of the SEMG, such as its ampiitude a
power spectrum, are dependent on the timing of the motor unit action potentéise
membrane properties of the muscle fibres, meaning that the SEMG is refledbieth of

the central and peripheral properties of the neuromuscular system (Fain2e04).

The amplitude of the SEMG signal is related to the recruitment and dischagefrate
active motor units (Solomonow et al., 1990; Farina et al., 2004). Because efatignt

the SEMG amplitude is often used to index the level of activation provided by the spinal
cord, though due to factors including subcutaneous tissue thickness, electréide loca
and distribution of motor unit conduction velocities, there remainssmatch between
output from the spinal cord and the sEMG amplitude (Farina et al., 2002; Faaiha et
2004). During maximal isometric contractions, the SEMG amplitude falls progressively,
in parallel with the fall in force (Figure 2.5; Bigland-Ritchie et al., 1®i§tand-Ritchie

et al., 1983a; Biglan®itchie et al., 1983b), which suggests that SEMG is a good marker
for fatigue (Vgllestad, 1997). In contrast, during submaximal contractions, the sEMG
amplitude rises gradually, as additional muscle fibres are recruited in arptattem
maintain the same contraction intensity (Viitasalo and Komi, 1977; Bigland-Ritthie e
al., 1985).
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Figure 2.5. Parallel decrease in force and EMG during a sustained maximal voluntargotiont The
force trace is shown on the left and the EMG trace on the right. Fromm8i§lachie et al., 1983a.
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Another measure derived from the sEMG is the power spectrum of the signal, which
provides a representation of the contributing frequencies to the signal (@wkly
Macklem, 2004). The power spectrum is obtained by Fourier transformation of the raw
signal (Cifrek et al., 2009); with the median frequency, the frequency divitimg
spectrum into two equal halves, then typically being calculated (Vgllestad, 1997; Filligoi
and Felici, 1999; Ravier et al., 2005). With neuromuscular fatigue, the fregue
spectrum shifts towards lower values during both maximal (Petrofsky and Lind, 1980)
and submaximal contractions (Moxham et al., 1982; Krogh-Lund and Jgrgensen, 1991).
These shifts in the power spectrum are associated with changes in conduction velocity in
the muscle fibres (Lindstrom et al., 1970; Bernardi et al., 1999) and have been used to

infer changes in motor unit recruitment (Farina et al., 2004).

Electrical stimulation

While voluntary movements and contractions serve as the first-choice method for the
study of neuromuscular fatigue in vivo, they can be limited by participant motivati
(Kroemer and Marras, 1980; Gandevia, 2001; Marras and Davis, 2001). To overcome this
limitation, voluntary contractions are often accompanied by electrical stionla&ither

at rest or superimposed during the contraction (Vgllestad, 1997; Cairns et al., 2005; Millet
et al., 2012). This stimulation can be at the level of the muscle or periphemr| aed
combined with recordings of force and/or EMG, provides a non-invasive insight into
neuromuscular fatigue (Millet et al., 2011; Millet et al., 2012). In recent yearsiatag
stimulation of the muscle, nerve or motor cortex has also been apptideyRet al.,

1996; Taylor et al., 1996; Taylor and Gandevia, 2001). Though such magnetic stimulation
serves to minimise participant discomfort, it is less commonly used than electric
stimulation (Millet et al., 2012).

During voluntary movements, the major determinant of the strength of a contraction is
descending drive from the motor cortex (Taylor, 2009a). Increased desceindeg
results in the recruitment of more motor units, in an orderly fashion groall to large
(Henneman et al., 1965; Henneman et al., 1974), with larger motor units producing
greater force (Milner-Brown et al., 1973; Jones et al., 2004). An electricallssim
delivered to the muscle or nerve bypasses this descending drive and directly activates the

motor units, thus producing a contraction known as a twitch (Millet et al2)201
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Interestingly, it has been suggested that electrical stimulation carseewe order of
motor unit recruitment, with larger motor units, which are typically chataete by
reduced impedance and faster rates of action potential conductance, beiiigddirst
(Feiereisen et al., 1997). Evidence for such a phenomenon is, however, limited (Gregory
and Bickel, 2005; Bickel et al., 2011). As the intensity of electrical stimulation insfease
the number of motor units activated increases, leading to an increase inAlbaoes(et

al., 1993).

Based on the relationship between increasing stimulation intensity and the number of
activated motor units, electrical stimulation protocols typically begin with a gpadat
stimulus intensity, in order to establish the optimal stimulation intensity; that is, the
intensity required for complete spatial recruitment of the muscle group of interest (Adam
and De Luca, 2005; Neyroud et al., 2014). For some researchers, this occura whe
further increase in stimulation intensity results in no further addition oé f@vierton,

1954; Adam and De Luca, 2005; Sggaard et al., 2006) and for others when a plateau in
the compound muscle action potential (M-wave) is reached (Hamada et al.SROQO;

et al., 2009; Klass et al., 2012). It is argued, though, that adequate assessnreralof ce
and peripheral fatigue requires a stimulus greater than the optimal stimikgiosity
(Neyroud et al., 2014). With neuromuscular fatigue, the motor unit axonal mxcitat
threshold increases due to sustained and/or repeated firing (Kernell and Monster, 1982;
Butler et al., 2003), meaning that the optimal stimulation intensity may not be sufficie

to recruit all motor units, and peripheral fatigue may be overestinjid®doud et al.,

2014). It is thus recommended that a supramaximal intensity of at least ~120% of the
optimal stimulation intensity be used for the assessment of central and periphgual fati
(Loscher et al., 1996; Sidhu et al., 2009; Neyroud et al., 2014).

As previously mentioned, electrical stimulation can be applied at the level miutee

(e.g. quadriceps) or peripheral nerve (e.g. peroneal nerve, femora) mean effort to
recruit motor units (Hultman et al., 1983; Millet et al., 2011). The most commonly used
method is to place the stimulating electrodes on the skin over the belly of thie musc
(Bickel et al., 2011). While this method produces less pain than nerve stimulation
(Forrester and Petrofsky, 2004), it is only possible with superficial muscles and is
complicated by subcutaneous fat and connective tissue (Mesin and Merletti, 2008; Bickel

et al., 2011). Stimulation directly over the nerve trunk is also frequently useg.bekn
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suggested that applying stimulation in this way generates a greater proportion of
contraction from central pathways, which could minimise the fatigue as=baiath
electrical stimulation (Bergquist et al., 2012). However, not all muscles cari\rdet

by nerve stimulation, due to either the nerve not being superficial eriblidgt et al.,

2012), or due to the nerve evoking responses from both the agonist and antagonist
muscles, as is the case when nerve stimulation is applied to the musculocutaneous nerve

to evoke a motor response from the elbow flexors (Allen et al., 1998).

Aside from stimulation intensity and electrode location, a further consideration when
using electrical stimulation is the type of stimulus delivered, and whether this takes the
form of a single stimulus, a doublet (two stimuli with a very short inter-pulse interval) or

a tetanus (multiple, rapid stimulations per second). The type of stimulus delivered has a
large influence on muscle performance, affecting force production, fditigainid what

can be measured (Bickel et al., 2011). A single stimulus, for example, resuttgitcha

and allows the measurement of both mechanical (i.e. force) and electromyographic (i.
M-wave) responses (Millet et al., 2012). A doublet also produces a twitch, but is only
used to investigate mechanical properties, as the second stimulation interferes with the
M-wave. Doublets do, however, augment the peak force produced by stimulation (Burke
et al., 1970; Karu et al1995), a phenomenon termed a “catchlike property”, and are the

optimal type of stimulation for the investigation of central and peripherguta{iPlace

et al., 2007). Tetanic stimulation, in contrast to single stimuli and doublets, results in
more prolonged contractions that can be either unfused or fused, dependihg
frequency of stimulation. Greater frequencies result in increased govdection and

smoother, more fused contractions (Binder-Macleod et al., 1995; Gregory et al., 2007).

One of the most frequently utilised electrical stimulation techniques in the study of
neuromuscular fatigue is the twitch interpolation technique (Figure 2.6), introduced by
Merton in 1954. The principle of twitch interpolation is to stimulate, supramaximally, the
muscle or nerve during a voluntary contraction, in order to add an adtitictan
potential to those produced voluntarily (Merton, 1954; Belanger and McComas, 1981).
Any motor units not recruited or not firing fast enough to produce maximal yolidee
activated by this additional action potential, evoking a twitch-like increase ie forc
(Taylor, 2009a; Gandevia et al., 2013). As voluntary force increases, moreuni$or

are recruited and are firing faster; thus, the interpolated twitch should bersmalle
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indicating greater voluntary activation of the muscle (Shield and Zhou, 2004;r,Taylo
2009a; Gandewi et al., 2013). Voluntary activation is calculated as the ratio of the
increment in force as a result of stimulation during a contraction to that of itee fo
produced by a subsequent stimulation at rest (Belenger and McComas, 198EtBéhm
1996).
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Figure 2.6. An interpolated twitch during an MVC of the knee extensors, followestimulation at rest.
In this case, voluntary activation is approximately 95%.

The principle of twitch interpolation is based on and supported by an inversenshi
between the amplitude of the twitch evoked by stimulation during the contraction and the
voluntary force at the moment of stimulation (Taylor, 2009a). Such relationships have
been demonstrated for a variety of muscle groups, including the triceps surae, tibialis
anterior, quadriceps, biceps brachii and adductor pollicis (Belanger andhasCb981;
Dowling et al., 1994; Allen et al., 1995b; Behm et al., 1996). Twitch interpolation thus
provides a reliable way to quantify voluntarytiasation, and how much of a muscle’s
possible force is not engaged by voluntary drive, in many muscle groups (Hertbert a
Gandevia, 1999; Taylor, 2009a).

While the underlying principle of twitch interpolation is sound, the technique is,
nonetheless, subject to many practical pitfalls (Taylor, 2009a). Eledticallation can
result in higher, lower or similar forces to maximal voluntary contractiunes to the fact
that stimulation may activate antagonists and may fail to activagrggts, which are

often activated during voluntary contractions (Taylor, 2009a; Taylor, 2009b).
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Furthermore, accurate estimation of voluntary activation requires a helesionship
between superimposed twitch amplitude and the force of voluntary contraction (Shield
and Zhou, 2004), while in reality non-linearities exist (Belanger and McComas,; 1981)
and also requires stimulation during a plateau in force (Gandevia, 2001), which is often
difficult to attain, particularly during an MVC (Gandevia, 2001) and when neuromuscular
fatigue develops. Other criticisms levelled at the twitch interpolation technique are a low
sensitivity near maximal contraction intensities, and mismatches between cdlculate
voluntary activation and predicted maximal torque capacity, leading to ovextestiof

the former and underestimates of the latter (De Haan et al., 2009).

Despite the above limitations, the twitch interpolation technique is generally Heddato
valid measure of a muscle’s voluntary activation, and is sufficient to reveal changes in
activation as a result of intervention and pathology (Allen et al., 1995b; Belimid96;
Taylor, 2009a). In the study of neuromuscular fatigue, the twitch interpolation technique
has been used to infer a progressive impairment in voluntary activation, as datednstr
by a reduction in voluntary force and an increase in the interpolated twitchssize a
contractions progress (Bigland-Ritchie et al., 1983a; Bigland-Ritchie et al., 1983b;
McKenzie et al., 1992; Gandevia et al., 1996). This is reflective of a failuretamo
optimal force from the muscle voluntarily and represents a failure in sustaheng

recruitment and discharge frequency of motor units (Gandevia et al., 2013).

2.3 - Mechanisms of neuromuscular fatigue

For muscles to contract, there is a complex chain of events (Figure 2.7), leading from the
higher centres of the brain, via the spinal cord and motoneurons to the muscle fibres
themselves, and finishing with the individual cross-bridges generating force (&andev
2001; Jones et al., 2004, Allen et al., 2008a). Neuromuscular fatigue and impaired muscle
function can occur through failure at any one of these steps (Kent-Braun Jb889;et

al., 2004; Millet et al., 2012).
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Motivation
Motor cortex
Spinal cord
Motoneuron
Perip%eral nerve CENTRAL
"""""""""""""""""" NeuromuScular junction PERIPHERAL

Surface membrane

T-tubules

C&* release from sarcoplasmic reticulum
C&* binding to troponin
Cross-bridge activity

Consequences of contraction (i.e. force)

Figure 2.7. Chain of command leading from motivation to the generation of for¢kebgross-bridges,
showing the central and peripheral sites where failure could occur. Bras ét al., 2004.

The failure of processes occurring proximal to the neuromuscular junction is termed
central fatigue (Gandevia, 1998; Gandevia, 2001; Taylor and Gandevia, 2008); while the
failure of processes occurring at or distal to the neuromuscular junctionmsdter
peripheral fatigue (Gandevia, 2001; Taylor and Gandevia, 2008). It is likelypotiat
central and peripheral mechanisms contribute to the reduced physical performance
associated with neuromuscular fatigue in all cases, irrespective of the task (deni-B
1999; Schillings et al., 2003; Nordlund et al., 2004; Sggaard et al., 2006; Burnley et al
2012). However, the extent to which central and peripheral mechanisms dvedraad

which mechanism predominates is very much task dependent (Enoka and Stuart, 1992);
depending on exercise intensity (Eichelberger and Bilodeau, 2007; Yoon et al., 2007,
Place et al., 2009), exercise duration (Behm and St-Pierre, 1997; Schilling28603),
whether the exercise is sustained or intermittent (Duchateau and Hainaut, 1985 Bilod
2006) and the age and sex of the participants (Hunter et al., 2009b; Griffith et al., 2010).
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Central fatigue

As previously mentioned, central fatigue refers to processes occurringnptdri the
neuromuscular junction (i.e. within the central nervous system), and can bel defiae
progressive exercise-induced reduction of voluntary activation of the muscle
(Blomstrand, 2001; Gandevia, 2001; Nordlund et al., 2004; Taylor and Gandevia, 2008).
Central fatigue is typically assessed using the twitch interpolation technique during an
MVC (Merton, 1954; Behm et al., 1996; Gandevia, 2001) and is demonstrated by an
increase in the force evoked by nerve stimulation during such a maximal voluntary effort
(Merton, 1954; Belanger and McComas, 1981; McKenzie et al., 1992; Taylor and
Gandevia, 2008). If extra force is evoked by motor nerve stimulation during an MVC,
this is reflective of some motor units not being voluntarily recruited or riogffast
enough to produce fused contractions (Herbert and Gandevia, 1999). Such an increase in
force due to a superimposed twitch with the progression of fatigue signifigsdbasses
proximal to the site of stimulation are contributing to the loss of force (Tayidr
Gandevia, 2008).

Central fatigue is easily demonstrated using maximal contractions. Such contractions
have four main advantages: they test the entire motor pathway, the task fawthes ne
system is maximal throughout the contraction, all motoneurons should be reandted
firing at high rates from the start, and fatigue develops within seconds (Taylor and
Gandevia, 2008). Gandevia et al. (1996) observed that during a two-minute maximal
elbow flexion, voluntary force began to fall immediately and the supesetpbwitch
evoked by motor cortex stimulation increased, signifying reduced capatitiytrecruit

all motor units and thus the development of central fatigue. Other studiesdmdivened

the presence of central fatigue during sustained and intermittent maximal tonsrat

the adductor pollicis (Bigland-Ritchie et al., 1983a), elbow flexors (McKenzie and
Gandevia, 1991; Taylor et al., 2000), diaphragm (McKenzie and Gandevia, 1991;
McKenzie et al., 1992), ankle plantar- and dorsi-flexors (Kawakami et al., 2000;
Nordlund et al., 2004) and quadriceps (Bigland-Ritchie et al., 1978; Place et al., 2007,
Burnley, 2009). Comparison of sustained and intermittent maximal contractions has
revealed that decreases in voluntary activation occur sooner antbegepronounced
during sustained contractions (Bilodeau, 2006). It must be noted, though, thajahigym

of neuromuscular fatigue arising from maximal contractions is attributedrifghpeal
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processes (Bigland-Ritchie et al., 1983a; Hunter et al., 2006; Sggaar@®@06j Taylo
and Gandevia, 2008).

Central fatigue is also present during sustained and intermittent submaximal contractions
at low percentages of MVC, and, indeed, at such intensities its extent is substantial,
accounting for up to 40% of the force loss (Behm and St-Pierre, 199&a8i et al

2006; Taylor and Gandevia, 2008). The extent of central fatigue during submaximal

contractions can be assessed by introducing brief MVCs and twitch interpolation at

regular intervals during the contraction(s) (Bigland-Ritchie et al., 1986aaRbghal.,

2006; Smith et al., 2007). Using this method, studies have shown that sustained
contractions at <30% MVC result in pronounced decreases in voluntary activatten

first dorsal interosseous, elbow flexors and triceps surae (Loscherl®&osl, Sagaard et

al., 2006; Eichelberger and Bilodeau, 2007). A decrease in voluntarytactiva the

elbow flexors was also observed by Smith et al. (2007), through motor point and cortical

stimulation, for a sustained contraction at only 5% MVC, indicating that theagexeht

of central fatigue does not require high levels of motor cortical output oe¢hgtment

of a large proportion of the motoneuron pool (Taylor and Gandevia, 2008).

Further evidence for the presence of central fatigue during submaximal contactio
comes from studies in which measurements of participant’s ratings of perceived exertion

(RPE) were taken. Sggaard et al. (2006) observed that the RPE required &nraaint
weak target contraction increased disproportionately to the target forédveBdelative

to their maxima. During a 40-minute elbow flexion at 15% MVC, participants reporte
their RPE to rise from ~2 (mild) to ~7.5 (very large), from a maximum ofvh@reas
target force and EMG of the muscles only increased to 30% and 35%, respectively, of
that recorded during a brief MVC. A similar mismatch between perceivedaxarid
motor output was observed by Smith et al. (2007) during a sustained contractbn at
5% MVC of the elbow flexors. Such mismatches between perceived exantlomotor
output are strongly suggestive of significant impairment of central processes during

submaximal contractions.

While there are some common features of the central fatigue caused by menxamal
submaximal contractions, there are also critical differences (Taylor artttGan2008).

During submaximal contractions, the fall in voluntary force has a greatesspimal
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component than during maximal efforts, meaning a greater proportion of the force loss is
due to less than optimal motor cortex output (Gandevia, 2001). Submaximal contractions
despite their less intense nature, also require longer to recover voluntaayi@ctafter

the end of a fatiguing protocol (Behm and St-Pierre, 1997; Taylor and Gan2edg).

For high-intensity contractions, recovery occurs within two to three minBéd=( et al.,

1993; Taylor et al., 2000), but takes >10 minutes and even up to an hour after prolonged
weak contractions (Baker et al., 1993; Sggaard et al., 2003; Place et al., T2@04).
difference in recovery time could be due to continued firing of small diametsclen
afferents (Taylor and Gandevia, 2008; Kennedy et al., 2013) or reflex inhibfitoator

cortex excitability (La Pera et al., 2001; Taylor and Gandevia, 2008).

Potential mechanisms of central fatigue

The slowing of motor unit firing rates has been measured during both maximal (Bigland-
Ritchie et al., 1983b; Rubinstein and Kamen, 2005) and submaximal (Garland et al.,
1997; Carpentier et al., 2001; Thomas and del Valle, 2001) fatiguing contractions, and
appears to be of significance to the development of central fatigue. Initialfs thought

that such changes in firing rates may match muscle contractile propertiesséovpr
maximum force output, a hypottieknown as “muscle wisdom” (Marsden et al., 1983).
However, more recent evidence suggests that this hypothesis does not hold. Rather than
protecting against fatigue, decreased motor unit firing rates enhance {&iglevand

and Keen, 2003), with the mechanisms causing this slowing of firing rates being intrinsic
to central fatigue (Taylor and Gandevia, 2008). It is recognised thaktho=eof actions

on the motoneuron pool could lead to a slowing of motor unit firing rates: a dearease
excitatory input, an increase in inhibitory input, or a decrease in the responsnfhess
motoneurons through a change in their intrinsic properties (Davis and BHI8Y;
Taylor and Gandevia, 2008). It is likely that all three of these actians daring central

fatigue.

The testing of motoneuron excitability during fatiguing maximal contractionshwasn

that the slowing of motor unit firing rates is not solely due to a decrease iatexcit
input (Taylor and Gandevia, 2008). Both Butler et al. (2003) and Matrtin et al.)(2006
observed decreases in the cervicomedullary motor evoked potential, theé sibech

reflects motoneuron excitability (Gandevia et al., 1999; Petersen et al., 2062y
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sustained MVCs of the elbow flexors, which suggested that the motoneurons had become
less responsive to synaptic input. Indeed, other studies have demonstrated that repetitive
activation may decrease the responsiveness of motoneurons to synaptic inpua(®pielm

et al., 1993; Peters and Fuglevand, 1999). Initially motoneurons firetinegdgtibut over

time some motoneurons slow their firing rate and others stop firing comnypletel
(Spielmann et al., 1993; Peters and Fuglevand, 1999). Evidence for this is Imited
humans (Nordstrom et al., 2007), though Johnson et al. (2004) demonstrated that if
humans are given feedback that allows them to voluntarily activate a single motor unit at
a constant rate, the longer the unit is activated the more drive is required tarmesnta
firing frequency. This required increase in excitatory input is demonstrated through
increased SEMG, indicating that other motor units have been recruited or are firing more
and providing strong evidence that repetitive activation makes motaorseuess

responsive to synaptic input (Taylor and Gandevia, 2008).

Changes in inputs to motoneurons also occur during fatiguing contractions (Gandevia,
2001; Taylor and Gandevia, 2008). Muscle spindle afferents decrease their discharge and
firing during sustained isometric contractions, and it has been argued that thisdvill lea
to a progressive disfacilitation of a-motoneurons (Macefield et al., 1991; Gandevia, 1998;
Nordlund et al., 2004), which predominate within motor pools and innervate force-
generating extrafusal muscle fibres (Burke et al., 1977). It has also been sligjugste
fatiguing contractions bring about a reflex inhibition of the a-motoneurons mediated by
small diameter group Il and 1V afferents originating from the fatigued muBaébd-

Ritchie et al., 1986b; Garland, 1991; Garland and Kaufman, 1995; Gandevia, 1998).
Small diameter muscle afferents are sensitive to noxious mechanical and chemical
stimuli, so that some increase firing with the accumulation of metabolites in thtigue
muscle (Rotto and Kaufman, 1998; Kaufman et al., 2002; Li and Sinoway, 2002). The
action of fatigue sensitive afferents on motoneurons is contentious, though, vaiémta re
study finding inhibition of elbow extensor motoneurons but facilitation of elbowflexo

motoneurons (Martin et al., 2006).

It has also been demonstrated that descending drive from the motormastddecome
suboptimal for force production, and is of importance during both maximal (Garetevia
al., 1996; Taylor et al., 2000; Hunter et al., 2006) and submaximal contractions

(Duchateau et al., 2002; Smith et al., 2007). This does not necessarily mean that
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descending drive decreases during fatiguing contractions; it could remain the@rsame
even increase, but may simply become less effective at driving the motosiewrroch

have become less responsive to input (Taylor and Gandevia, 2008). Studies using
transcranial magnetic stimulation of the motor cortex have found increases in the size
superimposed twitches, indicating that some motor cortical output remains urdutilise
during maximal efforts (Loscher and Nordlund, 2002; Hunter et al., 2006). Thus, there is
a failure at the supraspinal level to generate maximum motor contifpaltpdespite the

fact that the on-going output is not sufficient to drive the motor units mayifialylor

and Gandevia, 2008).

While much research has focused on the involvement of the motor pathwaysrat ce
fatigue and the evidence for this seems plausible, it is not the only propested
mechanism of fatigue. Many researchers advocate a role for brain nesmatters and
central monoamines (Romanowski and Grabiec, 1974; Newsholme, 1986). It is proposed
that changes in plasma amino acid concentrations could play a role i faigue by
influencing the synthesis, concentration and release of neurotransmitters, ssuch a
serotonin and dopamine, in the brain (Newsholme, 1986; Blomstrand, 2001; Roelands
and Meeusen, 2010). The effect of this would be to reduce motivation and drive to the

motor cortex. Support for these hypotheses is, however, equivocal.

The principal neurotransmitter thought to be involved in central fatigue is serotonin
(Newsholme, 1986), which is involved in the control of arousal, sleepiness and mood
(Davis et al., 2000; Blomstrand, 2001; Meeusen et al., 2006). During exercise, the plasma
concentration of free tryptophan, a precursor of serotonin in the brain, irec{Eases

et al., 1992; Blomstrand et al., 1997). This is due to a release of fatty acidsdifmree

tissue, the increase in the concentration of which causes tryptophan to be displaced from
its loose binding to albumin (Curzon et al., 1973; Davis et al., 2000). The displacement
of tryptophan from albumin, combined with the uptake of branched-chain amindogcids
muscle, results in a marked increase in the plasma ratio of free-tryptophi@mehed-

chain amino acids (Blomstrand et al., 1988; Blomstrand et al., 1997). As tryptophan can
only cross the blood-brain barrier in its unbound or free form, an incredse plasma

ratio of free-tryptophan to branched chain amino acids results in the traméport
tryptophan into the brain (Davis et al., 2000). The subsequent synthesis and release of

serotonin may augment lethargy and loss of drive, resulting in a reduction in motor unit
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recruitment (Newsholme, 1986; Blomstrand, 2001; Meeusen et al., 2006; Roelands and
Meeusen, 2010).

Initial studies in rats provided some support for this serotonin hypothesis, demonstrating
that exercise leads to an increase in the synthesis and metabolism of serdteniorain
(Barchas and Freedman, 1963; Blomstrand et al., 1989). In humans, several subsequent
studies in which brain serotonin activity was increased by agonists found tthae fa
occurred sooner and ratings of perceived exertion were higher when comthrdte
administration of a placebo (Wilson and Maughan, 1992; Davis et al., 1993). However,
other studies using similar agonists have since found no difference in performance
compared to controls or a placebo (Meeusen et al., 2001; Parise et al., 2001; Raelands
al., 2009), and further studies using nutritional interventions designed to lower serotonin
have shown no benefit on performance in either rats (Verger et al., 1994) anshum
(Varnier et al., 1994; Blomstrand et al., 1995; Van Hall et al., 1995). Such resgi¢ssug

that serotonin is, in fact, not a key factor in the development of central fatigue

As brain function is dependent on the interaction of a number of systems, it idyunlike
that a single neurotransmitter is responsible for central fatigue (Davis day, B&97;
Meeusen et al2006). Thus, Davis and Bailey (1997) extended Newsholme’s (1986)
original serotonin hypothesis to include dopamine. Their revised hypothesisatése
ratios of serotonin and dopamine interact; a high ratio of serotonin tondogpén the
brain is associated with feelings of tiredness and lethargy, accelerating #teobns
fatigue, whereas a low ratio is associated with improved performance, hhtoeg
maintenance of motivation and arousal. However, Meeusen et al. (1997) fand th
administration of L-DOPA, a dopamine precursor, had no effect on submaximabtime
fatigue; and Piacentini et al. (2004) found no difference in time-trial pegioce between
administration of a dopamine reuptake inhibitor and a placebo. Evidence feitigepo
effect of increased dopamine has since been demonstrated in several studies, but only for
exercise in the heat. Watson et al. (2005) and Roelands et al. (2008) both founohdopa
reuptake inhibitors to significantly improve exercise performance, compar¢tkicedno,

in 30 °C heat, but not in temperate conditions (18 °C). Importantly, the dopgeuptake
inhibitors enabled participants to maintain greater power with the same peragption
effort during exercise in the heat. A further study by Tumilty et al. (2011) fosmdikar

effect for tyrosine, a dopamine precursor, compared with a placebo forsex@ 30 °C
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heat. Based on such findings, it could be argued that dopamine does play a role in central
fatigue, perhaps through modulation of subjective ability to tolerate exarosgh only

during exercise in the heat

It must be noted that changes in descending drive and changes in neurotransmitters are
not mutually exclusive potential mechanisms of central fatigue. There is likely some
interaction between the two. This is particularly apparent in the casecattrally acting
ergogenic aid caffeine, whose performance enhancing effect is believedam dre
antagonist of adenosine (Fredholm et al., 1999). Adenosine has severahiinction

the central nervous system that involve inhibition of excitatory neurotransmétets

thus hashe potential to alter a-motoneuron excitability and decrease the firing of central
neurons (Fredholm et al., 1999). Caffeine has been demonstrated to increase spinal
excitability, the net effect of membrane properties and the summation of gdtisyinput

to a-motoneurons (Walton et al., 2003; Kalmar et al., 2006).

Peripheral fatigue

Peripheral fatigue, as mentioned previously, refers to processesd¢haiad or distal to

the neuromuscular junction (i.e. within the muscle itself), and that leadettuation in

force production (Gandevia, 2001; Nordlund et al., 2004; Taylor and Gandevia, 2008).
As with central fatigue, peripheral fatigue can be assessed thragghcal stimulation
(Behm et al., 1996; Gandevia, 2001), and is characterised by a reduction initorque
response to stimulation at rest following an MVC (Bigland-Ritchie etL886a; Kent-
Braun, 1999; Taylor and Gandevia, 2008; Place et al., 2007). This stimulation technique
has been used to examine the development of peripheral fatigue afteneslusta
contractions (Bigland-Ritchie et al., 1978) and during periods of relaxation in repetiti

intermittent contractions (Lloyd et al., 1991; Schillings et al., 2005).

Peripheral fatigue has been observed, to some extent, during intermittent aimedust
submaximal contractions at low percentages (<35%) of MVC (Fuglevand et al., 1993b;
Bilodeau et al., 2001). Sggaard et al. (2006) observed that peripherale fatigu
progressively developed during a 43-minute 15% MVC elbow flexion, as evideneed by
gradual decrease in the MVCs interspersed throughout the contraction and in the

decreased amplitude of the twitch evoked by stimulation of the resting musalar|$,
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Burnley et al. (2012) observed a progressive, slow development of peripheral fatigue
during an hour of intermittent contractions of the quadriceps at 29% MVC, as eaddenc
by a gradual decrease in twitch amplitude following doublet stimulation between
contractions. Of further note are the findings of Smith et al. (2007), who observe
development of peripheral fatigue for a 70-minute elbow flexion at on\WB2G. In

these studies, peripheral fatigue developed alongside central fatigue, tsagént was

not as substantial as that of central fatigue, which Smith et al. (2007) estimateduat

for two-thirds of the decrement in maximal torque.

Peripheral fatigue is more evident and substantial during high-intensity submaximal
contractions. Bigland-Ritchie et al. (1986a) observed that intermittent contraations
50% MVC performed until the limit of endurance (i.e. task failure) resultex 50%
decline in MVC force; a decline in parallel with the resting force decrement from
electrical stimulation. They observed no central fatigue and attributed theings
purely to failure of the muscle contractile apparatus. It is likely, though, that this absence
of central fatigue was due to use of single electrical stimuli superimpogedioMVCs.

More recent studies, such as Burnley et al. (2012) which used paired stimulildaaiye c
demonstrated a role for both peripheral fatigue and central fatigue in higltinpte
submaximal contractions. Indeed, sustained (Yoon et al., 2007; Goodall et al., 2010) and
intermittent (Eichelberger and Bilodeau, 2007; Burnley et al., 2012) contractions abo
40% MVC have been found to induce both central and peripheral fatigue, witledbhesy

effect on the reduction in force and the greatest contribution to task failure inaassh

coming from peripheral fatigue.

Similar results have also been found during sustained (Gandevia et al., 1996; Kent-Braun
1999; Schillings et al., 2003; Hunter et al., 2006) and intermittent maximal contractions
(Duchateau and Hainaut, 1985; Kawakami et al., 2000; Nordlund et al., 2004). Following
five minutes of intermittent MVCs, Burnley (2009) reported a 71% decrease in vglunta
torque and a 53% reduction in torque in response to stimulation at rest between
contractions, indicating significant peripheral fatigue. Other studies have foundrsimil
substantial effects of peripheral fatigue, with Schillings et al. (2003) deducinga¥a

of the voluntary force decline observed during a two-minute sustained MVC was due to

peripheral fatigue, and that this peripheral contribution was most prortbdodeg the
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first minute of contraction, with central factors starting to play morerofeaduring the

second minute.

The difference between the predominance of peripheral fatigue for high-iptensit
contractions and central fatigue for low-intensity contractions has be@ailpattributed

to perfusion and blood flow. In intact individuals, when force exceeds ~50% MVC, high
intramuscular pressure restricts blood flow to the contracting muscle (Sadanadto e
1983) and muscle circulation can completely collapse (Barcroft andnivill@39).
Consequently, continuous maximal contractions may occur in ischaemitemBach
ischaemia does not allow recovery of muscle fibres during contractions and this
maximises the fatigue occurring within the muscle (Taylor et al., 2000). During low-
intensity contractions, blood flow is less compromised, and the muscle fibres fatigeie
slowly, which may allow changes within the central nervous system to play aralge

in the loss of force generating capacity (Taylor et al., 2000). Mosnteesearch has,
however, suggested that circulation can be compromised and tissue reoxygenation
stopped at only 25% MVC during contractions of the knee extensors (De Ruiter et a
2007).

Potential mechanisms of peripheral fatigue

As with central fatigue, the exact mechanisms of peripheral fatigue are lyetfidy
elucidated. The primary factors thought to be responsible for the decreased muscle
function are metabolite accumulation (Allen et al., 1995a; Westerblad et al., 2002; Allen
et al., 2008a) and energy (glycogen) depletion (Nielsen et al., 2011; drtenblad et al
2013), both of which cause inhibition of the contractile process, excitation-comractio
coupling failure and reduced excitability of neuromuscular transmission. The metabolites
believed to be involved are'ldnd B, both of which increase in concentration (Westerblad

et al., 2002); K, the interstitial concentration of which increases and the intracellular
concentration of which decreases (McKenna et al., 2008); aridv@dch can be affected

by other metabolites and by glycogen depletion (Allen et al., 2008b; @rtenblad et a
2013).

The traditional explanation of peripheral fatigue has been lactic acid accumulation (Fitts,

1994; Westerblad et al., 2002). During intense exercise, the anaerobic breakdown of
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glycogen leads to an intracellular accumulation of lactic acid, which dissociatetate la

and H (Westerblad et al., 1998). The resulting acidosis, due to the increageddhi
cause a decrease in pH from its resting value to as low as 6.2 (Metdgeitta, 1987;
Wilson et al., 1988; Cady et al., 1989a). It was thought that such pronouitesisacad

a detrimental effect on the rate of cross-bridge attachment (WesterbladleandL993)

and reduced shortening velocity (Metzger and Moss, 1987; Chase and Kushmerick,
1988). Recent evidence, however, has suggested that the negative effects sédncrea
[H*] have been considerably overestimated and that it may actually hargagenic

effect (Nielsen et al., 2001; Cairns, 2006; Lamb and Stephenson, 2006; Allen et al.,
2008b).

Initial evidence supported the assertion that increasé&dwhls the cause of peripheral
fatigue. Studies utilising high-intensity sustained and intermittent contractions found
strong temporal correlations between the accumulation*oértdl a decline in force
production (Miller et al., 1988; Cady et al., 1989a; Kent-Braun, 1999). Furthermore,
studies utilising skinned skeletal muscle fibres contracting under conditions mimicking
the pH decrease observed during neuromuscular fatigue demonstrated that decreased pH
caused a decrease in bothaRd \max Of comparable magnitude to that observed during
neuromuscular fatigue in vivo (Metzger and Moss, 1987; Cooke et al., 1988;ndate a
Cooke, 1989).

More recent evidence, however, has emerged to challenge the traditiacediyted
depressing role of increased*|HFirstly, in humans the temporal correlation between
impaired contractile function and reduced pH is not always present (Westerblad et a
2002; Allen et al., 2008a), and force often recovers more rapidly than pHasfjeing
contractions (Miller et al., 1988). Sahlin and Ren (1989) found that following exhaustive
exercise at 66% MVC, two-minutes of recovery was sufficient for forceuonréo pre-

test values but that pH still remained at a low level, similar toattae end of exercise.
Thus, it seems that the temporal correlation between decreased pH and ddoreased
may be coincidental, rather than causal. Secondly, it appears thaisthei@mperature
dependence of the role of {Hn skinned fibre studies. Initial skinned fibre studies were
conducted at low experimental temperatures (<15 °C); significantly below the normal
physiological range for mammalian muscle (Pate et al., 1995), due to thbaatie

fibres are prone to damage at physiological temperatures (LaAnnergren aedo\&est
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1987). More recent studies have used “temperature-jump” protocols to enable mechanical
measurements to be made on skinned fibres at temperatures better approximating
physiological conditions, namely 30 °C (Pate et al., 1994). These studies, along with other
studies on intact single fibres, have shown that at physiological temperatures deadosis
little effect on isometric tension or shortening velocity (Figure 2.8; Ranatunga, 1987;
Adams et al., 1991, Pate et al., 1995; Westerblad et al., 1997).

(@)
400 - 32°C

Force (kPa)

Figure 2.8. The effect of acidosis on contractile function becomes smaller as temperatereaséal
towards that found in muscle. Dashed lines indicate control conditions; sofidridieate a decrease of
approximately 0.5 pH units. From Westerblad et al. (1997).

The evidence presented above seems to discount increagednfHthe consequent
acidosis as the cause of depressed cross-bridge function and decreasaanghort
velocity seen in neuromuscular fatigue. Indeed, further studies have demonstrated tha
acidosis may actually have a protective effect against fatigue. Brutah €t998)
observed that decreasing the pH from 7.1 to ~6.7 in single intact mouse filussle
seemingly slowed the onset of fatigue. It has also been suggested that dhcrease
intracellular acidity can help increase cytoplasmic?fCand the consequent activation

of the contractile process, due to the sarcoplasmic reticuluidh gbanp binding and
resequestering less €at an acidic pH (Lamb et al., 1992; Lamb and Stephenson, 2006).
Decreased intracellular pH has also been shown to counter the inhibitory afedt ra

extracellular [K] has on action potentials (Nielsen et al., 2001).

With increased [H unlikely to be the cause of the impaired muscle function seen with
neuromuscular fatigue, attention has turned to other metabolites, witivhizh
accumulates as PCr is broken down, receiving increasing support (Allen aretbliéeist

2001; Westerblad et al., 2002). Studies in intact muscles have shown that the resting
myofibrillar [P] is 1-5 mM (Kushmerick et al., 1992) and that this can rise to 30-40 mM
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during intense contractions (Cady et al., 1989a). It was initially thought that st

[Pi] could act by hindering cross-bridge transition from low- to high-force binding states,
meaning that as [Pincreases fewer cross-bridges would be in a high-force state and
consequently force would be reduced (Westerblad et al., 2002; Allen et al., 2008s). |
also become apparent that increasefldduld influence C# in several ways (Fryer et

al., 1995; Balog et al., 2000; Westerblad and Allen, 2002).

In line with the hypothesis that fewer cross-bridges would be in high-$tates as [P
increases, studies using skinned skeletal muscle preparations have shown that increased
[Pi] depresses force at saturating {¢€Cooke and Pate, 1985; Pate and Cooke, 1989;
Millar and Homsher, 1990). As with the effects of increaseq, [tHough, there appears

to be a temperature dependence, with studies conducted nearer or aphgsiadbgical
temperatures showing that such negative effects of increa$adqdBiminished (Dantzig

et al., 1992; Coupland et al., 2001; Debold et al., 2004). Other studies using different
models have, however, found evidence suggesting thptnflRiences cross-bridge
function. Several studies conducted on mouse soleus and fast-twitch Xenopus muscle
fibres have found that reducing][Results in an increase in cross-bridge force production
(Phillips et al., 1993; Bruton et al., 1996; Bruton et al., 1997). Further support for the
contention of an influence on cross-bridge function comes from studies on genetically
modified mice completely lacking creatine kinase (CK; Dahlstedt et al., 20005tBxdt

et al., 2001), which found that such mice had elevated myoplasrhianidP markedly

lower force at rest than wild-type mice. It seems, therefore, that setteayoplasmic

[Pi] does decrease force production through direct action on the cross-bridge cycle.

In recent years, it has become evident that increaspanfy also influence muscle
function by acting on Ca C&* plays a key role in skeletal muscle activation, with an
increase in free myoplasmic [€hbeing the trigger for contraction (Westerblad et al.,
2000; Allen et al., 2008b). Increased] [Fas been shown to decrease the maximéi-Ca
activated force and decrease?Csensitivity, such that higher concentrations of'Gaie
required to achieve the same level of contractile activation (Millar and Honig84r,
Martyn and Gordon, 1992). Interestingly, it has been shown that the inhibitory Rffect
has on myofibrillar C# sensitivity is greater at temperatures approaching physiological
in vivo values than at lower temperatures (Debold et al., 2006). Increaksald§Fslows

sarcoplasmic reticulum GaATPase and may inhibit ATPase driven sarcoplasmic
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reticulum C&* reuptake (Dawson et al., 1978; Stienen et al., 1993; Duke and Steele,
2000). In the long term, this may substantially reduce the amount?ofaCailable for

release, resulting in reduced tetanic{¢ig@Westerblad et al., 2000).

The greatest effect increased][R believed to have on €ais through entering the
sarcoplasmic reticulum, resulting in calcium phosphate precipitation and decreasing the
amount of C& available for release (Allen and Westerblad, 2001; Westerblad et al.,
2002; Debold et al., 2004). This possibility was first raised by Fryer et al. (1995), who
found exposure of a skinned fibre to a 50 mM concentration of myoplasmeused a
sustained depression in sarcoplasmic reticuluf @éease. This study provided the first
evidence, albeit indirect, that ¢an reach a concentration in the sarcoplasmic reticulum
high enough to exceed the threshold for calcium phosphate precipitation (Wesgerblad
al., 2002). Subsequent studies have extended this finding to skinned fibres with intact
excitation-contraction coupling (Dutka et al., 2005) and to single fibres (Westantda
Allen, 1996; Kabbara and Allen, 1999). Further support for this calcium phosphate
mechanism comes from the finding that the decline in tetanic intracellular fr&g KCa
delayed when Raccumulation is prevented by inhibition of the CK reaction (Dahlstedt et
al., 2000; Dahlstedt and Westerblad, 2001). It seems, therefore, that as itgetlicext

effect on cross-bridge kinetics, increaseq Btso has a negative influence on?Ca

handling.

A further potential cause of peripheral fatigue is extracellutaad€umulation. During
exercise, K is released from the intracellular space to the extracellular space of
contracting muscles and accumulates in the interstitium of contracting muscles (Fitts and
Balog, 1996; Juel et al., 2000; Sejersted and Sjggaard, 2000). Resting values for
interstitial [K*] are typically around 4 mM (Green et al., 1999; Nordsborg et al., 2003)
and can increase to 11-13 mM during intense exercise (Juel et al., 2000; Nordahorg et
2003). In vitro studies have shown that such concentrations are high enough to depolarise
the resting membrane potential by ~10-15 mV, an amount sufficient enough to have a
detrimental effect on action potential propagation and which can significamhgsse

force (Cairns et al., 1995; Fitts and Balog, 1996). However, some otisesvedo not
support the proposed role of increased][id peripheral fatigue. Firstly, it has been
demonstrated that lactic acid (which, as previously mentioned, accumulates during

exercise) increases the*Kat which force depression occurs by almost 2 mM (Pedersen
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et al., 2003; Pedersen et al., 2004; De Paoli et al., 2007); and secondtyertigial
[K*] only reaches a critical level near the end of fatiguing exercsgecally in the
presence of lactic acid, suggesting that most of the decrease inmiayceot be related

to changes in interstitial [{ alone (McKenna et al., 2008). However, given the key role
of K*in action potential propagation, it is nonetheless possible that changésim K
conjunction with other metabolites, contribute to fatigue (McKenna et al., 2008).

The depletion of energy stores is another candidate mechanism for peripigual ifa

both humans and other species (Pernow and Saltin, 1971; Lacombe et al., 2@&l). It h
been known for more than half a century that our ability to exercise is seriously
compromised when our glycogen stores are reduced to low levels, even when there is an
abundance of other fuel sources (drtenblad et al., 2013). There is a close refationshi
between muscle glycogen content and endurance capacity, and an inabiityitoe
exercise when glycogen stores are exhausted (Bemgstral., 1967; Hermansen et al.,
1967). The most recognised theory concerning muscle glycogen levels and impaired
contractile function is that glycogen is an essential substrate and its depletion reduces the
rate at which adenosine triphosphate (ATP) can be regenerated (JdrtenbladQst3l.,

It is now known that muscle glycogen content may also affect excitation-doortrac
coupling and C#& handling (Stephenson et al., 1999; Allen et al., 2008a).

Using rat and toad muscle fibres, it has been demonstrated that when recovery from
glycogen depleting exercise occurs in the absence of glucose, glycogen tdeesver

and in a subsequent exercise bout fatigue occurs more rapidly and thdreed tetanic
intracellular free [C&] (Chin and Allen, 1997; Kabbara et al., 2000; Helander et al.,
2002). In humans, Duhamel et al. (2006) observed that glycogen depleting exercise
followed by four days of a low carbohydrate diet resulted in markedly redoasdle
glycogen at the initiation of a subsequent exercise bout and quicker deteriorations in
sarcoplasmic reticulum Carelease in comparison with a high carbohydrate diet between
the exercise bouts. A similar study by @rtenblad et al. (2011) demonstrated thangrovidi
carbohydrate during recovery from fatiguing exercise increased muscle glyoagent

and normalised sarcoplasmic reticulum vesicle*Qalease, whereas both muscle
glycogen and C4 release remained low in the absence of carbohydrate. These data,
obtained from studies on both single fibres and exercising humans, indicate that glycogen

has a mechanistic role in sarcoplasmic reticulurft @dease. It has been speculated that
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depletion of muscle glycogen, and its subsequent effect &t i@ay be the mechanism
responsible for peripheral fatigue at low (<40% MVC) contraction intensBiesi(ey et
al., 2012).

Further studies using mechanically skinned muscle fibres, in which global ATP and other
metabolites (such as PCr) can be kept high and constant, have shown thattmemgly
content is associated with irreversible force depression during repeated tetanic
contractions (Stephenson et al., 1999; Barnes et al., 2001). However, ieoenitestudy

by Nielsen et al. (2009), which used electron microscopy to provide an estihthee
subcellular localisation of glycogen, observed that endurance time (measutled a
number of tetanic contractions required to induce a 50% reduction in forcelatenir

only with depletion of glycogen located within the myofibrils (i.e. intramyofibrillar
glycogen). The results from these skinned fibre studies indicate that muscle glycogen
content influences muscle contractile function under conditions of high and constant
global myoplasmic ATP. The finding that glycogen affects excitation-contraction
coupling despite constant global ATP argues against a direct metabolic offfent
glycogen levels at the whole cell level, though does not exclude a role of glyangen o

compartmentalised energy transfer in the cell (drtenblad et al., 2013).

Interaction between peripheral and central fatigue

It has recently been proposed than an interaction between peripheral aabfaeturs

acts to regulate performance and restrict excessive development of perigtigua!
(Amann and Dempsey, 2008; Amann, 2011). This hypothesis states that metabosensitive
group Il and IV muscle afferent fibres within the working muscle relate exercise-thduce
metabolic perturbations (i.e. peripheral fatigue) to the central nervous y&ieifman

et al., 2002; Light et al., 2008), which then adjusts central motor drive based on this
inhibitory afferent feedback (Figure 2.9; Amann and Dempsey, 2008; Amann2804;,
Amann, 2011). It is proposed that such a feedback loop serves to limit voluntary drive
(i.e. increases central fatigue) and restricts the development of periattignat foeyond

a critical threshold (Amann et al., 2006; Amann et al., 2013).

This hypothesis was based on numerous observations that the inability to continue

exercise (i.e. exhaustion) often coincides with a specific and severe dégereheral
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fatigue, regardless of the exercise protocol or rate of change of nrustiolites
(Hogan and Welch, 1984; Amann et al., 2006; Ametrai., 2007; Burnley et al., 2010).
Based on this evidence it was postulated that a critical threshold for peripligre fa
exists, beyond which an individual would never voluntarily perform high-intensity
exercise (Amann, 2011). In order for an individual to never exceed itrealdhreshold,
exercise is either voluntarily terminated once it is reached, or exar&ssity is reduced,

via reducing central motor drive.

Magnitude of
Central Motor
Drive

v
Muscle
Power
Output

l

Metabolic
e Se Milieu

Muscle afferent feedback

Figure 2.9. Schematic representation of the interaction between peripheral and central fatigue. From
Amann and Dempsey (2009).

The first experimental test of this hypothesis was by Amann and Dempsey (2008). They
compared a 5k cycling time-trial performed in a fresh state with time-trialsrpedo

with pre-existing moderate and severe levels of peripheral fatigue, broughbgipoiar
cycling to exhaustion at 67 and 83% of peak power, respectively, and asg@ssed
significant decreases in the quadriceps potentiated twitch response. It wasdlisat
pre-existing fatigue had a significant negative effect on performandea substantial

dose dependent inverse effect on power output and central motor driveiradesktiia
guadriceps EMG. Specifically, it was observed that the higher the level of pre-existing
peripheral fatigue, the lower the average central motor drivettwasghout the time-

trial. Furthermore, the level of peripheral fatigue at the end of eachtrimhevas
identical, despite the marked differences in the levels at the start and the marked

differences in exercise performance. Though providing support for the hypothesis,
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limitation of the study was that the pre-fatiguing exercise may havedlmstral fatigue
through non-peripheral mechanisms (Nybo and Secher, 2004). Subsequent studies have
overcome this limitation of using pre-fatiguing voluntary exercise by usingriebdc
stimulation to induce peripheral fatigue; finding lower EMG during pre-fatigued trials
and identical levels of peripheral fatigue between conditions at the end of exercis
(Gagnon et al., 2009; Amann et al., 2013; Hureau et al., 2014).

More compelling evidence for the hypothesis comes from a recent stwdyidh the
central projection of lower limb afferents was pharmacologically blocked. Araah

(2009) accomplished this through the intrathecal injection of fentanyl, an opioid
analgesic, to selectively block the projection of ascending afferent pathways without
affecting motor nerve activity or maximal force output. Comparedaiacebo condition,
central motor drive, as estimated via EMG, was significantly higher thratghe first

half of the time trial, leading to a significantly higher power output. Followamgpdetion

of the time-trials, peripheral fatigue was ~44% greater in the fentanytomnapared to

the placebo trial, and was so severe that participants reported ambulatory problems for
several hours afterwards. These findings indicated that in the absence of afferent
feedback, caused by the fentanyl injection, the magnitude of central motor drive was
uncoupled from the metabolic milieu of the working muscles, and the central nervous

system thus did not act to limit the development of peripheral fatigue.

Peripheral fatigue and the associated afferent feedback to the centoaisngystem is

one of only several potential mechanisms influencing central motor drivexancise
performance, with other potential mechanisms including changes in neurotransmitter
activity, cerebral heat accumulation and inadequate substrate availability @éxigbo
Secher, 2004; Amann, 2011). The evidence above does, though, appear to suggest that
afferent feedback from working muscles may limit performance by exeminghibitory

effect on central motor output. This has led to the suggestion that periphers fatay

tightly regulated variable during exercise (Hureau et al., 2014).
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2.4 — Critical Power

One of the most enduring relationships across the history of physical endeatair is
between power and time. Across millennia, the performance of soldiers, labourers,
recreational and elite athletes has been constrained by this power-timenshblatio
(Whipp et al., 1998; Jones et al., 2010). It is now appreciated that this power-time
relationship has strong mathematical and physiological foundations (Hill and Lupton,
1923; Monod and Scherrer, 1965; Moritani et al., 1981; Jones et al., 2010).

From a historical perspective, scientific investigation to mathematically ntbdel
relationship between power and time to exhaustion began in the 1920s with the work of
the celebrated English physiologist A.V. Hill. Initial observations by Hill and Lupton
(1923) demonstrated a strong relationship between exercise intensity and thetolera
duration of exercise. Hill (1925) went on to construct velocity-time curves forld
records for runners, swimmers, rowers and cyclists, and it is notewtbidhyurrent

world records also fit velocity-time curves similar to those Hill constructed.

Some years later, Monod and Scherrer (1965) observed that when a series of fatiguing
constant work rate isometric contractions were performed to the limit of toderanc
hyperbolic relationship emerged (Equation 1; Figure 2.10A). They defined two key
parameters: the critical power (CP), which is the power asymptotieedfiyperbolic
relationship; and what has come to be known as W', the curvature constant of the
relationship. Knowing that the total work performed is given by the product of power and
time, this relationship can also be expressed in a linear form (Equation 2; FiuBg; 2.

where the slope is the CP and the intercept is W' (Morton, 2006). The equations are:

Tyim = W'/(P — CP) Equation 1
W=W"+CP -Tym Equation 2

where Tim is the time to exhaustion, Vis the curvature constant, P is the power output

of the task, CP is the asymptote referred to as the “critical power,” and W is the work

performed. Mathematically the two equations are equivalent.
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Figure 2.10. The hyperbolic power-time model of critical power (A), and the lineakstiare model of
critical power (B). Adapted from Jones et al., 2010.

Monod and Scherrer (1965) initially defined the CP, somewhat vaguelyheas
“maximum rate of work that a muscle or muscle group can keep up for a ngrynte

without fatigué&. It was later suggested that the CP may equeettee highest sustainable

rate of metabolism that occurs at a similar work rate to the maxintatdesteady state
(Poole et al., 1988); though the CP has subsequently been found to be significantly higher
than the maximal lactate steady state (Pringle and Jones, 2002; Dekerle et al., 2003). The
CP is now defined as the asymptote of the relationship between power ouatpintato

task failure (Jones et al., 2010). Monod and Scherrer (1965) considered tHee@Rittidy
dependent on muscle blood flow, and thus oxygen delivery, based on their bbsaia
improved performance during intermittent compared with continuous contractions. It is

now known that the CP is determined unequivocally by oxidative function (Moritani e
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al., 1981; Jones et al., 2008; Vanhatalo et al., 2010). W' is representative of a finite
amount of work that can be performed above the CP, so that the magnitudenairkhis
capacity remains the same regardless of the work rate (Moritani et al., 1981;tRdgle e
1988; Jones et al., 2010). The precise determinants of W' are unclear, thoughrg appea
to be related to the breakdown of PCr and glycogen during exercise, the accunofilation
metabolites (such as'tdnd ), and a fall in pH (Fitts, 1994; Miura et al., 1999; Miura et

al., 2000; Jones et al., 2008). It has also been postulated that W' is intrinsically related to
the VO, slow component during whole-body exercise in whHidBzmaxconstrains the
increase ifvO, (Murgatroyd et al., 2011; Vanhatalo et al., 2011).

Following on from Monod and Scherrer’s initial modelling, which was based on isometric
contractions, Moritani et al. (1981) extended the CP concept to large muscle mass
exercise capable of fully taxing the cardiorespiratory system. The paower-ti
relationship, and the parameters of CP and W', have subsequently been found to describe
exercise tolerance across a wide range of species, including horses (Uaudadia
Hinchcliff, 1999) and mice (Billat et al., 2005). In humans, the concept hagpbmerd

to be robust and to describe exercise tolerance for different types and irderfisiiiescle
contraction protocols (e.g. isometric and isotonic; Monod and Scherrer, 1965;eione
al., 2008; Burnley et al., 2012), and for a range of exercise modalities, includimgcy
(Moritani et al., 1981; Hill, 2004), rowing (Kennedy and Bell, 2000; Hill et al., 2003),
running (Hughson et al., 1984; Fukuba and Whipp, 1999), swimming (Wakayoshi et al.,
1992) and even wheelchair propulsion (Arabi et al., 1999).

Research has also demonstrated that both CP and W' can be manipdlatedsansitive

to interventions designed to increase or decrease exercise toleranceP Tdaa Ge
increased by continuous endurance training (Gaesser and Wilson, 1988; Jenkins and
Quigley, 1992), high-intensity interval training (Poole et al., 1990; Vanhatalg 2088)

and inspiration of hyperoxic gas (Vanhatalo et al., 2010); and can be decrgased b
inspiration of hypoxic gas (Moritani et al., 1981). W' can be increased by high-iptensit
strength and sprint training (Jenkins and Quigley, 1993) and creatine supplementation
(Smith et al., 1998; Miura et al., 1999); and can be decreased by glycquetiode
(Miura et al., 2000) and prior high-intensity exercise (Heubert et al., 2005; Vinhath

Jones, 2009). Interestingly, it appears that W' tends to decreassuals af iaterventions

that serve to increase the CP (Jenkins and Quigley, 1992; Vanhatalo et al., 2008).
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M easurement of critical power

Traditionally, determination of CP first involveddVOzmax test, and then between three

and seven trials, at intensities between 50 and TMO%ax designed to elicit a range of
exhaustion times between 2 and 15 minutes (Gaesser and Wilson, 1988; Pringle and
Jones, 2002; Hill, 2004; Vanhatalo et al., 2007). For determination of critical (@due
typically five trials to exhaustion at intensities between 35 and 60% MVC have leeen us
(Burnley, 2009; Burnley et al., 2012). These methods of establishment necessitate
repeated laboratory visits, and have arguably limited the use of the CBMcapt for
diagnostic and research purposes (Vanhatalo et al., 2007; Jones et al.,r264€9nt
years,the use of prolonged “all-out” exercise to determine the CP and W' in a single

session has been investigated.

Burnley et al. (2007) demonstrated that a distinct plateau in power output, at
approximately one-third of peak power, can be attained within three minuadisooit
cycling against a fixed resistance. This power was subsequently shown tmbgrsgus

with the CP determined from the traditional method of multiple tests to exhausgang

2.11; Vanhatalo et al., 2007). Similar agreement between end-test muscle gec®rm
and the CT has also been found for isometric contractions. Burnley (2009) demonstrated
that five-minutes of intermittent maximal contractions of the quadriceps were retquired
achieve a plateau in torque; with this plateau found to be not significantly different from
the traditionally obtained CT. This experiment provided an analogue to the timae-m
all-out cycling test and supports the contention that all-out exercise lead<stcettiaal
attainment of critical power, regardless of the modality of exercise (Jods 2010).

The five-minute test derived in this study also provides a useful maximal protocol for the

assessment of global, central and peripheral fatigue during intermittent contractions.
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Figure 2.11. Determination of CP using a three-minute all-out test. Dashed line indicdgsendently
calculated CP. From Vanhatalo et al. (2007).

Exercise below, at and abovethecritical power

Theoretically, exercise performed below the CP should be fatigueless arfdiliagk
should not occur (Moritani et al., 1981), though in reality, such sustained exercise would
eventually become limited by factors such as substrate depletion, hypertlzria
motivation (Poole et al., 1988; Jones et al., 2008). In contrast, exercise pdridrave

the CP requires utilisation of W' at a rate dependent on exercise intensity ustil it
expended, at which point exercise cannot be continued at the same intensity (Jones et al.,
2008; Burnley, 2009). As work rate is increased further above the CP, W' will be
expended more rapidly (Monod and Scherrer, 1965; Jones et al., 2008), tloé rate
accumulation of metabolites associated with neuromuscular fatigue will be greater (Fitts,
1994; Westerblad and Allen, 2003) and task failure will occur at a sooner and [medicta
time (Monod and Scherrer, 1965; Burnley, 2009).

Given the supposedly limitless potential for sustained exercise below the CP, compared
with the gradual progression towards task failure above the CP, it wouldeszsonable

to suggest that the physiological responses to exercise below and above the CPrwill diffe
Poole et al. (1988) were the first to investigate whether this was theccasparing
running at the CP (~80%Ozmay With running 5% above the CP. At CRO:
demonstrated a pronounced slow component rise before levelling off aftealsever
minutes, while blood [lactate] increased from resting values of ~1 mM to stabifige at

mM. In contrast, at 5% above CFQ; rose inexorably t6/Ozmax and blood [lactate]

44



45

continued to rise until the subject was no longer able to continue the task, a point which
occurred earlier than during running at the CP. Based on these resuttfataancluded

that the CP demarcates the upper boundary of the heavy intensity exercise alwina

the lower boundary of the severe intensity exercise domain, the domain in whickeall po
outputs lead t6/Ozmax, and that it also represents the highest metabolic rate at Wich

and blood [lactate] can be stabilised.

Further differences between exercise below and above the CP were notedsogtuin
(2008), who used'phosphorus magnetic resonance spectroscopy to examine metabolic
responses in the quadriceps during single-leg knee extensions. During exet€i%e at
below CT, stable values for [PCr],iJRNnd pH were attained after three minutes of a 20-
minute exercise bout. However, during exercise at 10% above CT, [PCrptand
continued to fall and [Pcontinued to rise throughout exercise (which was terminated
earlier than in the trial below CT), reaching values typically observetedermination

of high-intensity exhaustive exercise. This study provided evidence that reguhtors
oxidative metabolism exhibit the same intensity domain specific behaviours near the CP
as the systemic responses previously established by Poole et al. (1988), andjthlong
several other studies (Burnley et al., 2010; Vanhatalo et al., 2010), evidence that it is
possible to attain a metabolic steady state during exercise above the CP. Additiomally,
metabolic perturbations and loss of muscle homeostasis observed (i.e. incrdased [P
decreased pH) with exercise above the CP suggested a link with periphersd fatig
(Westerblad et al., 2002).

Burnley et al. (2012) cemented a link between exercise above the CP/CT andrgleriphe
fatigue, concluding that rather than representing a threshold for fatiguetestiguing
exercise intensities, the CP/CT actually represents a critical thresholdrijohepal

fatigue development. Using intermittent isometric quadriceps contractions, they found
differences in the development of central and peripheral fatigue below and abGVe the
Contractions below the CT led to a modest decrease in MVC and a modeasénor

EMG, though at the end of exercise there was still a significant resebahrivVC

torque and EMG amplitude. In contrast, contractions above the CT led to asprogre

fall in MVC torque until task failure, at which point a maximal contraction negsired

to attain the target force, and a progressive rise in EMG to produce a value at task failure

not different from that produced during a fresh MVC. Decreases in voluntargtamtiv
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and the potentiated doublet were present in both the trials below and above €afingdi

the presence of both central and peripheral fatigue for all intensities of atimmtra
However, it was observed that the rates of change for MVC torque antiggettdoublet

torque were disproportionately large above compared to below the CT, indicating that
peripheral fatigue is greater and its rate of development quicker damtigactions above

the CT. The implications of this are that the rate of fatigue development bie¢ CT

could not be predicted from the same indexes as above the CT, and that fatigue
development increases suddenly when the CT is exceeded and does not increase

proportionately as torque requirements increase.
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Part |1 — Physiological complexity

2.5 - Non-linear dynamics and complexity

The field of non-linear dynamics is typically closely associated with physics, matihem

and chaos theory. In contrast to linear systems, which are simple, timoat@ and can

be considered as the sum of their parts (Goldberger, 1996; Goldberger, 2006), non-linear
systems are characterised by a lack of proportionality, with smalgekdnaving striking,
unpredictable effects, thus limiting the ability to predict their long-term behaviour
(Goldberger, 1996; Peng et al., 2009). Non-linear systems are regarded asxcompl
chaotic and unpredictable; attributes that make of great interest to scientists.eQast th
quarter of a century, this interest has spread from physics and mathematedidime

and physiology, and to the study of one of the most complex dynamical systems in all of
nature: the human body.

Physiological systems are inherently complex (Goldberger, 1996; Peng et al., 2009), both
in their structure and function, as well as spatially and temporally (Goldb&8$6; Eke

et al., 2002; Seely and Macklem, 2004; Manor et al., 2010). The outputs generated by
complex physiological systems are non-stationary (i.e. they are not stathledn-linear

(i.e. they are not directly proportional to their input; Goldberger, 1996; EKe 2082;
Goldberger et al., 2002); in other words, the outputs of physiological systems exhibit
constant fluctuations, even under resting conditions (Goldberger et al., 1990; Lipsitz,
2002). In recent years, it has come to be recognised that such fluctuations in piogdiolog
outputs are not noise, as was initially thought (Cannon, 1929). Instead, these fluctuations
contain meaningful structural richness, that is to say information, over multiple t&mpor
and spatial scales (Lipsitz and Goldberger, 1992; Costa et al., 2002; Goldberger et a
2002; Manor et al., 2010). The complexity of these physiological outputs exceeds that of
the most challenging systems in the physical world and defies understanding based on
traditional mechanistic and reductionist models (Peng et al., 2009). As such, physiologist
have turned to the fields of non-linear dynamics and statistical physics in the eta

new concepts and metrics to help explain and quantify this complexity. One of the most
useful and frequently applied of these concepts is fractals (Mandelbrot, 1977; Eke et al
2002; Lipsitz, 2004).
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Fractals

The concept of fractals is rooted in, and most frequently associated with, matkemati
and geometry. In the late %nd early 20 century, mathematicians would generate
complex geometric structures from simple objects (the initiator), such as straight line
triangles or cubes, by applying a simple rule of transformation (the genaratam)
infinite number of iterative steps (Eke et al., 2002). The resulting complex sesjctur
examples of which include the von-Koch curve, Sierpinski triangle amtjéfesponge
(Figure 2.12; Peitgen et al., 1992; Bassingthwaighte et al., 1994), all displafy a sel
similarity; that is, they maintain their characteristic form regardless of the s®ad to
examine them (Glenny et al., 1991; Eke et al., 2002).

Initiator Generator Fractal

1D von-Koch curve

i,

o
....s“"t..\_;} IO i

2D Sierpinskl triangle

/\ Aa £n

30 Menger sponge

D&

Figure 2.12. Examples of geometric fractals. The von-Koch curve, Sierpinski triangle andeMeng
sponge are all generated by repetitively applying a single rule of travafon, the generator, to a
simple object, the initiator, in an infinite number of iterative steps. FromeEkk, 2002.
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These geometric structures lay dormant until the latec2dtury, when the Polish-born
mathematician Benoit Mandelbrot realised that they represented a suitaivietigeto
describe the complex shapes and forms of nature (Mandelbrot, 1983; Eke et al., 2002).
Mandelbrot (1977) coined the ter‘fractal” from the Latin fractus, the past participle of

the verb frangeré‘to break,” in order to describe the ever-finer fragments that appear as
objects and processes are viewed at ever higher magnifications amghiasese the
fragmented character of the objects (Bassingthwaighte, 1988; Bassingthwaighte et al.,
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1994; Eke et al., 2002). He went on to define fractals as geometric objects with self
similarity on multiple measurement scales (Mandelbrot, 1983); a definition Goldberger
(1996) later simplified to objects composed of sub-units (and sub-sub-unitghatc.

resemble the structure of the overall object.

Fractals have subsequently come to be defined by a set of four charagissstrties:
self-similarity, scaling, the fractal dimension and statistical properties (Bassingjtieva
et al., 1994; Liebovitch, 1998; Eke et al., 2002):

1. The self-similarity fractals exhibit can either be geometric or statistical.
Geometrically self-similar objects are those whose pieces are smaller, exact
replicas of the whole object (Mandelbrot, 1983; Eke et al., 2002), such as those
illustrated in Figure 2.12. Statistically selfilar objects are “kind of like” the
whole; the statistical properties of the pieces are proportional to the stistic
properties of the whole (Bassingthwaighte et al., 1994).

2. Because of self-similarity, features at one resolution are relateduoefeat other
resolutions. Scaling refers to how the measured values depend on the resolution
used to make the measurement (Bassingthwaighte et al., 1994; Liebovitch, 1998);
thus, the length measured at finer resolutions will be longer as it contains finer
features. Self-similarity determines the scaling relationship and can lpag¢o-
law scaling (Bassingthwaighte et al., 1994; Eke et al., 2002).

3. The fractal dimension gives a quantitative assessment of self-similarity and
scaling, describing how many new pieces similar to the whole object are teveale
as the resolution is made finer (Bassingthwaighte et al., 1994, Liebovitch, 1998).

4. Thestatistical properties of fractals include the fact that fractal processerot
have a mean or variance. For the mean, as more data are analtfssdthan
converging to a single value, the mean continues to increase towards an ever-
larger value or decreases to an ever-smaller value (Bassingthwaighte et al., 1994;
Liebovitch, 1998). For the variance, self-similarity means that small irregularities
are reproduced as larger irregularities at larger scales, thus asdatarare
analysed these larger irregularities increase the variance, which then becomes
infinite (Bassingthwaighte et al., 1994, Liebovitch, 1998).
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Complexity and fractalsin nature and physiology

Mandelbrot (1967; 1977; 1983) was the first to realise that fractals could not ardgdbe

to describe complex geometric structures, but also the complex shapes and forms of
nature. The classic example he proposed is that of a coastline (Mandelbrot, 1967). If the
length of a coastline is measured using a low-resolution photograph, a uniqueiltalue

be obtained. However, if the image is magnified, new details, such as batgsainde
peninsulas not previously seen, are exposed and accurate measurement new aequir
smaller scale, and the length of the measurement becomes greater (Manti@@xpt,
Gitter and Czerniecki, 1995). Each magnification imposes greater detail, méfaming
process of measurement can be carried out indefinitely, as the characteingfiesrand
wiggles of the coastline are never resolved, no matter the magnificatiscaling
(Bassingthwaighte et al., 1994; Gitter and Czerniecki, 1995; Liebovitch, 1998). Other
examples of fractal forms found in nature include branching trees, billowinds;looral

reefs and the Roman cauliflower (Mandelbrot, 1983; Sugihara and May, 1990; Glenny et
al., 1991; Aon et al., 2000; Goldberger et al., 2002; Hardstone et al., 2012).

From a physiological point of view, many complex anatomic structures extaibial-

like geometry (Bassingthwaighte et al., 1994; Goldberger, 1996; Liebovitch, 1998). Such
structures are fractal if their small-scale form appears similthreio large scale form
(Goldberger and West, 1987a; Glenny et al., 1991; Bassingthwaighte et al., 1994); though
unlike the geometric fractals developed by mathematicians, which can alsanled ter
exact fractals, these anatomic structures are statistical fractals, witketiesimilarity
manifested in the power-law scaling of the parameters characterising thdinrssuat
different scales of observation (Liebovitch, 1998; Eke et al., 2002).

The most studied fractal-like structure in the body is the bronchial tree (FiguretBel3),
generation of which can be viewed as an iterative process, much likéttiageneration

of a mathematical fractal such as the von-Koch curve (Lefévre, 198®|eltmot, 1983;

West et al., 1986; Nelson and Manchester, 1988; Goldberger et al., 1990; Nelson et al.,
1990; Glenny et al., 1991). The trachea initially undergoes a bifurcation to form the left
and right bronchi, and subsequent generations are formed by a repetitivatioifuos

the most distal airways (Lefévre, 1983). Other examples of fractal-like anatomic

structures in the body are the arterial and venous trees (Goldberget @8%;| \West and
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Goldberger, 1987; Bassingthwaighte et al., 1994), the arteries and veins in the retina
(Family et al., 1989; Mainster, 1990; Masters, 2004), the His-Purkinje conduction system
(Goldberger et al., 1985; Goldberger and West, 1987a), and the dendrites in the nervous
system (Smith et al., 1989; Caserta et al., 1990). These self-similar anatoictieras

appear to subserve several common fundamental physiological functions: they enable
rapid and efficient dissemination across complex, spatially distributed systemsl|(Weibe
1991, Goldberger, 1996; Goldberger et al., 2002), they minimise the energy required for
system function (Murray, 1926; Glenny, 2011); and they minimise construction error,
since they rely on an iterative mechanism (Goldberger and West, 1987a; Goldinerger
West, 1987b).

Figure 2.13. A simulation of the bronchial tree based on repeated applications of a bgandei (left),
and a silhouette of the airways from a chest X-ray (right). Note thet ggr@ement of the simulation with
the actual structure. From Nelson and Manchester, 1988.

The fractal concept can be applied not only to anatomic structures, but asootes
physiological processes (Goldberger, 1996; Goldberger et al., 2002). A procestals fr

if a variable, as a function of time, undergoes characteristic changes trsamdae
regardless of the time interval over which the observations are made (Gtexiny1991).
Fractal-like processes are thus said to generate irregular fluctuatiass multiple time-

scales (Goldberger, 1996; Goldberger et al., 2002). Heart rate is a good example of a
fractal-like process (Figure 2.14; Yamamoto and Hughson, 1994; Peng et al.); 1995a

with healthy heart rate traces exhibiting irregularity on different time scales that is
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visually distinguishable, but is statistically self-similar (Goldberger, 1996; Goldberger et
al., 2002). Other fractal-like physiological processes include blood pressure (Marsh et al
1990; Wagner and Persson, 1994), ion channel kinetics (Liebovitch et al., 1987;
Liebovitch and Toth, 1990), respiration (Bruce, 1996; Frey et al., 1998), rendlftdav
(Wagner and Persson, 1995), gait (Hausdorff et al., 1995; Delignieres and Torde, 2009
and muscle force output (Slitkin and Newell, 1999; Svendsen and Madeleine, 2010).
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Figure 2.14. A fractal-like process, such as heart rate, generates fluctuations oardiffere scales that
are statistically self-similar. From Goldberger, 1996.

2.6 — Measuring complexity and fractals

An important methodological challenge is how to measure the complexity andarigg
in the physiological processes exhibiting fractal-like properties. Typichlbtuations in
physiological time series are quantified in terms of their magnitude, using measures such
as the standard deviation (SD) and coefficient of variation (CV; Pincu&aliberger,
1994; Jones et al., 2002; Rose et al.,, 2009). However, the complex dynamics of
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physiological outputs are characterised by a number of properties that @seastire
magnitude of variability cannot quantify; namely temporal irregularity, etim
irreversibility and long-range (fractal) correlations (Pincus, 1994; Goldberger et al.,
2002). In other words, physiological outputs contain meaningful structural informatio
with the relationship between successive data points holding the key to understanding this
structure (Grassberger, 1991; Lipsitz and Goldberger, 1992). Measures such as the SD do
not account for data order and simply provide an index of the degree diatefrieam a

point in a distribution of scores (Bland and Altman, 1996; Slitkin and Newell, 1999), a

are thus unable to provide any information on an output’s temporal structure (Slifkin and

Newell, 1999; Rose et al., 2009). As such, new statistical measures, basedtleound
concepts of entropy and fractals, have been developed to provideatitorrabout the
complexity and fractal-like properties exhibited by physiological procesgesse
measures characterise the monteataioment relationship between successive points in

a data series (Slifin and Newell, 1999), providing information on the underlying
dynamical state of the system (Sosnoff et al., 2009) and its deterministic andtstocha

components (Slifkin and Newell, 1999).

Approximate entropy

Entropy, as embodied in the second law of thermodynamics, is a measure of disorder
randomness that tends towards a maximum in an isolated system (Schneider and Kay,
1994; Seely and Macklem, 2004). As it relates to dynamical systems, entropy can be
thought of as the rate of information prodoot(Eckmann and Ruelle, 1985; Richman

and Moorman, 2000; Seely and Macklem, 2004) and can be used to quantify the apparent
randomness and regularity, i.e. the complexity, of a system (Pincus, 199 ;a8del
Macklem, 2004).

Approximate entropy (ApEn) derives from the Kolmogorov-Sinai entropy in an
information theory sense, and was developed as a model-independenicgtmtidf

the regularity of sequences and time-series data, motivated by applitatretetively

short, noisy data sets (Pincus 1991; Pincus, 1995; Pincus, 2006; Forrest et al., 2014). It
provides an index of predictability of future values, i.e. long-rangealractrelations, in

a time-series based on past events (Pincus, 1991). To understand ApEn and why it was

developed, consider the following example, adapted from Pincus and Keefe (1992):
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There are two time-series. Seriesoneis 1,2,1,2,1,2,1,2,,2,2,12, 1, 2, and so

on. This time-series alternates between 1 and 2 in sequence. Seried p&p2, 1, 2, 1,
2,2,1,1,2,1,2,2,1, 1, and so on. In this series, each term is either 1 or 2, but randomly
chosen with the probability of ¥z of either value. Traditional moment statistids,asuc

the mean and variance, and rank order statistics, such as the median, argaunable
distinguish between the two series. However, series one is “perfectly regular”; knowing

that one term is 1 allows one to predict with certainty that the next terrneall Series

two, on the other hand, is randomly valued and irregular; knowing that amestémives

no indication as to whether the next term will be 1 or 2. ApEn allows one itogdish
between such clearly different time-series and also allows the determinationlef subt

differences in regularity.

In order to compute ApEnwb parameters must be specified: a run length ‘m’, which is

the length of the sequences to be compared, and a tolerance window ‘r’, which is the
tolerance for accepting matches (Pincus, 1991; Richman and Moorman, 2000; Pincus,
2006). ApEn is approximately equal to the negative average natural logarithm of the
conditional probability that two sequences of length N that are similar (witHor m
observations remain similar (within the same tolerance width r) for nobsérvations
(Pincus, 1991; Richman and Moorman, 2000; Pincus, 2006; Rose et al., 2009). The exact

calculation of ApEn is given in detail in the General Methods (Chapter 3).

ApEn quantifies a continuum, ranging from totally ordered to completely random,
assigning a non-negative number between 0 and 2 reflecting the comatekrggularity

of the sequence (Seely and Macklem, 2004; Pincus, 2006). Low values, approaching O,
correspond to high system regularity and low complexity (i.e. sinusoidal behngvi

while high values, approaching 2, correspond to low system regularity and high
complexity (i.e. white Gaussian noise; Figure 2.15; Pincus, 1991; Pincus, 2006t Rose e
al., 2009; Sosnoff et al., 2009). Increases in ApEn reflect greater likelihaodathas

similar for m observations are not similar fon + 1 observations, and thus reflect an

increase in a signal’s time domain complexity (Pincus, 1991; Pincus, 1995).

54



55

2r (a)
3
~ 1f
3 b
% a
- 3 -1 F
g 3 1 , i i P—
i 58 180 158
Time, arbitrary uniis
ZF
s L
= [
o [
x O
2 L
-ir
C_1 . . 3 1 . ST Ir, 1 o el -
e =1 188 154
Time, arbitracy units
2F e
~ 1T
=
<
= 9F
-
=1r
C P T 1 i L .
a8 58 188 158

Figure 2.15. A regular trace, demonstrating near sinusoidal behaviour; ApEn = Qot8panel). A less

regular trace, still demonstrating some evidence of sinusoidal behavjatin; A1.455 (middle panel).

An irregular trace, demonstrating random behaviour, ApEn = 1l8fifio(n panel). From Pincus and
Goldberger, 1994.

ApEn has been used to characterise complexity in a wide range of physiological
processes. It was first applied in the analysis of heart rate, the vasiatiovhich are
exceedingly complex due to the large number of interacting factorsasigyimpathetic

and parasympathetic stimulation, hormones, temperature and physical activiyingper
across a variety of time scales (Kaplan et al., 1991; Manor and Lipsi@). ZpEn has
been extensively applied in characterising the complexity of heart rateolcantt
variability across gender, age groups and disease states (Pincus et al., 1991aRyan et
1994). Such studies have, for example, found lower ApEn for males comparedalesfem
(0.78 £ 0.03 vs. 0.90 £ 0.03; Ryan et al., 1994); decreases in ApEn widasing age
from young (0.89 * 0.05) to middle-aged (0.78 + 0.03) to elderly subj@@&s £ 0.04;
Ryan et al., 1994); and differences between severely ill neonates compared whth healt
controls (0.80 £ 0.31 vs. 1.22 + 0.12; Pincus et al., 1993).
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ApEnN has also been used to characterise changes and irregularities in hormonal secretion
(Pincus and Keefe, 1992; Veldhuis et al., 2001), finding a decrease in the regularity of
growth hormone release throughout puberty and to adulthood (Veldhuis et al.,at®@B7);
changes in electroencephalogram dynamics (Bruhn et al., 2000; Ocak, 2009), finding
differences in the electroencephalogram output between various sleep stages (Burioka et
al., 2005). Importantly, ApEn has also been the preferred method to quantify motor-
system regularity, as evaluated by torque time-series during isometric tonsac
(Slifkin and Newell, 1999; Vaillancourt and Newell, 2002; Vaillancourt andélle

2003; Deutsch and Newell, 2004; Sosnoff et al., 2007; Rose et al., 2009). With the right
parameter settings, ApEn has also been demonstrated to be sensitive to distinguish effort

levels corresponding to changes in force gradation strategies (Forrest et al., 2014).

There are many properties of ApEn that facilitate its use within clinical and revgméal
time-series analysis, such as those mentioned above. ApEn can be applied to relatively
short series of 60 or more points with good confidence; it is robust/insensitivei¢osputl

it is nearly unaffected by noise of magnitude below a de facto specifiedefited; and it

is finite for stochastic, noisy deterministic data sets (Pincus and Keefe, 1992; Pincus,
1995; Veldhuis et al., 2001; Pincus, 2006). Furthermore, ApEn is able to detect subtle,
subclinical changes undetected by more classical time-series measuheshese
changes in ApEn having been mathematically shown to correspond to mechanistic
inferences concerning coupling, feedback and subsystem autonomy in a variety of
settings (Pincus, 2006); for example demonstrating changes in the complgastuofal

tremor in Parkinson’s disease (Vaillancourt and Newell, 2000) and in heart rate with
ageing (Figure 2.17; Lipsitz and Goldberger, 1992) in the absence of any chémge in
SD; distinguishing between force levels and gradation strategies (Forrest et al., 2014);
and characterising changes in hormone secretion (Pincus and Keefe, 1992;sveildhui
al., 2001).

Sample entropy

Although ApEn is one of the most popular metrics used to estimate complexity in
physiological outputs (Aboy et al., 2007), it is not without shortcomings. Richman and
Moorman (2000) have criticised ApEn, citing a bias due to the algorithm countihg ea

sequence as matching itself. They claimed that this bias results in ApEnhkanity
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dependent on the run length m, making it uniformly lower than expected forrshsyt

and resulting in it lacking relative consistency (Richman and Moorman, 2086; ét

al., 2002; Chen et al., 2005). To reduce this bias, they developed a new statistic, sample
entropy (SampEn), that does not count self-matches (Richman and Moorman$SaGo0).
matches were discounted from SampEn on the basis that entropy is thenfatenaftion
production (Eckmann and Ruelle, 1985) and that comparing data with themselves is
meaningless (Richman and Moorman, 2000). In addition to eliminating self-matches, the
SampEn algorithm is simpler than ApEn, is largely independent of run length and displays
a relative consistency in circumstances where ApEn does not (Richman andadporm
2000; Richman et al., 2004; Chen et al., 2005).

Just as with ApEn, in order to compute SampEn a run length ‘m’ and a tolerance window

‘r’ must be specified (Richman and Moorman, 2000; Chen et al., 2005; Chen et al., 2009).
SampEn is precisely the negative natural logarithm of the conditional prop#talitwo
sequences similar fon points remain similar at the next point, without allowing self-
matches in calculating the probability (Richman and Moorman, 2000; Lake et al., 2002).
The exact calculation of SampEn is given in the General Methods (Chapter 3). As with
ApENn, SampEn quantifies a continuum from 0 to 2; with lower values (approaching 0) in
a time-series indicating high system regularity and low complexity (ieatgr self-
similarity), and higher values (approaching 2) indicating low system reguladthigh
complexity (i.e. less self-similarity; Richman and Moorman, 2000; Richman, @08y,
Ramdani et al., 2009).

SampEn has been used less widely than ApEn, though has still been applied to a range of
physiological data, such as heart rate variability (Richman and Moorman, 2000; Lake et
al., 2002), postural sway (Roerdink et al., 2006; Ramdani et al., 2009), neural respiratory
signals (Chen et al., 2005) and electroencephalogram changes (Ramanand et al., 2004;
Abdsolo et al., 2006). It has also been applied to EMG recordings during various upper
limb movements (Chen et al., 2009; Cashaback et al., 2013), though limited dsta on
application to torque time-series exists (Svendsen and Madeleine, 2010).
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Detrended fluctuation analysis

Detrended fluctuation analysis (DFA) is a scaling analysis method thabrigasally
conceived to investigate the long-range dependence in coding and non-Diddi#ng
nucleotide sequences (Peng et al., 1994; Buldyrev et al., 1995; Stanley et al., 1999). Its
wider utility was quickly recognised for determining the hidden fractal reaia
physiological time-series (Kantelhardt et al., 2002) and it is now recogassaue of the

most robust fractal fluctuation analysis methods (Tagqu et al., 1995). DFA ptrenits
detection of long-range correlations embedded in non-stationary times-aad avoids

the spurious detection of apparent long-range correlations that aréeefactanf non-
stationarity (Hu et al., 2001; Kantelhardt et al., 2002). Whereas entropy statistics such as
ApEn and SampEn measure the complexity of a signal (Pincus, 1991; Richman and
Moorman, 2000), DFA represents the long-range fractal correlation properdiasgoil

and relates to noise colour (Hu et al., 2001; Seely and Macklem, 2004).

The calculation of DFA involves several steps. Briefly, a moving window ofrsize

used to study how the fluctuation F(n) grows with n for the time-series (Stanley et al.,
1999; Seely and Macklem, 2004). The relationship between F(n) and n can be graphed,
with a fractal correlation present if the data is linear on a graph of log F(n) versu} log (n
(Seely and Macklem, 2004). The slope of the line relating log F(n) to log @rjrdeées

the scaling exponent (selfmilarity parameter) o (Stanley et al., 1999; Hu et al., 2001,
Seely and Macklem, 2004). Detailed description of the DFA calculation is givée in
General Methods (Chapter 3). The scaling exponent, o, can vary from O (a process
exhibiting anti-correlations) to 2 (a non-stationary process; Hardstoagé, €2012).
Typically, physiological signals vary from 0.5 (white noise, random number$)5to
(Brownian noise, random walk; Seely and Macklem, 2004; Heffernan et al., 2008;
Hardstone et al., 2012), with healthy signals yielding a scaling exponent close to 1,
reflecting fractal scaling behaviour and pink (1/f) noise. Deviations either sttles @fre
indicative of fractal collapse (Peng et al., 1995b; Seely and MacR@dd, Heffernan et

al., 2008).

DFA was first applied to a physiological signal by Peng et al. (1995a), to fyuteti
fractal structure of heart rate. Since then, it has been widely appliedtoeteaata from
both healthy and pathological subjects (Makikallio et al., 1999; Castiglioni et al., 2011),
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with older subjects, patients with heart disease and asymptomatic relatives of patients
with dilated cardiomyopathy who have enlarged left ventricles all exhibiting a loss of
fractal scaling (lyengar et al., 1996; Viswanathan et al., 1997; Mahon et al., 20@®). It
also been applied to investigate loegn correlations in neuronal discharge (Blesi¢ et

al., 1999; Blesi¢ et al., 2003), gait (Hausdorff et al., 1997; Hausdorff, 2007) and breathing
dynamics (Baldwin et al., 2004; Thamrin et al., 2009). Furthermore, DFA has been
applied to torque time-series (Vaillancourt and Newell, 2003) and to fatiguing

contractions (Vazquez et al., 2016).

2.7 - Applications of complexity and fractals

The concepts of complexity and fractals have been extensively appliedaimety vf
studies across many areas of physiology. The results of such studies havedpaovid
interesting challenge to some previously well-held beliefs, as well as heiping
characterise changes that ocauiphysiological systems as a result of both acute and

chronic perturbations.

Complexity and fractalsin homeostasis

Homeostasis has been a dominant principle in physiology for approaching a century
(Goldberger, 1991). Coined by W.B. Cannon in 1929, the term homeostasis describes the
observation that an organism reduces variability in its physiological predesseler to
maintain a constant internal environment (Cannon, 1929; Goldberger, 2001; Que et al.,
2001). It can be viewed as an evolutionary strategy that nature has satetesdployed

to keep the internal state of the body under control and within the operatiogalthat

allows cells to continue to function without change (West, 2010). Based on this principle,
it would be expected that any physiological variable would return to its neated after

it has been perturbed, and to remain steady at that value until it is perturled aga
(Goldberger, 1991).

The notion of the physiological steady state implied by homeostasis has been challenged
in the last 25 years by the observation that many physiological processestare

predictably regular but are erratic and exhibit long-range fractaklatons (West,
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2006). For example, normal healthy heart rate and heart rate varisidwyfluctuations

that are not simply associated with regular sinus rhythm, but are reflectivactdl f
scaling (Figure 2.16; Goldberger, 1992; West, 2006). Studies on healthy resting subjects
have demonstrated an irregular fractal pattern of heart rate varidlgditpamoto and
Hughson, 1994; Yamamoto et al., 1995), that has a fractal dimension midwagtetwe
that of a regular process and that of an uncorrelated, random process (West, 2006). It has
been reported that this fractal component accounts for >70% of thesiatance of heart

rate variability (Yamamoto and Hughson, 1994).
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Figure 2.16. The heart rate trace from a healthy individual is far from homeostatic ahdrizcterised by
non-stationarity and irregular fluctuations. From Goldberger et al. 2002.

In addition to heart rate, many other previously assumed homeostatically eahtroll
systems show fractal scaling. Normal, healthy blood pressure (Wagrieessan, 1994,
Wagner and Persson, 1995), ventilatory parameters (Bruce, 1996; Ftey 898; Que

et al., 2001) and gait (Hausdorff et al., 1995) also exhibit complexity and are
characterised by non-linear and non-stationary fluctuations over time. Thaqarede

such complexity and fractal scaling across a variety of systems arebpes provides an
interesting challenge to the classic theory of homeostasis. Indeed, with continuous
irregular fluctuations appearing to characterise normal, healthy function and being
associated with systems with the highest capacity to adapt to internal and lexterna
perturbations (Pincus and Goldberger, 1994; Goldberger, 1996; Lipsitz, 2004; Seely and
Macklem, 2004; Peng et al., 2009), it seems that the term homeostasis may beteaccura
Instead, homeokinesis, defined as “the ability of an organism functioning in a variable
external environment to maintain a highly organised internal environment fluctuating
within acceptable limits by dissipating energy in a far from equilibrium state,” may be

more appropriate (Yates, 1982; Que et al., 2001). This term reflects the faeriduabns

in the internal environment are normal and that it is either the daak excessive

variation that is abnormal (Que et al., 2001).
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Complexity and fractalsin ageing and disease

As highlighted above, the irregular fluctuations and variability seen acroske aamge

of physiological systems and processes under resting conditions are not noiséhegther
are systematic and form a key component of system control (Lipsitz and Goldberger,
1992; Lipsitz, 2004). The complexity and fluctuations in physiological outputs are
actually adaptive, allowing the organism to quickly respond to internal or exsémali

(Lipsitz and Goldberger, 1992; Lipsitz, 2004; Peng et al., 2009) and inhibit the emergence
of periodic behaviours that narrow system responsiveness (Goldberger et al., 2002;
Goldberger, 2006). Deviations from the “normal” complexity in an output, be it increased
regularity or increased randomngsan be viewed as a sign of a loss of system control
and result in reduced function of the system (Lipsitz, 2004; Peng et al., 2009; Manor and
Lipsitz, 2012). This concept has been extensively applied in the contexts of ageing and
disease states (Lipsitz and Goldberger, 1992; Goldberger et al., 2002; Lipsitz, 2004;
Manor and Lipsitz, 2012).

Lipsitz and Goldberger (1992) firgroposed the “loss of complexity” hypothesis, stating

that the ageing process from adulthood to senescence can be charactersed by
progressive loss of complexity within the dynamics of physiological outputs. This loss of
complexity is manifest as eithiicreased randomness or greater periodicity in a system’s
output, and can be characterised by a move away from 1/f or pink noigelscsither
white or Brownian noise (Vaillancourt and Newell, 2002; Lipsitz, 2004). Such losses of
complexity are believed to derive from either a reduction in the number efdadi
structural components, the gradual deterioration of the underlying structuzbdicents,

and alterations within the non-linear coupling and interaction between sysipsitz,

2002; Vaillancourt and Newell, 2002; Lipsitz, 2004; Peng et al., 2009; Manor and Lipsitz,
2012). Using a variety of complexity and fractal analysis measures, dggsngeen
shown to be associated with a loss of complexity across a wide range of physiological

systems and processes.

The study of alterations in complexity with ageing began with the examination of
cardiovascular dynamics. The first study to investigate this was Kaplan £9@l)(in
which heart rate variability in young adults (21-35 years) and old adulH80(§2ars)
was compared. Using ApEn, they found that the older adults displayed reduced
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complexity in electrocardiographic (R-R) interval and blood pressure variability for both
normal spontaneous breathing and metronome breathing. Similarly, Pikkujamsa et al
(1999) found decreased complexity of R-R intervals, as measured using ApEn, with
increasing age from young (<40 years; ApEn = 1.21+ 0.14) to middle age (/a6

ApEn =1.01+0.16) to old age (>60 years; ApEn =0.88 £ 0.16). It is nowesatablished

that biological ageing from adulthood to senescence results in greater periodicity
cardiovascular dynamics (Figure 2.17), which is described as a loss of complexity and is
associated with alterations in the multi-scale organisation of hearfLiptgtz, 1995;
lyengar et al., 1996; Beckers et al., 2006). This loss of complexity and breakdown in the
fractal scaling of heart rate variability with age could be caused by decreasing autonomic
modulation (Bigger et al., 1996; Beckers et al. 2006) or it could potentially telate
reduction in the number of structural components in the sinus node cells in th&\reart

and Gersh, 1987).
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Figure2.17. The means and standard deviations for the above heart rate traces frorg aneoid
subject are nearly identical. The old subject shows greater periodicity, reflettedower ApEn value
of 0.48, compared with 1.09 for the young subject. From LipsidzGwidberger, 1992.

Further studies have shown that ageing is associated with a loss of complexity and
breakdown in fractal scaling in a variety of other physiological systems, including the
respiratory and motor control systems. In terms of the respiratory systemadides

exhibit decreased complexity in a variety of respiratory measures, suaferasreath
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interval (Schumann et al., 2010; Bucaoto et al., 2011), with this loss particularlyepteval
amongst males (Peng et al., 2002; Nemati et al., 2013). A loss of complexity in the
respiratory system with age could be related to changes in the number of and mechanical
properties of the alveoli (Thurlbeck and Angus, 1975; Vaillancourt and Newell, 2002) or
could be due to factors such as decreased maximal expiratory flow andeganger
volume (Babb, 1999). In terms of the motor control system, older adults exluitlgaded
complexity in gait variables, such as stride interval and duration (Hausdatff £097;
Hausdorff et al., 2001; Deligniéres and Torre, 2009), and in postural control (Cakta e
2007; Duarte and Sternad, 2008; Manor et al., 2010).

The fractal scaling and complexity of physiological systems have also been deteodnstr

to decrease with various disease states. Certain cardiac diseases and disordess, such a
heart murmur, atrial fibrillation (Vikman et al., 1999; Costa et al., 2002) and hian fa
(Hoetal., 1997; Ho et al., 2011) are all associateda¥dbs of complexity. Furthermore,

low heart rate complexity is predictive of suffering post-surgical comjits, with
greater complexity more likely to predict survival in the follow-up pe(Mékikallio et

al., 1997; Makikallio et al., 1999; Ho et al., 2011). Decreases in complexity have also
been observed within the temporal fluctuations of brain function in traumaticitojai
patients (Beharelle et.aR012), with motor activity in Alzheimer’s disease (Hu et al.,

2009) and with stridés-stride fluctuations (Herman et al., 2005), force tremor
(Vaillancourt et al., 2001) and postural tremor (Vaillancourt and New&é0) in

Parkinson’s disease.

The acknowledgement of a link between the complexity of physiological systems and
their functionality has important implications, particularly in the design and
implementation of interventions for the prevention and rehabilitation of functional loss
with ageing and disease (Peng et al., 2009; Manor and Lipsitz, 2012). For example, as the
degradation of complexity with ageing and disease is typically assborath a
decoupling between the sub-components of a system (Peng et al., 2009), interventions
with the greatest potential to restore healthy dynamics may need to hasts efie
multiple systems (Lipsitz, 2004; Manor and Lipsitz, 2012). One such intervention that
has proven successful is exercise, with increases in the complexity of heayheateas

in older adults being observed following aerobic exercise training (Tulppo 20a1),
resistance training (Millar et al., 2013) and Tai Chi (Lough et al., 2012).
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Complexity and fractalsin force production

One of the most common features of human movement is noise or variability (Hamilto
et al., 2004; Stergiou and Decker, 2011); no matter how hard we try, we will mever
able to replicate two actions identically. At rest, muscles are subject to phy=ablog
tremor in the 8-12 Hz range (Matthews and Muir, 1980; Lakie, 2010), and when
contracting do not produce a steady or smooth force (Hamilton et al., 2004s€a et

al., 2009; Sosnoff et al., 2009). The amount of variability during a contraction is intensity
dependent, increasing in proportion to the mean force exerted (Galganskilé03].,
Slitkin and Newell, 1999; Laidlaw et al., 2000; Jones et al., 2002). This variability
thought to be a function of multiple features of motor unit activity (Tayi@d.e2003).

One cause is motoneuron action potential discharge rates rarely achieamg rtates
(Enoka and Fuglevand, 2001), meaning the force exerted by a muscle will be gubject
fluctuations due to the submaximal activation of motor units. Other causes of force
fluctuations are the number of motor units recruited, changes in dischi@gyame motor

unit synchronisation (Slifkin and Newell, 1999; Yao et al., 2000; Taylor et al., 2003). It
has also been proposed that noise in the motor command and common synaptic drive,
which increase with increasing effort level, determine the magnitude of forcbiligria
(Jones et al., 2002; Farina and Negro, 2015).

In recent years, it has been recognised that the fluctuations seen in forcedautpyt
contractions have an important structural component, are indicativeleXilald and
adaptive force output, and represent a complex system with fractal scalingll(Bteal.,

2003; Vaillancourt and Newell, 2003). The first study to examine the structuicblity

and complexity of force output, rather than simply the amount of varialilég that of
Slifkin and Newell (1999), which measured ApEn for index finger flexion at contraction
intensities between 5 and 95% MVC. In addition to the well-established increase in the
amount of variability with increasing force, they observed an inverted-U shaped
relationship between increasing force and complexity. Specifically, ApEnaseute
(indicating an increase in complexity) as force increased and ckachmojected
maximum at approximately 40% MVC, and then decreased with further increasegin forc
(Figure 2.18). A similar inverted-U shaped relationship was observed for the power
spectra, with power narrowly distributed and peaking at low frequencies for lowgind

forces, and becoming more broadband with a high proportion of power spréading
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higher frequencies for forces in the midrange. These results led the resedeocher
conclude that the peak in complexity at 40% MVC was the point of maximum informatio
transfer. They reasoned that at this point, force could be modulated througloreitbi
increasing the recruitment of motor units and increasing discharge rates, wistogas

that point modulation would typically be through increased recruitment alone and above
that point through increased discharge rates alone (Kukulka and Clamann, 1981; De Luca
et al., 1982a; Bernardi et al., 1995).
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Figure 2.18. Inverted-U shaped relationship between force and ApEn, with a projeetdéchum at 40%
MVC. From Slifkin and Newell, 1999.

Similar inverted-U shaped relationships have subsequently been found in several further
studies (Slifkin and Newell, 2000; Hong et al., 2007; Svendsen and Madeleine, 2010).
Slitkin and Newell (2000), using the same approach as their previous (1999) study,
observed that the ApEn of index finger flexion increased as contraction intensity rose
from 3 to 24% MVC, remained at approximately the same level for 48% MVC and
declined at 60% MVC to a level similar to that obtained at 12% MVC. In a separate trial,
they also observed a decrease in ApEn with contraction intensities from 55 to 85% MVC.
Svendsen and Madeleine (2010) subsequently extended this inverted-U shaped
relationshigo the elbow flexors; finding that SampEn peaked between 40 and 50% MVC,

and interestingly that SampEn was also greater in males than females.

Other studies have, however, not demonstrated such inverted-U shaped relationships. Fo
example, Newell et al. (2003) found ApEn to be greater at 10% than 40% MVC fo

isometric index finger abduction; and Sosnoff et al. (2007), also using index finger
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abduction, found ApEn to be higher at 5% than at 25% MVC. Unfortunately, in €ach o
these studies, the objective was to either characterise how complexity is modulated with
practice, visual feedback or increasing age, rather than to charactevigevhoes with

force, thus no attempt was made to test further force levels.

A recent study by Forrest et al. (2014), motivated by the frequent use of diegeal
acquisition and processing choices for ApEn in previous studies, found that differences
in these had significant effects on the relationship between contraction intensity and
complexity. For example, it was demonstrated that if ‘r’ was set to a fixed value
accounting for the measured noise then ApEn increased with increasing contraction
intensity; whereas, if ‘r’ was set to 0.1 of the signal SD ApEn decreased with increasing
contraction intensity. Differences in the pattern of ApEn were also observed for different
data sampling frequencies. Based on their findings, Forrest et al. recommended tha
determination of torque ApEn, sampling frequencies in excess of 200 Hz be used and ‘r’

set to 0.1 of the signal standard deviation. The previous studies of Slifkin and Newell
(1999; 2000) used a sampd frequency of 100 Hz and set ‘r’ to 0.2 of the signal SD. The

results of Forrest et al. (2014) thus provide the first real challenge toréhmsusly
observed inverted-U shaped relationship.

It is clear from the studies mentioned above that complexity in force production is load
dependent, though there is some disagreement on the exact nature and shape of the
relationship. Further research is required to unequivocally characterise the load
dependence of complexity during isometric force production. Currently, the egidenc
suggests that the relationship takes the form of an inverted-U, or at the verphdeast
medium-intensity contractions are more complex than high-intensity and maximal
contractions. A peak in complexity at approximately 40% MVC, as observed irakeve
studies, makes some sense, as this represents a region where the motor system ma
engage in either modulation of recruitment or discharge rates tooattey thus providing
greater flexibility and adaptability in scaling force to a target (Slifkin and Newell, 2000).
Reduced complexity at higher intensities also makes sense, as higher intensity
contractions require a greater discharge rate (Bigland and Lippold, 1954z Miait.,

2005), which is more likely to result in a fused tetanus (Buller and Lewis, B965x

smooth force output.
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To date, the inverted-U shaped relationship between contraction intensity and cgmplexit
has only been demonstrated in the first dorsal interosseous (Slifkin and Newell, 1999;
Slitkin and Newell, 2000) and the elbow flexors (Svendsen and Madeleine, 2010). It
could be argued that different muscles groups may have a peak in complexitffexent
intensity or may exhibit a different shaped relationship entirely. This is diratdact

that gradation of muscle force, caused by the recruitment of motor unitissherge

rates, is specific to each muscle (Enoka, 1997). For example, in the fisstl do
interosseous recruitment of motor units occurs up to 40% MVC (De Luca et al., 1982a),
in the adductor pollicis occurs up to 50% MVC (Kukulka and Clamann, 1981; Bernardi
et al., 1995) and in the biceps brachii, deltoid and quadriceps occurs up to 80% MVC
(Kukulka and Clamann, 1981; De Luca et al., 1982a; Bernardi et al., 1999).

Studies have also shown that EMG signals from contracting muscles exhibit fractal
characteristics. Initial studies found that EMG signals demonstrated a fractal dimension,
as measured using a box-counting algorithm, and that this estimated diatakion
increased as EMG amplitude increased with increasing contraction intensity, indicating
an output becoming more complex and less self-similar (Anmuth et al., 1994; Gitter a
Czerniecki, 1995). The box-counting methods for determining the fractal dimers&dn

in those initial studies, though, have been criticised by others (Talebinejad et a),, 2009
who claim that box-counting algorithms applied to an EMG signal consistently saturate
at around 1.5 and do not provide any useful information. However, subsequerg studie
have demonstrated that the fractal dimension of EMG is sensitive to perturbations such
as neuromuscular fatigue (Mesin et al., 2009; Beretta-Piccoli et al., 2015haaed
confirmed, using various measures of entropy, that EMG signals are nan-line
deterministic signals with fractal properties that are significantly different iandom

noise (Kaufman et al., 2007; Sung et al., 2007; Cashaback et al), 2013

In terms of a relationship between contraction intensity and complexity, Cashalzdck
(2013) hypothesised that greater contraction intensity would elicit greater EMG
complexity, since higher-intensity contractions have the greatest dischargeamdte
recruitment. Using multiscale entropy as their measure of complexity, Vadyated
isometric contractions of the biceps brachii at 40, 70 and 100% MVC, finding that
complexity was higher at 70 than 40% MVC, but that neither condition was significantly

different from 100% MVC. That the maximal contraction was not accompanied by
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significantly greater complexity was explained by the fact that the rapiel imgs during
the contraction led to a rapid decrease in the EMG amplitude.

Interestingly, it has also been suggested that the complexity of the EMG signal changes
over the course of a contraction. Ahmad and Chappell (2008), using moving ApEn to
examine the complexity of EMG signals during wrist flexion and extension, noted a
similar pattern of changing complexity throughout the contraction for botlements.

Upon commencement of a contraction, ApEn was approximately 0.54; in the middle of
the contraction, it rose to approximately 0.79; and at the end of the comtyaicfell

again to approximately 0.46. T-tests revealed significant differences in ApEn beteeen th
start, middle and end of the contraction and also the relaxed state of the Meste.
changes in complexity across the course of a contraction could be reflectikre of
mechanisms of force modulation and could provide indirect evidence to confirm the
hypothesis of Cashaback et al. (2013) that drghtensity contractions are more
complex. The increase in ApEn, and thus in complexity, from the beginning toditie m

of the contraction could be reflective of increased recruitment and disctaes until a
target force is reached, while the subsequent decrease at the end of thé@octald

be reflective of a progressive de-recruitment and decreased dischiggas the muscle

starts to relax.

Complexity and fractalsin force production and ageing

Changes in the complexity of force production have been studied in the conigeinof. a

It has been observed that performance error decreases and xtymplereases
throughout childhood to adulthood (Deutsch and Newell, 2001; Deutsch and Newell,
2002). Deutsch and Newell (2004) studied the complexity of force production during a
thumb and index finger pinch grip in three age groups: 6-year-old children, d-0lglea
children and young college age adults; observing a significant effect olvidigepEn
becoming successively higher with increasing age. Similarly, Sosnoff et al. (2007)
observed that ApEn increased as a function of age, from 6 to 8 tafOayel to young
adults. They also concluded that the increase in ApEn with age could not be entirely
explained by the increase in muscular strength with age, with multiple developmental

processes, including an increase in the dynamical degrees of freedom, contributing
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While ageing from childhood to adulthood is associated with positive gains in muscle
function, performance and complexity (Léxet al., 1992; Sosnoff et al., 2007), ageing
from adulthood to senescence is associated with deleterious effects on theitsei$c

and its function and performance (Evans and Hurley, 1995; Kent-Braun and Ng, 1999),
and, as such, has been more extensively studied. Ageing from adulthoodsceser
induces a broad range of performance decrements in the human motor systencthat affe
both the quantity and quality of muscle (Frontera et al., 2000). Muscle cross-sectional
area is reduced, particularly in males (Overend et al., 1992; Evans and LexelKé&895;
Braun and Ng, 1999); fibre type distribution changes, with a shift towards slower
predominantly type | muscle fibres (Larsson et al., 1978; Larsson et al., 1979; Evans and
Lexell, 1995); and the number of motor units within a muscle decreases (Brown, 1972;
Galea, 1996). These changes combine to result in a decrease in force production and

functionality (Larsson et al., 1979; Jubrias et al., 1997).

The negative effects of ageing on muscle also influence motor consulting in an
increase in the amount of variability in a contraction, which could potentiallyatexre

the quality of voluntary movements. Increases in the amount of variability, as nteasure
by increases in the SD and CV, have been shown in older adults (>60 years) during
isometric, concentric and eccentric contractions across a range of muscle groups and
contraction intensities (Galganski et al., 1993; Laidlaw et al., 2000; Tracy and Enoka,
2002; Tracy et al., 2005). Such increases in variability have been fourguid in
decreased steadiness and performance in tasks of manual dexterity (EaaheR003;
Kornatz et al., 2005) and typically lead older adults to perform tasks more slowly in a
attempt to eliminate errors and maintain balance (Schultz et al., 1992; Hyyitaba
DeVita, 1999). It has been shown, however, that these age-related increasesility

can be lessened, and motor control enhanced, by strength training (Keenl894
Laidlaw et al., 1999).

Not only has senescence been found to increase the amount of variability inonoty ¢

but also the structure of variability, and thus complexity. Sturman et al. (208ppnoed
loaded postural tremor in young adults (aged 20-30) and three groups dtibéd(aged
60-69, 70-79 and 80-94), finding ApEn to decrease as a function of age, witbdbke o
group displaying the greatest regularity, and with this decrease becoming more

pronounced under increasing load. The increase in regularity with ageing was
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accompanied by and linearly related to an increase in peak tremor-EM@ruzdhen the

1-8 Hz frequency band. As tremor-EMG coherence has been shown to provide a
predictive measure of motor unit synchronisation (Halliday et al., 1999), the inarease
the regularity of tremor with ageing was suggested to be due to enhancedumbtor

synchronisation.

The first studies to investigate the effect of ageing on the complexity of isometec fo
output were by Vaillancourt and Newell (2003) and Vaillancourt et al. (2003). They
demonstrated that during constant submaximal isometric index finger abductions at 5, 10,
20 and 40% MVC there was a progressive decrease in complexity from gdutig

(aged 20-24) to old adults (aged 60-69) and older-old adults (aged 75-90). This decrease
in complexity was observed across numerous metrics, notably ApEn and DFA, and also
spectral degrees of freedom and spectral slope analysis. Similar resuksbgEguently
obtained by Sosnoff and Newell (2006; 2008), again for index finger abduction; with both
studies indicating that older adults had greater periodicity in the producfio
submaximal force, indicating a loss of complexity with ageing. Decreases inexaiypl

with ageing have also been observed, by Challis (2006), during maximal isometric
contractions of the plantar flexors.

The cause of the decrease in the complexity of force production with agsiggtha be
identified, and could be related to any of the variety of processes thabat:tio
decreased muscular function with ageing. Challis (2006) suggested the loss okitgmple
could simply be a function of older adults having fewer motor units-trdimate (Galea,
1996). The results of other studies have, however, suggested the loss of coropladity
be related to changes in the low-frequency portion of force and EMG ouKmsts.
example, Vaillancourt and Newell (2003) found that the oldest group of adukisiin
study had a greater magnitude of power in the 0-4 Hz frequency band obimpce
across the range of forces tested; while Vaillancourt et al. (2003) fourmyegsive
decrease in the relative power of 40 Hz EMG activity and a progressieasecin the
relative power of 10 Hz EMG activity with increasing age. These findings suggest that
alterations in the frequency structure of neural and motor outputs could teuthe of
reduced complexity with ageing.
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Interestingly, in contrast to the reduced complexity with ageing observisdnretric

tasks, older adults have been found to demonstrate increased complexity compared to
young adults for sine wave force tasks (Vaillancourt and Newell, 2003; Sosnoff and
Newell, 2008). This provides support for Vaillancourt and Newell’s (2002) “bi-
directional theory of complexity”, in which change is dependent on task dynamics. In
tasks where the dynamic is a dimension of zero (fixed point; i.e. isometric), more
complexity is required to maintain optimal output (Vaillancourt and Newell, 2G@2).
these tasks, there will be a decrease in complexity with ageing because, in rdisdo

the goal of no motion, additional degrees of freedom must be introduceteby
neuromuscular system: something which older adults find difficult to accomplish
(Vaillancourt and Newell, 2003). In contrast, in tasks where the dynamic isatmgil

less complexity is required to closely track the oscillations and reduce erroncidese

in complexity with ageing is reflective of greater fluctuations around the imtrinsi
dynamic (Vaillancourt and Newell, 2002) and is due to older adults having difficulty
reducing the dimension of their output to a lower dimension than the resting state of the

system (Vaillancourt and Newell, 2003; Sosnoff and Newell, 2008).

It has been demonstrated that the increased variability and decreased coropsexited

in older adults can, to some extent, be reversed through strength training. Several studies
have demonstrated reductions in force error and variability in older adubtwifadl high
intensity strength training (Hortobagyi et al., 2001; Tracy et al., 2004). Subsegquently
Keogh et al. (2007) observed that older males (aged 70 to 80) who underwent seven
weeks of upper body strength training applied to just one upper limb not only decreased
their force variability, but also increased the SampEn of force production inthmoth
trained and untrained limb compared to a control group who underwent no training. Such
an increase in SampEn could be related to an increase in strength with trainingd or co
relate to changes in motor unit charactesss such as innervation ratio. This contralateral
effect, with changes in SampEn being observed in untrained limb, suggests th&t centra

mechanisms could be of greater importance to complexity.

Recent studies have also demonstrated that the complexity of EMG signals are affected
by ageing. Arjunan et al. (2013) observed a significant decrease in the diaetakion
of EMG from the biceps brachii in old adults (61-69 years) compared to yaults

(20-29 years). Arjunan and Kumar (2013) went on to study subjects in each decade of
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life, from a group in their 20s to a group in their 60s. A gradual increase in thef CV
biceps brachii force was observed for each decade until approximately 4d5wiean the
increase steepened. A gradual decrease in the fractal dimension of the EMGvagynal
also observed for each decade until approximately 48 years, when thesdsteepened.

This decrease in complexity was observed for both submaximal and maantralotion
intensities and exhibited a strong correlation with the increase in muscle force CV. It has
been suggested that this reduced EMG complexity with age may be reflectiveaftthe f
that older adults have a reduced number of motor units (Galea, 1996); a phenomenon
caused by neuronal cell death and a loss of motoneurons, particularly thosetimgerva
fast motor units (Campbell et al., 1973).

2.8 — Complexity and fractalsin neuromuscular fatigue

As previously mentioned, neuromuscular fatigue results in well-established perfermanc
decrements (i.e. reduced force generating capacity, reduced shortening veddaited

power output; Merton, 1954; Bigland-Ritchie et al., 1983a; Allen et al., 1995a; De Ruiter
and De Haan, 2000; Jones et al., 2006), that are brought about by both central and
peripheral perturbations (Sggaard et al., 2006; Burnley et al., 2012). A furtheftesnd o
overlooked, effect of neuromuscular fatigue is on motor control ancbudyiaSuch an

effect has implications for both functional and skilled activities (Singh e2@l0),

across a range of populations, from older adults to elite athletes.

To date, the majority of research on motor control and variability witinonguscular
fatigue has focused on the amount of variability during movements and contractions, as
measured by the SD and CV. An effect of muscular action on force variaialtyirst
observed by Binet in 1920, who stated “tremor increases as a result of muscular
contraction and becomes exaggerated under the influence of work.” Subsequent research

has demonstrated increases in the amount of variability in force output during sustained
fatiguing isometric contractions, typically conduced to the point of task failure, in
numerous muscles (Figure 2.19; Bousfield, 1932; Furness et al., 1977; Gottlieb and
Lippold, 1983; Loscher et al., 1996; Hunter and Enoka, 2001; Hunter et al., 2004; Hunter
et al., 2005; Yoon et al., 2007; Singh et al., 2010). Such increases in the amount of

variability serve to hinder the ability to exert a desired force, reducingtheay and
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steadiness, and thus the quality, of a contraction (Missenard et al., 2009; Singh et al.,
2010), and also impairs the ability to produce an intended movement trajectory (Harris
and Wolpert, 1998). While the results of the studies mentioned above have proved useful,
their methodologies can be criticised somewhat due to the fact that they irteestiga
sustained contractions, while most tasks of daily life and in athletic/sporting events are
intermittent rather than continuous. Nevertheless, increased variability stitsaharing
intermittent contractions; it simply takes longer for such changes to occuo drade

significant effects (Contessa et al., 2009).
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Figure 2.19. Increase in variability as a function of time during a steady sustained ispowtiraction
of the quadriceps. From Contessa et al. (2009).

The increase in the amount of variability in force output with neuromuscular fatgue
been suggested to reflect alterations in motor unit recruitment and discht@/gening

as task failure approaches (Hunter and Enoka, 2003; Contessa et al., 2009). During
neuromuscular fatigue, the relative difficulty of a submaximal task increases and a given
force can only be maintained with an increased effort and motor comrBagidng-
Ritchie, 1981; Missenard et al., 2008). In a non-fatigued state, the amouniabflima

in a contraction increases with, and is proportional to, contraction intensity (Shi#in a
Newell, 1999; Jones et al., 2002). The increase in relative difficulty with neuromuscular
fatigue means that the muscle is operating at operating at a highentpgecef its
maximal output, which should lead to an increase in variability. This is pardiad to

the fact that more motor units need to be recruited to produce the Asreeew motor

units are recruited, they fire with lower firing rates and are unfused, meaning the

individual twitch forces will increase variability (Contessa et al., 2009).
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Several other mechanisms for the increased variability with neuromuscujaefaave

been proposed. Simulation studies have highlighted a causal relationship betwaen moto
unit firing rate variability and force variability (Jones et al., 2002; Magital., 2005).

The CV of motor unit firing rate variability has been speculated as a likelgecof
increased force fluctuations (Laidlaw et al., 2000; Tracy et al., 2005), thougthéwere
been contrasting reports on how it changes with neuromuscular fatigue. Several studie
have found increases in firing rate variability with fatiguing exercise (Enoka et al., 1989;
Garland et al.,, 1994), while others have found no change (Galganski et al., 1993;
Macefield et al., 2000). It has also been speculated that the increased musdieractiva
results in a shift in the frequency spectrum of force, from 0-3 Hz (Koeta., 2004)

to 8-12 Hz (Singh et al., 2010). This shift to high frequencies is associated with the

occurrence of increased tremor (Ldscher et al., 1996; Singh et al., 2010).

It has recently been demonstrated that common drive, the synaptic input coonation
motoneurons, increases with fatigue (Castronovo et al., 2015). This common synapti
input has been proposed to be a major determinant of force variabiligrif®ieh et al.,

2012; Farina et al., 2014) and has been demonstrated to increase with fatigoa¢@astr

et al., 2015). A necessary consequence of a common synaptic input is motor unit
synchronisation, the correlated discharge of motor unit action potentials (Milner-Brown
and Lee, 1975; Semmler, 2002). This motor unit synchronisation must also necessarily
increase with fatigue. A simulation study by Yao et al. (2000) demonstrated tloat mot
unit synchronisation substantially increases the amplitude of force fluctuations (Yao et
al., 2000), and several experimental studies have subsequently found increases in both
motor unit synchronisation and force fluctuations with neuromuscular fatigue (Boonstra
et al., 2008; Holtermann et al., 2009), suggesting a causal link between enhanced motor

unit synchronisation and an increase in force variability.

Similar changes in the variability of EMG signals are also present during fatiguing
contractions. Increases in EMG amplitude (Jgrgensen et al., 1988; Hunter and Enoka,
2001) and in EMG variability (Enoka et al., 1989; Garland et al., 1994; Bilodeau et al.,
2003; Hunter et al., 2005) have been observed during submaximal contractions. The
increase in EMG amplitude can be attributed to the progressive recruitmertboimis
necessary to maintain performance (Moritani et al., 1986), while the increase in

variability may be to do with firing rates of the newly recruited motor ufits{essa et
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al., 2009). It has also been demonstrated that neuromuscular fatigue resultsngea cha
in the frequency spectra of a muscle’s EMG output, causing a compression of the spectra

and a decrease in the median frequency (Mills, 1982; Bilodeau et al., 2003; Yoshino et
al., 2004; Ravier et al., 2005; Cifrek et al., 2009). While the shape of the powteusspec

in a fatigued muscle remains the same as in the unfatigued state, the spexiratsion

it undergoes results in greater power at lower frequencies. This shift caarpeeted as

a scale factor; a behaviour typical of a fractal series (Figure 2.20;rRaaé, 2005).
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Figure 2.20. The frequency shift associated with fatigue can be interpreted as a scaldyfptak of
fractal series. From Ravier et al. (2005).

Based on previous research, it is apparent that, in particular, the force output (Slifkin and
Newell, 1999; Slifkin and Newell, 2000; Vaillancourt and Newell, 2003; Svendsen and
Madeleine, 2010), and also the EMG output (Ahmad and Chappell, 2008; Cashaback et
al., 2013), from contracting muscles exhibit structural variability and comypkgpical

of fractal scaling during non-fatiguing contractions. It is also clearn&atomuscular
fatigue results in an increase in the amount of variability of both a muscle’s force and

EMG outputs (Enoka et al., 1989; Hunter et al., 2005; Contessa et al., 2009). However,
prior to the commencement of this thesis, virtually no attention had been given to the
structural variability and complexity of force and EMG outputs during neusooiar

fatigue.
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The investigation of an effect of neuromuscular fatigue on the complexity of
physiological systems and outputs is very much in its infancy. West et al. (2008yinitia
observed that the fractal dimension of the R-R interval decreased, inglicatreased
regularity, when going from rest to low-intensity exercise and then to heawngiiyte
exercise. Lewis and Short (2007), using a more rigorous incremental exercise test,
observed that the SampEn of R-R interval increased when going from regtitddosity
exercise, and then progressively decreased as exercise intensitycveased until
volitional fatigue, at which point the SampEn values were similar to arltivan those

taken at rest. More recently, Millar et al. (2009) found that the SampEn ofrhaesart
variability was significantly reduced following single and multiple Wingate tests and
remained reduced throughout a two-hour recovery period; while Stewart et al. (2014)
found that the ApEn of heart rate variability was significantly reduced followingngycli

to exhaustion at a power output equivalent to the gas exchange threshold, and that it
remained lower over the course of a one-hour recovery period. Takeéhetogbese
decreases in the fractal dimension, ApEn and SampEn of cardiac dynamiatiadass

of system complexity with neuromuscular fatigue, which would serve to decrease the

adaptability of the individual in response to further perturbation.

Control entropy, a metric based on SampEn and proposed by its developettgrto be
reflect changes in system complexity under dynamic exercise conditions €Ballt,

2009; McGregor and Bollt, 2012), has recently been applied to several otherqdjigsiol
outputs during fatiguing exercise. In application to cycling to exhaustion at maxima
aerobic power, Bollt et al. (2009) observed a decrease in the controlyeafrppwer
output, which reached a nadir at exhaustion. McGregor et al. (2009) went on to
demonstrate an increase in the control entropy of gait with increasing walking speed, and
then a decrease with increasing running speed, with the values obtained at exhaustion
being significantly lower than those obtained at rest. Similar results wereldésneal

by Bollt et al. (2009) for the control entropy of accelerometry during amenmental
treadmill VOzmax test, with a decrease in control entropy evident from the point of
transition from walking to running. These results, taken together with those on cardiac
dynamics, all seem to indicate that neuromuscular fatigue results in a progiessesse

in the complexity of a wide variety of physiological outputs.
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The first application of complexity measures to motor control with fatiguingiseawas

by Cignetti et al. (2009), who examined fluctuations of limb movements in cross country
skiers before and after skiing on a cross-country skiing treadmill at\@0%ax until
exhaustion. At the end of the fatiguing protocol, participants exhibited significantly
decreased maximal power for the arms and legs, and significantly greatearcgtand
deviations for the angular displacement of their arms and legs. Further analysis revealed
significant increases in the mean Lyapunov exponent and correlation dimension,
measures of fractal scaling, for the arm and leg angular displacements witmagscular
fatigue. These results indicated that the fluctuations in the limb movements of the skiers
when fresh displayed a chaotic behaviour, typical of fractal scaling,reftetted
flexibility to adapt to perturbations; but that this behaviour was degraddatigye,

which resulted in increased and more random fluctuations, making the movements more
unstable and less adaptable. Though this study utilised neither force nor EMGrithces a
only investigated limb angular displacements, the results provided the first suggestion

that neuromuscular fatigue does negatively influence the complexity of motor control.

The next study investigating complexity and motor control was by McGregor. et al
(2011), who applied control entropy to investigate changes in postural control with
neuromuscular fatigue. They used high-resolution accelerometers to meadrgeote

mass accelerations during single-legged stance before and after the gecthtwo
Wingate tests. Compared to pre-test measures and to a control group perfoomin
exercise, control entropy was significantly increased for centre of acasterations in

the vertical and medio-lateral directions following the Wingate tests. This finding was in
contrast to the authors’ hypothesis of a decrease in control entropy, and was attributed to

the fatigued muscles being ineffective at implementing commands and a subsequent need

for greater exploration of solutions to the postural control problem.

Cortes et al. (2014) recently investigated the complexity of lower limb kinatids
kinematics before and after fatiguing exercise during a side-step cuttingTtaesk.
observed that following a 45-minute fatiguing treadmill protocol, partrtgeaxhibited
significantly decreased absolute force and decreases in the SD of knee momeets. The
decreases were accompanied by significant increases in the SampEn, andtleus in
irregularity and complexity, of ground reaction forces in the vertiodlraedio-lateral

directions, knee abduction angle and the moment about the knee during abduction. It was
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concluded that exercise-induced fatigue does not simply decrease the amoucg of for
capable of being generated, but that it also influences the ability of an indlitedua
perform a smooth and controlled movement. It was also postulated that the loss of
movement control could be reflective of an overall decline in coordination, which could

have important implications for likelihood of injury.

Several recent studies have investigated the complexity of SEMG with neuromuscular
fatigue. Using multiscale entropy, Cashaback et al. (2013) examined the xibynpie

SEMG of the biceps brachii during fatiguing elbow flexions at 40, 70 and 100% MVC.
They observed that each contraction intensity resulted in a decrease in entnopy nea
exhaustion, reflecting a decrease in SEMG complexity. It was therefore sajtjest
neuromuscular fatigue compromises muscle regulatory mechanisms, making the muscle
less adaptable. The researchers postulated that this reduced complexityiseutdrar

a combination of impaired peripheral factors and altered motor unit digchates and
recruitment strategies, leading to a decrease in muscle action potentiaty vetat
amplitude (Fuglevand et al., 1993b), though they stressed it is difficult to determine the
exact mechanisms that influence sEMG complexity. Decreases in the complexity of
vastus lateralis EMG, as measured by a decrease in the fractal dimension, have also been
observed following sustained contractions at 60 and 70% MVC (Beretta-Picadlj et
2015 Boccia et al., 2015).

The increases in the complexity of motor control observed by Cignetti €20G{19),
McGregor et al. (2011) and Cortes et al. (2014) are in contrast to the dedreases
complexity observed for cardiac dynamics with neuromuscular fatigue (Millat.,et
2009; Stewart et al., 2014), sEMG with neuromuscular fatigue (Cashaback et al., 2013;
Beretta-Piccoli et al., 2015; Boccia et al., 2015) and for isometric foockiption with
ageing (Vaillancourt and Newell, 2003; Vaillancourt et al., 2003; Challis, 2G0&h
contrasting results provide support for Naicourt and Newell’s (2002) bi-directional

theory of complexity, and appear to indicate that changes in the direction jliegdyn

are task and measure dependent. The results of Cignetti et al. (2009), Mossrabor
(2011) and Cortes et al. (2014) all indicate that the complexity of motor castrol
increased, that is, it becomes more random with neuromuscular fatigue. It must be noted,
though, that all of their measures were indicative of whole body motdmerrthan

muscular output.
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Further evidence that the neuromuscular system may become less complex and less
adaptable with neuromuscular fatigue was obtained by Forestier and Nougier (1998), who
examined adaptation to neuromuscular fatigue in a multi-joint skilled movement.
Participants were required to throw a ball towards one of three targetaarfatigue
condition and a fatigue condition, in which they performed the task followimgletion

of a series of 70% MVC contractions of the wrist flexors. The results indicated tha
throwing accuracy was significantly lower in the fatigue condition than tmérad
condition, suggesting that neuromuscular fatigue significantly influenced movement
organisation. More detailed analysis revealed that in the no fatigue conditiornainthl
velocity results from a proximal to distal chain and the summation of speed principle
(Neal et al., 1991), but that in the fatigue condition there was no temporal delagetwe
the elbow and hand peak velocities. This suggests that with neuromusculae fatig
movement rigidity increases, which could be reflective of low complexity and high
periodicity.

The few studies that have investigated the complexity and fractal propertiesasf mot
control during neuromuscular fatigue have revealed perturbations arisingatiguirfg
protocols. Despite evidence of the potential importance of physiological oatyple
(Lipsitz and Goldberger, 1992; Lipsitz, 2004; Peng et al., 2009), there are cun@ntly
compelling models of complexity regulation for any system, nor have the candes
functional implications of reduced complexity been investigated in depth (Manor et al.,
2010). Further systematic research is clearly required to properly characteyise
potential relationship between neuromuscular fatigue and complexity. High complexity
is thought to be adaptive, endowing a system with greater ability to adapiitdagons

and changes in task demand; while low complexity is associated with reduced
functionality and decreased performance (Lipsitz and Goldberger, 1992; Lipstiz, 2002).
Thus, any change towards less complexity with neuromuscular fatigue could have
important functional implications, indicating that the neuromuscular system has become
progressively less adaptable (Lipsitz and Goldberger, 1992; Lipsitz, 2004) and potentially
more energetically expensive (Glenny, 2011; Seely and Macklem, 2012) as the
contractions progress. Both of these factors may significantly setéa probability of

task failure and may, in part, underpin exercise intolerance in a wide rasigieabions.
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2.9 - Aimsand hypotheses

The overall aim of this thesis is to investigate changes in the complexityraotdl f
scaling of isometric muscle torque output in response to neuromuscular fatigue. The

specific aims of the five experimental studies are as follows:

1. To determine whether the temporal complexity and fractal scafirgpmetric

knee extensor torque and EMG outputs are perturbed by neuromuscular fatigue.

2. To determine whether changes in complexity and fractal scaling with
neuromuscular fatigue differ above and below the critical torque (CT), and to
establish the relationship between contraction intensity and complexity for fresh

muscle across the full range of knee extensor joint torques.

3. To attempt to separate the effects of ceistajue, peripheral fatigue and afferent
feedback, in order to investigate the mechanism(s) responsible for the reduced

torque complexity seen with neuromuscular fatigue.

4. To investigate the effect of caffeine, a well-tolerated central nervous system
stimulant, on the complexity and fractal scaling of knee extensor torque output

during fatiguing contractions.

5. To investigate the effect of eccentric contractions on the complexity and fracta

scaling of knee extensor torque output, and to compare the recovery kinetics with

those following isometric contractions.

The hypotheses to be tested wwitthe five experimental studies of this thesis are:

1. That knee extensor torque and EMG outputs will exhibit greater complexity (as

measured by higher ApEn and SampEn and more fraktadealing (DFA o ~

1.00) during submaximal contractions.
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That, compared to fresh muscle, neuromuscular fatigue will cause changes in the
complexity of both torque and EMG outputs that are indicative of a reduction in

complexity (as measured by decreased ApEn and SampEn).

That any reduction in the complexity of the torque and EMG outputs will be
accompanied by a change in fractal scaling from pink (DFA a = 1.00) to Brownian

noise (DFA o = 1.50).

. That below theCT, fatigue development will be limited, a steady state in the
temporal complexity of torque output will be attained and there will be no

breakdown in the fractal scaling of torque output within 30 minutes.

That above the CT, central and peripheral fatigue will develop, the telmpora
complexity of torque output will be reduced, and this reduction in temporal
complexity (measured by decreased ApEn and SampEn) will be accompanied by

a shift towards increasingly Browniaoise (DFA o = 1.50).

. That pre-existing central fatigue, induced by prior exercise of the cdetedla
limb, will decrease time to task failure and reduce the temporal crityptd
torque output at the start of a subsequent bout of exercise (as measured by

decreased ApEn and SampEn, and increased DFA ).

That pre-existing peripheral fatigue, induced by circulatory occlusion, will
decrease time to task failure and reduce the temporal complexity of torque output

at the start of a subsequent bout of exercise.

That enhanced afferent feedback, induced by prior exercise and circulatory
occlusion, will decrease time to task failure and reduce the temporal complexit

of torque output at the start of a subsequent bout of exercise.

. That pre-exercise caffeine ingestion will increase time to task failure.

That pre-exercise caffeine ingestion will attenuate/delay the loss of temporal

torque complexity seen with neuromuscular fatigue (as measured by slower rates
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of decrease in ApEn and SampEn), and attenuate/delay the shift towards

Brownian noise (as measured by increased DFA a).

. That eccentric exercise will reduce the temporal complexity of isometric torque

(as measured by decreased ApEn and SampEn, and increased DFA ).

That the temporal complexity of isometric torque will still be depressed 60

minutes after the cessation of eccentric exercise.
That the reduction in temporal torque complexity seen following isometric

exercise will have recovered 60 minutes after the cessation of fatiguingtigom

exercise.
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Chapter 3 - General methods

Health and safety

Full ethical approval of the experimental designs and procedures were obtamebe
ethics committee of the University of Kent prior to the commencement of each
experimental study (see Appendix). All procedures were performed in accondiéimce
the Declaration of Helsinki (1964).

All experiments were conducted in a well-ventilated laboratory at 18-22 °C, at the
University of Kent. Throughout all experimental testing, care and attentisnakean to
ensure that the laboratories and equipment were clean and safe for the assesantent of,
use by, human participants. Any contaminated disposables were disposed of immediately

after use for later incineration.

Participant recruitment, preparation and care

Participants for the experimental studies were recruited from among studentsfiaid st

the University of Kent. Approximately 10 participants were recruited for stacly. No

a priori power calculations were made for participant number, as no pénformation

on the complexity of isometric torque output with neuromuscular fatigue was available.
This stance was maintained throughout the thesis. Prior to commencement of any
experimental procedures, participants were given a full written and verbal explanation of
the procedures, risks and benefits associated with participation and the commitment
required for each study. Participants completed a health and physical activity
questionnaire (see Appendix), to ensure adequate health to undertake high intensity
exercise, and then signed an Informed Consent form. It was made cpeati¢cgpants

that they could withdraw their consent at any time, without having to give a riegson
their withdrawal. It was also stressed that all data would be coded to ensure ignonym

and treated in the strictest confidence.

Prior to data collection, familiarisation trials were conducted to ensuieipants were
comfortable with the laboratory surroundings, the equipment and protocols used

(particularly the electrical stimulation), and to minimise the learning effectsiatsb
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with repeated high intensity exercise bouts. Participants were instructed &iaurtine
laboratory for testing in a well hydrated and rested state (having refreomedtrenuos

exercise in the preceding 24 hours), and to have refrained from consuming fic@Ao
hours, and food or caffeine for three hours prior to each test. Adherernbes®

instructions was verbally verified prior to each test.

Descriptive data

Descriptive data and anthropometric measurements, including age, height, mass and a
description of typical activity level, were recorded prior to the commencemeatcof
experimental study. Height was measured to the nearest 0.01 m using a Harpenden
Stadiometer (Holtain Ltd., Crymych, UK). Body mass was measured to the ri@arest

kg using regularly calibrated laboratory scales (Seca GmbH & Co., Hamburgai@3grm

Both measurements were recorded with the participants standing unshod and wearing the

attire with which they were to perform the experimentation.

Dynamometry

During all visits of each study, participants were seated in the chair of a Cybex isokinetic
dynamometer (HUMAC Norm; CSMi, Massachusetts, USA), initialised and calibrated
according to the manufager’s instructions. Their right leg was attached to the lever arm

of the dynamometer, with the seating position adjusted to ensure that the lateral
epicondyle of the right femur was in line with the axis of rotation of the lax®er:
Participants sat with relative hip and knee angles of 85° and 90°, respectivelfyllwith
extension being 0°. The lower leg was securely attached to the lever arm above th
malleoli with a padded Velcro strap, while straps secured firmly across both skoulde
and the waist prevented any extraneous movement and the use of the hip extensors during
the isometric contractions. The seating position was recorded during the first visit of ea
study and replicated for each subsequent visit. The between day intraclasseocbeffic
(ICC) of fresh maximal torque, as measured from the six experimentalofisitsapter

5, was 0.98; indicating very high reliability. This was higher than the 0.79 obtained

the knee extensors by Todd et al., (2004).
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Electrical stimulation

An Ag/AgCI electrode (32 x 32 mm; Nessler Medizintechnik, Innsbruck, Austria) coated
in conductive gel acted as the cathode, and was placed in the femoral toaeglthe
femoral nerve of the right leg. The anode, a carbon rubber electrode with adjetsive
(100 x 50 mm; Phoenix Healthcare Products Ltd., Nottingham, UK), was placed late

to the ischial tuberosity, on the posterior aspect on the leg. A constant-cuargadi)e
voltage stimulator (Digitimer DS7AH, Welwyn Garden City, UK) was then used to
deliver single (20Qsm pulses) and doublet stimuli (200-pum pulses, 10-ms interval) at 400

V. The precise location of the cathode was first established using a motor point pen
(Compex, DJO Global, Guildford, UK), and determined based on the location giving the
largest twitch and greatest pefkpeak amplitude of the compound muscle action

potential (M-wave) following single stimulation at 100 mA.

Following establishment of the cathode location, single stimuli were initiatethgtatt

100 mA, and the stimulator current increased in steps of 20 mA until there ftatheo
increase in the measured twitch torque or M-wave. Participants then predoneedmal
voluntary contraction (MVC) and subsequently reproduced 50% MVC, with a single
pulse delivered during this contraction, in order to test whether there was any further
increase in the M-wave. If there was a decrease in the M-wave, the cursentreased

again until the M-wave plateaued. Once a plateau in the M-wave was obtainedrghe cur
was increased to 130% of the plateau current to ensure supramaximality, antdnbity

was used for stimulation during the subsequent tests. In all subsequent tests, doublet

stimulation (two 20Quspulses with 10 ms interpulse interval) was used.

Surface EMG

The EMG of the vastus lateralis and biceps femoris on the right leg were sampled using
Ag/AgCl electrodes (32 x 32 mm; Nessler Medizintechnik, Innsbruck, Austria). Prior to
attachment of the electrodes, the skin of the participants was shaved, abratteehand
cleaned with an alcohol soaked cotton pad, in order to reduce impedancenihgsidfo

the electrodes was preceded by palpation of the muscle during a manaeigdre
contraction, to outline its length and belly. The electrodes were placed reciia

parallel to the alignment of the muscle fibres over the belly of the musclder&nee
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electrode was placed on prepared skin medial to the tibial tuberobgyratv EMG
signals were sampled at 1000 Hz, amplified (gain 1000; Biopac MP150, Biopac Systems
Inc., California, USA) and band-pass filtered (10-500 Hz, Biopac MP150, Biopac
Systems Inc., California, USA).

Contraction regime

The contraction regime of Bigland-Ritchie et al. (1986a) was used. This corfisted
intermittent isometric contractions, alternating between 6 seconds of contraadigh a
seconds of rest (0.6 duty cycle), at a specified target torque (Figure&h)a3$egime
was chosen in order to provide sufficient data for the quantification of conypedit

fractal scaling (Lipsitz and Goldberger, 1992).

The dynamometer torque and target torque were presented on a display frdirhof

the participant. Participants were verbally instructed to match their instansatoeque

with the target torque and were required to continue matching this torque forasimuc
the 6 second contraction as possible. A command of “push” was given to inform the
participants to start the contractions, and a command of “stop” given to terminate the
contractions. The tests were conducted to task failure, the point at which ttbigpuatr

failed to reach the target torque on three consecutive occasions, despijevsitual
encouragement. During the test, participants were required to perform an MVC (3
seconds long), accompanied by doublet stimulation of the femoral nerve during and a
rest after the contraction, every sixth contraction (i.e. at the enccfré@aute). After

the third missed contraction, participants were instructed to immediately praduce

MVC, which was accompanied by peripheral nerve stimulation.
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Figure 3.1. Contraction regime based on Bigland-Ritchie et al. (1986a).

Data acquisition and participant interface

Data were acquired from all peripheral devices through BNC cables cedrect
Biopac MP150 (Biopac Systems Inc., California, USA) and CED Micro B401-
(Cambridge Electronic Design, Cambridge, UK) interfaced with a personal compllte
signals were sampled at 1000 Hz. The data were collected in Spike2 (Version 7,
Cambridge Electronic Design, Cambridge, UK) A chart containing the instantaneous
torque was projected onto a screen place in front of the participant.eAcecalisting of

a 1 mm thick purple line was superimposed on the torque chart and aetéarget, so

that participants were able to match their instantaneous torque output (1akmréan

line) to the target torque during the tests.

Torqueand EMG

The mean and peak torques for each contraction in every test were detefinéeckan
torque was calculated based on the steadiest five seconds of each contrctianfive
seconds with the least variation. The EMG output from the vastus lateralis for each
contraction was filtered (10-500 Hz) and full-wave rectified with a g&aih000. The
average rectified EMG (arEMG) was then calculated and normalised by expressing the
arEMG as a fraction of the arEMG obtained during an MVC from the fresh muscle

preceding commencement of the tests.
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Deter mination of task failure during submaximal tests

Due to the use of intermittent contractions, calculation of task failure during the
submaximal tests was more problematic than defining failure during a sustained
contraction. During the test itself, task failure was deemed to have occurrezhtased
above, when the participant failed to reach the target torque on tbnsecative
occasions. The exact point of task failure was determined post-hoc. Due igethad

fall of torque at the on- and off-set of each contraction, the mean téogueach
successful contraction was inevitability less than the target torque. Tosstabliexact

point of task failure the actual test torque had to be determined, ardefireed as the
mean torque recorded during the first five contractions of the test. Task fadariden
deemed to have occurred when the mean torque recorded during three consecutive
contractions was more than 5 N-m below the mean torque of the firsofections,

with the first of these contractions being considered the point of task failure (Figure 3.1).

Calculation of central and peripheral fatigue

Central and peripheral fatigue were calculated based on stimuli delivered ahdiager
maximal contractions, performed at various points prior to, during and afterutsedio
fatiguing contractions. The potentiated doublet torque, a measure of perfaligtad,

was calculated as the peak torque attained following doublet stimuli ahftesa
maximal contraction. Voluntary activation, a measure of central fatigue, washohete

using the twitch interpolation technique (Belanger and McComas, 1981; Behm et al.,

1996), and was calculated as:

Volunt tivation (%) = 1 (superimposed doublet) 0
=1- X
oruntary actvatton 17 potentiated doublet

Equation 1

where the superimposed doublet was that measured during the contractioresf aridr
the potentiated doublet was measured at rest 2 seconds after the contractetw&be
day ICC of potentiated doublet torque, as measured from the six expetimsitgdaof
Chapter 5, was 0.97, indicating very high reliability; while the ICC for voluntary
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activation was 0.70, indicating high reliability. These values were higher thiose
obtained by Todd et al. (2004; 0.87 and 0.60, respectively).

Quantification of variability

The amount of variability in the torque output of each contraction was examined using
the standard deviation (SD), which provides a measure of the absolute amount of
variability in a time-series, and the coefficient of variation (CV), Whicovides a
measure of the SD of a time-series normalised to the mean of that tiese-$ae CV

was calculated using the formula:

Equation 2

whereo is the standard deviation apds the mean.

The between day ICC of SD, as measured from the contractions at 50%rVviti€
discontinuous incremental tests performed in the six experimental visits of Chapter 5, wa
0.91, while the ICC of CV was 0.74.

Quantification of complexity and fractal scaling

The temporal complexity of the torque (and in some cases EMG) outputs wasezkam
using multiple time domain metrics derived from information theory. In information
theory, a highly predictable, simple or regular output has low entropy belitilese
information is conveyed. For example, the signal “HHHHH” would have low entropy in
comparison to the signal “HELLO” since there is less predictability, and more
information conveyed, in the letters of the second signal. Approximate entropy)(ApEn
and sample entropy (SampEn) were used to determine the complexity tofgbe
outputs; while detrended fluctuation analysis (DFA) was used to estimate the tmise co
and tempaal fractal scaling of the torque outputs. All measures were taken from the
steadiest five seconds of the relevant contraction; that is, the five secontsvativest

SD.
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Approximate entropy (ApEn)
ApEnN, developed by Pincus (1991), provides a value between 0 and 2 ngfléeti

predictability of future values in a time-series based on previous values f¢aild and
Newell, 2003). Low values, approaching 0, are indicative of high regularityicand
complexity; while high values, approaching 2, are indicative of low regularityhignd
complexity.

The ApEn statistic quantifies the negative natural logarithm of the conditionabgityba
that a sequence of m data points is similar to other sequences of data pointsme the
series. Matching templates that remain similar (i.e. within the tolerancee rthen
counted, with the number of matches to theemplate of length m being designated B
The number of matches that remain similar for thd'fipoint is then counted, with this
number for the® template being designated. Ahe conditional probability that the
template including the i data point matches, given the template length of m, is then
calculated for each template match. The negative logarithm of the coniditiohability

is calculated for all templates and the results averaged (equation 3). If tie lugtdy
ordered, then templates that are similar for m points are likely to also bardmnim+1
points. For such a data set, the conditional probability will therefore betolésand the
negative log and therefore the entropy will be close to zero. This l#ictdow
complexity and high predictability. Further details of the ApEn calculatiergiaren by
Pincus (1991) and in the appendix of Slifkin and Newell (1999).

1 A
ApEn (m,r,N) = N Z log—

Equation 3

where: N is the number of data points in a time series; m is the length afhlates A
is the number of matches to the@mplate of length m+1 data points; antsBhe number

of matches of théhitemplate of lengtimn data points.

The ApEn parameter settings used were m = 2 and r = 0.1 of thetB®fofce. These
parameters were chosen based on the use of similar parameters in previoutStifludies

and Newell, 1999; Vaillancourt and Newell, 2003) and based on the recommendations of
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Pincus and Goldberger (1994) thathould be between 10 and 25% of the SD in order to
produce good statistical validity, and of Forrest et al. (2014) that r sho@d luf the

SD in order to distinguish between effort levels. The between day ICC of ApEn, as
measured from the contractions at 50% MVC during discontinuous incremental tests

performed in the six experimental visits of Chapter 5, was 0.80.

Sample entropy (SampEn)

The ApEn statistic has been criticised for its reliance on the matching of tesplaa

data series. To avoid the occurrence of In(0), a template is allowed th s,
meaning that each template occurs at least once, introducing a bibasttegen shown

to lead to inconsistent results from data series of similar lengths (Richman armdawpor
2000). Sample entropy was therefore developed to correct this bias, by ta&ing
logarithm after averaging (as shown in equation 4), and thus avoiding the introduction of
self-matching. Further details of the SampEn calculation are given by Chen et al. (2005).

> A N
SampEfm,r,N) =—log -=— | = —Io({EJ

2B
i=1
Equation 4

As with ApEn, SampEn provides a value between 0 and 2, with low values being
indicative of high regularity and low complexity, and high values being indicative of low
regularity and high complexity. The SampEn parameter settings used were m=2 and r
0.1 of the SD of the force; the same parameters chosen for the cafcafapEn. The
between day ICC of SampEn, as measured from the contractions at 50% oAV &
discontinuous incremental tests performed in the six experimental visits of Chapter 5, was
0.75.

Detrended fluctuation analysis (DFA)

DFA, developed by Peng et al. (1994), relates to the colour of noise awotsdets-
range correlations in time-series, thus providing an indication of tempastalfsaaling.
In the DFA algorithm, the time series is integrated, and the vertical chastcsescale

of this integrated time series is measured. The integrated time series is then divided int
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boxes of length n and a least-squares line is fitted, representing the trerfd boeathe
y co-ordinate of the straight-line segment of length n in thbdx is denoted byn(k),

and the integrated time series is detrended by subtracting the local trend bogaFor
a given box size, n, the characteristic size of fluctuation for the integrated tegritlde

time series is given by:

2

F() = J%i[y(k) -3,(0]

k=1

Equation 5

This computation is then repeated over all time scales or bex(5iz box sizes ranging
from 1250 to 4 data points) to provide a relationship between box size andligisjope
of the log-log plot of n and F(n) determines the scaling parameteurther details of

the DFA calculation are given by Stanley et al. (1999).

Whena = 0.5, this indicates that the time series is completely random, in tleeveayn

that white noise is completely random. For such a process, everywtlecompletely
independent of the values of previous observations. Wher®.5, each observation is

not completely independent and is correlated to some extent with the values afiprevi
observations. When 0.5 <1 power law correlations are present; when>1,
correlations exist but cease to be of power law form. 1/f or pink noise is indicated by

1; Brownian noise is indicated loy= 1.5. The between day ICC of DFeA as measured
from the contractions at 50% MVC during discontinuous incremental tests performed in

the six experimental visits of Chapter 5, was 0.88.
Statistical analyses

Extraction of the relevant data from the raw files was performed in MATI(Ai
MathWorks, Massachusetts, USA). Statistical analyses of data were then performed using
the Statistical Package for Social Sciences (SPSS), with specifidlpresaletailed in

each experimental chapter. Statistical significance was accepted at Plevel0Bost-

hoc power calculations were performed in G*Power (Heinrich-Heine Universitat
Dusseldorf).
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Chapter 4 - Study 1

Fatiguereducesthe complexity of kneeextensor torquefluctuationsduring maximal

and submaximal inter mittent isometric contractions

I ntroduction

The Review of Literature introduced the notion that physiological systems are
characterised by an extraordinary indmer‘complexity” (Chapter 2: 2.5 — Non-linear
dynamics and complexity). This “complexity” refers to the fact that physiological
systems, even under resting conditions, exhibit a great deal of intrinsic structural
variability in their outputs (Goldberger et al., 1990; Lipsitz, 2002). Recent research ha
demonstrated that ageing and disease have the potential to perturb this stancture,
reduce the complexity of physiological outputs, such as heart rate, respiratigaiand
(Pikkujamsa et al., 1999; Hausdorff et al., 1997; Peng et al., 2002). Such reductions in
complexity are viewed as a loss of system control and have importantatiguie for

system adaptability (Lipsitz and Goldberger, 1992; Goldberger et al., 2002).

In neuromuscular physiology, it has been demonstrated that the complexity of torque
output during isometric contractions is reduced with ageing (Vaillancourt & Newell,
2003; Vaillancourt et al., 2003; Sosnoff & Newell, 2008). It has also been demonstrated
that the complexity of torque output is dependent on contraction intensity, with
complexity (measured using approximate entropy [ApEn]) peaking at ~40% MVC and
decreasing as torque requirements are increased (Slifkin and Newell, 1999 s fter
neuromuscular fatigue, an increase in the amount of variability in contractiobsdras
frequently observed (Galganski et al., 1993; Slitkin and Newell, 2000; Conteslsa et a
2009). Furthermore, prior exercise has been shown to increase signal complexity during
single-leg stance and side-cutting movements (McGregor et al., 2011; Cortes et al.,
2014). However, such movements represent the effect of fatigue on whole-body motio
rather than muscular output per se. The effect of neuromuscular fatigue on phexttym

of joint torque during isometric contractions is currently unknown.

The aim of the present study, therefore, was to determine whether the compfexity

isometric knee extensor torque and EMG outputs are perturbed by neuromuscukar fatigu
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and to test the following experimental hypotheses: 1) that for fresh muscle xkeesoe
torque and EMG outputs would be more complex during submaximal contractions and
exhibit more fractalike (1/f; detrended fluctuation analysis [DFA] a = 1.00) scaling; 2)

that neuromuscular fatigue would result in a reduction in the complexity ofrthestand

EMG outputs from their fresh values during maximal and submaximal fatiguing isometric
contractions; and 3) that this reduction in the complexity of the torque and EMG outputs
would be accompanied by a change in fractal scaling from pink (DFA o = 1.00) towards
Brownian noise (DFAx = 1.50).

M ethods

Participants

Eleven healthy participants (10 male, 1 female; mean + SD: age 25.0 + E&s6hesght

1.77 £0.05 m; body mass 78.6 + 13.7 kg) provided written informed congetitipate

in the study, which was approved by the ethics committee of the University of Kent, and
which adhered to the Declaration of Helsinki. Participants were instructed toadrtines
laboratory rested (having performed no heavy exercise in the pre@ddmoyrrs) and not

to have consumed any food or caffeinated beverages in the three hours byefake a

Participants attended the laboratory at the same time of day (x 2 hours) during each visit.

Experimental design

Participants were required to visit the laboratory on three occasiona twerto three-
week period, with a minimum of 48 hours between each visit. During their first visit,
participants were familiarised with all testing equipment and procedures, and the settings
for the dynamometer and stimulator were recorded. During their second vistippats
performed either a series of 30 intermittent maximal isometric contractions, insexsper
with peripheral nerve stimulation (the “Maximal test; see below) or a series of
intermittent submaximal isometric contractions until task failure, interspersed with
peripheral nerve stimulation (the “Submaximal te8t see below). The maximal and
submaximal tests were presented in a randomised order. The methods used fopthe se
of the dynamometer, peripheral nerve stimulation and surface EMG are desttibed
General Methods (Chapter 3).
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Protocol

All visits followed a similar pattern of data acquisition, beginning with the
instrumentation of the participants and the (re-)establishment of the correct dynamomete
seating position and supramaximal stimulation response. Participants then performed a
series of brief (3 second) MVCs to establish their maximum torque. The contractions
were separated by 60 seconds rest, and continued until three consecutive quessk tor
were within 5% of each other. Participants were given a countdown, folloywedry

strong verbal encouragement to maximise torque. The first MVC was used to establish
the fresh maximal EMG signal, against which the subsequent EMG signals were
normalised (Data analysis; see below). The second and third MVCs were pdrfatme
peripheral nerve stimulation; at ~1.5 seconds into the contraction, during a plateau in
torque, a doublet was delivered and a further doublet delivered at rest 2 secoritle after
contraction. The pulses superimposed on the contraction tested the maximality of the
contraction and provided the fresh voluntary activation, while the pulses thée
contraction established the fresh potentiated doublet response (see GertboalsMe
Chapter 3). All subsequent contractions with peripheral nerve stimulation were conducted
in this manner. Following the final MVC, participants rested for 10 minutes, and then

performed either the maximal or submaximal test.

Maximal test

A five-minute all-out test (Figure 4.1), adapted from the test developed by Burnle
(2009), was performed by all participants during their familiarisation visitaayagn
during either their second or third visit to the laboratory. The test consisted of 30
intermittent MVCs, with a contraction regime of 6 seconds contraction and 4 seconds
rest. Participants were given feedback on their previous MVCs and were enddiorage
equal or exceed these values during the first 2-3 contractions. Participantslseere a
informed to expect their torque to decrease by more than 50% during the test, dut to stil
produce a maximal effort during each contraction despite this occurrenasy e test
participants were very strongly encouraged to maximise and maintain their tougue,
were not informed of the number of contractions remaining or the elapsed tintes@he
was ended after the BGontraction was completed. During the test, peripheral nerve

stimulation was delivered every sixth contraction (i.e. at the end of each minute).
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Figure4.1. Contraction and stimulation protocol for the maximal test.

Submaximal test

A test at 40% MVC was performed by all participants during either their secahitdor

visit to the laboratory. 40% MVC was determined from the highest instantaneakis pe
torque measured during the MVCs at the start of the visit. The same contraction regime
as in the maximal test (6 seconds contraction, 4 seconds rest) was used. Rtanic
instructed to match their instantaneous torque with a target bar superimposed on the
display in front of them and were required to continue matching this torqus foueh

of the 6 second contraction as possible. The test was conducted until task failuratthe po
at which participants failed to reach the target torque on three conseautasons,
despite strong verbal encouragement. Participants were not informed of the elapsed ti
during the test, but were informed of each “missed” contraction. During the test,
participants were required to perform an MVC, accompanied by peripheral nerve
stimulation, every sixth contraction (i.e. at the end of each minute).tA&ehird missed
contraction, participants were instructed to immediately produce an MVC, whieh wa
accompanied by peripheral nerve stimulation. A graphical representation of the

contraction regime is given in the General Methods (Chapter 3; Figure 3.1).

Data analysis

The data analysis focused on three specific areas: 1) basic measures of torque and EMG;
2) measures of central and peripheral fatigue; and 3) the variability anpdlestty of the

torque and EMG outputs. All data were analysed using code written in MATLAB R2013a
(The MathWorks, Massachusetts, USA).
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Torque and EMG. The mean and peak torques, and vastus lateralis EMG, weagethlcul
for each contraction, as described in the General Methods (Chapter 3). Dei@ise thf
intermittent contractions, calculation of task failure was more problematicd#fanng
failure during a sustained contraction. Details of how task failure was calcatatgiven

in the General Methods (Chapter 3).

Central and peripheral fatigue. Measures of central and peripheral fatigue were
calculated based on the peripheral nerve stimuli delivered during and after the MVC
performed pre-test, at the end of each minute during the fatiguing testdasidfatiure.
Further details are given in the General Methods (Chapter 3).

Variability and complexity. All measures of variability and complexity weteutated

using the steadiest five seconds of each contraction. The amount of variabihgy in
torque output of each contraction was measured using the standard deviation (SD) and
coefficient of variation (CV). The temporal fluctuations were examined using multiple
time domain analyses. Approximate entropy (ApEn) and sample entropy (SampEn) were
used to determine the complexity of the torque and EMG outputs; while detrended
fluctuation analysis (DFA) was used to estimate the temporal fractal scalingerur

details are given in the General Methods (Chapter 3).

Statistics

All data are presented as means + SEM, and results were deemed statisticallyrgignifica
whenP < 0.05. One-way ANOVAs with repeated measures were used to analyse the
temporal profiles of MVC torquearEMG, potentiated doublet torque and voluntary
activation over the course of the tests. Contrasts between end-test valuesctimer all
time points were made using Bonferroni-adjusted 95% paired-samples confidence
intervals. The variability and complexity of the torque and EMG outputs weailgsead

using averages from the first minute and final minute before task failurelofesacTwo-

way ANOVAs with repeated measures were used to test for differences between
conditions and time points, and for a condition x time interaction. When rfiastse

were observed Bonferroni-adjusted 95% confidence intervals were then dséertoine
specific differences.
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Results

Preliminary measures

The peak instantaneous MVC torque recorded prior to the maximal test was 23%6 + 15
N-m and the voluntary activation achieved was 89.8 £ 2.0%; while the peak instarga
MVC torque recorded prior to the submaximal test was 237.7 £ 14.8 N-m and the
voluntary activation achieved was 90.6 + 1.8%. Neither of these wakressignificantly
different (95% paired samples confidence intervals (CIs): peak MVC torfjli), 16.2

N-m; voluntary activation;1.4, 3.0%).

Torque and EMG

The mean data for peak and mean torque amongst all participants duhirgetaction
for the maximal test are shown in Figure 4.2. Torque declined from a peak ofM¥6%
during the first contraction to an average of ~44% during the last three comsadine
mean data for the arEMG of the vastus lateralis for each contraction oa¥imahtest
are shown in Figure 4.3. The arEMG, normalised to a fresh pre-test MVC, sigthyfica
decreased from 96.3 + 2.5% (first contraction) to 73.8 + 5.8% (lastambion; Cls-38.2,
-9.7%).

100 +
¢ ® O Mean torque
T 0, @
& ORI ® Peak torque
S 80 - © & 3
9 9@39‘3
s 70 - Qe ;; ®
3 Tog®tsag 4
5607 99999 I@ 6234 I;I;
$ 50 - 29 ?Q? I@@ ;1
g 9? ?o
F o0 - ¢
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0 1 2 3 4 5

Time (mins)

Figure 4.2. Group peak and mean torque (+SEM) for each contraction of the rlaeist. Peak torque

refers to the highest measured torque during each contraction; meanre&fags to the average torque

calculated over the steadiest five seconds of the contraction. All contractiomsraedised to a control
MVC performed 10 minutes before the test commenced.
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Figure 4.3. Group mean arEMG (xSEM) for each contraction of the maximal test. arEM@&nslised
to a control MVC performed 10 minutes before the test commenced. * =iGaguly different from the
first contraction (P < 0.05).

The mean data for peak MVC torque and mean target torque during each common
contraction and at task failure in all participants for the submaximahtesthown in
Figure 4.4. The mean target torque, as calculated from the pre-test MVCs, Wwa$3b

N-m, and task failure occurred when participants were not able to achieve this target
torque, despite a maximal effort. The mean torque achieved during the MVC at task
failure (87.4 £ 8.3 N-m) was not significantly different from the test taoggque (Cls-

23.9, 8.4 N-m), indicating that participants required a maximal effort tovadiie target
torque. The mean time to task failure was 17.3 £ 4.3 minutes, with a range@68.2
minutes. The mean data for the arEMG of the vastus lateralis for each nommo
contraction and task failure for the submaximal test are shown in Figure 4 & EW6,
normalised to a fresh pre-test MVC, significantly increased from 44.4 + 5i286 (f
contraction) to 68.5 = 5.6% (last contraction; Cls 10.7, 37.5%).
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Figure 4.5. Group mean arEMG (xSEM) for each contraction of the submaximal test. arEMG
normalised to a control MVC performed 10 minutes before the test commé&nrc&ignificantly
different from the first contraction (P < 0.05).
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Peripheral and central fatigue

The potentiated doublet torque and voluntary activation decreased as both tests
progressed, indicating the presence of peripheral and central fatigeetiredp. During

the maximal test, the potentiated doublet torque decreased from 105.3 £ 7.1 N-m prior to
commencement of the test to 62.4 + 8.6 at the end of the tastx/69.98, P < 0.001;
Figure 4.6); while voluntary activation fell from 89.8 + 2.0% prior to th@em@ncement

of the test to 68.6 = 5.6% at the end of the tesidF 3.74, P = 0.01; Figure 4.7). During

the submaximal test, the potentiated doublet torque decreased from 112.4 + préoN-m
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to commencement of the test to 70.3 £ 10.0 N-m at task failuge£FA.8.65, P < 0.001,
Figure 4.6); while voluntary activation fell from 90.6 + 1.8% prior to th@em@ncement
of the test to 66.2 + 4.7% at task failure {#~= 11.91, P= 0.004; Figure 4.7).
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Figure 4.6. Group mean potentiated doublet torque (x SEM) for the maximal and sithahdgsts. * =
Significantly different from the pre-test value € 0.05).
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Figure 4.7. Group mean voluntary activation (+ SEM) for the maximal and subnzdtests. * =
Significantly different from the pre-test value € 0.05).
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Variability and complexity

The metrics associated with the amount of variability (SD and CV) in the torgpat

are shown in Figure 4.8A AND B. The SD of the torque fluctuations waeehig the
maximal test (k10= 14.59, P = 0.003) and increased over time during the submaximal
test (R,10 = 42.55, P < 0.001). The CV significantly increased over time in both tests
(F1,10=95.7, P < 0.001). The SD was significantly higher at the start of the maximal test
(8.4+1.3vs.2.6+0.3N-m;Cls 2.6, 9.2 N-m). During the maxiesg the SD did not
increase (Cls0.4, 3.8 N-m), in contrast to the increased CV (Cls 2.4, 6.0%). During the
submaximal test, there were significant increases in both the SD (Cls 2.9, 6.ard- m)
CV (Cls 3.5, 7.2%).
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Figure 4.8. Mean standard deviation (+ SEM) (A) and mean coefficient of variation (+ SBMpr each
minute of the maximal and submaximal tests. * = Significantly diffefl@m first minute; =
Significantly different from submaximal valuP € 0.05).
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In terms of the complexity of the torque output, maximal contractions wereiassioc

with smaller ApEn (k10 = 34.79, P < 0.001) and SampEn valueg:{F 33.50, P<

0.001) and a larger DFA a scaling exponent (F1,10= 37.22, P < 0.001) than submaximal
contractions. For fresh muscle, there was significantly lower complexity in ttpeetor
output during the maximal test compared to the submaximal test, as evidenced by
significantly lower ApEn (0.15 £ 0.02 vs. 0.65 + 0.09; €(69,-0.30) and SampEn

(0.14 £ 0.02 vs. 0.62 £ 0.09; CI9.68,-0.28); and a significantly higher DFA a scaling
exponent (1.55 + 0.03 vs. 1.35 £ 0.04; ClIs 0.13, 0.27). Representatit@gae outputs

from the initial contractions of the maximal and submaximal tests are shown ie Figur

4.9A and B, respectively.

In both tests, complexity declined as a function of time; Apknd¥ 73.86, P < 0.001)

and SampEn were reducedy (6= 58.93, P< 0.001) and the DFA « scaling exponent
increased (E10 = 48.88, P < 0.001). In the maximal test, ApEn significantly decreased
from 0.15 + 0.02 (first minute) to 0.10 = 0.02 (last minute; @)08,-0.01; Figure
4.10A), while SampEn significantly decreased from 0.14 * 0.02 (first minute) to 0.10 +
0.023 (last minute; Cls-0.08, —0.01; Figure 4.10B). The DFA a scaling exponent
significantly increased from 1.55 + 0.03 (first minute) to 1.63 + Q& minute; Cls

0.04, 0.13; Figure 4.10C). Representative raw torque outputs from the beginning and end

of the maximal test are shown in Figure 4.9A.

Over the course of the submaximal test, ApEn significantly decreased from 0.65 + 0.09
(first minute) to 0.27 + 0.04 (last minute; CGI8.55,-0.28; Figure 4.10A) and SampEn
significantly decreased from 0.62 £ 0.09 (first minute) to 0.22 + 0.04r(lestte; Cls—
0.54,-0.25; Figure 4.10B). The DFA a scaling exponent significantly increased from

1.35 + 0.04 (first minute) to 1.55 £ 0.03 (last minute; Cls 0.12, 0.Rfiré& 4.10C).
Representative raw torque outputs from the beginning and end of the submaximal test are

shown in Figure 4.9 B.
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Figure 4.9. Raw torque outputs from representative contractions from the begifeitycand end (right)
of the maximal test (A) and the beginning (left) and end (right) ofubenaximal test (B).
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In terms of the complexity of the vastus lateralis EMG output, maximal caotraetere
associated with smaller ApEny(fo=22.93, P = 0.001) and SampEn (&= 16.59, P=
0.002) values. For fresh muscle, there was lower complexity in the vastaiddidG
output during the maximal test, as evidenced by significantly lower ApEn (1.1®+ O.
vs. 1.38 + 0.04; CIs0.34,-0.03) and SampEn (1.19 + 0.03 vs. 1.37 £ 0.05-0134,—
0.01).

In both tests, complexity changed as a function of time (Sampkss+HB6.59, P = 0.002;

and DFA, k10 = 52.21, P < 0.001). During the maximal test SampEn significantly
decreased (first minute 1.19 + 0.03, last minute 1.05 + 0.04;:@C25,-0.04); and the

DFA a scaling exponent significantly increased (first minute 0.32 £ 0.01, last minute 0.36

+ 0.01; Cls 0.07, 0.02). During the submaximal test, ApEn (first minute 1.38 + 0.03, last
minute 1.24 £ 0.05; CIs0.24,-0.03) and SampEn (first minute 1.37 + 0.05, last minute
1.21 £ 0.06; ClIs-0.28,-0.03) both gnificantly decreased, and the DFA a scaling
exponent significantly increased (first minute 0.32 + 0.01, last minute 0.37 +@9H1;
0.07, 0.02).

Discussion

The aim of the present study was to investigate the complexity and fractal s€atioipr

output during fatiguing contractions. The major novel finding was that neuromuscular
fatigue was associated with reduced complexity in motor output (torepge)dtess of
whether the muscle was driven maximally or submaximally, during repeated intermittent
isometric contractions. As the complexity of the torque output decreased during fatiguing
contractions, the fluctuations became increasingly Brownian (EAL.50). The results

also demonstrated that when the muscle was driven submaximally in the absence o
fatigue, the fluctuations in torque were substantially more complex than whenisiok

was driven maximally. Though these fluctuations were not consistently 1/f noiseo(DFA

= 1.00), the fresh torque signal nevertheless possessed long-range corrgatidhss

fractal-like scaling of torque broke down as fatigue progressed.
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Complexity during “‘fresh” maximal and submaximal contractions

It has been suggested that an inverted-U shaped relationship exists between contraction
intensity and the complexity of torque output, with complexity peaking at ~40% MVC
(Slifkin and Newell, 1999; Svendsen and Madeleine, 2010). Such previous hesearc
informed the first hypothesis of the present study: that torque output during submaximal
contractions would be more complex than during maximal contractions. The data
obtained support this hypothesis, with ApEn and SampEn both being significantly greater
during the initial contractions of the submaximal test, indicating a more comytieut o

at 40% MVC (Figures 4.9 and 14). Furthermore, the DFA a scaling exponent was
significantly lower during the initial contractions of the submaximal test (Figuresd.9 a
4.10). The greater complexity observed during fresh submaximal contractions is
representative of a more adaptable torque output, compared to the modec prriput

of maximal contractions. Slitkin and Newell (1999) reasoned that compiesatiyed at
~40% MVC because, at least for muscle of the fingers, torque could be modulated by
either increasing the recruitment of motor umitsncreasing discharge rates; whereas
below that point modulation would typically occur through increased recruitmer, alon
and above that point through increased discharge rates alone. 40% MVC thus regresent
the point of maximum information transfer and system adaptability. Howevethavhe

the inverted-U shaped relationship holds for the knee extensors is unclear. Nesgrthel
the present results confirm that submaximal contractions are more complexattiaram

contractions for the knee extensors.

Submaximal contractions rarely achieve tetanic rates of discharge (Enoka andrigleva
2001), meaning the force exerted by a muscle will exhibit fluctuations due to the
submaximal activation of motor units (Taylor et al., 2003). As contractiomsitye
increases, a higher discharge rate is required (Bigland and Lippold, 1954; Molitz et a
2005). Such higher discharge rates are more likely to result in an output agthogian
fused tetanus (Buller and Lewis, 1965), which may result in a smoother, mordigerio
torque output with fewer fluctuations, similar to that observed during the maximal
contractions (Figure 4.9). Interestingly, this greater complexity during $tdsmaximal
contractions was in contrast to the amount of variability, which was signifidamter

for submaximal contractions (Figure 4.8). This reaffirms that variability medgssss

different properties of the signal to complexity and fractal scaling statistith the
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former characterising the amplitude of torque fluctuations, and the latter quantifgin
irregular temporal structure (Lipsitz and Goldberger, 1992).

Fatigue-induced reduction in torque complexity

During the submaximal test, MVC torque gradually declined (Figure 4.4), central and
peripheral fatigue developed progressively (Figures 4.6 and 4.7) andrBEnG
gradually increased (Figure 4.5). These responses are typical of exhaustive submaximal
contractions, in which the neuromuscular system compensates for a loss of peripheral
output by increasing central motor drive at the expense of a loss of maximal torque-
generating capacity (Bigland-Ritchie et al., 1985; Bigland-Ritchie et al., 1B86aley

et al., 2012). More importantly, it was also observed that the complexity of submaximal
torque outputmeasured using ApEn, SampEn and DFA a, progressively decreased as

fatigue developed (Figure 4.10). Such reductions in complexity indicate a tmrtpig

that became smoother and more periodic as fatigue developed and as @xhausti
approached. This decrease in complexity was in contrast to the amount bflitgria
which significantly increased with the progression of the test (Figure 4.8). Such an
increase in variability is a consistent observation across previous wotk,atrtbutable

to various properties of motor unit recruitment and firing frequency (Hunténdéka,

2003; Missenard et al., 2008). The decrease in complexity as exhaustion approaches
could be attributed to the fact that neuromuscular fatigue functionally reduces MVC
torque, thus systematically increasing the relative demand of a submaximal téss&nSuc
explanation is in line with the inverted-U shaped hypothesis (Slifkin and Newell, 1999),
in which complexity decreases as the intensity of contractions increases fronVi4D%

to the maximum attainable torque. In this respect, as fatigue develops egldtitie task
demand increases, the increased torque variability increases targetingwdrilst
changes in motor output (e.g. increased motor unit pool firing rate, buieckdusscle

fibre force output) likely result in a greater structural regularitynifeat as reduced

complexity.

The DFA o analysis demonstrated that the reduced complexity was also associated with

a change in the fractal scaling of torque as fatigue developed €~HgLO). It was
hypothesised that fresh submaximal contractions at 40% MVC would produce pink (1/f)
noise, and that this output would become more Brownian as fatigue develop&FAhe

a scaling exponent was ~1.35 for fresh muscle at 40% MVC and rose to ~1.55 at task
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failure. Though the value obtained from fresh muscle represents an output containing
longrange correlations, it cannot, in the strictest sense, be described as 1/f noise (o =

1.00); on the other hand, the value obtained at task failure clearly appesxiBrawnian

noise (o = 1.50). Although a change from 1/f to Brownian noise was not observed,
neuromuscular fatigue was, nonetheless, associated with a change in thedadicig

of torque. Such a change in fractal scaling, and the loss of complexignbgpreviously

been assessed in the output of fatiguing muscle, but are a common cisticactenotor

output in ageing (Vaillancourt and Newell, 2003; Vaillancourt et al., 2003; CI240§;
Sosnoff and Newell, 2008).

During the maximal test, MVC torque started to decline immediately (Figure 4.2),Icentra
and peripheral fatigue developed rapidly (Figures 4.6 and 4.7) and the arEMG
progressively decreased (Figure 4.3). Despite the lower complexity of trd@sactions

in comparison to the submaximal contractions, a reduction in complexity with the
development of fatigue was still evident, as ApEn and SampEn decreased, anéthe DF
a scaling exponent increased with the progression of the test (Figure 4.10). These results

again suggest that the torque output became smoother as the test progressetiguel as fa
developed, although as with the submaximal contractions, the amount of variability
increased (Figure 4.8). While the increased magnitude of variability in the subrhaxima
test can be attributed to properties of motor unit recruitment and fiieqgency (Hunter

and Enoka, 2003; Contessa et al., 2009), the increase during the maximal test is likely
due to an inability to maintain a stable plateau in torque during an MVC folofidsec
rather than being variance around a stable mean torque. This suggetts thsses of
complexity in the submaximal and maximal tests have different causes; with the loss in
the submaximal test potentially reflecting a loss of motor control in achieveguaed
torque, and the loss in the maximal test directly relating to the loss of torquatgener

capacity.

Though the present study is the first to demonstrate reduced complexity ofdatgue
with neuromuscular fatigue, previous studies have investigated changes in complexity
with fatigue for other physiological variables. Increases in the complexitgait
(McGregor et al., 2009), single-legged stance (McGregor et al., 2011) and ground
reaction force (Cortes et al., 2014) have all been observed with neuromiistgies,

though these represent the effect of fatigue on whole-body motion radmemuscular
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output. Of greater relevance to the present study, Cashaback et a). ¢p6aB/ed a
decrease in the complexity of biceps brachii EMG output during continuous isometric
contractions, as measured using multiscale entropy. The results obtained from the vastus
lateralis EMG in the present study provide partial support for such a finding (see Fatigue

induced changes in EMG compleyity

The present work extends the “loss of complexity” hypothesis in ageing (Lipsitz and
Goldberger, 1992) to neuromuscular fatigue. This hypothesis states that healthy
physiological systems produce inherently complex temporal outputs, which allow the
system to explore a variety of control solutions, while the age-related lossplexay
reduces this exploratory freedom (Peng et al., 2009; Stergiou and Decker, 20143sThe

of complexity observed in the present study signifies a reduced adaptabilityjoé tor
output and could indicate greater system isolation, wherein system componenissshare
information and/or become less responsive to it (Pincus, 1994). Such a reduction in torque
complexity, and motor output adaptability, significantly increases the probatiliay
mismatch between torque demand and its instantaneous output, thus increasing the
probability of task failure. In this respect, task failure, which oftesucat apparently
submaximal levels of muscle activity (Dideriksen et al., 2011) and with a significant
torque “reserve” (Hunter et al., 2004; Klass et al., 2008), may be a failure of the
neuromuscular system to adapt to increasing task demands, rather than a failure of

neuromuscular capacity.

Physiological bases for changes in neuromuscular system behaviour

As with the exact mechanisms of neuromuscular fatigue, the mechanism(s) behind this
fatigue-induced loss of complexitis, as yet, unclear. However, a loss of torque
complexity must, by definition, be the result of mechanisms acting directly oncioe

unit pool. The presence of both central and peripheral fatigue doesllowt the
identification of a mechanism, but it is possible that perturbations throughout the motor
pathway could contribute to the lower torque complexity. Centrally, factors such a
reductions in discharge rates (Bigland-Ritchie et al., 1983b; Garland et al., 1997),
disfacilitation/nhibition of a-motoneurons (Garland, 1991; Macefield et al., 1991) or
suboptimal descending drive (Gandevia et al., 1996; Smith et al., 2007) may be involved.

Peripherally, factors such as metabolic changes affecting action potegltaity
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(Fuglevancetal., 1993b) or metabolite-mediated derangements in excitation-contraction
coupling (Allen et al., 2008a) may play a role.

Conclusions drawn from previous studies on variability and on changes in complexity
with ageing may provide some insight into the causes of the reduced compliseatyed

in the present study. Firstly, Slifkin and Newell (1999) concluded that torque complexity
is positively correlated with the amount of information transmitted. Such a conclusion,
applied in the context of neuromuscular fatigue, would suggest that it is central factors,
related to recruitment and discharge rates, which cause the reduction in comjlexity.
support of this, Jones et al. (2002) demonstrated that the signal-dependent noisd observe
during contractions is not a result of peripheral neuromuscular noise, and eohitlatl

the mechanics of muscular contraction do not contribute to the variability of torque
output. Secondly, Missenard et al. (2008) hypothesised that changes in variability with
fatigue could arise from variability in the contractile machinery duectmmulation of
metabolites, changes in motor command due to increased relative task diffaculty,
variability of motoneuron firing and changes in inter-spike interval. And thirdly, Taylo

et al. (2003) proposed that motor unit synchronisation is a likely contritautbe time

and frequency domain features of torque output. It has since been postulatibe that
increased regularity of loaded postural tremor with ageing is due to enhanmedimb
synchronisation (Sturman et al., 2005), and has also been demonstrated that motor unit
synchronisation is enhanced following fatiguing exercise and is associated with an
increase in the magnitude of force fluctuations (Yao et al., 2000; Boonstra 2008;
Holtermann et al., 2009; Castronovo et al., 2015). Whatever the cause of the raduction
complexity and breakdown in fractal scaling of torque output with neuromusdigaiefa

there is likely to be some degree of task dependence, due to the differgmindati

mechanisms acting and predominating during maximal and submaximal contractions.

Fatigue-induced changes in EMG complexity

The data obtained from the vastus lateralis EMG provides partial support for the three
experimental hypotheses and the findings from the torque output. In line withsthe fir
hypothesis, maximal contractions were less complex than submaximal contractions, with
both ApEn and SampEn being significantly greater during the submaximal test. This is in
contrast to previous findings, which seem to indicate greater complexitygvetter

EMG amplitude and contraction intensity (Cashaback et al., 2013; Beretta-Picdagli e
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2015). The relatively high ApEn and SampEn values at the start of both tests indicate a
complex output; whie the very low DFA a scaling exponents (a < 0.50) indicate an output

that exhibits anti-correlations and is akin to white noise (Hardstone et al., 2012).

In support of the second hypothesis, it was observed that complexity was redfinced
neuromuscular fatigue, as evidenced by decreased ApEn and SampEn values. Such
finding is in line with that of Cashaback et al. (2013), who observed decreatiestale
entropy for the EMG output of the biceps brachii during fatiguing contractions @040

and 100% MVC. Furthermore, the fractal dimension of vastus lateralis EMGeleas
demonstrated to decrease during sustained contractions at 60% (Berettae®iatol
2015) and 70% MVC (Boccia et al., 2015); a change indicative of the signal becoming
more periodic (Mesin et al., 2009). Previously the ApEn of the discharge rsitegle

motor units has been shown to linearly increase with increases in motor unit discharge
rate (Vaillancourt et al., 2002; Vaillancourt et al., 2003). As motor usithdrge rate
typically decreases with neuromuscular fatigue (Bigland-Ritchie et al., 1983b; Kuchinad
et al., 2004), this could explain the observed decrease in EMG complexity ireseatpr

and previous studies. The EMG complexity data does not provide support for the third
hypothesis, relating to changes in fractal scaling. The increases in the DFA a scaling
exponent in both conditions cannot be viewed as a change in fradtagsas the low
values indicate no fractal scaling and long-range correlations wesenpte begin with,

and despite the increases with the progression of the tests, the values at task end/failure
were still anti-correlated and indicative of white noise (DFA 0.50). This discrepancy
between the entropy statistics and DFA o could be a reflection of the relative difficulty in
analysing the complexity of EMG in comparison to torque. It may be the intramuscular
EMG or recordings from individual motor units may be more suitable to chasadtiee

complexity of EMG output.

Conclusion

In summary, the performance of fatiguing maximal and submaximal intermittent
isometric contractions of the knee extensors resulted in a progressive deorease
voluntary torque that was accompanied by significant reductions in the sdfuctu
complexity of torque output. These reductions in the temporal fluctuations ofdjue to

output provide the first evidence that neuromuscular fatigue reduces the comgplexity
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motor output and shifts it from noise containing fractal characteristics oo noise.

This evidence adds to the small, but growing body of literature indicating that
neuromuscular fatigue perturbs the complexity of physiological systems and their
outputs. The reduced complexity observed suggests that the impact of neuromuscular
fatigue is not limited to a decrease in force generating caphattjhat it may also affect

the adaptability of the neuromuscular system to external perturbations.
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Chapter 5- Study 2

Fatigue-induced loss of knee extensor torque complexity during isometric
contractions occurs exclusively above the critical torque

I ntroduction

The first study of this thesis (Chapter 4) demonstrated that fresh submaximal contractions
exhibit greater complexity than maximal contractions and, importantly, that
neuromuscular fatigue results in a reduction in the complexity of torque output,ig/hich
accompanied by a shift towards increasingly Brownian noise (DFA o = 1.50), during
repeated isometric knee extensions. The results presented within Chapter 4 indicated that
this reduction in complexity and breakdown in fractal scaling occurred fomtentimal

and submaximal contractions. However, only a single submaximal intensity was
investigated, thus the exact nature of the relationship between contraction irdedsity
complexity, and the intensity dependence of changes in the complexityatad $caling

of torque output with neuromuscular fatigue are still unknown. This latter point is of
particular importance, given that it is well known that the mechanisms of neuromuscular

fatigue are intensity dependent (Place et al., 2009).

It has long been established that the relationship between power or tordbhe am# to

task failure is hyperbolic (Monod and Scherrer, 1965; Poole et al., 1988; Betrdéy
2012). The asymptote of this relationship, the critical power (CP) or critical torque (CT),
was introduced in the Review of Literature (Chapter 2:-2Ckitical Power), and was
originally defined as the maximum rate of work that a muscle or musaie gem keep

up for a very long time without fatigue (Monod and Scherrer, 1965). Basedobna
definition, contractions performed below the CT should, theoretically, be fatigueless and
task failure should not occur (Monod and Scherrer, 1965; Moritani et al., 1981), while
contractions performed above the CT will inexorably lead to task failure, wish thi
occurring sooner the further the exercise intensity is above the CT (Janles2€08;
Burnley, 2009).

It is now, however, recognised that the CT does not represent a threshialtigiang

and fatigueless contractions, but rather demarcates an intensity above wiecis e
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significant and progressive loss of muscle metabolic homeostasis (Jones et al., 2008;
Burnley et al., 2010; Vanhatalo et al., 2010) and above which a steady state cannot be
attained (Poole et al., 1988; Jones et al., 2008), and represents a critical thregheld fo
development of peripheral fatigue (Burnley et al.,, 2012). Given these distinct
physiological responses above and below the CT, it is reasonable to suggest that changes
in the complexity and fractal scaling of torque may also depend on whettieaations

are performed above or below the CT.

The purpose of the present study was, therefore, to investigate changes in the complexity
of torque output in relation to the CT during intermittent isometric contractions of the
knee extensors. An additional aim was to characterise the shape of thensblpti
between contraction intensity and complexity across the whole range of keasoext

joint torques when fresh. The specific experimental hypotheses tested were: 1)pilat bel
the CT, fatigue development would be limited; 2) that belonCtReneither complexity

nor fractal scaling would not change; 3) that above the CT, central and peripheral fatigue
would develop; and 4) that above the CT, complexity would be progressidalyed as
measured by decreased approximate entropy (ApEn) and sample entropy (SamgpEn),

increased detrended fluctuation analysis (DFA) a.

M ethods

Participants

Nine healthy participants (5 male, 4 female; mean + SD: age Zb8years; height 1.74

+ 0.10 m; body mass 69.2 + 10.4 kg) provided written informed consent to partinipate
the study, which was approved by the ethics committee of the University of Kent, and
which adhered to the Declaration of Helsinki. Participants were instructed te airthe
laboratory rested (having performed no heavy exercise in the pre@ddogirs) and not

to have consumed any food or caffeinated beverages in the three hours befake a

Participants attended the laboratory at the same time of day (= 2 hours) during each visit.

Experimental design
Participants were required to visit the laboratory on seven occasions foverta six-
week period, with a minimum of 48 hours between visits. During their first visit,

participants were familiarised with all testing equipment and procedures, and the settings
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for the dynamometer and stimulator were recorded. During visits two to five;peants
performed a series of intermittent isometric contractions to task failure (“Severe trial;

see below). From these four tests, the CT was calculated, and participants esuthsequ
performed two further tests, during visits six and seven, at 50 and 90% of thiatealc

CT (50%CT and 90%CT, respectively; “Sub-CT trial8; see below) for 30 minutes or

until task failure, whichever occurred sooner. The severe trials and H@Tsials were

each presented in a randomised order. The methods used for the setup of the
dynamometer, femoral nerve stimulation and surface EMG are described in thalGene
Methods (Chapter 3).

Protocol

All visits followed a similar pattern of data acquisition, beginning with the
instrumentation of the participants and the (re-)establishment of the correct dynamomete
seating position and supramaximal stimulation response. Participants then performed a
series of brief (3 second) MVCs to establish their maximum torque. These congactio
were separated by 60 seconds rest, and continued until three consecutive quesk tor
were within 5% of each other. Participants were given a countdown, folloyweeéry

strong verbal encouragement to maximise torque. The first MVC was used to establish
the fresh maximal EMG signal, against which the subsequent EMG signals were
normalised (Data analysis; see below). The second and third MVCs were pdrfatme
peripheral nerve stimulation. In all instances where MVCs were performedtmithli,

the stimuli were delivered ~1.5 seconds into the contraction to coincide with maximal
torque, and 2 seconds after the contraction to provide a resting pettotiablet (see
General Methods; Chapter 3).

Following the establishment of maximal torque, participants performed a discontinuous
incremental test, in order to establish the baseline complexity across the fubbfr&nge
extensor joint torques under ‘fresh’ conditions. This test consisted of targeted contractions

at intensities between 10 and 100% MVC, in 10% increments (Figure 5.1), with the target
intensities calculated based on the highest instantaneous torque from the pre-test MVCs
in visit two. The contractions were 6 seconds long and separated by 20 seconds rest.
Participants were instructed to match their instantaneous torque output with a target
torque superimposed on a screen in front of them, and to continue matching thietarge

as much of the 6 second contraction as possible. After the discontinuous incréesgntal
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participants rested for 10 minutes, and then performed either one of the severe or sub-CT
trials (see below).

100 M
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Figure 5.1. Contraction regime for the discontinuous incremental test.

Severe trials (performed above CT)

During visit two (the first of the severe trials), the highest instantaneous pre-test measure
of voluntary torque was recorded as the peak MVC torque, and the targestérgthe
submaximal contractions in visits two to five were calculated from this value.
submaximal contractions (Figure 5.2) were performed using a duty cycle of 0.6, with
contractions held for 6 seconds, followed by 4 seconds rest. The target for tasisodim
contractions in visit two was set at 50% of the peak torque measured in the preé@sst
Participants were instructed to match their instantaneous torque with a target bar
superimposed on the display in front of them and were required to continuengahe

torque for as much of the 6 second contraction as possible. The test wadenbndtit

task failure, the point at which participants failed to reach the targgie@mn three
consecutive occasions, despite strong verbal encouragement. Participants were not
informed of tke elapsed time during the test, but were informed of each “missed”
contraction. After the third missed contraction, participants were instructed to

immediately produce an MVC, which was accompanied by peripheral nerve stimulation.
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Figure5.2. Contraction regime for the severe and sub-CT trials. The severe trialsewengated when
three consecutive contractions were below the target torque, with the finssefbeing considered task
failure. The sub-CT trials were terminated after 30 minutes or task failbrehever occurred sooner.

The duration of the initial severe trial at 50% MVC was used to determinertenpage

of MVC used in subsequent trials, which were performed in an identical manner. The
objective of these tests was to yield trial durations of between two and fifieetes,

which have been recommended for the assessment of CT (Hill, 1993). The subsequent
trials were performed in a randomised order. Visits two to five were usedetonites

the CT; individual trials were identified as severe 1 (S1) to severe 4 (S4), Wibirg)

the lowest and S4 being the highest torque.

Sub-CT trials

The final two visits were performed at target torques of 50 and 90% of the calculated CT
(identified as 50%CT and 90%CT). These trials were conducted in the same @snne
the severe trials (Figure 5.2), requiring the participants to perform intermittent
contractions (6 seconds contraction, 4 seconds rest) at a target tortipeseltrials, the
contractions continued for 30 minutes or until task failure, whichever occurredrsoon
Immediately after completion of the trial or task failure, participant® westructed to
perform an MVC, which was accompanied by peripheral nerve stimulation. The two sub-
CT trials were performed in a randomised order.

Data analysis

The data analysis focused on four specific areas: 1) basic measures of hor MG

2) calculation of the CT; 3) measures of central and peripheral fatigde)athe
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variability and complexity of the torque output. All data were analysed usirgvadttien
in MATLAB R2013a (The MathWorks, Massachusetts, USA).

Torque and EMG. The mean and peak torques, and vastus lateralis EMG, weagethlcul
as described in the General Methods (Chapter 3). The torque impulse (the integral of

torque and time) was also calculated for each contraction.

Task failure and the CT. Due to the use of intermittent contractions, calculati&skof
failure was more problematic than defining failure during a sustained contrdgétails
of the calculation of task failure are given in the General Methods (Chapter 3).

Visits two to five were used to determine the CT. To do this, the total torque impulse
produced until task failure and the total contraction time during each individual tre&al we
calculated. The torque impulse was then plotted against the contraction time (RByure 5.
The parameters of the torque-duration relationship were then estimated usamg line
regression of the torque impulse vs. contraction time (Burnley, 2009; Buzhlal.,
2012):

Torque impulse = W' + CT -t

whereW' represents the curvature constant parameter and t is the time to task failure.
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Figure5.3. Torque impulse plotted against contraction time to task failure in the falgrperformed
above the CT from a representative participant.
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Central and peripheral fatigue. Measures of central and peripheral fatigue were
calculated based on the peripheral nerve stimuli delivered during and after testpre-
and task end/failure MVCs. Further details are given in the General Methods (Chapter 3).
Additionally, muscle contractility was assessed for each peripherally derived atenti
doublet as contraction time to peak torque (TPT), measured as the time froenydefli

the stimulus to the highest torque response; and one-half relaxation time),(RT

measured as the half time from the peak torque to the recovery of base]une

Variability and complexity. All measures of variability and complexity wexlewdated

using the steadiest five seconds of each contraction. The amount of variabih® in
torque output of each contraction was measured using the standard deviation (SD) and
coefficient of variation (CV). The temporal structure of variability was éxadhusing
multiple time domain analyses. Approximate entropy (ApEn) and sample entropy
(SampEn) were used to determine the complexity of the torque output; whiledeektre
fluctuation analysis (DFA) was used to estimate the temporal fractal scalinger~ur

details are given in the General Methods (Chapter 3).

Statistics

All data are presented as means + SEM unless otherwise stated, and results were deemed
statistically significant when P < 0.05. Two-way ANOVAs with repeated measures were
used to test for differences between conditions and time points, and for a contitien x
interaction for torque, arEMG, potentiated doublet torque, voluntary activation, measur

of variability and measures of complexity. The variability and complexigsoes were
analysed using averages from the first minute and the final minute before taskuead/fa

The rates of change in all parameters were analysed using one-way ANOVAs with
repeated measures. When main effects were observed, Student’s paired samples t-tests

and Bonferroni-adjusted 95% confidence intervals were then used to detep®aiie

differences.
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Results

Preliminary measures and the CT

The peak instantaneous MVC torque recorded during a pre-test MVC in visit two was
198.1 £ 17.2 N-m. This was used to set the target torques for the four tests performed
above CT, which ranged from 78.7 £ 6.31t0 112.7 + 9.0 N-m, or 4D.8tb 57.8 £ 2.5%

MVC (Table 5.1). The CT was calculated to be 57.5 £ 4.7 N-m, which wagésqtito

29.7 + 1.7% MVC, and th#/’ was 3,637 £ 537 N-m-s. The 95% CI for the estimation

of CT was 11.8 £ 2.3 N-m. The two trials below CT (50%CT and 90%CT) were
performed at 28.7 £ 2.3 and 51.7 + 4.2 N-m, or 14.9 + 0.9 arltd26.6% MVC,
respectively (Table 5.1).

Fresh complexity/contraction intensity relationship

The relationships between contraction intensity and ApEn, SampEn and DFA a for fresh
muscle are shown in Figure 5.4A, B and C, respectively. Complexity ovamsl fto
decrease with increasing contraction intensity. ApEn and SampEn were both highest at
10% MVC (1.15 + 0.04 and 1.14 £ 0.04, respectively) and decreased widasimay
torque requirements, reaching nadirs at 100% MVC (0.26 + 0.04 and 0.24+ 0.
respectively). The opposite relationship was observed for DFA a, which was lowest at

10% MVC (1.23 £ 0.02) and became increasingly Brownian as the torque requirement
increased, peaking at 100% MVC (1.51 = 0.02). The decrease in complexity with
increasing contraction intensity was in contrast to the amount of variability, asmeea

by the SD, which increased in proportion to torque requirements from 10 to 100% MVC
(0.80 £ 0.04 t0 5.46 + 0.67 N-m).
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Figure 5.4. The relationship between contraction intensity and ApEn (A), SampEn, (B) and DFA a
(C) for fresh muscle. All values are means (+ SEM).
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Torque and EMG

For the trials above the CT, task failure occurred when participantsnwdomger able

to achieve the target torque, despite a maximal effort. All trials above thesGlted in
significant decreases in MVC torquei@= 62.17, P < 0.001), with the mean MVC torque

at task failure being not significantly different from (S1-S3) or significaother than

(S4) the torque produced during the submaximal contractions (Table 5.1). In contrast, all
participants completed 30 minutes of contractions in both trials below the CT. At the end
of these trials, the mean MVC torque was still significantly greater thasubmaximal
torque requirements (95% paired sampled confidence intervals (Cls): 90%CTLERH

N-m; 50%CT, 92.2, 211.3 N-m; Table 5.1), indicating that contractions perforhogd be

the CT ended with a substantial reserve in maximal torque.

The arEMG responses to contractions above and below the CT are presentedlein Fig
5.5. The mean arEMG in the first minute, normalised to a fresh pre-test M\f€ased

with increasing torque requirements from 50%CT to S4 6-71.60, P < 0.001; Table
5.1). The arEMG amplitude increased over time in all of the trials above thhred€hjng
~61-77% of the pre-test MVC value at task failureg E 14.33, P = 0.005; Table 5.1).
Contractions below the CT resulted in only modest increases in arEMG as the trials
progressed, with the values at task end not significantly different from thosestdrthe
(Cls 90%CT 4.7, 19.0%; 50%CT-0.6, 2.9%; Table 5.1).
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Figure5.5. Group mean arEMG for each minute of the severe and sub-CT tridléGaisEnormalised
to a control MVC performed before each trial commenced. For clarity, eamsgbSEM) are only
given at task end/failure.
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Peripheral and central fatigue

All the trials above the CT resulted in significant reductions in potentiated doulje¢ to
(F17=34.34, P = 0.001; Table 5.1), indicating the presence of periphegaiefaiihe
values attained at task failure were not significantly different between @SS vs.
S2,-19.2, 20.5N-m; S1vs. S310.9, 12.4 N-m; S1vs. S411.9, 17.2 N-m; Table 5.1).
Voluntary activation significantly declined during all trials above the CJ7 6192.21,

P < 0.001; Table 5.1), indicating the presence of central fatigue. s tef muscle
contractility, neither TPT (F7=2.84, P = 0.152) nor RF(F1,7=0.337, P = 0.620) were
affected by contractions above the CT. Contractions below the CT also resulted in a
significant reduction in potentiated doublet torque, though this reduction wastmode
(Table 5.1), with the values at task end being significantly higher than thask &ilure
above the CT for 90%CT (Cls S1 vs. 90%CT, 6.0, 39.6 N-m), but not for 50%4€7F (C
46.6. 0.5 N-m). Voluntary activation significantly decreased in 90%CT (@K, —
1.7%), though this change was more modest than above the CT (TablEhre) was

no change in voluntary activation in 50%CT (€19, 3.5%).

Variability and complexity

All trials above the CT resulted in a significant increase in the amount of vayiaadi
measured by the SD {k= 110.15, P < 0.001; Table 5.2) and CM {E 136.96, P<
0.001; Table 5.2). The values attained at task failure for the SD were not aigghfic
different between trials. The trials below the CT resulted in no change in the ashount
variability (Cls SD: 90%CT--0.1, 0.7 N-m; 50%CT0.1, 0.5 N-m; CV: 90%CT0.2,

1.5%; 50%CT;-0.1, 2.0%), and the values at task end were significantly lower than those
at task failure in the trials above the CT (Table 5.2).

The ApEn, SampEn and DFA a responses to contractions above and below the CT are
presented in Figure 5.6A, B and C, respectively. Complexity at the begjiohtihe trials
decreased with increasing torque requirements from 50%CT to S4 (ApEn, F = 35.54, P
< 0.001; SampEn, F = 30.58,40.001; DFA a, F = 38.97, P < 0.001; Table 5.2). All
trials above the CT resulted in decreases in complexity, as measured by FAREn (
192.30, P < 0.001), SampEni= 172.55, P<0.001) and DFA o (F18 = 46.28, P<

0.001; Table 5.2). ApEn and SampEn significantly decreased with the progressioh of e
trial, with the values at task failure being common, despite starting at diffexkies

(Table 5.2). DFA a significantly increased, becoming more Brownian, as each trial
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progressed, with the values at task failure again being common, despite sarting
different values (Table 5.2). Representative contractions from the beginningsknd t

failure of an above CT trial are shown in Figure 5.7A and B, respectively.

In contrast, the trials below the CT resulted in no significant change in compéeity
30 minutes of contractions. ApEn (Cls 90%C70,23, 0.10; 50%CT--0.29, 0.05) and
SampEn (Cls 90%CT;0.22, 0.24; 50%CT--0.05, 0.32) showed no change, and the
values at task end were significantly greater than those atihsgk above the CT (Table
5.2). DFA o showed no change (CIs 90%CT, —0.12, 0.04; 50%CT50.06, 0.11), and the
values at task end remained significantly lower than at task fathaneeghe CT (Table
5.2). Representative contractions from the beginning and task end of a betoal @re

shown in Figure 5.7A and B, respectively.
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Figure5.7. Representative contractions from the beginning (left) and task end (right)ial at 90%CT
(A), and the beginning (left) and task failure (right) of an S1 trial (B)

Rates of fatigue development

The rates of decrease in MVC torque, potentiated doublet torque and voluntaatiacti

all increased with increasing torque requirements from 50%CT to S4 and were

significantly greater above compared to below the CT (MV&3 #34.41, P < 0.001;
potentiated doublet,s= 16.68, P = 0.002; voluntary activation,#/= 17.71, P = 0.001;
Figure 5.8; Table 5.1). The rate of increase in arEMG increased with increasing torque

requirements and was significantly greater above compared to below the &3 8163,

P =0.008; Table 5.1).

The rates of decrease in ApEn and SampEn increased with increasing torque requirements

from 90%CT to S4 and were significantly greater above compared to lieéo@T
(ApEn, Fs8=34.94, P <0.001; SampEns &= 34.22,P < 0.001; Figure 5.8; Table 5.2).
The rates of change below the CT were an order of magnitude smallabthanthe CT.

The rate of increase in DFA(Figure 5.8) increased with increasing torque requirements
from 90%CT to S4 and was significantly greater above compared to bel @V t{i& s
= 14.52, P = 0.001; Table 5.2). The rate of change below the CT was anobrder

magnitude smaller than above the CT.
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Tableb.1. Voluntary torque, potentiated doublet, voluntary activation and EMG responses to contractions below (50%CT and 90%CT) and above

(S1-S4) the critical torque.

129

Parameter 50%CT 90%CT Severe 1 Severe 2 Severe 3 Severe 4

Mean test torque, N-m 28.7+2.3 51.7+4.2 78.7 +6.3 89.7 +6.8 104.0 + 8.4 112.7 +9.0
Mean test torqué,% MVC 149+0.9 26.7+1.6 40.8+2.6 46.7 £3.2 53.9+34 57.8+2.5
Time to task end/failure, min 30.0+0.0 30.0+0.0 17.5+1.3 8.1+0.7 4.8 +0.5 2.9+0.3
Global fatigue

Pre-exercise MVC, N-m 226.2 +19.7 223.8+21.8 199.9+18.6 | 198.1+17.2 200.6 + 15.5 209.6 +19.2

Peak MVC at task end/failure, N-m | 205.6 + 18.6" | 182.2 + 19.5f 101.9+8.2 110.7 £ 9.7 119.4 +£10.2 112.7 £8.0

Mean MVC at task end/failure, N-m| 180.5 + 18.3 162.1+17.8 77.7+5.7 87.4+8.1 101.0 £ 8.5 95.1+7.6

AMVC/At, N-m-mint -0.7+0.1 ~1.4+0.3 —6.2+1.3 -122+1.8 -185+3.2 -36.4+5.5
Peripheral fatigue

Pre-exercise doublet, N-m 93.1+7.9 98.6 + 8.5 95.1+7.9 94.4 +8.7 92.3+8.5 91.9+7.7

Doublet at task end/failure, N-m 86.6 +7.7 86.3+7.6" 63.5+4.9 63.8+8.1 62.8+5.0 60.9+6.3

% Change at task end/failure 7.1+£13 125+2.3 32.2+3.8 32.6+49 29.8+5.2 32.7+55

Adoublet/At, N-m- mint -0.2+0.04 —0.4+0.1 ~-1.8+0.4 -3.9+0.7 -6.1+1.3 ~116+25
Central fatigue

Pre-exercise VA, % 92.4+0.5 93.6 +0.7 91.3+0.9 91.5+1.0 92.0+1.3 924+1.1

VA at task end/failure, % 91.2+1.6 88.0+1.3 75.0+ 3.2 76.1+1.1 80.0+1.7 76.9+ 3.7

% Change at task end/failure 0.7+0.7 6.0+x1.1 177+ 3.6 16.7+1.8 13.0£15 16.7 + 3.8

AV A/At, %/min -0.04 +0.04 -0.2 +0.04 -0.9+0.2 —2.1+0.3 27+04 -53+1.0
Surface EMG

arEMG at task beginning, % MVC 13.8+1.1 22.2+2.3 35.2+3.1 449 +49 53.7+49 61.7 +4.3

arEMG at task end/failure, % MVC 149+1.3 29.4+44 624 +7.1 70.1+8.4 76.5+8.2 776+7.0

AarEMG/At, % MVC/min 0.04 +0.02 0.2+0.1 16+04 35+0.9 49+15 54+1.7

Values are means + SEM. EMG, electromyogram; 90%CT and 50%CT, 1Q@%nkebow the critical torque, respectively; MVC, maximal voluntary contractipnhange;
t, time; VA, voluntary activation; arEMG, average rectified EMG of the &dstigralis;?Mean test torque is expressed as a percentage of the peak torque measg ¢gedur
MVCs in visit 2. Symbols indicate a statistically significant difference @egbto the following?mean test torquépre-exercise value/value at task beginniSgvere 1.
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Tableb5.2. Variability, complexity and fractal scaling responses to contractions below (50%CT and 90%CT) an@abs4ethe critical torque.

Parameter 50%CT 90%CT Severe 1 Severe 2 Severe 3 Severe 4
SD
SD at task beginning, N-m 09+0.1 1.3+£0.1 20x0.1 24+£0.2 28+0.3 3.2+0.3
SD at task end/failure, N-m 1.1+0.2 1.7+0.2 7.6+0.4 8.4+0.8 85+1.4 7.1+0.8
ASD/At, N-m-mint 0.007 + 0.003 0.01 +0.003 0.3+0.03 0.8+0.1 1.4+£04 16+04
Ccv
CV at task beginning, % 3.0£0.2 3.0+£0.1 3.0£0.1 3.0+£0.2 3.0+£0.3 3.0+£0.3
CV at task end/failure, % 4.0+04 3.0+0.2 11.0+1.0 11.0+1.0 9.0+1.0 7.0+0.1
ACV/At, %/min 0.03 +0.01 0.02 + 0.006 0.5+£0.04 1.1+0.2 16+04 1.8+05
ApEn
ApEn at task beginning 0.93 +£0.07 0.82 £0.03 0.67 £ 0.06 0.52 £ 0.05 0.49 £ 0.05 0.49 £ 0.05
ApEn at task end/failure 0.80 = 0.07 0.75+0.06 0.14 +0.01 0.13+0.02 0.15 +0.04 0.20 +0.03
AApEN/At —-0.004 + 0.002 —0.002 + 0.002 -0.03+0.01 | -0.05+0.01 | -0.07+0.01 -0.11 +0.01
SampEn
SampEn at task beginning 0.90 £ 0.07 0.78 £0.03 0.64 +0.06 0.49+0.75 0.46 £ 0.05 0.46 +0.05
SampEn at task end/failure 0.77 £ 0.07 0.72 +0.07 0.13+0.01 0.12 +0.02 0.14 +0.02 0.20 +0.04
ASampEn/At —0.004 + 0.002 —0.002 + 0.002 -0.03+0.01 | -0.05+0.01 | -0.07+001 -0.10 +0.01
DFA a
DFA a at task beginning 1.31+£0.02 1.36 £ 0.01 1.38 £ 0.03 1.42 + 0.03 1.43 £0.03 1.45+0.03
DFA «a at task end/failure 1.34 +0.03 1.32 +0.03 1.58 + 0.01 1.59 + 0.02 1.59 + 0.02 1.57 +0.03
ADFA o /At 0.001 + 0.001 —0.001 + 0.001 0.01+0.002 | 0.02+0.005| 0.04+0.01 0.05 +0.01

Values are means = SEM. 90%CT and 50%CT, 10 and 50% below the critical t@spextively,A, change; t, time; SD, standard deviation; CV, coefficient of variation;
ApEn, approximate entropy; SampEn, sample entropy; DFA o, detrended fluctuation analysis. Letters indicate a statistically significant difference compared to the following:

"pre-exercise value/value at task beginnii@gvere 1.
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Discussion

The present study sought to determine the intensity dependence of changes in torque
complexity with neuromuscular fatigue, by investigating contractions performed above
and below the CT. The major novel finding of the present study was that theegdynpl

of knee extensor torque output was reduced only during contractions performed above
the CT. Contractions performed above the CT were associated with the development of
significant central and peripheral fatigue, accompanied by reduced camnm@ead
increasingly Brownian (DFA o = 1.50) fluctuations in torque output. At task failure above

the CT, common values for torque complexity, central fatigue and peripheyaefevere
observed regardless of the torque requirement of the task. Contrastingly, corgractio
performed below the CT resulted in no change in the complexity or fractaigsodli
torque output. Finally, it was observed that the complexity of fresh knee extemnger tor
was highest at 10% MVC and decreased with increasing torque requirements. These
results provide new evidence that complexity and fractal scaling aséisero both
increased torque demands and the development of neuromuscular fatigue during high-

intensity voluntary contractions.

Fresh complexity/contraction intensity relationship

Many previous studies have demonstrated that torque variability is propottottne

mean torque exerted during isometric contractions (Schmidt et al., 1979; Gakjaaiski
1993; Jones et al., 2002). Few studies, however, have examined the relationship between
complexity and contraction intensity, with the present study being the first to do so fo
the knee extensors over the whole range of joint torques. Initial studiescmmtrecton
intensity/complexity relationship, conducted on the index finger and elbow flexors,
demonstrated an inverted-U shaped relationship, with complexity peaking at ~40% MVC
(Slitkin and Newell, 1999; Svendsen and Madeleine, 2010). This peak at ~40% MVC
was thought to represent the point of maximum information transfer and adaptability
where force could be modulated through a combination of motor unit reentiand rate
coding. The results of the present study, in contrast, indicate that for thexkeiesoes
complexity is highest at 10% MVC and decreases, with torque becoming increasingly
Brownian (DFA o = 1.50), as contraction intensity rises to the maximum attainable torque

(Figure 5.4).
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Rather than contradicting previous findings, the present results may simpist tag
different torque modulation strategies utilised by different muscle groups. For example,
it has been shown that for the index finger flexors, recruitment occurs up toMY¥®%

(De Luca et al., 1982a); while in larger muscles, such as the quadriceps, recruitment is
dominant up to ~80% MVC (Kukulka and Clamann, 1981; De Luca et al., 1996). It may
be that increased recruitment is responsible for the changes in complexity through much
of the range of torque requirements, with a switch to rate coding and increased discharge
rates occurring only for the highest torque demands. Thus, a combination of tagarctiv

of a large proportion of the motor unit pool and increased discharge rateghat
contractile intensities leads to torque output approximating a fused tetanus (Buller and
Lewis, 1965). Therefore, complexity systematically decreased as the torquemeaptire
increased, reaching its lowest point when recruitment and discharge rates thathed
peaks. Alternatively, the decreasing complexity with increasing contraction intensity
could relate to common drive; that is, the common synaptic input to motoneurons (De
Luca and Erim, 1994). This common drive (discussed further below) has been proposed
to be the main determinant of torque variability (Negro et al., 2009; Fdralg 2014)

and has been demonstrated to increase with increasing contractile intensity (Castronovo
et al., 2015; Farina and Negro, 2015). It must be noted, though, that diestireraent

of motor unit discharge rates would be required to firmly establish either of these

proposed relationships.

Complexity and neuromuscular fatigue below and above the critical torque

Although the CP/CT was originally proposed to distinguish fatiguing and fatigueless
contractions (Monod and Scherrer, 1965), it is now known that fatigue occurs below the
CT, but at a disproportionately slower rate than above CT (Burnley et al.). 2012
present results support this, with decreases in MVC torque occurring more themésur
faster in the S1 compared to 90%CT condition, and with the rate of fatiga#,its

forms, increasing as torque demands increased above the CT (Table 5.1). Thetdomina
mechanism of fatigue above the CT is believed to be metabolite-induced peripheral
fatigue (Burnley, 2009; Burnley et al.,, 2012), on the basis that progressive
phosphocreatine depletion and inorganic phosphate and proton accumulation only occur
above the CT (Jones et al., 2008; Burnley et al., 2010). The loss of muscle force
generating capacity inwo results in additional motor unit recruitment to sustain the

demands of the task (Adam and De Luca, 2003), which is indirectly reflected by an
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increase in arEMG amplitude (Figure 5.5; Table 5.1). Such metabolic and neuromuscular
responses drive the non-steady state increases in muscle and pulWOaahserved
above the CT (Poole et al.,, 1988; Saugen and Vgllestad, 1996). Consequently,
neuromuscular fatigue above the CT leads to a progressive decreasedalam

efficiency (Grassi et al., 2015).

The present study has demonstrated, for the first time, that the fatigue-indssed lo
torque complexity occurs exclusively above the CT (at least for tasks lasting 3@sninut

or less). Specifically, significant decreases in ApEn and SampEn (indicating igcrease
signal regularity) and an increase in DEAindicating a move towards more Brownian

noise) were only observed when the CT was exceeded and did not chaimge 30
minutes of contractions below the CT (Figure 5.6; Table 5.2). Such changes above th
CT indicate a progressive reduction in the complexity of the torque outpatigsef
developed; with torque output becoming progressively smoother, with smaller
fluctuations as task failure approached (Figure 5.7). Such a low complexiptism
output indicates a loss of neuromuscular system adaptability (Lipsitz and Goldberger,
1992) and a narrowing of system responsiveness (Goldberger et al., 2002). It is not clear
why complexity and the CT are linked, though an inverse relationship between the
metabolic rate of a system and its output complexity has been hypothesisgda(tteel
Macklem, 2012). The present results support this hypothesis, since it is only above the
CP that musclé/O; rises inexorably as a function of time, and it is now known that
complexity only falls as a function of time above the CT. This raises the pibg<hmnit

the metabolic, neuromuscular and respiratory changes observed above the CRICT are

fundamentally linked to the observed loss of complexity.

Although there was no significant change in complexity during contractions below the
CT, modest reductions were evident (Table 5.2). It is possible that the relatively low
sample size and high number of comparisons resulted in insufficient power to detect
whether these differences were, in fact, significant. However, pogielvggr calculations
revealed that the statistical powers for ApEimpEn and DFA a for CT10 were 0.05,

0.04 and 0.08, respectively, and for CT50 were 0.19, 0.20 and 0.04 tinedpeDespite

the lack of significant change in complexity below the CT, modest, but signjficant
changes in global, central and peripheral fatigue were, neverthelesveob&able 5.1).

It must be noted, though, that the changes in global, central and periptigted were
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not of the same magnitude as those above CT, and the values at task entbtbeded
significantly greater than at task failure above the CT. This may indicateotinglexity

and fractal scaling are dissociated from central and peripheral fadoe the CT, and

that fatigue mechanisms particular to contractions above the CT are responsible for the
loss of complexity and change in fractal scaling observed. Specificallpotivsteady

state responses seen above the CT are associated with peripheral fatigyathedst
partly, of metabolic origin (Allen et al., 2008), while the metabolic changes seen below
the CT are likely too small to affect the output of the system to a significimt €Jones

et al., 2008). Thus, neuromuscular adaptability, reflected by its output complexity
(Vaillancourt and Newell, 2003; Peng et al., 2009) is not significantly perturbed and
contractions continue with relative ease. These observations advance priedmgs f

on both neuromuscular fatigue (Burnley et al., 2012) and torque complexity (Chapter 4);
demonstrating that metrics derived from non-linear dynamics can be used téyidenti

changes in neuromuscular system behaviour coincident with the CT.

Physiological bases for changes in neuromuscular system behaviour

The present study has demonstrated that knee extensor torque complexity can be reduced
by increasing neuromuscular system demands (i.e. by increasing the torque demands of a
task; Figure 5.4) or by reducing torque generating capacity (i.e. byifagithe muscle;

Figure 5.6). During fatiguing submaximal contractions, the neuromuscular system must
maintain torque output in the face of reduced muscle fibre twitch force (Alleh, et a
2008a) and motoneuron excitability (McNeil et al., 2011) by increasing centraladrd
therefore, motor unit recruitment and rate coding (Adam and De Luca, 2003; Dideriksen
et al., 2011). As fatiguing contractions progress, a greater pool of fibresageehig the

task, with each contributing progressively less to the overall output, likely resaltimg

loss of temporal complexity observed. Previous studies have indicated agstdWiRT

and Rbsin response to doublet stimulation (Cady et al., 1989b; Jones et al., 2006). Such
responses could also contribute to a smoothing of torque output, though were no
observed in the present study. The use of doublet stimulation igeptefe for the
assessment of central and peripheral fatigue (Place et al., 2007), though can prove
problematic for the assessment of contractility, due to the greater discomfort cagised a
variable response during recovery from stimulation. As such, a single stimulus is the
preferred method for assessing contractility (Bellemare et al., 1983; Atvedy €987;

O’Leary et al., 1997). Nevertheless, that the fatigue-induced loss of complexity occurred
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solely above the CT (at least for tasks lasting 30 minutes or less) is signifisaiht
suggests that only metabolically mediated peripheral fatigue is capable toigtba
chain of events leading to that loss. These events include both peripheral alterations and

the central adjustments required to counter them and to continue exercise.

One of the central adjustments that may be critical to the fatigue-induced loss of
complexity is the common synaptic input to motoneurons and the modulation af moto
unit discharge rates (i.e. common drive; De Luca and Erim, 1994; Farinblegrd,
2015). A necessary consequence of a common synaptic input to all motonsuiens
correlated discharge of action potentials, known as motor unit synchronisadioma(F

and Negro, 2015). It has recently been demonstrated that there is an increasedamc
synaptic input, and thus in motor unit synchronisation, when the net excitatory input to
motoneurons increases, whether this is due to an increase in contractionyimaietsit

the progression of fatigue and the necessary recruitment of a greater propoitie

motor unit pool (Castronovo et al. 2015). Crucially, both increased contiatéiesity

and neuromuscular fatigue decrease torque complexity (Figure 5.4; FigurEablé

5.2). Moreover, common synaptic input has been proposed as the main deteohina
force variability in a contraction (Farina et al., 2014). Motor unit synchrooims&as

been suggested as a likely contributor to the time and frequency domains obiajute
(Taylor et al., 2003), increased motor unit synchronisation has been postulated to be a
cause of the increased regularity of loaded postural tremor with ageing (Steirialan
2005) and excessive levels of motor unit synchronisation are thought to disrupt motor
performance (Yao et al., 2000; Holtermann et al., 2009). It may also bestn¢hea
fatigue processes may influence the temporal complexity of commaptgymput, as

well as neural drive to the muscle (Farina et al., 2014), though the EMG nmeastse
made in the study (using a single set of bipolar surface electrodes) doomousalto
address this hypothesis.

As previously observed (Burnley et al., 2012), peripheral fatigue developee than

four times faster above than below the CT and developed at an increasingly faster rate as
the torque requirements increased above the CT (Figure 5.8; Table 5.1). Atltask fai
though, the potentiated doublet had declined to similar levels, regardless of riséyinte

of contractions and the rate of change (Table 5.1). This is consistent with previous data

indicating a consistent level of metabolic disturbance and/or peripheral fatigue at task
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failure (Amann et al., 2007; Vanhatalo et al., 2010; Burnley et al., 2012). A significa
novel finding of the present study was that the values of ApEn, SampEn and DFA « at

task failure were common for each of the trials above the CT dlegarof their starting
values and rates of change during the trials (Table 5.2). This indicates thatltasksa
characterised not only by consistent levels of metabolic disturbance and peripheral
fatigue, but also by consistently low levels of torque complexity.

The significance of low complexity outputs is thought to be related to system adaptabilit
(Perg et al., 2009). High levels of complexity reflect a system able to rapidly adapt to
sudden increases in demand (in this case, contractions above the CT; Lipsitz, 2002),
because fluctuations occur at multiple frequencies and are correlated mcittpte
timescales (Lipsitz and Goldberger, 1992; Lipsitz, 2002; Sosnoff et al., 2004). As
complexity falls, the system is increasingly unable to match the required output (Sosnoff
et al., 2004), leading to diminished motor control. Consequently, torque outputtsctua
with increased amplitude at lower frequencies (Lipsitz, 2002; Peng et al., 2009). This
response is commonly observed in ageing (Sosnoff et al., 2004; Sturmar2608),

and the present study extends it to neuromuscular fatigue. At task failure above the CT
torque complexity reaches consistently low values that may be so low as t@oosepr
motor control and thus limit task performance, in agreement with the purportéidtiahc
importance of physiological complexity (Lipsitz, 2002; Peng et al., 2009). Furthermore,
the loss of torque complexity may provide a sensitive, non-invasive suringateof

the fatigue process and exercise capacity during free-running conditions in vivo
especially when the use of maximal contractions and/or electrical stimulation is
impractical and undesirable. However, further research is warranted, fo'sthderstand

the mechanistic basis of complexity and how it relates to fatigue, and sectndly,
calculate complexity statistics during exercise and not justth.

Conclusion

In summary, this study has demonstrated that the complexity of fresh knee extensor
torque decreases with increasing contraction intensity and crucially, thaigaefa
induced loss of complexity occurs exclusively during contractions performed above the
CT (at least for tasks lasting 30 minutes or leBs)ying 30 minutes of contractions below

the CT there were modest neuromuscular adjustments, but complexity, measured using

ApEn, SampEn and DFA a, did not change. In contrast, above the CT substantial
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neuromuscular fatigue developed and complexity progressively decreasethshti
failure. The complexity of torque output reached similarly low levels at taskdailuing

all trials above the CT, implying a similar loss of neuromuscular system adaptability that
may contribute to exercise intolerance. That the fatigue-induced lossmyflecaty
occurred exclusively above the CT suggests that metabolite-induced peripheral fatigue is
an essential part of this process. Compensatory adjustments to central drive in the face of
developing peripheral fatigue are also likely to contribute to the loss of catgmlaring

intermittent knee extensor contractions above the CT.
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Chapter 6 - Study 3

The effects of central fatigue, peripheral fatigue and afferent feedback on isometric
knee extensor torque complexity

I ntroduction

The first two studies of this thesis (Chapter 4 and 5) have demonstrated that
neuromuscular fatigue significantly reduces the complexity of torque output, sitifting
towards increasingly Brownian noise (DFA a = 1.50), during repeated isometric knee
extensions performed above the critical torque. The results presented indicatkis that
reduced complexity was associated with metabolically mediated peripheral fatiglie

the central adjustments required to counter this. It has not, however, been possible to
discern whether the changes in complexity with neuromuscular fatigue occresasta

of central or peripheral mechanisms. The purpose of the present study was, therefore, to
attempt to investigate central and peripheral mechanisms, in isolation, in order to

determine the origin of the neuromuscular fatigue-induced reduction in complexity.

As peripheral fatigue is the dominant fatigue mechanism above critical torquergunel
complexity has been demonstrated to only decrease during contractions performed above
the critical torque (at least for tasks lasting 30 minutes or less; Chapter 5), thissupport
the notion that only metabolically-mediated peripheral fatigue is capable of inducing
loss of torque complexity. Torque complexity and peripheral fatigue anefdiiked by

the common values attained for both at task failure, regardless of comtnaténsity
(Chapter 5). If the loss of torque complexity is, indeed, mechanistically linked to
peripheral fatigue, then enhanced peripheral fatigue at the start of an exeutiseldd

be expected to be accompanied by reduced torque complexity, in compariseshto
muscle. Enhanced peripheral fatigue has often been investigated through thfe use
circulatory occlusion, which has been repeatedly demonsttatdécrease isometric
endurance time (Edwards et al., 1971; Harris et al., 1975; Greenhaff et al., 1993). This is
largely attributed to greater accumulation of metabolites associated with pdriphera
fatigue, such as hydrogen ions and inorganic phosphate (Sjggaard et al., 198&tLanza
al., 2006; Sugaya et al., 2011); the combination of which has recently been suggested to

have an additive effect on force depression (Nelson and Fitts, 2014) flrrtmnes been
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demonstrated that recovery of force is prevented (Bigland-Ritchie et al., 1986b; Gandevia
et al., 1996) and that the muscle metabolic milieu does not recover (Quisthrfilee8;

Lanza et al., 2006) when the muscle is held ischaemic following completion of exercise.

The loss of torque complexity previously demonstrated was also associated with centra
adjustments, such as decreased voluntary activation, and could potenteitytoel
common drive (Chapter 5); the synaptic input common to all motoneurdhs. ltiss of
torque complexity is mechanistically linked to such central adjustments, increased central
fatigue at the start of an exercise bout would be expected to i@acied by reduced
torque complexity, in comparison to fresh muscle. Several studies have dbt8&te
neuromuscular fatigue in the muscles of one limb has a small “cross-over” effect to the
homologous unexercised muscles of the contralateral limb (Zijdewind et al., 1998; Todd
et al., 2003; Rattey et al., 2006). While the fatigue experienced in the exercisedriimb ca
be attributed to both central and peripheral mechanisms, the fatigue in tkeecisesk
contralateral limb appears to be solely due to central mechanisms, withppattic
displaying reduced voluntary activation but no change in twitch or M-wave properties
(Rattey et al., 2006; Martin and Rattey, 2007). Interestingly, effects oferail@ixercise

on tremor complexity in unexercised contralateral limbs have been otbs&teaison

and Sosnoff (2010), using a wrist flexion/extension fatiguing protocol, found &csagii
increase in the approximate entropy (ApEn) of finger tremor in both the exercised and
unexercised limbs. While idstudy focused on kinematic (movement) rather than kinetic
(torque) measured, indicates a potential effect of fatigue on complexity in unexercised

contralateral limbs.

It has recently been proposed that central and peripheral fatigokbanisms interact
(Amann and Dempsey, 2008; Amann, 2011). According to this hypothesis,
metabosensitive group Il and IV muscle afferents within working muscle relat@sxer
induced metabolic perturbations associated with peripheral fatigue to the central nervous
system (Kaufman et al., 2002), which then adjusts central motor drive based on this
inhibitory feedback (Amann and Dempsey, 2008). This feedback loop serves to limit
voluntary drive (i.e. increases central fatigue) and restricts the gevehd of further
peripheral fatigue (Amann et al., 2006; Amann et al., 2013). Given that this hypothesis
proposes that afferent feedback acts to increase central fatigue irntcoréstrict the

development of peripheral fatigue, and consistent values for both peritaraéfand

139



140

complexity have been observed at task failure (Chapter 5), such an tiatera
peripheral and central processes could be responsible for the fatigue-indseexd lo

torque complexity.

The purpose of the present study was to investigate the cause of the fatigud-losisice

of torque complexity previously observed, through attempting to separatéeabes of
central fatigue, peripheral fatigue and afferent feedback. The specificiregptal
hypotheses tested were: 1) that pre-existing peripheral fatigue, induced wgtaisc
occlusion, would decrease time to task failure and reduce torque complexasufec:

by decreased ApEn and sample entropy [SampEn], and increased detrendedoffuctuati
analysis [DFA] o) at the start of an exercise bout; 2) that pre-existing central fatigue,
induced by prior exercise of the contralateral limb, would decrease time tailas& f
and reduce torque complexity at the start of an exercise bout; and 3)thated afferent
feedback, induced by prior exercise and occlusion of the contralateral limitg wo

decrease time to task failure and reduce torque complexity at thef startxercise bout.

M ethods

Participants

Nine healthy participants (5 male, 4 female; mean + SD: age ZBPyears; height 1.74

+ 0.09 m; body mass 66.0 + 12.4 kg) provided written informed consent to partinipate
the study, which was approved by the ethics committee of the University of Kent, and
which adhered to the Declaration of Helsinki. Participants were instructed toadrtine
laboratory in a rested state (having performed no strenuous exercise inctnye4
hours) and to have consumed neither any food nor caffeinated beveragdisrieetheurs
before arrival. Participants attended the laboratory at the same timg @f 8ahours)

during each visit.

Experimental design

Participants were required to visit the laboratory on five occasions diieeeato five-

week period, with a minimum of 48 hours between each visit. During their first visit,
participants were familiarised with all testing equipment and procedures, and the settings
for the dynamometer and stimulator were recorded. During the next four visits,

participants performed a series of intermittent isometric contractions to task,failure
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during which overall fatigue, central fatigue, peripheral fatigue areteaff feedback

were manipulated (“Experimental trial% see below). The methods used for the setup of

the dynamometer, femoral nerve stimulation and surface EMG are described in the
General Methods (Chapter 3). The present study involved contractions performed on both
legs; therefore, the dynamometer, femoral nerve stimulation and surface EM@lswere
setup for the left leg.

Protocol

All visits followed a similar pattern of data acquisition, beginning with the
instrumentation of the participants and the (re-)establishment of the correct dynamomete
seating position and supramaximal stimulation response. Participants then performed a
series of brief (3 second) MVCs to establish the maximum torque of their right le@. Thes
contractions were separated by 60 seconds rest, and continued until threeito@nsec
peak torques were within 5% of each other. Participants were given a countdown,
followed by very strong verbal encouragement to maximise torque. The first MVC was
used to establish the fresh maximal EMG signal, against which the subsequent EMG
signals were normalised (Data analysis; see below). The second and third MVCs were
performed with peripheral nerve stimulation. In all instances where MVCs were
performed with stimuli, the stimuli were delivered ~1.5 seconds into the contréxtion
coincide with maximal torque, and 2 seconds after the contraction to @rawiesting
potentiated doublet (see General Methods; Chapter 3). In the visits involvingcionsa
performed on both legs, after 10 minutes rest participants repeated this protes$efit

leg. Following the establishment of maximal torque, participants rested for a flil@ther

minutes and then performed one of the experimental trials (see below).

Experimental trials

The four experimental trials were termed: 1) pre-existing neuromuscular fatigue (NF); 2)
pre-existing central fatigue (CF); 3) pre-existing peripheral fatigue éP#)4) enhanced
afferent feedback (AF). All four trials consisted of two bouts of exercise. NF involved
exercising the right leg to task failure, followed by three minutes resthanaxercising

the right leg to task failure again. CF involved exercising the left leg to adakefand

then immediately switching to the right leg and exercising to task failure. PF idvolve
exercising the right leg to task failure, then resting for three minutes wittgtitdeg

occluded, and then exercising the right leg to task failure again withcttlesmn
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released. AF involved exercising the left leg to task failure, then occludirigftieg,
and immediately switching to the right leg and exercising to task failure. Dinigtial,
the occlusion of the left leg was removed after six minutes of contracticaistask
failure, whichever occurred sooner. Occlusion in the CF and AF trialsosamplished
by inflating a sphygmomanometer cuff around the top of the thigh, using a standard,
double-bladder, adult thigh cuff, rapidly inflated to a pressure of 200 mmHg using
compressed air (AG101, D.E. Hokanson Inc., Washington, USA). The trials were

conducted in a randomised order.

All exercise bouts were conducted in an identical manner, with a target torque of 50%
MVC, based on the highest instantaneous torque recorded during the pre-test MVCs in
the first experimental session, and with a duty cycle of 0.6 (6 seconds contrédction,
seconds rest). At the end of each minute (i.e. every sixth contraction), pascip
performed an MVC, accompanied by peripheral nerve stimulation. Further details and a
graphical representation of the contraction protocol can be found in the General Methods
(Chapter 3; Figure 3.1). Each exercise bout was performed until task feikimgint at

which participants failed to reach the target torque on three consecuwassans, despite
strong verbal encouragement. Participants were not informed of the elapsed time during
the bouts, but were informed of each “missed” contraction. After the third missed
contraction, participants were instructed to immediately produce an MVC, whih wa
accompanied by peripheral nerve stimulation. Following this MVC at the end fofsthe
exercise bout, participants either rested for three minutes and exercised thegsagae

(NF and PF) or switched to exercising their other leg (CF and AF). The svatohttie

left to right leg in the CF and AF conditions took approximately 50 seconds, and the
second exercise bout was commenced 60 seconds after completion of theufirst bo
Immediately prior to the commencement of the second exercise bout, participants
performed an MVC, accompanied by peripheral nerve stimulation, of the leg to be
exercised in the second bout. The second exercise bout was then performed in ah identica

manner to the first.
Data analysis

The data analysis focused on three specific areas: 1) basic measures of torque and EMG;

2) measures of central and peripheral fatigue; and 3) the variability anpdecdty of the
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torque output. All data were analysed using code written in MATLAB R2013a (The
MathWorks, Massachusetts, USA).

Torque and EMG: The mean and peak torques, and vastus lateralis EMG, weréechlcula
as described in the General Methods (Chapter 3). Due to the use of intermittent
contractions, calculation of task failure was more problematic than defaiiage during

a sustained contraction. Details of how task failure was calculated are giveGamniral
Methods (Chapter 3).

Central and peripheral fatigue. Measures of central and peripheral fatigue were
calculated based on the stimuli delivered during and after the MVCs performedtpre-te
during the exercise bouts and at task failure. Further details are given Gerieeal
Methods (Chapter 3). Muscle contractility was assessed for each peripheraigd der
resting twitch as contraction time to peak torque (TPT) and one-half tielaxane
(RTos). Further details of the calculation of these are given in the Methods section of
Chapter 5.

Variability and complexity: All measures of variability and complexity wereutated

using the steadiest five seconds of each contraction. The amount of variability in
torque output of each contraction was measured using the standard deviation (SD) and
coefficient of variation (CV). The temporal structure of variability was eéxadusing
multiple time domain analyses. Approximate entropy (ApEn) and sample entropy
(SampEn) were used to determine the complexity of the torque output; whiledeetre
fluctuation analysis (DFA) was used to estimate the temporal fractal scaliner~ur

details are given in the General Methods (Chapter 3).

Statistics

All data are presented as means + SEM unless otherwise stated, and results were deemed
statistically significant whe® < 0.05. The first exercise bout of the NF condition (NF1)
acted as a control, against which the second exercise bouts of the NF, & RF
conditions (NF2, CF2, PF2, AF2) were compared. The first exercise bouts of CF, PF and
AF were used purely to induce pre-existing fatigue in the right leg, and notre
considered for analysis. Two-way ANOVAs with repeated measures were used to test for

differences between conditions, time points and a condition x time interactibhv/for

143



144

torque, arEMG, potentiated doublet torque, voluntary activation, measures ofligria

and measures of complexity. The variability and complexity measures walyesed

using averages from the first minute and the final minute before task failure. The rates of
change in all parameters were analysed using one-way ANOVAs with repeated smeasure
When main effects were observed, Bonferroni-adjusted 95% confidenoaisteere

then used to determine specific differences.

Results

Preliminary measures
The peak instantaneous MVC torque for the right leg recorded during the first
experimental visit was 213.2 + 21.1 N-m. This value was used to set the target torque for

all the experimental bouts performed on the right leg, which was 106.6 N1®.5

Time to task failure and MVC torque

Time to task failure in NF1 (i.e. the control condition) was 4.7 #irss. There was a
significant effect of condition on the time to task failure{E 17.52, P < 0.001). Time

to task failure was significantly shorter in NF2 and PF2 compared to NF1 (988d pa
samples confidence intervals (Cls): NF1 vs. NF20,-0.4 minutes; NF1 vs. PF26.8,

-1.4 minutes; Table 6.1). Time to task failure was not significantly different in CF2 and
AF2, but there was a tendency for it be reduced compared to NF1 (by ~1 miniN&I1Cls
vs. CF2,-1.1, 2.8 minutes; NF1 vs. AF20.4, 2.0 minutes; Table 6.1).

The MVC torques prior to the start of each condition and at task failuggr@sented in
Figure 6.1. Task failure occurred when participants were no longer able toeattige
target torque, despite a maximal effort. All conditions resulted in significant decreases in
MVC torque (Rs= 25.66, P = 0.001; Table 6.1), except for PF2 (2B 6, 28.6 N-m),

in which neither the pre- nor post-test MVC torques were significantly different from the
target torque. At task failure, neither the peak, nor the mean MVC torques in any
condition were significantly different from the torque produced during the submaximal
contractions (Table 6.1). MVC torque was significantly lower at the start of tbadec
bout of exercise compared to NF1 for all conditiongs(®21.99,P < 0.001; Table 6.1),
except for CF2 (Cls-8.3, 65.3 N-m). Significant recovery was observed at the start of
NF2 (Cls 8.0, 75.5 N-m), but not PF2 (C&4, 38.4 N-mh
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Figure 6.1. MVC torques prior to the start of each condition and at task failure. All valagseans (+
SEM). * indicates significantly different from NF1 Pre; # indicates §icamtly different from NF1 Post.
There were significant pre to post differences for each condition, witgxteption of PF.

Peripheral and central fatigue
The potentiated doublet torques prior to the start of each condition and ailtaskaiia

presented in Figure 6.2. All conditions resulted in significant reductions in potentiated
doublet torque (Es=47.22,P < 0.001; Table 6.1), indicating the presence of peripheral
fatigue. There were also significant effects of conditions(# 5.27,P = 0.003) and a
condition x time interaction (kg = 8.92,P = 0.004). Potentiated doublet torque was
significantly lower at the start of the second bout of exercise comhparsdF1 for all
conditions, except for AF2 (Clsl2.3, 26.7 N-m; Table 6.1). The values attained at task
failure were not significantly different between the conditions (Cls NF1 vs. Ng=Q,

7.1 N-m; NF1 vs. CF2;17.1, 11.4 N-m; NF1 vs. PF217.0, 10.8 N-m; NF1 vs. AF2,

18.9, 6.9 N-m; Table 6.1). Significant recovery was observed at thefdt&® (Cls 9.1,

39.9 N-m), but not PF2 (Ci30.9, 5.1 N-m
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Figure 6.2. Potentiated doublet torques prior to the start of each condition and at task falilwalues
are means (x SEM). * indicates significantly different from NF1 Preditates significantly different
from NF1 Post. There were significant pre to post differences for each canditio

o

The voluntary activation values prior to the start of each condition d@adkafailure are
presented in Figure 6.3. There was an effect of time on voluntivgtéan (F.s = 30.49,

P =0.001; Table 6.1), with significant reductions across NF2(£22,—2.4%) and CF2
(Cls =35.0 -9.2%), indicating the presence of central fatigue. Reduced voluntary
activation was also evident across NF1 and AF2, though greater variabittipsa
conditions meant the changes did not reach significance (Cls-NF,,41.0%; AF2;-

5.6, 34.2%). There were also significant effects of conditiap €-3.53,P = 0.046) and

a conditionx time interaction (ks = 4.45, P = 0.022). Voluntary activation was
significantly lower at the start of the second bout of exercise comparediLtfoNRF2
(Cls —23.0,-2.9%) and PF2 (Cis28.4,-8.5%; Table 6.1). The values attained at task
failure were not significantly different between the conditions (Cls NF1 vs. Ng=Q,
16.8%; NF1 vs. CF2;12.4, 24.1%; NF1 vs. PF225.9, 23.4%; NF1 vs. AF2,22.9,
17.8%; Table 6.1). No recovery was observed at the start of eithgf(Wd-220.4, 6.7%)

or PF2 (Cls-23.0, 20.2%).
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Figure 6.3. Voluntary activation prior to the start of each condition and at task failurgaliés are
means (x SEM). * indicates significantly different from NF1 Pre. €hegre significant pre to post
differences for NF2 and CF2.

Voluntary activation (%)

Variability and complexity

There was a significant effect of time on the amount of variability, as measutad b
SD (kg = 24.11,P < 0.001) and CV (Es = 60.23,P < 0.001). The SD significantly
increased over time in NF1 (Cls 2.8, 8.3 N-m) and AF2 (Cls 196\ 3n; Table 6.2),
and had a tendency to increase, though not significantly, in NF2-8@s0.6 N-m) and
CF2 (CIs-9.7, 0.7 N-m). The CV significantly increased in all conditions, except dr PF
(Cls-0.02, 0.01%; Table 6.2). There were also significant condition x time intersct
for both the SD (ks = 5.62,P = 0.002) and CV (ks= 7.74,P = 0.004). The amount of
variability was significantly greater at the start of PF2 comparétF1 (Cls SD, 0.3, 5.3
N-m; CV, 0.007, 0.06%; Table 6.2). The values attained at task failure were not
significantly different for either the SD or CV (Table 6.2).

The ApEn and SampEn responses from the first minute and at task failurehin eac
condition are presented in Figure 6.4A and B, respectively. Aptg+(89.66,P < 0.001)

and SampEn (s = 39.22,P < 0.001) decreased with time in all conditions, except for
PF2 (Cls ApEn;-0.02, 0.05; SampERD.02, 0.04). There were also significant effects of
condition (ApEn, kg=4.70,P = 0.016; SampEn,4z=4.86,P = 0.014) and a condition

X time interaction (ApEn, £s = 14.97,P < 0.001; SampEn, 48 = 14.35,P < 0.001).
ApEnN (Cls-0.5,-0.2) and SampEn (Ci€.4,-0.2) were significantly lower at the start

of PF2 compared to NF1, and had a tendency to be lower at thefst&® and AF2,
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though these differences did not reach statistical significance (Cls NE®, Ap06, 0.3;
SampEn;-0.06, 2.7; AF2, ApEn;0.08, 0.3; SampER.08, 0.3; Table 6.2). There were
no significant differences at task failure between conditions for either APISINFL vs.
NF2,-0.09, 0.02; NF1 vs. CF20.1, 0.1; NF1 vs. PF20.08, 0.07; NF1 vs. AF2,0.1,
0.07) or SampEn (ClIs NF1 vs. NF2D.09, 0.02; NF1 vs. CF20.1, 0.09; NF1 vs. PF2,
—0.06, 0.06; NF1 vs. AF2,0.1, 0.07; Table 6.2). Significant recovery was observed at
the start of NF2 (Cls ApEn, 0.04, 0.4; SampEn, 0.04, 0.4), but not PF2 (Cls -ApEn
0.07; SampEn;0.09, 0.06).
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Figure 6.4. Torque ApEn (A) and SampEn (B) at the start and task failure in eaditioa. All values
are means (x SEM). * indicates significantly different from NF1 Preditates significantly different
from NF1 TF. There were significant start to TF differences for each conditiorptdac®F2.
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Figure 6.5. Changes in torque ApEn over time in NF1 and NF2 (A), NF1 and BEFAF1 and PF2 (C)
and NF1 and AF2 (D). All values are means (x SEM). The last point représsifailure, while the
penultimate point represents the last common minute. All values are means (+ SEdiates

significantly different from NF1 at 1 minute.

The DFA o responses from the first minute and at task failure in each condition are

presented in Figure 6.6. DFsignificantly increased with time in all conditions (F1,8 =

31.49,P < 0.001), except for PF2 (C19.03, 0.03). There was also a significant conditi
X time interaction (ks = 18.45,P < 0.001). DFAa was significantly greater at the start

of PF2 compared to NF1 (Cls 0.03, 0.3), and had a tendency to basedrat the start
of NF2 and AF2, though the differences did not reach significance (ClsME20.004;
AF2-0.2, 0.2). There were no significant differences between the values attaiaskl at
failure between the different conditions (Cls NF1 vs. NFR203, 0.09; NF1 vs. CF2,

149



150

0.09, 0.06; NF1 vs. PF20.08, 0.2; NF1 vs. AF2;0.1, 0.08; Table 6.2). Significant
recovery was observed at the start of NF2 (Cls 0.03, 0.2), but not PF20(08s 0.2).
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Figure 6.6. Changes in torque DF#A at the start and at task failure in each condition. All values are
means (x SEM). * indicates significantly different from NF1 Pre; # indécsignificantly different from
NF1 Post. There were significant start to TF differences for each conditionheigxt¢eption of PF.
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Figure6.7. Changes in torque DFAover time in NF1 and NF2 (A), NF1 and CF2 (B), NF1 and PF2
(C) and NF1 and AF2 (D). The last point represents task failure, while théipete point represents
the last common minute. All values are means (x SEM). * indicates signifidifilyent from NF1 at 1
minute.
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Table6.1. Voluntary torque, potentiated doublet, voluntary activation and EMG responses during contractions in the first exercise bout of NF and
the second exercise bouts of NF, CF, PF and AF.

Parameter NF1 NF2 | CF2 | PF2 AF2

Mean test torque, N-m 106.6 + 10.5
Time to task failure, min 47+0.9 20+0.3 3.8+0.8 0.6 0.1 3.9+0.6
Global fatigue

Pre-exercise MVC, N-m 218.9+24.0 157.2 + 12 4f 190.4 + 22.9 100.4 +5.0 180.6 + 19.2

Peak MVC at task failure, N-m 115.4 + 6.4 112.4 +10.5 108.1+4.8 99.4+8.2 119.6 £ 5.6

Mean MVC at task failure, N-m 97.9+7.7 93.2+84 97.3+6.4 85.1+7.7 100.3+4.4

AMVC/At, N-m-mint -31.6+8.2 -32.9+10.2 -27.7+9.0 -25.2+285 -22.7+8.5
Peripheral fatigue

Pre-exercise doublet, N-m 95.7+8.3 77.3+6.3" 86.4+7.8 65.7+5.5 88.5+10.3

Doublet at task failure, N-m 52.8 +3.4 53.7 +4.7* 55.7 + 4.4* 55.9 + 5.3 58.8 + 4.9%

% Change at task failure 43.4+3.9 30.7+2.4 34.6 £3.8 152+4.1 31.3+5.2

Adoublet/At, N-m-mint -12.3 £3.3 -14.4+4.2 -95+22 -29.6 £11.9 -99+34
Central fatigue

Pre-exercise VA, % 92.5+0.9 795+ 3.5 88.9+3.1 741+ 2.4 89.6+1.9

VA at task failure, % 72.7+6.4 67.2 + 5.2% 66.8 + 3.2% 73.9+286 75.2+4.7

% Change at task failure 21.6 £6.7 16.2+£4.3 245+ 3.6 0.2+£35 155+6.0

AVA/At, %/min 52+22 -6.9+2.0 -65+1.2 7.2+93 -40+15
Surface EMG

arEMG at task beginning, % MVC 556 +2.3 70.1+49 56.3+3.4 68.7 £+ 4.6 61.0+ 3.0

arEMG at task failure, % MVC 75.7 £ 6.8 74.1 +£5.6 71.5+8.8 69.1+4.7 77.2+7.9

AarEMG/At, % MVC/min 56+1.1 3.9+1.8 39+1.6 05+04 4.6 +1.7

Values are means + SEM. NF1 is the first exercise bout in the neuromuatiglae condition; NF2, CF2, PF2 and AF2 are the second exercise bthasn@uromuscular
fatigue, central fatigue, peripheral fatigue and afferent feedback conditions; M&@mnal voluntary contractioh/A, voluntary activationEMG, electromyogramarEMG,

average rectified EMG of the vastus lateralischange; t, time. Letters indicate a statistically significant difference comfmatkd following:"pre-exercise value/value at
task beginning’NF1, 'NF1 at task failure (only applicable for NF2 and PF2)
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Table 6.2. Variability, complexity and fractal scaling responses during contractions in the first exercise bout of NF and the second exercise bouts
of NF, CF, PF and AF.

Parameter NF1 NF2 CF2 PF2 AF2
SD
SD at task beginning, N-m 3.1+0.3 3.6+05 3.4+0.6 59+1.0 4.4+0.9
SD at task failure, N-m 8.6+11 7.6+1.6 8.4+2.0 6.3+0.9 72+1.0
ASD/At, N-m-mint 16+04 2.3+0.6 1.4+05 0.1+0.4 09+0.2
CcVv
CV at task beginning, % 28+0.1 34+£04 3.6+04 6.1+0.7 41 +0.7
CV at task failure, % 8.8+0.5 7.7+1.0 8.4+1.72 6.8+0.8 7.3+0.8
ACV/At, %/min 1.6+0.3 2.4+0.4 1.4+0.3 0.6+0.4 09+0.1
ApEnN
ApEn at task beginning 0.46 +£0.05 0.35+ 0.06 0.38 £0.05 0.14 +0.03 0.34 £ 0.05
ApEn at task failure 0.12 +0.02 0.15 +0.02 0.14 +0.03 0.12+£0.02 0.14 +0.02
AApEn/At -0.09 £ 0.01 -0.10 £ 0.02 -0.07 £0.01 -0.01£0.01 -0.05+0.01
SampEn
SampEn at task beginning 0.43 +0.04 0.32 +0.05 0.35+0.05 0.13+0.02 0.31 £0.05
SampEn at task failure 0.11 +£0.02 0.14 +0.02 0.13+0.03 0.11 £0.02 0.13 +0.02
ASampEn/At -0.08 £ 0.01 -0.09 + 0.02 —-0.06 £ 0.01 -0.01+£0.01 -0.05+0.01
DFA a
DFA o at task beginning 1.39+£0.03 1.49 +0.03 1.44 £ 0.03 1.56 +0.03 1.48 + 0.04
DFA o at task failure 1.60 +0.02 1.58 +0.02 1.62 +0.02 1.56 + 0.03 1.62 +0.02
ADFA o /At 0.06 £ 0.01 0.05+0.01 0.06 £ 0.01 0.002 £ 0.01 0.04 £0.01

Values are means + SEM. NF1 is the first exercise bout in the neuromusatiglae condition; NF2, CF2, PF2 and AF2 are the second exercise bthasneuromuscular
fatigue, central fatigue, peripheral fatigue and afferent feedback condi&bnstandard deviation; CV, coefficient of variation; ApEn, approximate entropypBa sample
entropy; DFAo, detrended fluctuation analysis; A, change; t, time; Letters indicate a statistically significant different compared fmlltiveing: "pre-exercise value/value at
task beginning’NF1, 'NF1 at task failure (only applicable for NF2 and PF2)
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Discussion

The present study sought to gain further insight into the causes of the reduced torque
complexity previously observed with neuromuscular fatigue by varying the state of the
knee extensor muscle group at the start of exercise, through intemgedésigned to
increase global fatigue, central fatigue, peripheral fatigue awedeafffeedback. The
major novel finding was that pre-existing fatigue had a significant effect on torque
complexity and time to task failure, but that complexity still declined @aclresimilarly
Brownian (DFAa > 1.50) values at task failure in all conditions, despite the different task
demands. The consistent values of complexity at task failure were accodnpgnie
similarly low and common values for potentiated doublet torque and voluntargtaosti

It was additionallyobserved that exercise of one limb results in no “cross-over” of central
fatigue to the unexercised contralateral limb, but that it can, neves#helxert a fatiguing
effect. These results provide further evidence of a link between changesjue tor
complexity with metabolically mediated peripheral fatigue and the compeysataral
adjustments required to continue exercise, and suggest that the loss of compietity is
caused exclusively by central or peripheral fatigue, rather that éctefchanges in
relative task demands and is an integrative response to fatigue.

Complexity and neuromuscular fatigue in pre-fatigued muscle

At the start of NF2, which sought to manipulate global fatigue, significant decrements in
MVC torque, potentiated doublet torque and voluntary activation were evidgatd&

6.1, 6.2 and 6.3, respectively; Table 6.1) compared with fresh musddHL @re). These
observations indicate that neuromuscular function remained compromised for the
subsequent exercise bout; a fact confirmed by the significantly shorter time failtagk

in NF2 compared to fresh muscle (Table 6.1). The complexity values stathef NF2

were not significantly different from fresh muscle, though were, nonethelestedlas
measured by lower ApEn and SampEn, and greater dfAble 6.2). It is possible that

the relatively low sample size and high number of comparisons resulted in insufficient
power to detect whether these differences were, in fact, significast-hBo power
calculations revealed that the powers of the test for ApEn, SampEn dbBAar were

0.53, 0.45 and 0.48, respectively. The first two studies of this thesis have demdnstrate
that torque complexity can be systematically reduced by both increasing the eabsolut

demand of a task (i.e. by increasing torque requirements) or by increasintative re
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demand of a task (i.e. by fatiguing the muscle). This suggests that complexitit esn a

a sensitive surrogate measure of the fatigue process, with lower valuegingdica
increased relative task demands and decreased exercise tolerance. Furthermsubpisort f
contention comes from the observation tha teduced complexity at the start of NF2,
though not significant, was accompanied by both significantly decreased MVC torque
(indicating increased relative task demands) and time to task failure (indicatneg sk
exercise tolerance; Table 6.1). This indicates that decreases in compddety an
integrated response to neuromuscular fatigue and act as indicators of &ystgon in

the presence of fatigue.

At the start of PF2, which sought to manipulate peripheral fatigue, there wafeeang
decrements in MVC torque, potentiated doublet torque and voluntary activation (Figures
6.1, 6.2 and 6.3 respectively; Table 6.1) compared to when fresh.dfitimese values

were significantly different from task failure in NF1, indicating that datary occlusion
prevented recovery; a finding in line with previous research (BiglandhRitet al.,
1986b; Woods et al., 1987; Quistorff et al., 1993). As such, time to task failure was
significantly lower than when fresh, with participants unable to completeaeminute

of contractions (Table 6.1). Complexity at the start of PF2 was also no wiiftaes at

task failure in NF1 (Figures 6.4 and 6.6; Table 6.2), indicating thatlaiory occlusion
prevented its recovery. Circulatory occlusion holds the muscle ischaemic, preventing the
recovery of the muscle metabolic milieu and high energy phosphates (Yoshida and
Watari, 1997; Lanza et al., 2006), thus it is likely that the failure of ApEn anddXBA
demonstrate any recovery was mediated, at least partially, by this maintaiipée ad:
fatigue. However, the failure of voluntary activation to demonstrateenoyery means

that an effect of central fatigue on complexity cannot be excluded. Stailurg of
voluntary activation to recover is predicted by the theory of Amann angh8ey (2008),

in which central motor drive is adjusted based on feedback of metabolic perturbations by
metabosensitive group 11l and 1V afferents. Based on this theory, the isehaeionced
prevention of recovery of the muscle metabolic milieu was related back teniral
nervous system, which then decreased voluntary activation in order to restrict the

development of further peripheral fatigue.

At the start of CF2 and AF2, which sought to manipulate central fatigue andhaffere

feedback, and involved exercise of the left leg then the right leg, there were noaignific

155



156

differences in voluntary activation compared to when fresh (Figure 6.3; Bable
indicating no “crossever” of central fatigue to the unexercised, contralateral limb. While

several previous studies have observed significant central fatigue and aesluati
central motor drive in unexercised, contralateral limbs (Rattey et al., R#¥€n and
Rattey, 2007), this finding is equivocal, with other studies demonstrating no such cross-
over, and fatigue being specific to the exercised muscles (Elmer et al., 2013d¥ehne

al., 2015). Prior exercise of the left leg, though, was not without a fatiguing effect on the
right leg. Potentiated doublet torque was significantly reduced at the start of CF2 (Figure
6.2; Table 6.1) and MVC torque significantly reduced at the start of AF2 (Figlire
Table 6.1). Such differences suggest that exercise of one limb does exerttggpumegfa
effect on the contralateral limb, and has the potential to influence performaace in
subsequent exercise bout. The observation of an effect of exercise of bnenlithe

MVC of the unexercised limb is not new (Martin and Rattey, 2007; Halperin 804H4),

though a “cross-over” of peripheral fatigue is a novel and curious observation. No
previous studies on unilateral exercise have demonstrated a cross-oveiploérpe
fatigue. However, studies by Nordsborg et al. (2003) and Johnson et al. (204 fyural/

that severe upper body exercise increased markers associated with peripheeabfatigu
the onset of a subsequent bout of cycling, and also decreased exeecae®l These
studies, combined with the present observations, suggest that there is the potential fo
blood mediated migration of fatiguing metabolic by-products between exercised and

unexercised muscle (Halperin et al., 2015).

Prior exercise of the left leg had no significant effect on complexity, thouglittashe

start of NF2 there was a tendency for complexity to be reduced at thef 882t (Figures

6.4 and 6.6; Table 6.2). Post-hoc power calculations revealed powers for ApEn, SampEn
and DFAa of 0.79, 0.81 and 0.70, respectively. Previous studies have observed increases
in tremor amplitude and in tremor ApEn of an unexercised limb followingufiziy
contractions performed by the opposite limb (Morrison et al., 2005; Morrison and
Sosnoff, 2010; Kavanagh et al., 2013). Although such measures reflect movement rather
than torque, they provide support for the contention of a small effectguiifagiexercise

of one limb on the complexity of torque in the unexercised limb. Such adgmwdould
suggest the involvement of central processes in torque complexity and &caltag.

Though no significant central fatigue was observed at the start of €ff2eor AF2 this
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does not rule out potential effects of central mechanisms, such as increasadnc

drive.

Physiological bases for changes in neuromuscular system behaviour

Increases in both absolute and relative task demands are accompanied bysa decrea
torque complexity (Chapters 4 and 5). Such increasing demands have also beendissociate
with common drive, the common synaptic input to motoneurons (Castronovo et al., 2015;
Farina and Negro, 2015). It has been proposed that the main deterofitarque
variability is the total common synaptic input to motoneurons (Dideriksen et al., 2012;
Farina et al., 2014), and a recent study by Castronovo et al. (2015) has demonstrated that
the relative strength of this common synaptic input increases with both increased torque
requirements and increased fatigue. Motor unit synchronisation is a nhecessary
consequence of common synaptic input (Farina and Negro, 2015), and musteherefo
also increase with both increasing torque requirements and fatigue. Increasedmitot
synchronisation has been suggested to disrupt motor performance (Yao et al.,&000), h
been postulated to be the cause of decreased complexity of postural tremayewith a
(Sturman et al., 2005) and has been linked to decreases in the fractal dimension
(indicating greater regularity) of surface EMG with fatigue (Mesin e2809; Beretta-

Piccoli et al., 2015). It is therefore possible that the increased fatighe start of the
second exercise bouts was accompanied by increased common drive and motor unit
synchronisation, with this being responsible for the reduced complexity observed. Further
to this, motor unit synchronisation has been described as “phaselocking” (De Luca et al.,

1982b), which could relate to “mode-locking,” a phenomenon associated with a
pathological loss of complexity and functional responsiveness in ageing and disease, in
which outputs oscillate at a single dominant frequencydReral., 1998; Peng et al.,
2009).

The previous study (Chapter 5) observed that task failure was characteriseddnysim

low values of ApEn, SampEn, DF& and potentiated doublet torque across all of the
fatiguing conditions, suggesting links between complexity, fractal scgeigpheral
fatigue and exercise tolerance. The same was observed in the present alle\s (1;

Table 6.2). This could be reflective of the “sensory tolerance limit” proposed by Amann

(2011) actually being an emergent property of a fatiguing neuromuscular system. The

sensory tolerance limit proposes that metabolic perturbations (i.e. patifgigue) are
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related back to the central nervous system, which then adjusts central motor drdey

to restrict the development of peripheral fatigue beyond a certain limit (Antaain e
2006). However, the consistent values of complexity at task failure observed in the
present and previous (Chapter 5) studies could indicate that it is, in fact, the loss of
complexity which is restricted. Whether low complexity plays a direct mle
precipitating task failure is not presently clear; though in accordancehs&ithurported
functional importance of physiological complexity, high values endow a system with the
ability to rapidly adapt to changes in demand, while low values compromise mutiai co

and limit task performance (Sosnoff et al., 2004; Peng et al., 2009). Swsthciioa in

the loss of complexity would be an adaptive response, serving to maintairdegree

of adaptability in motor control and exploratory freedom in the faceoofpcomised

neuromuscular system function.

Conclusion

In summary, this study has demonstrated that pre-existing fatigue influences the
complexity and fractal scaling of knee extensor torque complexity asténe of an
exercise bout, but still results in consistent values at task failuredlegmiof the time
taken to reach this point. Whilst the results provide support for the contention that
peripheral fatigue is at least partially responsible for the changes in catypled fractal
scaling seen with fatigue, it is possible that such changes are, in fact, taboghby

both peripheral and central mechanisms, and reflect the integrity of the newtamusc
system as a whole. Complexity and fractal scaling may, thereforacinas measures of
fatigue, but instead as indices of system functionality. This latter inteipretaf
complexity as a measure of system functionality allows it to be appliedhtr o
perturbations, and is in line with the loss of complexity previously demonstrated with
ageing. Low values of complexity and high values of fractal scaling would ghesent

a system with reduced functionality, predisposing it to task failure and redusing it

adaptability.
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Chapter 7 - Study 4

Fatigue-induced loss of knee extensor torque complexity is slowed by caffeine
ingestion

I ntroduction

The first three studies of this thesis (Chapters 4, 5 and 6) have demonstrated that the
development of neuromuscular fatigue is accompanied by a significant redudtan in
complexity of torque output, shifting it towards increasingly Brownian n@d&\ o =

1.50), during intermittent isometric knee extension contractions. A failure tossfizitye
uncouple central and peripheral fatigue, which develop alongside thisededuc
complexity, means that the exact mechanism(s) behind the loss of complexiynse
obscure. The purpose of the present study was to investigate the effect of the ingestion of
caffeine, an ergogenic aid thought to act primarily through central meclsgmisriorque
complexity during neuromuscular fatigue. If central processes are mechanistically linked
to torque complexity and the fatigue-induced loss previously observed,ultl vbe
expected that such a centrally acting ergogenic aid should exert a pd&tver torque
complexity, potentially increasing baseline complexity or acting to detapuate the

fatigue-induced reduction.

Caffeine (1,3,7-trimethylxanthine) is one of the most widely consumed drugsvotloe
(Williams et al., 1987; Fredholm et al., 1999). It has long been recognisegasnt
ergogenic aid, with studies as far back as the first decade of'tloe@iry demonstrating
improved exercise capacity following caffeine ingestion (Rivers and WehB6r,).

Since that time, numerous studies have demonstrated that pre-exercise caffeine ingestion
enhances performance during prolonged (> 1 hour) cycling and running (Coatill et
1977; Spriet et al.,, 1992; Graham, 2001). Such is the effectiveness of caffeine at
improving performance, various sporting governing bodies have banned or controlled its

use over the last 40 years (Graham, 2001).

As well as enhancing performance in events of a predominantly whole-body nature,
caffeine has also been shown to have a clear effect on neuromuscular performance

(Warren et al., 2010). Evidence suggests that caffeine can potentiate twitch aid teta
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tensions (Lopes et al., 1983; Tarnopolsky and Cupido, 2000), increase MVC torque
(Kalmar and Cafarelli, 1999; Park et al., 2008) and increase spinal excitaétio(

et al., 2003; Kalmar and Cafarelli, 2004b). More pertinently, caffeine hasdyseatedly
demonstrated to increase muscular endurance, with a recent meta-analysis finding a
significant positive effect size of 0.28, which equated to an increasednditask failure

of ~18% (Warren et al., 2010). Studies conducted on the knee extensors have found
single-leg isometric time to exhaustion to increase by as much as 25% (Kalcthar
Cafarelli, 1999; Plaskett and Cafarelli, 2001; Meyers and Cafarelli, 2005).

It is thought that caffeine’s primary ergogenic effect is to enhance central drive, through

an antagonistic effect on adenosine receptors (Fredholm et al., 1999).sikéeno
preferentially inhibits the release of excitatory neurotransmitters (Fredholm E$9),

and thus has the potential to alter a-motoneuron excitability and decrease the firing of
central neurons. Caffeine’s inhibitory effect on adenosine receptors should prevent
inhibition or disfacilitation of a-motoneurons in a variety of ways, possibly by promoting
dopaminergic transmission (Gandevia, 2001) or increasing spinal excitability (Walton et
al., 2003), thus offsetting task failure (Kalmar and Cafarelli, 2004a). Though other
mechanisms, such as a direct effect on skeletal muscle and calcithn(T@anopolsky

and Cupido, 2000), an antinociceptive effect (Plaskett and Cafarelli, 2001 affect

on cortical substrates and perceived exertion (de Morree et al., 2014}, mannied out,
there is considerable evidence to suggest that caffeine acts on the centrad agstem

and, indeed, it has been described as a valuable tool in the study of central(faignar

and Cafarelli, 2004a).

The aim of the present study was to determine whether caffeine, a well-tbiezateal
nervous system stimulant and ergogenic aid, influences torque complexity during
neuromuscular fatigue. The specific experimental hypotheses tested wéiat fje-
exercise caffeine ingestion will increase time to task failure; 2) thatqereise caffeine
ingestion will attenuate/delay the reduction in knee extensor torque complexityideen
neuromuscular fatigue (as measured by slower rates of decrease in apjgrexitrapy
[ApEn] and sample entropy [SampEn]); and 3) that pre-exercisenaffegestion will
attenuate/delay the change in knee extensor torque fractal scaling seen with
neuromuscular fatigue (as measured by a slower rate of increase in detrernidatddhuc

analysis [DFA] a).
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M ethods

Participants

Ten healthy participants (6 male, 4 female; mean = SD: age 25.6 + 6.1 years; height 1.75
+ 0.09 m; body mass 65.1 + 7.7 kg) provided written informed consent to padioipa

the study, which was approved by the ethics committee of the University of Kent, and
which adhered to the Declaration of Helsinki. All participants were non-smaokers,
nicotine is known to alter the rate of caffeine degradation (Parson and Neims, 1978)
Participants were instructed to arrive at the laboratory in a restedhstaitey performed

no strenuous exercise in the preceding 24 hours) and to have consumedamgither
caffeine nor alcohol in the preceding 24 hours. Participants attended the laboratory at the

same time of day (x 2 hours) during each visit.

Experimental design

Participants were required to visit the laboratory on three occasiona twerto three-

week period, with a minimum of 72 hours between each visit. During their first visit,
participants were familiarised with all testing equipment and procedures, and the settings
for the dynamometer and stimulator were recorded. During the next two visits, a-double
blind, repeated measures, randomised design was used to assess the effect abrcaffeine
torque fluctuations during fatiguing intermittent isometric knee extension contractions.
The methods used for the setup of the dynamometer, femoral nerve stimulation and
surface EMG are described in the General Methods (Chapter 3).

Protocol

All visits followed a similar pattern of data acquisition, beginning with the
instrumentation of the participants and the (re-)establishment of the correct dynamomet
seating position and supramaximal stimulation response. Participants then performed a
series of brief (3 second) MVCs to establish the maximum torque of their right leg@. Thes
contractions were separated by 60 seconds rest, and continued until threeto@sec
peak torques were within 5% of each other. Participants were given a countdown,
followed by very strong verbal encouragement to maximise torque. The first MVC was
used to establish the fresh maximal EMG signal, against which the subsequent EMG
signals were normalised (Data analysis; see below). The second and third MVCs were

performed with peripheral nerve stimulation. In all instances where MVCs were
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performed with stimuli, the stimuli were delivered 1.5 seconds into the contraction to
coincide with maximal torque, and 2 seconds after the contraction to @raviesting

potentiated doublet (see General Methods; Chapter 3).

Following the establishment of maximum torque, participants ingested gelatin capsules
containing either éng-kg? caffeine (Myprotein, Cheshire, UK) or the same amount of
all-purpose flour (placebo). A person not involved in the study prepared andetithe

order of the capsules, with this double-blind design not being broken until all the trials
were complete. After ingestion of the capsules, participants rested abtratbry, and
repeated the process of establishing maximum torque after 1 hour, when @ffema c
levels peak (Graham and Spriet, 1995). After a further 10 minutes of rest, patsicipa

then performed the experimental trial (see below).

Experimental trials

As in the previous studies of this thesis, participants performed intermittent isometric
knee extension contractions until task failure. The target torque was 50% MV@aand
based on the highest instantaneous torque recorded during the pre-capsule ingestion
MVCs in the first experimental session. The duty cycle for the contractions wagt@.6;
contractions lasting 6 seconds and being followed by 4 seconds rest. At theeati of
minute (i.e. every sixth contraction), participants performed an MVC, accordpayie
peripheral nerve stimulation. The contractions were performed until task félemgint

at which the participant failed to reach the target torque on three consecu@ssoas,
despite strong verbal encouragement. Participants were not informed of the elapsed ti
during the trials, but were informed of each “missed” contraction. After the third missed
contraction, participants were instructed to immediately produce an MVC, wilaish w
accompanied by peripheral nerve stimulation. Further details and a graphical
representation of the contraction protocol can be found in the Generalddé@imapter

3, Figure 3.1).

Additional measures

Measures of heart rate were taken prior to capsule ingestion, 1 hour astde cagestion
and at the end of each minute of the fatiguing trials, using a heart ratem{8mIP 9,
BHIP Ltd., Norfolk, UK). Ratings of perceived exertion (RPE) were taken usingdite B

scale (Borg, 1970) at the end of each minute of the fatiguing trials.
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Data analysis

The data analysis focused on three specific areas: 1) basic measures of torque and EMG;
2) measures of central and peripheral fatigue; and 3) the variability anpdectty of the

torque output. All data were analysed using code written in MATLAB R2013a (The
MathWorks, Massachusetts, USA).

Torque and EMG: The mean and peak torques, and vastus lateralis EMG, weréechlcula
as described in the General Methods (Chapter 3). Due to the use of intermittent
contractions, calculation of task failure was more problematic than defaimge during

a sustained contraction. Details of the exact calculation of task failuggvarein the
General Methods (Chapter 3). The vastus lateralis arEMG was normalisedptusthe

capsule ingestion MVC.

Central and peripheral fatigue: Measures of central and peripheral fatigue were
calculated based on the stimuli delivered during and after the MVCs performed pre-test,
during the fatiguing contractions and at task failure. Further detailsiwe o the
General Methods (Chapter 3). Muscle contractility was assessed for each peyipherall
derived resting twitch as contraction time to peak torque (TPT) and oneslaathtion

time (RTo5). Further details are given in the Methods section of Chapter 5.

Variability and complexity: All measures of variability and complexity wereutated

using the steadiest five seconds of each contraction. The amount of variabiligy in
torque output of each contraction was measured using the standard deviation (SD) and
coefficient of variation (CV). The temporal structure of variability was eéxadusing
multiple time domain analyses. ApEn and SampEn were used to determine the
complexity of the torque output; while DFA was used to estimate the tempactd! f

scaling. Further details are given in the General Methods (Chapter 3).

Statistics

All data are presented as means + SEM unless otherwise stated, and results were deemed
statistically significant wheR < 0.05. Two-way ANOVAs with repeated measures were

used to test for differences between conditions, time points and a conditiore x
interaction for MVC torque, arEMG, potentiated doublet torque, voluntary activation,

measures of variability and measures of complexity. The variability angplexity
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measures were analysed using averages from the first minute and final minwgedséfor
failure. When main effects were observed, Student’s paired samples t-tests and
Bonferroni-adjusted 95% confidence intervals were then used to determiicspe
differences. The rates of change in all parameters were analysed using Student’s paired

samples t-tests.

Results

Preliminary measures

The contractile properties of the knee extensors, electrical activity vhttes lateralis

and heart rate respongesthe two conditions are shown in Table 7.1 These data were
obtained immediately before and 1h after capsule ingestion and were intended to assess
the effects of caffeine in a rested state. Caffeine ingestion resulted in a aignifcrease

in MVC torque of 5.2 £ 1.9 N-m (or 2.6 + 1.0%; 95% paired samplefsdamce intervals

(Cls): 1.0, 9.5 N-m); and a significant increase in EMG&CIs 0.004, 0.5 mV). Placebo

ingestion resulted in no significant change in any of the variables.

Table 7.1. Effects of caffeine and placebo ingestion on control measurements

Placebo Caffeine
Parameter Pre Post Pre Post
MVC, N-m 205.6 £16.2 2025+ 16.6 204.1 +14.6 | 209.3+14.9
Doublet, N-m 99.0+9.6 94.4 +8.8 945+ 8.6 91.6 £7.7
VA, % 92.1+£0.8 91.6+0.4 92.0+£0.9 92.4+0.1
EMGmax, mV 0.26 £0.03 0.26 £0.03 0.27 £0.03 0.30 £ 0.03
HR, bpm 79+4 72 +3 79+5 71+ 4

Values are means + SEM. MVC, maximal voluntary contractions; VA, volumtetiyation; EMGhax,
maximal electrical activity of the vastus lateralis; mV, millivolts; HR, heart rate; bpats per minuté.
= significantly different from Pre.

Time to task failure, torque and EMG

Caffeine ingestion significantly increased endurance time by 2.4 + 0.9@i%4.3, 5.0
mins; Table 7.2) or 28.4 £ 5.2%. Task failure occurred when participartsnedonger
able to achieve the target torque (102.3 =+ 8.2 N-m), despite a maximal Btitr

conditions resulted in significant decreases in MVC torque 665.80, P < 0.001;
Figure 7.1; Table 7.2), with neither the peak nor the mean MVC torque atiask f

being significantly different from the torque produced during the submaximal
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contractions (Table 7.2). At task failure, there was no significant differencedretive
conditions for the peak MVC torque (C186.2, 6.4 N-m). However, at the time point in
the caffeine condition equivalent to task failure in the placebo condition (henceforth
referred to as isotime), MVC torque was significantly higher (1833.8 vs. 105.8 £ 6.7
N-m; Cls 13.8, 42.5 N-m; Figure 7.1), indicating participants still had a segmtifieserve

of maximal torque. Furthermore, the rate of decrease in MVC torque was sigthyfic
attenuated in the caffeine condition (Clk3,-7.5 N-m-mirt; Table 7.2).

250 @ Placebo
O Caffeine
200
E &
£ #
=150 | @ % Q) 5
2 . 5 :
o
=]
Q)
< 100 - L
S *
50 -
O T T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10 11
Time (mins)

Figure 7.1. Group peak MVC torque (x SEM) for each common minute, isotimeashkdfailure in each
condition. The last point of each condition represents task failure. The penufiminaten the caffeine
condition represents isotime, the equivalent of task failure in the placebiti@urid= Significantly

different from fresh” = Significantly different from task failure in the placebo condition.

The mean arEMG, normalised to a fresh post-capsule MVC, increased over tirtie in bo
conditions, reaching 73.1 £ 5.1% in the placebo condition and 78.8 417 tb#caffeine
condition at task failure (Fo = 9.79,P = 0.012; Figure 7.2; Table 7.2). There were no
significant differences between the conditions during the first minute of contractions, at

task failure or at isotime; nor was there a significant difference in ta@fancrease in

arEMG (Table 7.2).
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Figure 7.2. Group mean arEMG (x SEM) for each common minute, isotime and tagkefaileach
condition. The last point of each condition represents task failure. The penufiminaten the caffeine

condition represents isotime, the equivalent of task failure in the placebo coriditiBignificantly
different from fresh.

Peripheral and central fatigue

Both conditions resulted in significant reductions in potentiated doublet torqye=(F
27.67, P = 0.001; Figure 7.3; Table 7.2), indicating the presence of patifdtayue.

The values attained at task failure were not significantly different between the conditions
(Cls-6.0, 15.8 N-m), nor was the value attained at task failure in the placelition
different from the value at isotime in the caffeine condition (18, 13.8 N-m). The
rate of decrease in potentiated doublet torque was, however, significantly tttieimua
the caffeine condition (ClIs3.3,-0.07 N-m-mirt). Voluntary activation significantly
declined in both conditions (g = 24.0, P = 0.001; Figure 7.4; Table 7.2), indicating the
presence of central fatigue. The values attained at task failureneegnificantly
different between the conditions (Cl20.5, 4.6%), nor was the value attained at task
failure in the placebo condition different from the value at isotime in the caffein
condition (Cls-26.1, 2.1%). There was, however, a tendency for voluntary activation to
be higher (~12%) at isotime in the caffeine condition (Figure 7.4). The rdtecofase

in voluntary activation was significantly attenuated in the caffeine condition-@0s—

0.05 %/min). In terms of muscle contractility, neither TPT nopfRWere affected by
either fatigue (TPT, Fs= 1.8, P = 0.84; Rils, F18= 2.7, P = 0.14) or condition (TPT,
F18=3.5, P =0.10; Rils, F18= 4.4, P = 0.07).
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Figure 7.3. Group mean potentiated doublet torque (= SEM) for each common miraiimesand task
failure in each condition. The last point of each condition representsiask f The penultimate point in
the caffeine condition represents isotime, the equivalent of task failure jifaibebo conditiori.=
Significantly different from fresh.
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Figure 7.4. Group mean voluntary activation (+ SEM) for each common minuterrisaind task failure
in each condition. The last point of each condition represents task failer@enhhltimate point in the
caffeine condition represents isotime, the equivalent of task failure jplabebo conditiori.=
Significantly different from fresh.

Variability and complexity

Both conditions resulted in a significant increase in the amount of variabilmegasured

by the SD (ko= 58.21, P = 0.004; Table 7.3) and C\ {F 65.87, P = 0.001; Table
7.3). The values attained at task failure for the SD {CI8, 2.6 N-m) and CV (Clsl.9,
3.0%) were not significantly different between the conditions. The CV was significantly

lower at isotime in the caffeine condition compared with task failure irpldeebo
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condition (Cls-5.8,-0.3%). The rates of increase in SD (0.8 £0.2vs. 1.0£ 0.3 N-m-min
1 Cls 0.002, 0.6 N-m-mif) and CV (0.8 £ 0.2 vs. 1.1 = 0.2 %/min; Cls 0.01, 0.6 %/min)

were significantly lower in the caffeine condition (Table 7.3).

The ApEn, SampEn and DFA o responses to the fatiguing contractions in both conditions

are presented in Figure 7.5A, B and C, respectively. There wasfaredde between
conditions in terms of complexity values at the start of the trials (Cls AHED3, 0.06;
SampEn-0.07, 0.06; DFA a —0.05, 0.04). Complexity decreased with fatigue in both
conditions, as measured by ApEn ¢ 64.75, P < 0.001), SampEmd= 61.78, P<
0.001) and DFA o (F1,9=35.12, P < 0.001; Table 7.3). ApEn and SampEn significantly
decreased as the trials progressed (Figure 7.5A and B), with the ablizesk failure
being not significantly different between the conditions @&n-0.1, 0.05; SampEn
0.09, 0.05; Table 7.3). At isotime in the caffeine condition, ApEn remained signiicant!
higher than at task failure in the placebo condition (Cls 0.005, 0.3). SahwEa
tendency to be higher at isotime in the caffeine condition, though the dial@hattain
significance (0.25 vs. 0.12; C19.3, 0.006). The rates of decrease in ApEn (01904,
-0.03) and SampEn (Clis0.002, -0.03) were significantly lower in the caffeine
condition. DFA o significantly increased, becoming more Brownian, as the trials
progressed (Figure 7.3Cwith the values at task failure being not significantly different
between the conditions (C19.08, 0.09; Table 7.3). At isotime in the caffeine condition,
DFA o had a tendency to be lower than at task failure in the placebo condition, though as

with SampEn, this difference did not attain significance (1.54 vs. 1.66:0388, 0.1).
The rate of change of DFA o was not significantly different between the conditions (ClIs
—0.003, 0.03); though given the values from the first minute and task failuretdidfan
between the conditions (Table 7.3) and time to task failure was extended withe;affein
this suggests that the rate of increase in DFA a was, in fact, slower following caffeine

ingestion.
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Figure 7.5. Group mean (x SEM)hanges in torque ApEn (A), SampEn (B) and DFA a (C) for each

common minute, isotime and task failure in each condition. The last paatbfcondition represents

task failure. The penultimate point in the caffeine condition represents istiiameguivalent of task
failure in the placebo conditioh= Significantly different from fresH. = Significantly different from task

failure in the placebo condition.
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Heart rate and perceived exertion

Heart rate significantly increased in both conditions as the trials prog(€ssedl126.65,

P < 0.001; Table 7.2). There were no significant differences in heart ratechetnee
conditions at task failure (Cksl5.5, 9.7 bpm) or at task failure in the placebo condition
and isotime in the caffeine condition (GI&.5, 20.2 bpm; Table 7.2). The rate of increase
in heart rate was significantly lower in the caffeine condition (€S8, -3.4 bpm).
Perceived exertion increased over time in both the placebo (Cls 5.4n8.2gaffeine
conditions (Cls 5.8, 9.3; Table 7.2) Perceived exertion was significantly loweretthe
of the first minute of the caffeine condition (CGl%.8,-0.2) and also at isotime in the
caffeine condition compared to task failure in the placebo condition-83s-1.2). The
rate of increase in perceived exertion was significantly lower in the caffeimdition
(Cls-0.3,-0.02).
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Table 7.2. Changes in voluntary torque, potentiated doublet torque, voluntary activation,
EMG, heart rate and RPE responses during contractions in the placebo and cafifeine tria

Parameter Placebo Caffeine

Time to task failure, min 7.4+1.8 9.8+26
Global fatigue

Pre-exercise MVC, N-m 202.5+16.2 209.3+£14.9

Peak MVC at task failure, N-m 105.8 + 6.7 110.8+7.1

Mean MVC at task failure, N-m 85.2+4.6 91.8+5.6

AMVC/At, N-m-min* -22.1+5.7 -17.8+4.7
Peripheral fatigue

Pre-exercise doublet, N-m 94.4 +8.8 91.6+7.7

Doublet at task failure, N-m 61.3+5.0 57.9+5.7

% Change at task failure 33.1+23 35.5+34

Adoublet/At, N-m-mint -82+2.1 -6.5+1.6
Central fatigue

Pre-exercise VA, % 91.6+04 92.4+1.0

VA at task failure, % 64.0 +3.3 720+4.2

% Change at task failure 30.0+3.6 22.2+4.7

AVA/At, %/min 57+1.3 37+1.f
Surface EMG

arEMG at task beginning, % MVC 55.0+£3.1 56.9+£3.9

arEMG at task failure, % MVC 73.1+54 788+7.5

AarEMG/At, % MVC/min 3.7+1.2 34+1.0
Heart rate

Pre-exercise heart rate, bpm 72+3 71+4

Heart rate at task failure, bpm 133+5 136 +5

AHeart rate/At, bpm-min™ 120+2 100+ 2*
RPE

RPE at task beginning 129+0.4 11.9+0.4

RPE at task failure 19.7+0.2 19.5+0.2

ARPE/At 1.3+0.2 1.2+0.2

Values are means + SEM. MVC, maximal voluntary contractidA; voluntary activation;EMG,
electromyogramarEMG, average rectified EMG of the vastus lateralis;change; t, time. Symbols
indicate a statistically significant difference compared to the following-exercise value/value at task
beginning placebo.
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Table 7.3. Changes in variability, complexity and fractal scaling responses during
contractions in the placebo and caffeine trials.

Parameter Placebo Caffeine

SD

SD at task beginning, N-m 28+0.3 27+0.2

SD at task failure, N-m 7.2+0.8 6.8+1.0

ASD/At, N-m-mirt 1.0+0.3 0.8+0.2
Ccv

CV at task beginning, % 28+0.2 27+0.2

CV at task failure, % 7.7+0.4 7.1+0.7

ACV/At, %/min 1.1+£0.2 0.8+0.2
ApEn

ApEn at task beginning 0.40 £0.03 0.42 £0.03

ApEn at task failure 0.13 +0.02 0.15 +0.02

AApPEn/At -0.06 +0.01 -0.04 +0.01
SampEn

SampEn at task beginning 0.37 £0.03 0.38 £ 0.03

SampEn at task failure 0.12 +0.02 0.14 +0.02

ASampEn/At -0.05 +0.01 -0.03 +£0.02
DFA a

DFA a at task beginning 1.42 +0.02 1.43 £0.02

DFA a at task failure 1.60 + 0.01 1.60 + 0.03

ADFA o /At -0.04 £ 0.01 -0.03+0.01

Values are means + SEMD, standard deviation; CV, coefficient of variation; ApEn, approximate entropy;
SampEn, sample entropy; DFA a, detrended fluctuation analysis; A, change; t, time. Symbols indicate a
statistically significant different compared to the followirigre-exercise value/value at task beginning,
#

placebo.

Discussion

The present study sought to investigate the effects of caffeine on knee exbeqgse
complexity during neuromuscular fatigue. The major novel finding of the present study
was that caffeine ingestion slowed the loss of torque complexity seen with neuromuscular
fatigue. This resp@ewas accompanied by increased time to task failure and a slowed
rate of fatigue development. Both the placebo and caffeine conditionsasseiated

with a loss of MVC torque and the development of significant central and peripheral
fatigue, which weraccompanied by increasingly Brownian (DFA a = 1.50) fluctuations

in torque output. At task failure in each condition, common values wereveldsfar

torque complexity, MVC torque, and central and peripheral fatigue. Gafiegestion,
though, significantly attenuated the rate at which all of these fatmarameters

decreased. These results provide further support for the contention that chdogpse

172



173

complexity with neuromuscular fatigue are linked to task demands, torque generating
capacity and the fatigue process; provide the first evidence that tooqueegity is
sensitive to pharmacological intervention; and provide further insight into the

mechanisms of caffeine’s ergogenic effect.

Effect of caffeine on fresh knee extensor contractile properties

Caffeine ingestion has previously been demonstrated to potentiate contrapieipso

in fresh muscle (Plaskett and Cafarelli, 2001; Meyers and Cafarelli, 2005; tPalrk e
2008). A recent meta-analysis concluded that caffeine has a significantoeffisttyC
torque, increasing it by ~4%, with this figure raised to ~7% when the knee extenmers alo
were considered (Warren et al.,, 2010). The present study demonstrated a small, but
significant, increase in knee extensor MVC torque of ~3% following caffeine ingestio
(Table 7.1). The increase in MVC torque following caffeine ingestion has largety be
attributed to improved voluntary activation, due to a release of inhibition imdber
cortex brought about by caffeine’s antagonistic effect on adenosine (Kalmar and
Cafarelli, 1999; Kalmar et al., 2006). The notion that increased MVC torque fofjowin
caffeine ingestion is mediated by voluntary activation is supported by the meta-analysis
of Warren et al. (2010), which found that caffeine had a significant effiegolontary
activation (effect size = 0.678,< 0.001), but not on electrically evoked strength (effect
size 0.115, P = 0.24). Though the present study observed no effect of cafieine
voluntary activation, a significant increase in vastus lateralis EM®as observed
(Table 7.1), which could be indicative of increased muscle activity. Howeweusit be
noted that the amplitude of the EMG signal does not provide a direct index ofdrereal

to the muscle (Farina et al., 2010) and such an increase inm&M@EId be due to factors
such as crosstalk, increased electrode conductance or increased blood flonetrarina
2004).

Effect of caffeine on fatigue and torque complexity

In line with its hypotheses, the present study demonstrated that the loss of torque
complexity previously observed with neuromuscular fatigue (Chapters 4, 5 and 6) can be
significantly slowed by the ingestion of caffeine (Figure 7.5; Table 7.3). Theeerwer
differences in complexity between the conditions at the start of the testss fatiyae
developed ApEn and SampEn significantly decreased (indicating increased signal

regularity) and DFAa significantly increased (indicating increasingly Brownian
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fluctuations), reaching common values at task failure in each condition (Figuiieable

7.3). However, the rates at which ApEn and SampEn decreased were significantly
attenuated following caffeine ingestion (Table 7.3). Moreover, at isotime in tlreneaff
condition ApEn was significantly higher, SampEn had a tendency to be higher and DFA
a had a tendency to be lower than at task failure in the placebo cor(figume 7.5).
Post-hoc power calculations revealed the power of the test for SampBnikiasnd for

DFA o was 0.63. Low complexity values are associated with compromised motoi,contro
impaired performance and eventually task failure, with the fatigue-indussd oo
complexity appearingp reflect increased relative task demands and to serve as a sensitive
surrogate index of fatigue (Chapter 5). Thus, the higher complexity @rhequivalent

to task failure is suggestive of a significant reserve in exercise caagitya conclusion

is supported by the observation that MVC torque also remained significantly higher a
isotime in the caffeine condition compared to task failure in the placebo conéigomng

7.1; Table 7.2). These findings indicate that pre-exercise caffeine ingestiorntsdass

of adaptability of motor control and narrowing of system responsiveness, whiehskecr

in complexity measures are thought to reflect (Lipsitz and Goldberger, 1992; Goldberger
et al., 2002).

The ergogenic ability of caffeine has long been established, with studies dating back over
100 years demonstrating its performance enhancing capabilities acrosstya ofrie
exercise modalities and tasks (Rivers and Webb, 1907; Costill et al., 12hanGet al.,

1998; Graham, 2001). The results of the present study provide further support for this
ergogenic effect, demonstrating that caffeine ingestion increased the time to task failur
of the knee extensors during single leg intermittent isometric exercise by ~28% (Table
7.2). This performance enhancement is of greater magnitude than the ~18% improvement
documented for open ended neuromuscular tasks by Warren et al. (2010) in their meta-
analysis, but is of similar magnitude to that previously observed in studies kifidbe
extensors (Kalmar and Cafarelli, 1999; Meyers and Cafarelli, 2005). Though the ability
of caffeine to improve performance has long been recognised, the exact me¢t)anism
behind this ergogenesis has remained obscure. Though there is considerable evidence to
suggest caffeine’s action is on the central nervous system (Fredholm et al., 1999; Kalmar

and Cafarelli, 2004a), it has been suggested that caffeine is likely to have masaghan
mechanism of action (Graham, 2001; Doherty and Smith, 2005).
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The increase in time to task failure following caffeine ingestion was guaoed by a
significant slowing in the rates of global, peripheral and central fatigue development
(Figures 7.1, 7.3 and 7.4; Table 7.2). The values for MVC torque and potentiated doublet
torgue at task failure, though, were not significantly different between the twoiooadit
(Table 7.2), indicating that participants continued exercising to the same limituggsva

in each condition and that it simply took longer to reach these values following caffeine
ingestion. Furthermore, at isotime in the caffeine condition MVC torque remained
significantly higher than at task failure in the placebo condition (FigureTaldlg 7.2),
indicating that participants still had a significant reserve of maximal torque, andfthus o
exercise capacity. These findings suggest that task failure in both coadi@s caused

by the inability of the neuromuscular system to deliver the required torque,thathday

task disengagement (Marcora and Staiano, 2010), as participants were able to exercise to
the same limiting values (that is, the point at which task demands equalled their maximal
output) regardless of whether they ingested a placebo or caffeine. Thesendmate

that task failure in each condition was caused by central and peripeenabations,

which led to an inability to meet task demands. That global, central and periphgted fati
were all slowed suggests that caffeine may act not only through tratiyjtianeepted
central mechanisms (Fredholm et al., 1999; Kalmar and Cafarelli, 2004a) but@lgith
peripheral mechanisms (Tarnopolsky and Cupido, 2000; Meyers and Cafarelli, 2005).

Physiological bases for changes in neuromuscular system behaviour

Knee extensor torque complexity has been repeatedly demonstrated &seledth the
development of neuromuscular fatigue and the reduction of torque generatingycapa
(Chapters 4, 5 and 6). That the rates of decrease of both MVC torque (Tadad.2
torque complexity (Table 7.3) with fatigue were slowed following the ingestion of
caffeine indicates a slowing of the increase in relative task demand, and therefore further
links torque complexity to changes in task demands, be they absolute (i.e. increased
torque requirement; Chapter 5) or relative (i.e. increased fatigue). Suudiray falso

further supports the notion that complexity measures can act as a sensitigatsurndex

of fatigue (or force generating capacity), which could be used when maxinteactions

and/or electrical stimulation are not possible or are undesirable. These findings also
suggest that the mechanisms responsible for the slowed loss of torque complexity and the

ergogenic effect of caffeine could be intrinsically linked.
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It has long been thought that caffeine’s ergogenic action is on the central nervous system,

where it acts as an adenosine antagonist (Biaggioni et al., 1991) pre\sgimgsine

from exerting its inhibitory effects ahe a-motoneuron pool (Fredholm, 1995; Fredholm

et al., 1999). Indeed, caffeine has been demonstrated to increase spinal excitattility; th
is, the net effect of membrane properties and the summation of all synaptic input to a-
motoneurons (Walton et al., 2003; Kalmar et al., 2006). The results of the present study
indicate that the rate of central fatigue development, as measured by asdeicre
voluntary activation, is slowed following caffeine ingestion (Table 7.2). This could be
indicative of a greater ability to excite the motor unit pool in the fadatigue, be it
through an increase in spinal excitability (Walton et al., 2003) or maintenance of optimal
descending drive (Taylor et al., 2000). It should be noted, however, thatoaffdee
ingestion has been demonstrated to offset a decline in spinal excitability, increased spinal
excitability did not offset the central activation failure seen with fatiguénfiiaet al.,
2006). Though voluntary activation was not significantly different at isotime in the
caffeine condition compared to task failure in the placebo condition, it wasthedess,
~12% higher (Figure 7.4). Post-hoc power analysis revealed the potiés tedst to be

0.52. As MVC torque (Figure 7.1) and ApEn (Figure 7.5A) were significantly hagher
isotime, in the absence of a difference in the level of peripheral fatigue, thistsugge
centrally-mediated link between the maintenance of voluntary torque output and
complexity. Better maintenance of voluntary activation, through antediecspinal
excitability or descending drive, could be responsible for the slowed rate ofefatigu
development, which in turn is associated with a slowed loss of complexity.

As caffeine has been demonstrated to effect synaptic input to motoneurons @valton
2003; Kalmar et al 2006), another central factor that may relate to caffeine’s
ergogenesis, and that has been speculated to influence torque complexte(Ghas

the common synaptic input to motoneurons, known as common drive (De Luca and Erim
1994; Farina and Negro, 2015). As previously mentioned (Chapter 5), motor unit
synchronisation is a necessary consequence of common drive (Farina and?R&§)o
Common drive, and therefore motor unit synchronisation, have been demonstrated to
increase as a function of both increased absolute task demands (i.e. increasdtboontrac
intensity) and increased relative task demands (i.e. fatigue; Castronovo et al.aR@15)
common drive has been proposed to be the biggest determinant of force flastuatio

(Dideriksen et al., 2012; Farina et al., 2014). As the loss of MVC torque was slower with
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caffeine ingestion, and MVC torque remained higher at isotime compared with task
failure in the placebo condition, this is indicative of a slower increaselative task
demands and potentially a lower level of common drive. If the increase in common drive
with fatigue was attenuated by caffeine ingestion, this could explain the slade®iofa

loss of complexity (Table 7.3), as well as the significantly higher complexitur@ig5)

and lower variability seen at isotime. Though the functional role of motor
synchronisation in force production is unclear (Farina and Negro, 2015), intleasis

of motor unit synchronisation are thought to disrupt motor performance (éao2000;
Holtermann et al., 2009), which could be reflected in the form of reduced edtyipl
Motor unit synchronisation has previously been speculated to be the cause of the
increased regularity of tremor complexity seen with ageing (Sturman 20@5) and has
been associated with a decrease in the complexity of SEMG output during fatiguing
contractions (Mesin et al., 2009; Beretta-Piccoli et al., 2015). Recordings af umgto
action potentials would be necessary to confirm whether common drive influergees tor

complexity, and also whether caffeine influences common drive.

It was previously asserted (Chapter 5) that only metabolically-mediaiptigral fatigue

iIs capable of inducing the chain of events leading to a loss of torque complexity. It
therefore seems reasonable to suggest that the slower rate of periphgra fati
development observed following caffeine ingestion in the present study (Table 7.2) could
account for the slower loss of complexity (Table 7.3). Such a slowing of pelifdtgae
development with caffeine ingestion has previously been observed by Kalmar and
Cafarelli (1999), and could also account for caffeine’s ergogenic effect. It has been
speculated, based on the observations of a slowing of peripheral fatigue (lQalinar
Cafarelli, 1999) and the potentiation of contraction force during low, but not high,
frequency electrical stimulation (Lopes et al., 1983; Tarnopolsky and Cupido, 2000), tha
caffeine acts to decrease sarcoplasmic reticuluth @pdake, which would increase €a
availability and serve to maintain submaximal force production (Kalmar afaatelia

1999; Tarnopolsky and Cupido, 2000). Measurable effects éhr€laase or reuptake
have, however, generally only been observed during caffeine administration in the
millimolar range in animal models (e.g., Howlett et al.,2005), which would be toxic to
humans (Fredholm et al., 199%) caffeine does positively influence €dandling, this
would suggest that it could modulate the ATP cost of force production and the metabolic

cost of constant load exercise (Doherty and Smith, 2005). If this were thé paseides
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a further potential link with complexity, and support for Seely and Macklem’s (2012)
hypothesis of an inverse relationship befiwe system’s prevailing metabolic rate and

the complexity of its outputs. However, if caffeine does influence complexitughro
peripheral mechanisms, it likely only does so late in the task, since the potedtiathéet

torque did not differ between the caffeine and placebo conditions at isotime (Figure 7.3).
Thus, the reduction in the rate of torque complexity loss and the higher torque complexity
at isotime in the caffeine condition are more likely caused by the effectéfeiheaon

processes upstream in the central nervous system described above.

Conclusion

In summary, this study has demonstrated that the increased endurance timeairowight
by caffeine ingestion is accompanied by a slowing of the rate of loss of tumapdexity,
measured usgApEn, SampEn and DFA a. Caffeine ingestion also slowed the rates of
global, central and peripheral fatigue development, with participants reachisgntiee
limiting values in each condition. The slowing of both central and peripheralidatig
developmentuggests that caffeine’s ergogenic action is not limited to the central nervous
system, but also extends to the periphery, potentially influenciig I@adling. The
slowed rate of loss of complexity provides further indication that complexityoe used
as a surrogate index of fatigue. Given the previous association of metpotiediated
peripheral fatigue with the loss of complexity, it seems possible that thedsiate of
peripheral fatigue development with caffeine ingestion is, at least partly, respdasible
the slowed loss of complexity. However, given the slowed rates of change of
compensatory central adjustments and that both voluntary activation and coynvpézrit
higher at isotimgit is likely that central mechanisms predominiait¢he slowed loss of

torque complexity seen with caffeine ingestion.
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Chapter 8- Study 5

Prolonged depression of knee extensor torque complexity following eccentric
contractions of the knee extensors

I ntroduction

The findings presented within the first four studies of this thesis (Chapters 4, 5,6 and 7
have demonstrated that fatiguing isometric contractions of the knee extensors result in a
progressive reduction in the complexity of torque output, with values becoming
increasingly Brownian (DFAx = 1.50) as task failure approaches. The previous study
(Chapter 7) sought to investigate the influence of caffeine, an ergogenic aititttmug
exert a beneficial effect largely through central mechanisms, on torqueesaty. The
purpose of the present study was to investigate the effect of eccentdisexeduced
muscle damage, which results in prolonged impairment of force production largely

through peripheral mechanisms, on torque complexity and recovery kinetics.

Eccentric contractions are a common part of many everyday activitiesl¢saending

stairs) and sporting events (e.g. those involving stretch-shortening cycles)cand

when muscles are forcibly lengthened (Enoka, 1996). Though eccentric contraaions ar
capable of producing greater force than either isometric or concentric contractions (Katz,
1939; Doss and Karpovich, 1965), the lengthening the muscle fibres must undergo places
high stress on the structures involved in force production, leading to prolonged muscle
damage, delayed onset muscle soreness and functional impairment (Asmussen, 1956;
Fridén et al., 1981; Clarkson et al., 1992). The exact mechanisms responsible for this
muscle damage are not entirely clear. It is believed that the damage liy watissed by
mechanical disruption of the sarcomeres (Proske and Morgan, 2001), due to the weakest
sarcomeres in a myofibril being overstretched (Morgan, 1990; Talbot and Morgan, 1996).
As contractions progress, this process is repeated and the disruption spressishacro
myofibril and to other myofibrils. When this region of disruption is large enough,
membrane damage occurs, beginning with the tearing of the t-tubules (Takekura et al.,
2001). This is followed by damage to the sarcoplasmic reticulum and the uncontrolled

release of calcium (G3 into the sarcoplasm, causing impairment of the excitation-
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contraction coupling process by decreasing the amount &f &ailable for release
(Proske and Morgan, 2001; Warren et al., 2001).

Such muscle damage is persistent, with mechanical disruption and increase crea
kinase still observed several days after the initial event (Fridén et al., 1988yerably
longer following either isometric or concentric exercise (Newham et al., 1983; leavend
and Nosaka, 2006). A consequence of this muscle damage is a decrease in maximal forc
generating capacity, which is of greater extent and duration than aftertberance of
either isometric or concentric contractions (Jones et al., 1989; Smith and Nex@tam

While maximal force following fatiguing isometric contractions recovers to >90%6 o
fresh value after approximately 60 minutes (Sahlin and Ren, 1989; Allman and Rice,
2001), significant decrements in maximal force following eccentric exercise persist f
several days, and in some cases have still been evident for up to two weaksaf@e
Eston, 1992; Sayers and Clarkson, 2001). Interestingly, it has also been olisatved
voluntary activation can be decreased for up to four days followdognéric exercise

(Endoh et al., 2005), indicating a central effect of muscle damage.

An additional, and often overlooked, effect of eccentric exercise-induced musclgedama

is on the ability to control force. Several studies have demonstrated that ieccentr
contractions result in an increase in force fluctuations, as measureddmetheient of
variation (CV), during subsequent low, moderate and high force isometric contractions
(Weerakkody et al., 2003; Lavender and Nosaka, 2006; Semmler et al., 2007; Skurvydas
et al., 2010). This effect has typically been observed an hour after the cessation of
exercise, though in some cases has persisted for 24 hours (Leger and Milner, 2001,
Dartnall et al., 2008), and has not been observed following isometric or concentric
contractions (Lavender and Nosaka, 2006; Semmler et al., 2007). The cabse of
increased variability is currently unknown. However, enhanced motor unit
synchronisation, a phenomenon linked with common synaptic input to muscles (Farina
and Negro, 2015) and associated with increased force variability in fatigued ((eszle

et al., 2000; Holtermann et al., 2009), has been demonstrated to occur during isometric
contractions performed following eccentric exercise (Dartnall et al., 2008) atacte
motor unit synchronisation has also been speculated to be a potential causechfdeé r

complexity of torque output seen with fatigue (Chapters 5, 6 and 7).
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The aims of the present study were, therefore, to determine whether eccentric
contractions, a form of exercise that impairs muscle function through peripheral
mechanisms, influences torque complexity, and to track and compaxemg&inetics

from muscle damaging exercise with those following fatiguing isometric contractions.
The specific experimental hypotheses tested were: 1) that eccentrisexeatcreduce

the complexity of isometric knee extension torque (as measured by decreased
approximate entropy [ApEn] and sample entropy [SampEn], and increased dktrende
fluctuation analysis [DFA] a); 2) that isometric knee extension torque complexity will

still be depressed 60 minutes after the cessation of eccentric exercise;thadtBg
reduction in knee extension torque complexity seen with isometric exercise will have

recovered 60 minutes after the cessation of fatiguing isometric exercise.

M ethods

Participants

10 healthy participants (8 male, 2 female; mean + SD: age 24.8 + 62 jemht 1.75

+ 0.08 m; body mass 69.5 + 10.6 kg) provided written informed consent to partinipate

the study, which was approved by the ethics committee of the University of Kent, and
which adhered to the Declaration of Helsinki. None of the participants had been éhvolve

in any lower limb strength training fer 3 monthsParticipants were instructed to arrive

at the laboratory in a rested state (having performed no strenuousexethe preceding

24 hours) and not to have consumed any food or caffeinated beverages in the three hours
before arrival. Participants attended the laboratory at the same timg @f 8ahours)

during each visit.

Experimental design

Participants were required to visit the laboratory on seven occasions fougrta six-

week period. During their first visit, participants were familiarised with all testing
equipment and procedures, and the settings for the dynamometer and stimulator were
recorded. The second visit involved performance of fatiguing intermittent isometric knee
extension contractions (Isometric exercise; see below); with the third visit, 2tataiy
assessing recovery. The contractions in these visits were performed with the dominant
leg (the leg participants would instinctively use to kick a football). At least orle afese

the third visit, the fourth visit involved performance of intermittent eccentric knee

181



182

extension contractions (Eccentric exercise; see below); with the fifth, sixtbeardth

visits, 24 hours, 48 hours and one week later, assessing recovery. The contractions in
these visits were performed with the non-dominant leg. The methods used for the setup
of the dynamometer, femoral nerve stimulation and surface EMG are described in the
General Methods (Chapter 3).

Protocol

All visits began with the instrumentation of the participants, the (re-)establishment of the
correct dynamometer seating position and supramaximal stimulation response.
Participants then performed a series of brief (3 second) MVCs to establish the maximum
torque of the leg to be used in that visit. The MVCs were separated by 60 sesbnds re
and continued until three consecutive peak torques were within 5% of each other.
Participants were given a countdown, followed by very strong verbal encouragement to
maximise torque. The first MVC was used to establish the fresh maximal EMG signal,
against which the subsequent EMG signals were normalised (Data analysis; see below).
The second and third MVCs were performed with peripheral nerve stimulation. In all
instances where MVCs were performed with stimuli, the stimuli were delivered 1.5
seconds into the contraction to coincide with maximal torque, and 2 seconds after the
contraction to provide a resting potentiated doublet (see General MeCGluaster 3).
Following this, participants performed a series of five isometric contractions at a target
torque of 50% MVC. These contractions were 6 seconds long and separated by 4 seconds
rest. The target torque was based on the highest instantaneous MVC torque recorded

during the pre-test MVCs.

Participants were additionally asked to rate their muscle soreness and capiléey

blood was sampled from a finger tip. Muscle soreness was measured using a visgal ana
scale consisting of a horizontal line 10 cm long, with 0 and 10 marked atead¢kee
Appendix). On this scale, zero corresponded to no muscle soreness and siiboded

to the most intense soreness imaginable. Participants performed a squat down to ~ 90° of
knee flexion and were asked to draw a line marking their subjectiveessramith the
distance to the mark (in centimetres) being used to quantify soreness. Aifingleod

sample was then taken, and centrifuged for 10 minutes to obtain plasma. Plasma samples
were then stored at80°C for later analysis of creatine kinase (CK). Plasma CK was

determined using a commercially available kit (CKNAC, Randox Laboratories Ltd.,
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Crumlin, County Antrim, UK) and standard spectrophotometric-colorimetric procedure
with a Randox Monza (Randox Laboratories Ltd., Crumlin, County Antrim, UK).

Following this, participants rested for 10 minutes. In the second and fourth visits,
participants then performed the isometric exercise and eccentric exercisetivelspec
(see below). Immediately at task end/failure and then after 10, 30 amcinGfes
recovery, a measure of MVC torque, accompanied by peripheral nerve stimwatson,
taken and the 50% MVC task was performed. At each of these time points, th&\BD%

task was performed twice, with 5 minutes rest separating each set of contractions. The
first set of contractions was normalised to 50% of the MVC obtained at that time point
(50% relative), while the second set was performed at 50% ofetexprcise MVC (50%
absolute). Measures of muscle soreness and finger tip blood samples weredobtaine
immediately at task end/failure and after 60 minutes recovery. All of these measures
(MVC torque, 50% relative, 50% absolute, muscle soreness and blood sample) were also
recorded 24 hours after isometric exercise, and 24 hours, 48 hours and krefterce

eccentric exercise.

Isometric exercise

In their second visit, participants performed intermittent isometric knee extension
contractions at a target torque of 50% MVC until task failure. The target tofdii®6

MVC was based on the highest instantaneous torque recorded during the pre-test MVCs.
The duty cycle for the contractions was 0.6; with contractions lasting 6 secoruksramnd
followed by 4 seconds rest. The contractions were performed until task failupsjrihe

at which the participant failed to reach the target torque on three consecuisa0s,
despite strong verbal encouragement. Participants were not informed of the elapsed ti
during te trials, but were informed of each “missed” contraction. After the third missed
contraction, participants were instructed to immediately produce an MVC, whieh wa
accompanied by peripheral nerve stimulation. Further details of the contraitonol

can be found in the General Methods (Chapter 3) and a graphical represetationn

in Chapter 5 (Figure 5.2).

Eccentric exercise
Eccentric exercise with the non-dominant leg was used to induce a minimum 40%
reduction of isometric MVC torque (Prasartwuth et al., 2006; Dartnall et al., 2008). This
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protocol was used to induce a similar amount of muscle damage in all participants
compared to the large variation in strength loss that can be seen folldfiwed aumber

of eccentric contractions (Hubal et al., 2007). Participants were seated withaheir
dominant leg strapped to the dynamometer and raised their leg to an angle of 20°
extension (with full extension being 0°). The dynamometer then flexed the participant’s

knee to an angle of 90° extension, at a constant angular velocity sf-,6@hilst the
participant resisted this motion by attempting to maximally extend their knee. Each
eccentric contraction was separated by a minimum of 3 seconds rest. Contraet®ns
performed in sets of 10, followed by a 60 second rest period. At the starh@Csecond

rest period, participants performed an isometric MVC. The eccentric contractions
continued until there was a reduction in isometric MVC torque exceeding 40%. At this
point, participants performed another isometric MVC, this time accompanied by

peripheral nerve stimulation.

Data analysis

The data analysis focused on three specific areas: 1) basic measures of torque and EMG;
2) measures of central and peripheral fatigue; and 3) the variability anpdestty of the

torque output of the isometric contractions. All data were analysed using code written in
MATLAB R2013a (The MathWorks, Massachusetts, USA).

Torque and EMG: The mean and peak torques, and vastus lateralis EMG were calculated
for each isometric contraction at 50% MVC as described in the General MetihaqgeeC

3). Details of how task failure was calculated in the isometric test are given inrtbeae
Methods (Chapter 3).

Central and peripheral fatigue: Measures of central and peripheral fatigue were
calculated based on the stimuli delivered during and after the MVCs performed pre-test,
at task end/failure and throughout the recovery periods. Further detagivemen the
General Methods (Chapter 3). Muscle contractility was assessed for each peyipherall
derived resting twitch as contraction time to peak torque (TPT) and oneslaathtion

time (RTos). Further details are given in the Methods section of Chapter 5.

Variability and complexity: All measures of variability and complexity waakeulated

using the steadiest five seconds of each isometric contraction at 50% MVC. The amount
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of variability in the torque output of each isometric contraction was meassirggl the
standard deviation (SD) and CV. The temporal structure of variabiaty examined

using multiple time domain analyses. ApEn and SampEn were used to determine the
complexity of the torque output; while DFA was used to estimate the tempactdl fr

scaling. Further details are given in the General Methods (Chapter 3).

Statistics

All data are presented as means + SEM unless otherwise stated, and results were deemed
statistically significant wheR < 0.05. One-way ANOVAs with repeated measures were
used to test for differences between time points for MVC torque, arEMG, poteéntiate
doublet torque, voluntary activation, measures of variability, measuresnfieaty,

muscle soreness and plas@Hé in the isometric and eccentric conditions. When main
effects were observed, Student’s paired samples t-tests and Bonferroni-adjusted 95%

confidence intervals were then used to determine specific differences.

Results

Preliminary measures

The contractile properties of the knee extensors, along with muscle saadgdasma

CK, measured prior to the isometric and eccentric conditions are shown in Table 8.1. The
variability and complexity of torque output prior to the isometric and ecceptittons

are shown in Table 8.2. There were no significant differences between the cenditio

prior to exercise for any of the variables.

Muscle soreness and plasma creatine kinase

Muscle soreness increased over time in both the eccentric, muscle dagageF48,

P < 0.001) and isometric, fatigue conditiong ¢F= 13.42, P < 0.001; Table 8.1). By the
end of the eccentric test, soreness had increased from 0.37 £ 0.12 to ®82m (95%
paired samples confidence intervals (Cls): 3.4, 9.7 cm) and remaigeificantly
elevated over the next 48 hours (5.25 + 0.51 cm; Cls 3.3, 6.5tchad recovered and
was not significantly different to its pre-test value one week aftecieee(Cls-0.7, 0.2

cm). At the end of the isometric test, soreness had increased from 0.47 + 0.1340 4.96
0.72 cm (ClIs 2.2, 6.8 cm). Soreness decreased over the next 24 hostifl, leatained
significantly elevated at this time point (1.72 £ 0.41 cm; Cls 0.3,18)2 ¢
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Plasma CK increased over time in the eccentric conditiggns619.68, P < 0.001; Table
8.1). 60 minutes after exercise, plasma CK had increased from 172.14/b518378.0

+ 63.8 (Cls 47.8, 364.1 U/L). It peaked 24 hours after exercise (8922.8 U/L; Cls
299.1, 1143.5 U/L) and remained significantly elevated 48 hours after ex¢@is
202.7, 997.8 U/L). It had recovered and was not significantly different fropratsest
value one week after exercise (€l60.8, 71.0 U/L). There was also a significant effect
of time on plasma CK in the isometric conditiorp§F= 7.42, P = 0.023), though

subsequent t-tests revealed no significant differences between time points.

Torque and EMG

There was a significant effect of time on MVC torque in the both the ecc@rire=

64.37, P < 0.001) and isometric conditions 4= 93.21, P < 0.001; Figure 8.1; Table
8.1). Task end in the eccentric condition occurred when the isometric MVC performed at
the end of a set had decreased by 40%. This occurred after 182 + 24tmorgrand
resulted in a change in MVC torque from 233.6 + 23.5to 137.7 £ 14.4 N-m; a significant
decrease of 41.0 + 1.7% (Cl46.7,-35.2%). MVC torque exhibited limited recovery (to
166.6 + 16.2 N-m) throughout the subsequent 60 minutes, and remained significantly
depressed, by 28.1 + 2.3%, at the end of this period {832, -20.0%). There was
further partial recovery after 24 hours and 48 hours, though MVC totdjuemained
significantly depressed at these time points, by 23.9 + 3.1%-8316,-13.1%) and 19.7

+ 3.0% (CIs-30.1, -9.3%), respectively. MVC torque had recovered and was not
significantly different from its pre-test value one week after exer€ke-6.1, 10.2%).

Task failure in the isometric condition occurred when participants were no longer able to
achieve the target torque (123.0 £ 12.2 N-m), despite a maximal effort. Thiseat

after 4.3 £ 0.5 minutes and resulted in a change in MVC torque from 24811440

130.6 £ 11.5 N-m; a significant decrease of 46.2 + 1.4% {80s9, -41.5%). MVC
torque exhibited partial recovery throughout the subsequent 60 minutes, though still
remained significantly depressed, by 11.9 + 2.1%, at the end of this f@ls€l8.8,—

5.0%). MVC torque had recovered and was not significantly different fromeatsept

value 24 hours after exercise (Gl& 3, 4.3%).
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Figure 8.1. Group peak MVC torque (= SEM) at each time point of the isometric andtdccen
conditions.” = Significantly different from the pre-test value.

The mean arEMG, normalised to a fresh pre-test MVC, during the contractions at 50%
absolute (Fe3=24.59, P < 0.001) and 50% relativer &= 11.03, P < 0.001) changed
over time in the eccentric condition (Figure 8.2; Table 8.1). By the end of thetecc

test, the arEMG for 50% absolute had increased from 51.2 + 2.3 t0 66.5 + 4.9% (Cls 1.1,
29.2%). Throughout the subsequent 60 minutes, this increased further, reaching 89.7 £
3.6% at the end of this period. arEMG started to recover thereaftestilbuemained
significantly elevated after 48 hours (68.4 + 1.5%; Cls 4.5, 30.0%)d Itdwdvered and

was not significantly different from its pre-test value one week aftaciese (Cls-13.2,

4.9%). The arEMG for 50% relative increased during the 60 minutes aftersexencd

was significantly greater at the end of this period (67.1 £ 2.9%7 0|s24.9%). It had
recovered and was not significantly different from its pre-test value 24 hoers aft
exercise (Cls-11.9, 7.4%).

The mean arEMG for 50% absolutes 6= 18.33, P < 0.001) and 50% relative 6=

5.87, P < 0.001) also changed over time in the isometric condition (Figure 8.28Tgble

Over the course of the isometric test, the arEMG for 50% absolute increased from 52.9 +
2.0t088.3 £5.8% (Cls 18.5, 52.2%). arEMG decreased over the subsequent 60 minutes,
but still remained significantly elevated at the end of this period (66.2%; Cls 7.3,
19.2%). It had recovered and was not significantly different from itsgstevalue 24

hours after exercise (Clsl0.9, 7.1%). The arEMG for 50% relative was significantly
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lower at task failure than pre-test (Ci24.5,-3.4%), but had recovered and was not

significantly different from its pre-test value 10 minutes after exercise-(C19, 15.8%).
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Figure 8.2. Group mean arEMG for the contractions at 50% absolute (+ SEM) at each tithefpibe
isometric and eccentric tests: Significantly different from the pre-test value.

Peripheral and central fatigue

Both the eccentric (fse = 33.22, P < 0.001) and isometric conditions4g= 26.52, <

0.001) resulted in significant reductions in potentiated doublet torque (Figure 8.3; Table
8.1), indicating the presence of peripheral perturbations. By the end of tdriedest,
potentiated doublet torque had decreased from 109.2 + 9.1 to 84.8 + 7(€N-184.0,

—14.9 N-m). Throughout the subsequent 60 minutes, it continued to decrease, reaching
70.8 £ 5.7 N-m at the end of this period. Potentiated doublet torque starteduerre
thereafter, but still remained significantly decreased after 24 hou6£%18 N-m; Cls
-34.3,-1.0 N-m). It had recovered and was not significantly different from esqat

value 48 hours after exercise (G&.6, 29.1 N-m). Over the course of the isometric test,
potentiated doublet torque decreased from 107.9 + 8.3 to 63.3 £ BLIMNS—69.0,—

20.2 N-m). Throughout the subsequent 60 minutes it exhibited partial recoveryll but sti
remained significantly decreased at the end of this period (87.6 £ B19MNs—-31.7,—

9.0 N-m). It had recovered and was not significantly different from itsegtevalue 24
hours after exercise (Ci%.8, 13.9 N-h
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Figure 8.3. Group mean potentiated doublet torque (+ SEM) at each time point of the iscaneltr
eccentric tests.= Significantly different from the pre-test value.

Both the eccentric (fse= 16.05, P < 0.001) and isometric conditions4g= 12.70, <
0.001) also resulted in significant reductions in voluntary activation (Figdrer8ble
8.1), indicating the presence of central perturbations. By the end of thetrecdtest,
voluntary activation had decreased from 92.0 £ 0.8 to 68.3 *+ 3.286-8C.3,-10.0%).
It remained significantly decreased after 30 minutes of recovery {82 6%o; Cls-18.8,
-1.2%), but had recovered and was not significantly different from its pre-test 6@
minutes after exercise (Cl2.4, 8.6%). Over the course of the isometric test, voluntary
activation decreased from 91.7 + 0.6 to 77.3 £ 3.2% (@K5,-3.3%). It remained
significantly decreased after 30 minutes of recovery (83.9 + 2.2%:;1514,-0.3%), but
had recovered and was not significantly different from its pre-test value 60 nafteies
exercise (Cls-1.3, 9.7%).
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Figure 8.4. Group mean voluntary activation (+ SEM) at each time point of the isometriecaedtric
tests.” = Significantly different from the pre-test value.

Variability and complexity

There was a significant effect of time on the amount of variability in the eccentric
condition, as measured by the SD and CV at 50% absolute ¢(gbx B.39, P < 0.001;

CV, F763=7.88,P < 0.001) and 50% relative (CV; k= 14.26, P < 0.001; Table 8.2).

By the end of the eccentric test, the SD for 50% absolute had increased frof 316

8.0+ 1.4 N-m (Cls 0.09, 9.3 N-m), while the CV had increased from @.8t0 7.4 +
1.3% (ClIs 0.05, 9.0%). The CV remained significantly higher 10 minutes a#éssige

(Cls 0.06, 6.0%), and had a tendency to remain higher 60 minutegxdterse (4.4 +

0.8; ClIs-3.6, 0.5%). The CV of the 50% relative contractions was increased at the end
of exercise (4.6 + 0.2%; ClIs 0.5, 3.0%), and remained significduglyer after 60
minutes (3.9 £ 0.4%; ClIs 0.06, 2.1%). It had recovered and was not signyfidéfietient

from its pre-test value after 24 hours (€659, 0.8%). There was also a significant effect
of time on the SD and CV in the isometric condition at 50% absolute (B+=F9.39,

P <0.001; CV, B45=24.70, P < 0.001; Table 8.2). Over the course of the isometric test,
the SD for 50% absolute increased from 3.3 £0.5t010.4+£ 1.7 N-m (ClIs 1.9,-1.4 N
while the CV increased from 2.6 £ 0.1 t0 9.6 = 1.3% (Cls 2.3%) Both had recovered
and were not significantly different from the pre-test values after 10 minutesaxery

(SD, Cls-0.7, 0.7 N-m; CV Cls0.5, 0.4%).
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Complexity, as measured by ApEn and SampEn, changed over time in both the eccentric
(ApEn, Fre3= 17.16,P < 0.001; SampEn, #s3= 16.78,P < 0.001) and isometric
conditions (ApEn, E45= 28.27, P < 0.001; SampEns 45 = 26.21, P < 0.001) for the
contractions at 50% absolute (Figure 8.5; Table 8.2). By the end of thetrécdest,
ApEnN had decreased from 0.39 £ 0.04 to 0.20 = 0.034{QI3,-0.08), while SampEn

had decreased from 0.36 £ 0.04 to 0.18 + 0.03{GI3,-0.07). ApEn (0.25 = 0.04; Cls
-0.2,-0.07) and SampEn (0.22 + 0.03; €6:2,-0.06) remained significantly depressed
60 minutes after exercise. Both had recovered and were not significant differant
their pre-test values 24 hours after exercise (ApEn;-Q&6, 0.2; SampEn, Ci€.05,

0.2). Over the course of the isometric test, ApEn decreased from 0.41 + 0.04 #0 0.09
0.01 (Cls-0.4,-0.2), while SampEn decreased from 0.37 £ 0.04 to 0.08 + 0.0:0Cls
-0.2). Both had recovered and were not significantly different from their preaiestsv

10 minutes after exercise (ApEn, CGI8.006, 0.1; SampEn, Ci£.00004, 0.1). There
were also significant effects of time on ApEn and SampEn for 50% relative in the
eccentric (ApEn, Fe3=3.41, P = 0.004; SampEm; dz= 3.22, P = 0.006) and isometric
conditions (ApEn, E4s = 4.12, P = 0.003; SampEns 4 = 4.53, P = 0.002), though

subsequent t-tests revealed no significant differences between time points.

DFA o changed over time in both the eccentric (F763= 16.21,P < 0.001) and isometric
conditions (k45 = 32.45, P < 0.001) for the contractions at 50% absolute (Figure 8.5;
Table 8.2). By the end of the eccentric test, DFA a had increased from 1.43 + 0.03 to 1.54

+ 0.03 (CIs 0.04, 0.2). DFA o remained significantly elevated 60 minutes after exercise
(1.55 £ 0.02; Cls 0.04, 0.2). It had recovered and was not significantlyediffieom its
pre-test value 24 hours after exercise (&lsl, 0.03). Over the course of the isometric
test, DFA o increased from 1.39 + 0.03 to 1.64 + 0.02 (CIs 0.2, 0.3). It was still
significantly elevated 10 minutes after exercise (1.46 + 0.02; Clis 0.0}, but had
recovered and was not significantly different from its pre-test value 30 minftées a
exercise (Cls-0.1, 0.02). There was also a significant effect of time on DFA o for 50%
relative in the eccentric condition {3 = 4.51, P < 0.001), though subsequent t-tests

revealed no significant differences between time points.
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Figure 8.5. Group mean (+ SEM) changes in torque ApEn (A), SampEn (BP&ida (C) at each time
point of the isometric and eccentric tests.Significantly different from the pre-test value.
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Table 8.1. Voluntary torque, potentiated doublet torque, voluntary activation, EMG, muscle soreness and plasma creatine kinase responses over

the course of the isometric and eccentric tests.

193

Parameter Pre Task 10 mins post 30 mins post 60 mins post| 24 hours post| 48 hours post 1 week post
end/failure

MVC torque, | Iso 100 538+ 1.4 78.0+35 | 798+3.0 88.1+2.1 102.0 £ 0.7 - -
% pre Ecc 100 59.0 +1.7 64.6+27 | 68.8+29 71.9+2.3 76.1+3.1 80.3+3.0 98.0+24
Doublet, Iso | 107.9+8.3| 63.3%5.3 87.2+71 | 87.7+7.0 87.6 +6.9 103.9+8.4 - -
N-m Ecc| 109.2+9.1| 84.8+7.6 73.8+6.0 | 71.4+59 70.8 +5.7 91.6+7.8 96.0+7.7 | 1004+7.7
VA, Iso | 91.7+0.6 77.3+3.2 822+27 | 83.9+22 87.5+1.38 915+1.2 - —
% Ecc| 92.0+0.8 68.3+3.2 78.1+23 | 82.0+26 84.1+25 88.9+1.7 89.8+1.3 912+14
arEMG Abs |Iso | 52.9+2.0 88.3+5.8 720+21 | 66.4+1.7 66.2+1.9 549+14 - —
% MVC Ecc| 512+1.4 65.6 + 4.9 80.0+4.1 | 86.5+3.8 89.7 + 3.6 76.8 +2.5 68.4+1.5 55.3+15
arEMG Re] |Iso | 52.9+2.0 39.0+1.2 536+15 | 50.2+1.6 55.7+2.2 524+1.8 - —
% MVC Ecc| 51.2+14 48.3+2.7 58.0+2.8 | 625+24 67.1+2.9 53.4+1.7 49.0+2.0 | 51.90+2.4
Soreness, Iso | 0.47 £0.13| 4.96+0.72 - - 3.50 +0.82 1.72+0.41 - -
cm Ecc| 0.37+0.12| 6.92+0.96 — — 6.00 + 5.28 5.28 + 0.45 525+0.51 | 0.62+0.18
CK, Iso | 165.8 £ 34.1| 168.1 + 34.9 — - 196.4 +40.4| 200.1+41.1 - —
U/L Ecc| 172.1 +51.8] 316.6 + 80.7 — — 378.0+62.7 | 893.4+1228 | 722.3+92.6 | 217.0+31.8

Values are means + SEM. MVC, maximal voluntary contraction;

doublet, potent@mibtettorque VA, voluntary activation; arEMG, average rectified EMG of the vastus
lateralis; CK, plasma creatine kinase; Iso, isometric condition; Ecc, eccentric condli® 50% absolute; &, 50% relative. * indicates a statistically significant difference
from the pre-test value.
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Table 8.2. Variability, complexity and fractal scaling responses over the course of the isometric and eccentric tests.
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Parameter Pre Task 10 mins | 30 mins post| 60 mins 24 hours 48 hours 1 week post
end/failure post post post post

SD Abs, Iso 3.3+05 104 +1.7 3.3+0.2 3.2+0.3 35+04 3.0+£0.3 - -
N-m Ecc 3.5+0.3 8.0+1.4 6.2+0.8 55+0.7 5.0+0.8 3.6+04 3.3+0.3 29+0.2
SDRel, Iso 3.3+£05 1.8+0.2 26+0.2 2.7+£0.2 29+0.2 29+0.2 - -
N-m Ecc 3.5%20.3 35+04 3.4+0.3 3.7+05 35+04 2.7+0.2 2.7+0.3 3.2+0.3
CV Abs, Iso 2601 9.6+1.3 26+0.2 26x0.2 29+0.3 24+0.2 - -
% Ecc 2.8+0.3 74+1.3 59+0.9 51+0.9 4.4 +0.8 3.0+05 27204 24+0.1
CV Rel, Iso 26+0.1 25+£0.3 26+0.2 2.7+£0.2 26+0.2 2.3+£0.2 - -
% Ecc 2.8+0.3 46+0.2 42+04 45x05 3.9+04 29+0.2 2.8+0.2 2.7+0.2
ApEn Abs Iso | 0.41+0.04| 0.09+0.01 | 0.36 +£0.03 0.37 £0.03 0.35+0.04 | 0.37+£0.04 — -

Ecc| 0.39+0.04 | 0.20+0.03 | 0.19+0.03 0.21 +0.02 0.25+0.04 | 0.33+0.03| 0.36+0.03 0.38 £ 0.02
ApEn Rel Iso 0.41+0.04| 053+0.06| 0.44+£0.04 0.45+0.03 0.40x£0.03 | 0.39+0.03 - -

Ecc| 0.39+0.04| 0.36x0.05| 0.33+0.03 0.30 £0.03 0.34+£0.03| 0.40+0.03| 0.38+0.04 0.35+0.03
SampEn Abs Iso | 0.37+£0.04| 0.08+0.01 | 0.33+0.03 0.34 £0.03 0.31+0.03 | 0.33+0.03 — -

Ecc| 0.36+0.04 | 0.18+0.03 | 0.17 +£0.03 0.19 +0.02 0.22+0.03 | 0.30+0.03| 0.33+0.02 0.35+0.02
SampEn Rel Iso 0.37+£0.04 | 049+0.05| 0.40+0.04 0.41+0.03 0.37£0.03| 0.35+0.03 - -

Ecc| 0.36 £0.04| 0.33x£0.04 | 0.30 +0.03 0.27 £0.03 0.31+£0.03| 0.37+0.03| 0.36 +£0.03 0.32 £0.02
DFA o Abs Iso 1.39+0.03 | 1.64+0.02 | 1.46 £0.02 1.44 £ 0.02 1.45+0.02 | 1.42+0.02 - -

Ecc| 1.43+0.03| 1.54+0.03 | 1.56 +0.03 1.57 £0.02 1.55+0.02 | 1.49+0.02 | 1.45+0.02 1.43 £0.02
DFA o Rel Iso 1.39+£0.03| 1.44+£0.02| 1.42+0.03 1.41 £0.02 142 +£0.02| 1.41+£0.02 — -

Ecc| 1.43+0.03| 1.47x0.03| 1.49+0.02 1.50 £ 0.03 1.48+0.02| 1.43+0.02 | 1.43+0.02 1.44 £ 0.02

Values are means + SEMD, standard deviation; CV, coefficient of variation; ApEn, approximate gnt&gpmpEn, samplen@opy; DFA a, detrended fluctuation analysis;
Iso, isometric condition; Ecc, eccentric conditiogsA50% absolute; &, 50% relative. * indicates a statistically significant difference from the stesatue.
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Discussion

The present study aimed to investigate changes in knee extensor torque complexity
following muscle-damaging eccentric contractions. The major novel finding of the
present study was that eccentric exercise resulted in a prolonged loss of torque
complexity, which was of greater duration than that induced by fatiguing isome
exercise. Both the eccentric and isometric conditions were associated withfaMd&s o
torque and the development of significant central and peripheral perturbations, which
were accompanied by increasingly Brawn (DFA o = 1.50) fluctuations in torque

output. Recovery from these perturbations and of complexity variables wasyenpwe
significantly delayed following eccentric exercise. Torque complexity recoveptotda
baseline levels after 10 minutes of recovery in the isometric condition, but required 24
hours recovery in the eccentric condition. These results indicate that eccestcisex
negatively influences torque complexity; provide the first insight into the recovery
kinetics of torque complexity following muscle-damaging and fatiguing exeraisk;
provide further evidence that the effects of eccentric exercise migt lead to

physiological and mechanical alterations, but also neural impairment.

Effect of eccentric exercise on fatigue and torque complexity

It has long been established that eccentric exercise results in a proloogadetd in
torque generating capacity (Davies and White, 1981; Newham et al., 1987gtlahes
1989). More recently, it has been shown that eccentric exercise alsoiresyltslonged
increase in torque variability (Semmler et al., 2007; Dartnall et al., 2088)present
study, in line with its hypotheses, is the first study to demonstrate that such resgdsose
apply to torque complexity (Figure 8.5; Table 8.2). Eccentric exercise resualtd
reduction in isometric knee extension torque complexity, as measured by siglyifica
decreased ApEn and SampEn (indicating increased signal regularity) and significantly
increased DFA a (indicating increasingly Brownian fluctuations). Over the next 60
minutes, complexity exhibited no recovery and remained at the same levethes a
cessation of exercise. It was only after 24 hours that complexityelcagiered and was

not significantly different from its pre-test value. Such findings are similghdee
investigating the magnitude of variability, which have shown increased CV during the 60
minutes following eccentric exercise (Lavender and Nosaka, 2006; Semmale2607;

Skurvydas et al., 2010). Given the purported significance of complexity (Lipsitz and
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Goldberger, 1992; Goldberger et al., 2002), these results suggest that eccentric exercise
results in a prolonged narrowing of system responsiveness and loss of adaptability

motor control.

As previously observed (Chapters 4, 5, 6 and 7), torque complexity sigtiifica
decreased over the course of isometric exercise performed to task failcwetrast to

the eccentric exercise, though, recovery of torque complexity following isometric
exercise began immediately and was complete 10 minutes after the cesfsexiercise
(Figure 8.5; Table 8.2). Given that both the eccentric and isometric conditions resulted
significant global, central and peripheral perturbations, it is likely that the losses in
complexity in each condition have, to some extent, similar causes. For exérhpke
previously speculated that increased motor unit synchronisation may be responsible for
reduced torque complexity (Chapters 5, 6 and 7), and increases in motor unit
synchronisation have been observed during both fatiguing isometric contractions
(Castronovo et al., 2015) and eccentric contractions (Semmler et &), Pavever,

that complexity recovers almost immediately upon the cessation of isometric exercise,
but takes 24 hours following eccentric exercise suggests a specific effect miriecce
exercise is responsible for this delayed recovery. It has been speculated dedaybd
recovery of the magnitude of variability following eccentric contractions isentral

origin, and could be due to increased motor unit recruitment and rate coding to
compensate for losses from damaged motor units (Semmler et al., 200d§ oo
enhanced motor unit synchronisation (Dartnall et al., 2008); both of which hame be
associated with the fatigue-induced loss of complexity observed in the previous chapters

of this thesis.

Recovery of MVC torque has been shown to be ~90% complete 60 minutéatajfteng
isometric exercise (Sahlin and Ren, 1989; Allman and Rice, 2001), but takes seweral day
if not longer, to recover following muscle damaging eccentric exercise (@baks1989;
Sayers and Clarkson, 2001). The present study provides further support for suehyrec
kinetics; with MVC torque reaching ~88% of its fresh value after 60 minutes mgcove
from fatiguing isometric exercise, but still being significantly decreaded 48 hours
recovery from muscle damaging eccentric exercise (Figure 8.1; Table 8.1). Intgyesti

the recovery kinetics of MVC torque, in both conditions, differed from those of

complexity; with torque generating capacity recovering significantly more slowly (Table
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8.1; Table 8.2). Such a delayed recovery of torque generating capamiyparison to
complexity suggests that there is a dissociation between global fatigue apiéxgm
during recovery from exercise, and that changes in variability amgblegity during
recovery are not related to MVC torque (Lavender and Nosaka, 2006). Thus, while the
loss of complexity during exercise mirrors the loss of torque generadjoacity and
provides a useful surrogate index of fatigue (Chapter 5), it appears thessaotdrue
during recovery from exercise. Whilst the dissociation between complexitylaia g
fatigue during recovery from eccentric exercise is likely due to acteffe it mechanical

or neural, of muscle damage, the mechanism behind the rapid recovery aéxagnipl
comparison to global fatigue following isometric exercise is not presently clear.

Previous research has indicated that eccentric exercise resultsincrease in the
amplitude of submaximal EMG during recovery (Semmler et al., 2007; Dartnall et al.,
2008). In the present study, EMG amplitude following isometric exercise was
significantly increased at task failure, but decreased throughout the subsequent 60
minutes of recovery. However, following eccentric exercise the EMG amplitude
continued to increase throughout that 60 minutes for both the contractions at 6@ of
absolute and relative MVCs (Figure 8.2; Table 8.1). Indeed, it was not umtiri@es

after eccentric exercise that EMG amplitude reached its peak; and it remained
significantly increased 48 hours after exercise. That EMG starts to recover imnyediatel
upon cessation of isometric exercise, but continues to increase during the 60 minutes
following eccentric exercise may be of importance to the recovergroplexity. It has

been suggested that adjustments in motor unit activation play a role in the th&btSe
amplitude following eccentric exercise (Semmler et al., 2007; Dartnall et al., 2008).
Specifically, increased motor unit synchronisation has been observed immediately
following eccentric exercise (Dartnall et al., 2008), with this increase lasting aadong
one week (Dartnall et al., 2011). Several computer simulation studies have addggatst
increased motor unit synchronisation substantially increases EMG amplitude (Yao et al.,
2000; Zhou and Rymer, 2004). Moreover, motor unit synchronisation has previously been
speculated to be a potential cause of the fatigue-induced loss of torque complexity
(Chapters 5, 6 and 7).
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Physiological bases for changes in neuromuscular system behaviour

Eccentric exercise is well known for impairing neuromuscular function through
peripheral mechanisms, i.e. the muscle damage it induces (Allen, 2001). It is, therefor
possible that the prolonged reduction in complexity following eccentric exemige c
also have a peripheral mechanism. Eccentric exercise results in low-fredaggoe
(Balnave and Allen, 1995; Dundon et al., 2008), caused by an impairment of exeitation
contraction coupling, most likely due to a decrease in the amount’0faCailable for
release (Balnave and Allen, 1995; Allen, 2001). The previous study of this theggiCha
7) speculated on a link between?Chandling, metabolic rate and complexity. It was
hypothesised that caffeine potentially acts to decrease sarcoplasmitunetiC&*
uptake, leading to increased®Cavailability, which would serve to maintain submaximal
force production (Kalmar and Cafarelli, 19990. Such a potential positive effée#on
handling suggested that caffeine may be able to decrease the ATP cost pfddrection

and the metabolic cost of constant load exercise. As the loss of complastalso
slowed by caffeine ingé@sn, this provided a link to Seely and Macklem’s (2012)
hypothesis of an inverse relationship between a system’s prevailing metabolic rate and

the complexity of its output. In contrast, eccentric exercise has been shosgultan
decreased Ca availability (Balnave and Allen, 1995; Ingalls et al., 1998), increased
energetic cost of force production (Warren et al., 1996) and now a proladertion

in torque complexity. It must be noted, though, that the studies indicating decredsed Ca
availability after eccentric exercise were performed on isolated singidhae mouse
muscles (Balnave and Allen, 1995; Warren et al., 1996 Ingalls et al., 1998)ttzough

C&* handling may be impaired, cytoplasmic’Cmay actually be elevated in the early
stages of damage due to sarcoplasmic reticulum disruption (Proske and Morgan, 2001).
The present results further suggest a possible link betwegm&adling, metabolic rate
and complexity, though it must be noted that no direct evidence linkiAigh@adling

with complexity has yet been found.

Based on the observations of decreased complexity as a result of botlsddcrea
contraction intensity and increased fatigue, it was previously spectitatiedecreased
torque complexity is simply a function of the engagement of a greater poopof the

motor unit pool (Chapter 4 and 5). The present findings provide some supsutiioa
contention. The muscle damage brought about by eccentric exercise results in some

muscle fibres contributing little to force production (Proske and Morgan, 2001). Thus, in
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order to compensate for losses from damaged motor units, increasedn&ctaind rate
coding would be necessary to achieve the target torque (Semmler et al., 2002), a
indicated by the increasing EMG during the first 60 minutes of recovery (Figure 8.2;
Table 8.1). Such an increased activation of the motor unit pool may plyerdiaribute

to the observed prolonged reduction in complexity. However, the muscle damage
experienced and decreased force generating capability persist for livage the
decreased complexity, suggesting that the damage-induced activation oéter gre
proportion of the motor unit pool may play only a minor role in théopiged reduction

in torque complexity. Furthermore, during recovery from isometric exercisenitiaued
presence of peripheral fatigue would likely indicate fibres contributing less te forc
production, necessitating greater activation of the motor unit pool, yet exitypl

recovers within 10 minutes of the cessation of exercise.

Increased motor unit synchronisation has previously been observed followergrec
exercise and has been speculated to be a cause of the increased EMG amglibrdea
variability seen after such exercise (Saxton et al., 1995; Serataley 2007; Dartnall et

al., 2008). Motor unit synchronisation is a consequence of a common synaptic input to
motoneurons (common drive; De Luca and Erim 1994; Farina and Negro, 20153sand h
been linked, in the previous chapters of this thesis, with the fatigue-induced losgief tor
complexity. Common drive, and therefore motor unit synchronisation, hase be
proposed to be the main determinant of force variability (Dideriksen et al., 28d2a F

et al., 2014), and have been demonstrated to increase as a function of dagjuenovo

et al.,, 2015), just as complexity has been demonstrated to decrease as a fhfnctio
fatigue. Though the EMG setup used in the present study (a single set of bipaleg surf
electrodes) precludes the measurement of motor unit synchronisation, previous studies
have observed an increase immediately after and 24 hours after (Dertah)l 2008)
eccentric exercise. Furthermore, the increasing EMG amplitude (Figure 8.2;8THble

and increased amount of variability (Table 8.2) in the 60 minutes followirgnetx
exercise suggest a role for adjustments in motor unit activation (Daatiadl] 2008), and

are both typical of increased motor unit synchronisation (Yao et al., 2000; Zhou and
Rymer et al., 2004). Given the previous association between increased motor unit
synchronisation and decreased complexity during fatiguing contractions, it would seem
reasonable to suggest that the prolonged loss of complexity in the present stiatiyds re

at least partly, to an eccentric exercise-induced increase in motor urhit@yisation.
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However, the previously observed increases in motor unit synchronisation have been
observed 24 hours (Dartnall et al., 2008) and even up to a week after [[Detrinla

2011) eccentric exercise, longer than the presently observed decrement iaxagmpl
Further research, utilising high density SEMG to investigate motor unit synchronisation
in the knee extensors following eccentric exercise is required to firmly establish a

relationship with complexity.

Conclusion

In summary, this study has demonstrated that muscle-damaging eccentric exsutise re
in a decrease in isometric knee extensor torque complexity, as measuredpismg
SampEn and DFA a; with this decrement being considerably more prolonged than that
resulting from fatiguing isometric exercise. This provides the first evidentedbantric
exercise affects the adaptability of motor control. Eccentric exerciselseaassociated

with more prolonged decreases in global and peripheral perturbations thanisometr
exercise, which are attributed to the effects of muscle damage. As tmdexity
recovered immediately following isometric exercise, the more prolonged reduction
following eccentric exercise was also likely due to an effect of this mdsectege.
However, whether this was due to the mechanical disruption itself or due to the
mechanical disruption impairing and/or influencing neural drive is yet to be fully
elucidated. Whatever the cause of the prolonged reduction in complexity, it afhyatars
the effects of eccentric exercise are not limited to the periphery, butdésal éo the

central nervous system and the ability to control torque output.
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Chapter 9 — General Discussion

Healthy physiological outputs, such as heart rate, respiration, gait and musck torqu
output, are characterised by non-stationarity and non-linearity; thatysrinaot stable,

but instead exhibit constant complex fluctuations (Goldberger, 1996; Goldberger et al.,
2002; Peng et al., 2002; Vaillancourt and Newell., 2003). Traditionally, such fluctuations
have been regarded as unwanted noise from both a physiological perspeztithee (i
classic concept of homeostasis; Cannon, 1929) and a sporting perspective (i.e. yariabilit
leads to poor performance; Slifkin and Newell, 1998). However, over the |gsags)

the use of measures derived from the field of non-linear dynamics has made it
increasingly apparent that these complex fluctuations are not unwanted noise; rather, they
are fundamental to healthy function and reflect the adaptability and functioofaifig
system of origin (Goldberger, 1991; Goldberger et al., 2002; Lipsitz, 2002).

Reductions in complexity and changes in fractal scaling are a common aceurré¢he
outputs of many physiological systems in healthy ageing (Lipsitz and Goldberger, 1992;
Goldberger et al., 2002; Manor and Lipsitz, 2013). Of importance to the present thesis
are the previously observed decreases in the complexity of torque outpugeitiy
(Vaillancourt et al., 2003; Challis, 2006; Sosnoff and Newell, 2008). Such reutiatio
torque complexity, especially when combined with an increase in the amplitudeeof forc
fluctuations (Hunter et al., 2005), imply system dysfunction and a loss of motor control
(Lipsitz and Goldberger, 1992; Vaillancourt et al., 2003; Peng et al., 2009). An increase
in the amplitude of force fluctuations is also a frequently observed phenomenon in
neuromuscular fatigue (Furness et al., 1977; Galganski et al., 1993; Centdss2009).
However, changes in the complexity of fluctuations represent changes in temporal
structure and provide greater insight into underlying system organisation (@e&daed

West, 1987a), but have received little attention.

Despite considerable evidence of the potential importance of physiologitalexity

for system functionality (Lipsitz and Goldberger, 1992; Lipsitz, 2004; Peng et al., 2009),
only a handful of studies have investigated changes in the complexity of various outputs
in response to neuromuscular fatigue (Cignetti et al., 2009; Cashaback et al.,&@0ds3; C

et al., 2014). Indeed, prior to the commencement of work on the present thesis, there had

been no reports in the literature describing changes in the complexityaetad scaling
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of isometric muscle torque output in response to neuromuscular fatigue. Any change
towards a less complex torque output with neuromuscular fatigue could have many have
important functional implications. It could, for example, indicate that the nmaisccular
system has become less adaptable and more unstable (Lipsitz and Goldberger, 1992
Cignetti et al., 2009) and potentially more energetically expensive (Bl120al; Seely

and Macklem, 2012); both of which may significantly influence exercise tolerance.
Research into such potential changes in complexity with neuromuscular fatigue is,

therefore, of fundamental importance.

9.1 - Summary of main findings

The principal aim of the present thesis was to investigate changes in the congsidxity
fractal scaling responses of isometric knee extension torque output during neutamusc
fatigue. The first study of this thesis (Chapter 4) provided novel evidence that
neuromuscular fatigue perturbs the complexity of torque output. The subsequent studies
then sought to expand on this relationship between neuromuscular fatigue and
complexity, and to elucidate the mechanism(s) for the observed fatigue-inducedl loss

complexity.

Neuromuscular fatigue reducesthe complexity of isometric torque output

The first experimental study of this thesis (Chapter 4) sought to determiniéeitteoé
neuromuscular fatigue on the complexity of joint torque during isometric contractions.
The results obtained were the first to indicate that the complexity of isometric knee
extension torque is perturbed by neuromuscular fatigue. Specifically, it was demeginstra
that the complexity of torque output progressively decreased as fatigetomub,
regardless of whether the muscle was driven maximally or submaximally. Torque
complexity, therefore, systematically decreased as torque generatingycdpareased

and the relative demands of the task increased. This loss of torque complexity was
guantified by significant decreases in approximate entropy (ApEn) and samoleye
(SampEn), both of which indicate increased signal regularity (Pincus, 1991; Richman and
Moorman, 2000); and by a significant increase in detrended fluctuation analysis (DFA)

a, indicating increasingly Brownian (DFA o = 1.50) noise (Seely and Macklem, 2004).
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These findings extended the “loss of complexity” hypothesis in ageing (Lipsitz and
Goldberger, 1992) to the neuromuscular fatigue process in otherwise healthy humans.
Such a loss of torque complexity is likely to be the result of mechanisms dirféatynay

the output of the motor unit pool. However, the observed reductions in torqpéezdmn

in both the maximal and submaximal conditions were accompanied by the devaglopme
of significant central and peripheral fatigue, precluding the isolation m&ehanism
responsible for the loss of complexity. Nevertheless, based on the purportadasigeif

of physiological complexity (Lipsitz and Goldberger, 1992; Goldberger et al., 2002), the
results suggested that the impact of neuromuscular fatigue is not limited to torque-
generating capacity but extends to the adaptability of the neuromuscular ggstem

external perturbations.

Neuromuscular fatigue reducestorque complexity only above the critical torque

The second experimental study (Chapter 5) sought to expand upon the findings of the first
study by investigating fatigue-induced changes in complexity in relation taitloalc

torque (CT). It was demonstrated that significant decreases in ApEn and Samp&n, and
significant increase in DFA o, were observed when the CT was exceeded, but that no
changes were evident during 30 minutes of contractions below the CT. These changes
indicated that it is only above the CT that a progressive reduction in the complexity
torque output occurs, implying that it is fatigue mechanisms particulamtoactions

above the CT that are responsible for the loss of complexity. The dominant fatigue
mechanism above the CT is believed to be metabolite-mediated peripheral, fatigue
progressive phosphocreatine (PCr) depletion, and inorganic phosphaaadmroton

(H*) accumulation occur only above the CT (Jones et al., 2008; Burnley et al., 2010).
Though the fatigue-induced loss of complexity occurred exclusively above the CT,
suggesting that metabolite-mediated peripheral fatigue plays an essential nifieasig

central fatigue was also observed for contractions above the CT. It teerefoained
unclear whether the loss of complexity was due to a direct effect of perifdtayaé or

to the compensatory central adjustments that are required to continue exercise in the face

of developing peripheral fatigue.

The observation of a decrease in complexity above, but not below the CT demonstrated

that metrics derived from non-linear dynamics are able to identify changes in
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neuromuscular system behaviour coincident with the CT. This provides a parallel
between torque complexity and measures sudtCasblood [lactate], [R and pH, which

are all able to attain steady states below critical power/CT, but rise aidxamtil task
failure above it (Poole et al., 1988; Jones et al., 2008). It is unclear wipjestiy and

the CT are linked, but one possible explanation relates to changes in metaiolic ra
MuscleVO:rises as a function of time only above critical power, just as complexity was
demonstrated to fall as a function of time only above the CT; observatiome iwith

the inverse relationship between the metabolic rate of a system and the conabliexit

output hypothesised by Seely and Macklem (2012).

Another key finding of the second experimental study was that task failtie tnials
above the CT was characterised by common values of complexity, regardless of the
intensity of the contractions or the rate of change. Such an observationheveald
important implications for exercise tolerance. As task failure waschBs@cterised by
similarly low and common values of complexity in the various fatigue conditiotie

third and fourth studies of this thesis (Chapters 6 and 7), it would appear that low
complexity may be a prerequisite for task failure. The fact thapleity progressively
decreases as fatigue develops and relative task demands increasaeg reacimon
values at task failure regardless of exercise intensity or rate of cHaogeiggested that
torque complexity can provide a sensitive surrogate index of fatigue. This coofd be
particular importance in situations when the use of traditional fatigue measwtesissu

maximal contractions or electrical stimulation, are not possible.

Torque complexity isintensity dependent

Based on a previously observed inverted-U shaped relationship between caontractio
intensity and complexity (Slitkin and Newell, 1999; Slitkin and Newell, 2000), the first
study of this thesis (Chapter 4) hypothesised that submaximal contractions would exhibit
greater complexity than maximal contractions. This proved to be the case, vittidhe
contractions of the submaximal test (at 40% MVC) being significantly morgleam

than the initial contractions of the maximal test. The greater complexity dilméng
submaximal contractions was thought to be reflective of a more adaptabledatpug

which could be easily modulated up or down in order to meet changing task demands.
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The relationship between contraction intensity and complexity was extended in the
second study (Chapter 5), with contractions across the whole working range ofehe kne
extensors being investigated. It was demonstrated that complexity was highest at 10%
MVC and decreased with increasing contraction intensity, reaching its lowest value
during maximal contractions. Though discrepant with the inverted-U shaped relationship
(Slifkin and Newell, 1999; Svendsen and Madeleine, 2010), these results were similar to
those of Forrest et al. (2014), who criticised previous studies for their use oipaater

signal acquisition and ApEn processing parameters. The observed relationship makes
some intuitive sense, given the purported role of complexity as an index of a system’s
adaptability (Lipsitz and Goldberger, 1992; Goldberger et al., 2002), and is in line with
Seely and Macklem’s (2012) hypothesis of an inverse relationship between work rate and

complexity.

The observed decrease in complexity with increasing contraction intensity must be due
to an effect on the motor unit pool. Submaximal contractions rarely achianeteates

of discharge (Enoka and Fuglevand, 2001), meaning the force exerted by a imuscle
characterised by complex fluctuations, due to submaximal activation of motor units
(Taylor et al., 2003). Increasing contraction intensities require higher disclzege r
(Bigland and Lippold, 1954; Moritz et al., 2005). Such higher discharge rates are more
likely to result in an output approximating a fused tetanus (Buller and Lewis, 1965),
which could account for the smoother torque output with fewer fluctuations observed
during high intensity and maximal contractions. In this case, complexity systaliya
decreases as torque requirement increases, reaching its lowest point when réandme

rate coding reach their peaks. Alternatively, the decreased complexity could be related to
common drive; that is, the common synaptic input to motoneurons (De Lucaiand Er
1994; Farina and Negro, 2015). Common drive has been proposed to be the main
determinant of force variability (Negro et al., 2009; Dideriksen et al., 2012; Farina et al.,
2014) and has been demonstrated to increase with increasing contraction intensity
(Castronovo et al.,, 2015). Furthermore, motor unit synchronisation, a necessary
consequence of a shared synaptic input, has been proposed to be a fhitéyitoo to

the time and frequency domains of torque output (Taylor et al., 2003) and has been
speculated to influence the complexity of loaded postural tremor with ageing &8tatm

al., 2005).
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Pre-existing neuromuscular fatigue influencestorque complexity

After having established the intensity dependence of changes in torque complexity with
neuromuscular fatigue (Chapters 4 and 5), the next step was to attempt to eetieemin
mechanism(s) responsible for the fatigue-induced reduction in complexity. The third
experimental study of this thesis (Chapter 6) hypothesised that increasing central and
peripheral fatigue, in isolation, at the start of an exercise bout wouldemcu
complexity, therefore providing an indication as to whether any changeeamstal or
peripheral in origin. Separating central and peripheral fatigue, though, provesksitvie;

there was no significant “cross-over” of central fatigue from the exercised limb to the
unexercised contralateral limb during the central fatigue condition, and sustained
peripheral fatigue likely mediated a sustained decrease in voluntary activation during the
peripheral fatigue condition. This meant that isolating whether peripheral altsrati

the resulting central adjustments were the cause of the fatigue-induced loss okitpmple
was not possible. Such findings did, however, suggest that central and peripheral fatigue

are inextricably linked and that both contribute to the fatigue-induced loss pfecay.

Whilst isolating central and peripheral fatigue at the start of an exercisgiomed
impossible, pre-existing neuromuscular fatigue did, nonetheless, have an effect on
complexity. Although the complexity values at the start of the exercise bouts withs/a
forms of pre-existing fatigue were not always significantly different from thétesh
muscle, they were, in every case, lower, as measured by decreased ApEamguih,

and increased DFA a. This reduced complexity was accompanied by both decreased

MVC torque (indicating increased relative task demands) and decreased time to task
failure (indicating decreased exercise tolerance). These findings, comiitiedhe
inability to separate central and peripheral fatigue, led to the suggestion thatscimange
complexity may be brought about by both central and peripheral mechanismst and ac

indicators of overall system function in the presence of fatigue.

Caffeine slowsthe loss of torque complexity with neuromuscular fatigue

The fourth experimental study (Chapter 7) sought to investigate whether caffeine, an
ergogenic aid thought to act primarily through central mechanisms (FredhdIni6ea;

Kalmar and Cafarelli, 2004a), influenced torque complexity during neuromuscular

206



207

fatigue. It was demonstrated that the ingestion ah@kg? caffeine significantly
increased time to task failure and significantly slowed the previously obskitigrae-
induced reduction in torque complexity, as measured by attenuated ratescakden

ApEn and SampEn, and an attenuated rate of increase inoDFAe slowing of the
reduction in torque complexity mirrored that of the loss of MVC torque, providntiger
evidence that changes in complexity reflect relative task demands aheé csed as a
surrogate index of fatigue, system functionality and exercise capacity. Thesgs
indicated that pre-exercise caffeine ingestion slows the narrowing of system
responsiveness decreases in complexity measures are thought to reflea Hndsit
Goldberger, 1992; Goldberger et al., 2002), thus serving to preserve the adaptability of

motor control for longer.

Not only did caffeine ingestion attenuate the rate of loss of complexity, bigoit a
significantly attenuated the rates of development of global, central and petifatigue.
Caffeine’s ergogenic effect has largely been attributed to central mechanisms, and its
inhibitory effect on adenosine, which preferentially inhibits the releasexaffatory
neurotransmitters (Fredholm et al., 1999). The slowing of the development of both central
and peripheralatigue, though, suggests that caffeine’s effect on fatigue, and indeed
complexity, may not be limited to traditionally accepted central mechanismsayut
extend to peripheral mechanisms. The slowing of the development of centra €atigd

be indicative of caffeine increasing spinal excitability (Walton et al., 2003), anaiimg
optimal descending drive (Taylor et al., 2000) or influencing common drive (Fartha
Negro, 2015), any of which could exert an effect on the motor unit pool and complexity
The slowing of the development of peripheral fatigue could be reflectivaffsire
positively influencing calcium (G4 handling and reducing the ATP cost of force
production (Kalmar and Cafarelli, 1999; Tarnopolsky and Cupido, 2000), whichlmeuld

of importance to fatigue-induced changes in complexity given the previous #ssocia
between metabolic rate and complexity (Seely and Macklem, 2012). Howevdiotinat
central and peripheral fatigue were slowed by caffeine ingestion, ageah)ged the
isolation of a specific mechanism responsible for the reduced complexity vilenee

does suggest, though, that any influence of caffeine through peripheral mechanisms
occurs only late in exercise and that a central effect is responsibleo&tr ahthe

attenuation of the loss of complexity.
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Eccentric exer cise causes a prolonged reduction in torque complexity

The final experimental study of this thesis (Chapter 8) sought to investigate the effect of
eccentric exercise, which results in prolonged impairment of force productiargthro
peripheral mechanisms (Proske and Morgan, 2001), on complexity and subsequent
recovery. It was demonstrated that eccentric exercise resulted in a reductioquen to
complexity, as measured by significantly decreased ApEn and SampEn, and sithyifica
increased DFA a. More importantly, though, over the next 60 minutes, complexity
exhibited no recovery, with ApEn, SampEn and DFA « all remaining at the same level as

at the end of exercise. It was only after 24 hours recovery that compleditgtoaned

back to its baseline level; a finding similar to that previously obtained whenirérg

the magnitude of variability, as measured by the coefficient of variatilowing
eccentric exercise (Lavender and Nosaka, 2006; Semmler et al., 2007). Thess finding
suggest that eccentric exercise not only delays the recovery of torque geroaaaicity,

but also results in a prolonged loss of adaptability and narrowing of system

responsiveness in motor control.

Just as was observed in the preceding studies (Chapters 4, 5, 6 and 7), fisbgoatigc
exercise also resulted in a decrease in torque complexity. Howevamtiast to the
eccentric exercise, the recovery of torque complexity was completelifek0 minutes.

Both the isometric and eccentric exercise resulted in significant global, central and
peripheral perturbations suggesting that the loss of complexity in each conddjdo ha
some extent, similar causes. However, the prolonged decrement in complexity following
eccentric exercise compared to the near instantaneous recovery followirgrisom
exercise suggests that some specific effect of eccentric exercissigagieant impact

on complexity. Though eccentric exercise is typically associated with muscle dantage
the inhibition of neuromuscular performance through peripheral mechanisms (Allen,
2001), recent evidence has suggested that its impact may extend to the cerdtes ne
system, where it negatively effects neural drive and motor unit acti(&ssnmleretal.,

2007; Dartnall et al., 2008). However, it was not possible to identify whether the
prolonged loss of torque complexity was due to mechanical disruption at theepgriph

or this mechanical disruption influencing neural drive.
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9.2 — Potential mechanisms of the fatigue-induced loss of torque complexity

The fatigue-induced reduction of torque complexity and shift to Brownian obsssved

in the five experimental studies of this thesis was, in every case, accompanied by the
development of both significant central and peripheral fatigue. The observed loss of
torque complexity must, by definition, be caused by mechanisms directly affecting the
motor unit pool. However, the development of both central and peripheralefatig
tandem prevented the isolation of the mechanism(s) responsible. Alternatively, it may be
that central and peripheral fatigue are inextricably linked, and it asndioation of the
peripheral alterations and the central adjustments aimed at combatingenatioas that

cause complexity to be reduced.

Peripheral mechanisms

The fatigue-induced reduction in torque complexity is closely associated witbraase

in relative task demands, as measured by decreasing MVC torque and increasing EMG
amplitude. As fatigue develops, there is a fall in the force output glifagj motor units,
consequent to metabolite-mediated peripheral fatigue (Allen et al., 2008),vélbng
slowing of twitch time to peak tension and half-relaxation time (Cady et al., 19&%xs

et al., 2009). Though the latter was not observed in the present thesis, the nef effect
these responses could be a smoothing of the torque time series, and amraducti
complexity. However, the fall in the force output of fatiguing motor unésessitates
increased central drive, and thus motor unit recruitment and rate codingleintor
maintain torque output. These responses are reflected in the increased EMG amplitude
and their net effect could also be a smoothing of the torque time seriesredaage of

both increased peripheral fatigue and increased central drive makes tHeatemtiof

a mechanism responsible for the loss of complexity very difficult using contractions in

vivo alone.

The observation, in the second experimental study (Chapter 5), that complexity only
decreases as a function of time above the CT provided the firsteelaamstic evidence,
suggesting that fatigue mechanisms specific to contractions above the CT amsibéspo

for the reduction in torque complexity. It is thought that metabolite-mediatgzhpeal

fatigue predominates above the CT, on the basis that progressive PCr depletidn, and
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and H accumulation only occur above the CT (Jones et al., 2008; Vanhatalo et al., 2010).
P accumulation, in particular, has been associated with fatigue, both througitta d
effect on cross-bridge force (Debold et al., 2006) and, perhaps more impottantigh

a depressive effect on €kinetics (Westerblad et al., 2000; Dutka et al., 2005). It was,
therefore, speculated that metabolite-mediated peripheral fatigue plays an nalegral
reducing torque complexity. However, as significant central fatigue alscogedehbove

the CT, it remained unclear whether metabolite-mediated peripheral fatighappger
through an effect of increasffdl] on C&*, directly reduces torque complexity, or whether
the central adjustments such peripheral fatigue necessitates, are responsibléhesiven
difficulty of separating central and peripheral fatigue, studies of muscle sy be
necessary in order to confirm a direct effect of metabolite-mediated peripheral fatigue on
complexity. At the very least, though, these findings suggest that metabolite-mediated

peripheral fatigue initiates the chain of events that leads to a loss of torque complexity

An interesting observation of the second, third and fourth experimental studigggiGha

5, 6 and 7) was that task failure was accompanied by common values fpehptteral
fatigue, as measured by potentiated doublet torque, and complexity. d$ideaspite
varying task demands, experimental manipulation, rates of change and times to task
failure. That potentiated doublet torque had declined to similar levels is in line with
previous data indicating a consistent level of metabolic disturbance and/or peripheral
fatigue at task failure (Amann et al., 2007; Burnley, 2009; Burnley et al., Z044).
complexity also declined to similarly low levels at task failure is a major rimekhg,

and indicates that task failure is characterised not only by consistent levels loblineta
disturbance and peripheral fatigue, but also by consistently low levels of torque
complexity. This bolsters the link between peripheral fatigue and complexity, as & seem
that the loss of complexity is coupled to the magnitude of peripheral fategher than
simply task duration. Further to this, circulatory occlusion at task faitutbe third
experimental study (Chapter 6) resulted in maintained peripheral fatigue andveryec

of complexity. This lack of recovery was likely mediated by a lack of pinfi) resulting

in no recovery of the metabolic milieu.

Seely and Macklem (2012) have hypothesised that there is an inversensbigti
between a system’s prevailing metabolic rate and its output complexity. The results of the

second experimental study provide some support for this hypothesis, since it is only above
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the critical power/CT that musclO; rises inexorably as a function of time (Poole et al.,
1988), just as it is only above the CT that torque complexity decreasesragiant of

time. Moreover, the accumulation aof ®hich is likely to occur only above the CT (Jones

et al., 2008; Vanhatalo et al., 2010), has a negative effect on muscular efficiahky (S

et al.,, 1998; Grassi et al., 2015). Further potential links between complexity and
metabolic rate were highlighted in the fourth and fifth experimental studies (Chapters
and 8). In Chapter 7 it was demonstrated that caffeine ingestion slowed the fatigue-
induced loss of torque complexity, as well as the rate of developmergripheral
fatigue. It has previously been speculated that caffeine acts peripheralgcrease
sarcoplasmic reticulum Gauptake, which would increase €availability and serve to
maintain submaximal force production (Kalmar and Cafarelli, 1999; Tarnopolsky and
Cupido, 2000). This suggested that caffeine may be able to modulate the ATP cost of
force production and the metabolic cost of constant load exercise (Doher§maiig

2005). Thus, the slowing of the loss of complexity may have been due to a slowing in the
rise in metabolic rate. However, measurable effects éhr€laase or reuptake have only
been observed with caffeine administration in the millimolar range in animals (tHowle

et al., 2005), with this level of caffeine being toxic to humans. Conversely;dbatac
exercise-induced muscle damage in Chapter 8 likely acted to decrease theadi@atint
available for release (Balnave and Allen, 1995; Ingalls et al., 1998) armhsecr the
energetic cost of force production (Warren et al., 1996). Thus, the prolongedaeducti
complexity may have been due to a prolonged increase in metabolic ratezetoGea"

may actually increase in the initial stages of muscle damage, due to drsroptioe
sarcoplasmic reticulum (Proske and Morgan, 2001). Further research into the metabolic
basis of torque complexity is required to firmly establish a relationship betheeges

in metabolic rate and complexity.

The available evidence suggests that peripheral fatigue plays an importam role
initiating the loss of torque complexity. Whether this is due to a direct metaiifeat,

or due to the central adjustments necessary to continue exercise in the face of developing
peripheral fatigue, though, remains unclear. If peripheral fatigue is direspypmsible,

it seems reasonable to suggest it is via an effect of metabolites?oha@aling. C&'

plays a crucial role in skeletal muscle activation, with an increageenmyoplasmic

[Ca?*] being the trigger for contraction (Westerblad et al., 2000; Allen et al., 2008b).

metabolite-mediated peripheral fatigue seen above the CT in the second experimental
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study would have involved increased][Pones et al., 2008), which is likely to have
influenced C#&" kinetics, decreasing the amount of Cavailable for release (Westerblad

et al., 2000; Allen and Westerblad, 2001), potentially increasing metabolic rate and
decreasing efficiency. The postulated effects of caffeine (Kalmar arade@iaf1999;
Chapter 7) and eccentric exercise (Warren et al., 1996; Chapter 8) on metabolic rate, and
changes in complexity, were also likely mediated by an effect éhkiDatics.

Central mechanisms

As previously mentioned, the fatigue-induced reduction in torque complexlyssly
associated with increased relative task demands. During fatiguing submaximal
contractions, the neuromuscular system maintains torque output in the face of reduced
muscle fibre twitch force (Allen et al., 2008a) by increasing central drivejrtbiesasing

motor unit recruitment and rate coding (Bigland-Ritchie et al., 1986a; AddmeaLuca,

2003). As fatiguing contractions progress, a greater proportion of the mdtpoahis
therefore necessarily engaged in the task. The observed reduction in compleity co
simply relate to such an increase in the overall excitatory drive to the muscle; with
complexity progressively decreasing as recruitment and rate coding incesabe
reaching its lowest value when recruitment and rate coding presumablytremgieaks.
Further evidence for this supposition comes from the results of the second and fifth
experimental studies (Chapters 5 and 8). In Chapter 5 it was observed that complexity
also decreased as a function of absolute task demands (i.e. increasingticontrac
intensity). As absolute demands increase, greater recruitment and rate cading ar
necessary to achieve the increasingly higher target torques. In Chaptas&pgetgulated

that the muscle damage incurred would have led to some muscle fibres contributing little
to force production (Proske and Morgan, 2001), necessitating increased recruitment and
rate coding to compensate and achieve the target torque (Semmler @02).,112 line

with the present hypothesis, such greater activation of the motor unit pddl teove

been responsible for the prolonged loss of complexity following eccentric exercise.

Another central adjustment potentially related to the fatigue-induced loss pfecaiy
is the common synaptic input to motoneurons and modulation of motor unit dischar
rates, known as common drive (De Luca and Erim, 1994; Farina and Negro,|2D4s).

been postulated that common drive represents the effective neural drive delivered to
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muscles and is the main determinant of force variability in a contraction (ideret
al., 2012; Farina et al., 2014). More recently it has been demonstrated thelative
strength of common synaptic input to motoneurons increases when the net excitatory
input to motoneurons increases, whether this is due to an increase in contractile intensity
or to the progression of fatigue (Castronovo et al., 2015). The results of tha fineses
have demonstrated that both increasing contraction intensity and neuromuscular fatigue
are also associated with decreased torque complexity. Thus, if common synaptic input
explains the magnitude of force fluctuations (Farina and Negro, 2015), this suggests that

it may also impact the structure of fluctuations.

Common drive may influence the complexity of torque output through the modulation of
motor unit discharge rates. A necessary consequence of a common synaptic atiput
motoneurons is the correlated discharge of action potentials, known as motor unit
synchronisation (Semmler, 2002; Farina and Negro, 2015). As common synaptic input
increases as neuromuscular fatigue develops, so must motor unit synchronisation
increase. Motor unit synchronisation has previously been suggested to be a likely
contributor to the time and frequency domains of torque output (Taylor, E208i3).
Indeed, increased motor unit synchronisation has been postulated to be the cause of
decreased complexity of postural tremor (as measured using ApEn) with &feimgan

et al., 2005), has been linked to decreases in the fractal dimension (indicatteg grea
regularity) of surface EMG with fatigue (Mesin et al., 2009; Beretta-Piccoli,e2@l5)

and has been speculated to be the cause of the increased magnitude atyagehil
following eccentric exercise (Saxton et al., 1995; Semmler et al., 2007; Daittiad.)

2008). Furthermore, motor unit synchronisation has been described as “phase-locking”

(De Luca et a) 1982b), which may be analogous to “mode-locking,” a phenomenon in

which outputs oscillate at a single dominant frequency Bsndssociated with a
pathological loss of complexity and functional responsiveness in ageing and disease
(Peng et al., 1998; Peng et al., 2009). Though the functional role of motor unit
synchronisation in force production is unclear (Farina and Negro, 2015), exdegslse

are thought to disrupt motor performance (Yao et al., 2000; Holtermann 20@9),

which could be reflected in the form of reduced complexity.
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9.3 - Implications

Complexity is thought to be a hallmark of a healthy system; reflettiengbility to adapt

to internal and external perturbations (Pincus and Goldberger, 1994, Lipsitz, 2004; Peng
et al., 2009). In the case of the neuromuscular system, the complexity of torque output is
thought to reflect the ability to adapt motor output rapidly and atayrm response to
alterations in demand (Vaillancourt and Newell, 2003). Thus, the fatigue-induced
reduction in complexity observed in the five experimental studies of this thesis has

important implications for motor control.

It was observed in the second, third and fourth experimental studies (Chaptarsls)

that torque complexity declined to similar values at task failure, despitzetifftask
demands, experimental manipulation and rates of change. That task failsre wa
characterised by similarly low values of complexity suggested that complexity may have
an influence on exercise tolerance, with low values being a prerequisite féaitask

High levels of complexity reflect greater adaptability and functionality isystem
(Lipsitz and Goldberger, 1992; Lipsitz, 2004), allowing it to modulate the excitatory and
inhibitory properties of the motor unit pool to match task demands (Kilradr, é999).

Low levels of complexity are reflective of increasing system dysfunction (€xeb et

al., 2002; Peng et al., 2009), and an increasing inability to match task demasrasf(So

et al., 2004). The low values of complexity attained at task failure, therefayehawe

been so low as to compromise motor control and limit task performanaecard with

the proposed functional significance of physiological complexity (Vaillancdual.e
2003; Peng et al., 2009). Whether low torque complexity plays a direct role in
precipitating task failure in unclear. Nevertheless, low complexity is clesslyceated

with reduced motor control and neuromuscular performance, and a role in the
mechanisms of task failure is plausible. Further research is required to diesttllis

hypothesis.

Expanding on the link between torque complexity and exercise tolerance, thesprogr
decline of complexity as fatigue develops, combined with the common values attained at
task failure, suggests that complexity can act as a surrogate indekgokfarhis
supposition is further bolstered by the observation that both complexity (Cbajated

the tolerable duration of exercise (Hill and Lupton, 1923) decrease as contraetisitynt
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increases. Such a relationship is not wholly surprising, given that complexitspisrted

to reflect the adaptability and functionality of the system of origin (Lip28@82; Peng et

al., 2009); both of which necessarily decrease as fatigue develops. If, indeed, cgmplexit
does act as a surrogate index of fatigue, or an index of system functionality in the face of
fatigue, this raises the possibility that it could be used to providd-imeaassessment

of the fatigue process, instead of simply being used as a post-hoc analysieméasur
could be particularly advantageous in situations where the use of traditionak fatigu
measures, such as maximal contractions and electrical stimulation, possibte or are
undesirable, as may be the case when assessing elderly subjects or working with athletes
in the field. The present thesis has only examined isometric contractions khek
extensors, and further research is required to establish the relationship betigeen fa
and neuromuscular output complexity in a range of tasks and muscle groups. Such
research, though, could have important implications for the assessment of fatigue
laboratory settings, and given the rise of wearable and equipment mounted t®vices
measure neuromuscular output during exercise, such work could pave the waly to re

time assessment of the fatigue process in free running conditions.

Low values of torque complexity may not only affect exercise tolerangealso the
quality and co-ordination of skilled movements (Singh et al., 2010; Cortes et al., 2014).
The reduced complexity observed with neuromuscular fatigue indicates an output that
became more periodic and rigid (Forestier and Nougier, 1998; Goldberger, 2006), which
would signify a decreased ability to adapt to any further stressor (Peing?€08). Elite
athletes do not exhibit motor invariance, even after years of practaeer(Band
Schollhorn, 1997; Davids et al., 2004), and healthy movements exhibit an optimal state
of variability (Stergiou and Decker, 2011). A reduction in complexity and a penodic

output have, therefore, been postulated to result in decreased co-ordination (Cartes et a
2014). Such a loss of co-ordination would have a detrimental effect on the perfermanc
of skilled movements in athletic and sporting events (Forestier and Nougier, 1998), and
could have a detrimental effect on functional movements, which would be of particular

concern for older adults.

Fatigue-induced changes in variability and complexity have also been spetollatiate
to injury (Cortes et al., 2014). Neuromuscular fatigue is associated with increased risk of

certain types of injury (Kernozek et al., 2008; McLean and Samorezo\), 20@Sseveral
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studies have reported that individuals exhibiting lower complexity and variability in
lower limb mechanics during dynamic exercise are at increased risk nbanteciate
ligament injury (Hamill et al., 1999; Hamill et al., 2005). Variability ananptexity
provide an adaptive mechanism to external perturbations, and their presenoe amy
important factor in reducing injury risk (Bartlett et al., 2007; Stergiou amn#téde2011).

Thus, the presently observed fatigue-induced reduction in torque complexity, and
potential loss of co-ordination, could be a precursor for increased likelihaofligf or
damage (Cortes et al., 2014).

9.4 — Directionsfor futureresearch

The results of the present thesis have demonstrated that neuromuscular fatigseslecrea
the complexity of isometric knee extension torque, shifting it to an output that is
increasingly Brownian in nature. Research into complexity and neuromuscular fatigue
very much in its infancy, and further research is undoubtedly warranteghdode the
present findings. It is clear that the principal aim of future research irs@sgg
complexity and fractal scaling responses to neuromuscular fatigue should betify id

the mechanism(s) responsible for the presently observed changes.

Establishing the mechanism for the fatigue-induced loss of complexity

The evidence obtained in the present thesis suggests several peripheral and central
mechanisms which could be responsible for the fatigue-induced loss of torque
complexity. The challenge of future studies will be demonstrating a direct denksal
between one of these mechanisms and changes in complexity. However, given the
difficulty in separating peripheral and central fatigue in vivo, the isolatiamaéchanism

may be best determined through the use of mathematical modelling anatisim

Peripheral mechanisms

The metabolic basis for changes in torque complexity could be examined through the use
of ergogenic aids and nutritional interventidhat act through peripheral mechanisms.
Supplements such as sodium bicarbonate, 3-alanine and ammonium chloride all have the

potential to altepH and muscle buffering capacity; exercise-induced glycogen depletion
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reduces our energy stores and potentially effects* Gandling; while chronic
supplementation of creatine increases PCr resynthesis, boosting short-ternstmesyy
Any one of these has the potential to alter torque complexity; either thaougtfect on

baseline values or by altering the rate of change during exercise.

Sodium bicarbonate has long been demonstrated to enhance exercise performance
(Dennig et al.,, 1931); slowing the rate of force decline (Hunter et al., 2009a) and
increasing time to task failure in a variety of exercise modalities (Ragtregr, 2004;
Sostaric et al., 2006; McNaughton et al., 2008). Acute ingestion of sodium bicarbonate
induces metabolic alkalosis, which may improve performance through a nwiber
proposed mechanisms, including preserving membrane excitability (Sostari2@d@},,
accelerating glycogenolysis (Hollidge-Horvat et al., 2000) and increasing dixticace
proton buffer capacity (Street et al., 2005). Similarly, chronic supplementatin of
alanine is also thought to enhance performance through inducing alkalosis (Sale et a
2010). Chronic supplementation of R-alanine improves exercise capacity and
performance (Stout et al., 2007), with this increase hypothesised to be idoeeased
muscle carnosine concentrations improving intracellular buffering cagétityet al.,

2007). Conversely, metabolic acidosis, brought about by acute ammonium chloride
ingestion (Dennig et al., 1931; George and MacLaren, 1988; Carr et al., 2011) or chronic
dietary intervention (Greenhaff et al.,, 1988), has been repeatedly demonstrated

decrease exercise performance.

Metabolic alkalosis and acidosis could thus be used to manipulate exercise caphcity a
investigate any subsequent change in complexity, be it an increased/dkbassame
value or an increased/decreased rate of change. The effects of met#itadbsis and
acidosis on changes in torque complexity with fatigue could be easily examinea with
similar methodology to that used in the present thesis to investigate the eftedtsiak
(Chapter 7). Such studies could be improved by also making make #ipbasphorus
magnetic resonance spectroscopy to examine real-time changes in |iestadoad
correlate these with changes in complexity; an approach which would be able ito

or out different metabolic changes as potential causes of the fatigue-indasedf lo

complexity.
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It is well-established that our ability to exercise is seriously compromiseth whr
glycogen stores are reduced (Bergstei al., 1967; Hermansen et al., 1967), and it has
been speculated that muscle glycogen content may affect excitation-contraapbng

and C&* handling (Stephenson et al., 1999; @rtenblad et al., 2011). Studies on both single
muscle fibres and exercising humans have demonstrated that glycogen depletion and an
absence of carbohydrate intake during recovery results in lower sarcoplesoutum

C&* release (Chin and Allen, 1997; @rtenblad et al., 2011). Given this effect of glycogen
depletion on C& and the speculation (above) that?Qaandling could play a role in
changes in torque complexity, it would be of interest to investigate whether glycogen
depletion effects torque complexity during a subsequent bout of exercise. Given that the
experimental protocols used in the present thesis were not sufficient to degptetgeg|
stores, this would likely need to be accomplished through the use of intense cycle
ergometry exercise, such as that used by Duhamel et al. (2006). Following this, the
complexity of isometric knee extension torque could be assessed during recovery in the

presence and absence of carbohydrate feeding.

If torque complexity is, as speculated above, related to metabolic rate asmethetic

cost of force production, another ergogenic aid that could be used to potentially
manipulate complexity is creatine. PCr aids in the rapid phosphorylatiothenobsine
diphosphate back to adenosine triphosphate (ATP), by the creatine kinase CK reaction
(Bemben and Lamont, 2005). It has been demonstrated that chronic supplementation of
creatine can substantially increase muscle creatine concentration amdsi@hesis
(Greenhaff et al., 1994), and that this can lead to enhanced fatigue resistahoet
duration, high-intensity exercise (Birch et al., 1994; Balsom et al., 1995).dtdwalseen

shown that creatine supplementation incre&®eshe finite amount of work that can be
performed above the CT (Miura et al., 1999). Given the potential for creatnfeiemnce

ATP and to increase the amount of work done above the critical torquay ibenthat
supplementation increases baseline complexity values, or allows a greater afmount o
work to be done before complexity starts to decline. The investigation of an efffe
increased muscle creatine and PCr on complexity could be enhanced by the use of
3Iphosphorus magnetic resonance spectroscopy, to correlate changes in PCr wiith those
complexity.
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Central mechanisms

One of the central adjustments proposed to be a likely contributor to theefatapced

loss of torque complexity is an increase in the common synaptic input to motoneurons
(i.e. common drive), and the increased motor unit synchronisation that is ssargce
consequence of this. The surface EMG (SEMG) setup used in the experimental studies of
the present thesis (a single set of bipolar electrodes) did not allow for the measofement
motor unit action potentials, from which measures of common drive and mnoitor
synchronisation are derived. In order to quantify these, future studies weddmese

a high-density sEMG array, comprised of many closely spaced surface eleatrode
several locations across the muscle (Merletti et al., 2008; Negro et al., 2009n&astro

et al., 2015). From this it is possible to decompose the SEMG signal, in ordeagorene
motor unit discharge timings, from which information can then be extractadineg the
synaptic input received by corresponding motoneurons (Farina et al., 2010; Farina and
Holobar, 2016).

It may be useful to replicate some of the studies of the present thesis with tlenaufdit

a high-density SsEMG array, in order to obtain measures of common drive and motor unit
synchronisation. Firstly, it would be of interest to determine whether the fatigueed
increases in common drive and motor unit synchronisation previously observed
(Castronovo et al., 2015) exhibit the same intensity specific behaviour asegaynpl
measures with regard to the CT. The sustained fatiguing contractions performed by
Castronovo et al. (2015) ranged from 20-75%, and were likely to have beentlabove
CT, since the CT typically occurs at ~15% MVC for sustained contractions (Monod and
Scherrer, 1965; Hendrix et al., 2009). Secondly, it would be of interest tondeter
whether the ingestion of caffeine has any effect on common drive and orator
synchronisation. Caffeine has previously been demonstrated to increase spinal
excitability, the net effect of membrane properties and the summation of syingptic

to a-motoneurons (Walton et al., 2003; Kalmar et al., 2006), so an effect onaomm
drive and motor unit synchronisation is plausible. And finally, it would be beneficial to
examine changes in the complexity of motor unit discharge rates with feRigously,

the ApEn of the discharge rate of single motor units has been shown to linesrfse

with an increase in motor unit discharge rate (Vaillancourt et al., 2002; Vailletnet

al., 2003); though changes with fatigue have yet to be examined.
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Modelling and simulation

Given the difficulty in determining whether fatigue-induced changes in complexity are
function of peripheral alterations or the subsequent central adjustments required to
continue exercise, it may be that computer modelling and simulation studies, rather th
in vivo studies, provide the best hope of discerning a mechanism. Fuglevand 293}
developed a widely-used model of motor unit recruitment and rate codimgh
simulates the chain of events from the excitation of the motoneurons to tredpected

at the tendon; and which has proved useful in the examination of force varibdriyz(

et al., 2005; Barry et al., 2007). Yao et al. (2000) extended this model tssdiee
influence of motor unit synchronisation, finding that increased synchronisati@asecr

EMG amplitude and the magnitude of force variability. Dideriksen et al. (2010) also
extended the model, this time to include adjustments that occur during fatiguing
contractions, such as varying motor unit twitch force, recruitment and dischéegnd
variability. Now it is known that fatigue results in an increase in conamee and motor

unit synchronisation (Castronovo et al., 2015) and a decrease in torque complexity
(Chapters 4, 5, 6, 7 and 8), it would be of great benefit to extend the Dideeksé

(2010) model to investigate these changes.

Generalisation

The experimental studies presented in this thesis investigated only the complexity of
isometric knee extension torque. Future studies on changes in complexity with
neuromuscular fatigue in other muscle groups and as a result of dynamic exerdse
extend and enhance the present findings, and could lead to complexity stattstsige

a staple laboratory measure of fatigue.

Other muscle groups

Although the knee extensors represent an easy and functionally important gnasple

to test, fatigue-induced changes in torque complexity need to be examined musbky
groups, in order to extend the present findings and confirm torque complexity as a useful
surrogate measure of fatigue. Given the different fibre type composammhdatigue
properties of other muscle groups (Bigland-Ritchie et al., 1986a; Harridde £996),

it may be that they exhibit subtly different complexity responses, which would provid

further information regarding the underlying mechanisms of fatigue, andlytizmics
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and adaptability of different muscle groups. Furthermore, fatigue-induced changes in
complexity may have different functional implications, depending on the muscle group
tested. For example, low complexity is associated with task failure in exhausreese,

but may be associated with a loss of manual dexterity in exercise involving skilled

performance.

Other muscle groups could be easily tested using a similar protocol to that dised in
studies of the present thesis (i.e. 6s contractions, 4s rest), thus enablingpdiparison

with the present results. Muscle groups that may be of interest to test include the triceps
surae, elbow flexors and first dorsal interosseous. The triceps surae e datigue
resistant muscle group, with a larger proportion of type | muscle fibres thandhe kn
extensors (Bigland-Ritchie et al., 1986a; Harridge et al., 1996). This enhangee fati
resistance could be reflected by a slower rate of change in complelityhaher values

of complexity when fresh. The elbow flexors have frequently been studiedrma t#
changes in the magnitude of variability with fatigue (Hunter and Enoka, 2001; Hunter et
al., 2004) and a recent study has examined the complexity of fresh contractenmdsE

and Madeleine, 2010). Any change in the complexity of torque in the elbawdlesuld

have important implications for skilled performance aoérdination in, for example,
racket sports. The first dorsal interosseous has long been studied in teomgpbExity,

with Slifkin and Newell’s initial studies on complexity and force production having been
conducted on it (Sliftkin and Newell, 1999; Slifkin and Newell, 2000), along with several
studies on the age-induced loss of complexity (Vaillancourt and Newell, 2003;
Vaillancourt et al., 2003). Research on fatiguing contractions of the firsaldor
interosseous would provide excellent insight into the effects of fatigue on commhexit

fine motor tasks.

Whole body dynamic exercise

If complexity measures are to be used for the real-time assessment of iiatfgee

running conditions, the results of the present thesis need to be extended beyond isometric
exercise to a range of dynamic, whole body tasks. Several studies headyalr
investigated changes in complexity arising from dynamic tasks, though have focused on
the complexity of whole body motion rather than muscular output. In contraisé to
present results, these studies have observed an increase in complexity with neuromuscula
fatigue (Cignetti et al., 2009; McGregor et al., 2011; Cortes et al.,)20d4date, no
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study has investigated the effect of dynamic exercise on the complexity of muscle torque
output. This could be easily accomplished through an exhaustive running or cycling task
and taking pre-and post-test measures of isometric torque complexity. Altesnativel
perhaps more importantly for the potential application to real time assessment of fatigue,
the complexity of the force applied to the pedals during cycling could be asstssed.
recent study by Coelho et al. (2015), though providing no direct measure of the neagnitud
of variability, clearly indicated that there was an increase in the viatyadfithe power
applied to the pedals during an exhaustive ramp cycle ergometry test, which could be

indicative of a change in complexity.
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9.5 - Conclusions

Physiological systems, even under resting conditions, exhibit constant complex
fluctuations in their outputs (Goldberger et al., 1990; Lipsitz, 2002). This complexity has
come to be regarded as a hallmark of healthy systems, endowing them wiihithéoa

adapt to internal and external perturbations (Pincus and Goldberger, 1994; Peng et al
2009). A loss of this complexity, frequently evident in ageing, is associated lvéh af
system control and increased dysfunction (Lipsitz, 2004; Peng et al., 2009). Tdrg pres
thesis aimed to investigate changes in the complexity of isometric muscle torque output
with neuromuscular fatigue, and has provided substantial evidence that the complexity of

torque output is significantly perturbed by fatigue.

The experimentation within this thesis has demonstrated that the complexity of muscle
torque output is progressively reduced, and that torque fluctuations become increasingly
Brownian (DFA o = 1.50), as neuromuscular fatigue develops. This reduction in
complexity was found to be intensity dependent, only occurring during contigctio
performed above the CT. It was also found to be consistent, with values iltagk

being common despite different task demands. Muscle torque complexity was also
demonstrated to be sensitive to pre-existing fatigue, pharmacological intervention (i.e.
caffeine ingestion) and muscle damage (i.e. eccentric exercise). Thesesfiqaigugpst

that muscle torque complexity is significantly affected by the central and pefiphera
perturbations contributing to neuromuscular fatigue and provides a sensitive index of

muscle functionality in the face of such perturbations.

In summary, this thesis has provided the first experimental evidence tlcantpéexity

of isometric muscle torque output decreases with neuromuscular fatigue. This extends the
“loss of complexity” hypothesis in ageing (Lipsitz and Goldberger, 1992) to the
neuromuscular fatigue process in otherwise healthy adults. Such a loss of cgniplexit
indicative of a loss of system adaptability and functionality, and could hgwertizmt
implications for exercise tolerance, the mechanisms of task failure and fealittme

assessment of the fatigue process.
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HEALTH QUESTIONNAIRE
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University of

[\ -1 1 ¢ 1= TP 0
Date of Birth.........ccceveeveecercerceenenee. Age....ceeeenene I |

Please answer these questions truthfully and completely. The
sole purpose of this questionnaire is to ensure that you are in
a fit and healthy state to complete the exercise test.

ANY INFORMATION CONTAINED HEREIN WILL BE TREATED AS CONFIDENTIAL.

Section 1 — General Health

Please read the questions below and answer each one honestly with YES or NO.
YES

1. Has your doctor ever said that you have a heart condition OR high
blood pressure?

2. Do you feel pain in your chest at rest, during your daily activities of
living, OR when you do physical activity?

3. Do you lose balance because of dizziness OR have you lost
consciousness in the last 12 months?

4, Have you ever been diagnosed with another chronic medical
condition (other than heart disease or high blood pressure)?

5. Are you currently taking prescribed medications for a chronic medical
condition?

6. Do you have a bone or joint problem that could be made worse by
becoming more physically active?

7. Has your doctor ever said that you should only do medically
supervised physical activity?

8. Have you suffered from any lower limb injury in the past 3 months?
9. Do you smoke?

10.  Areyou currently pregnant?

NO

If you answered NO to all of the questions above, you are cleared to take part in the exercise

test and can go to SECTION 3 to sign the form.

If you answered YES to one or more of the questions in Section 1 — PLEASE GO TO SECTION 2.
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Section 2 — Chronic Medical Conditions
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SECTION 2 - CHRONIC MEDICAL CONDITIONS

Please read the questions below carefully and answer each one honestly: check YES or NO, YES NO
1. | Do you have Arthritis, Osteoporosis, or Back Problems? Ifyes,answer | Ifno, goto
questions question 2
1a-1¢
Do you have difficulty controlling your condition with medications or other .
1a. | physician-prescribed therapies? (Answer NO if you are not currently taking | (|
medications or other treatments)
Do you have joint problems causing pain, a recent fracture or fracture caused
16 by osteoporosis or cancer, displaced vertebra (e.q., spondylolisthesis), and/ ] =
“ | or spondylolysis/pars defect (a crack in the bony ring on the back of the spinal = .
column}?
Have you had steroid injections or taken steroid tabiets regularly for more than 3 —
Ic. m ]
months?
O
2. | Do you have Cancer of any kind? If yes, answer | Ifno, goto
questions question 3
2a-2b
22 Does your cancer diagnosis include any of the following types: lung/bronchogenic, ] .
* | multipie myeloma (cancer of plasma cells), head, and neck? '
2b. | Are you currently receiving cancer therapy (such as chemotherapy or radiotherapy)? ] ]
Do you have Heart Disease or Cardiovascular Disease? —J l
3. | This includes Coronary Artery Disease, High Blood Pressure, Heart Failure, Diagnosed Ifyes,answer | Ifno,goto
Abnormality of Heart Rhythm qu;:_g:“‘ question’4
Do you have difficulty controlling your condition with medications or other =
3a. | physician-prescribed therapies? ] ]
(Answer NO if you are not currently taking medications or other treatments)
3b Do you have an irregular heart beat that requires medical management? 0 ]
* | (e.q. atrial fibrillation, premature ventricular contraction)
3c. | Do you have chronic heart failure? 1 ]
3d. Do you have a resting blood pressure equal to or greater than 160/90 mmHg with or W ]
without medication? (Answer YES if you do not know your resting blood pressure) =
3e Do you have diagnosed coronary artery (cardiovascular) disease and have not m m
* | participated in regular physical activity in the last 2 months? =
[
4. Do you have any Meta_bolic Condnions? ) Ifyes, answer | Ifno, goto
This includes Type 1 Diabetes, Type 2 Diabetes, Pre-Diabetes questions question 5
4a-4c
4a. | Is your blood sugar often above 13.0 mmol/L? (Answer YES if you are not sure) O i
Do you have any signs or symptoms of diabetes complications such as heart
4b. | or vascular disease and/or complications affecting your eyes, kidneys, and the ] O
sensation in your toes and feet?
4c. Do you have other metabolic conditions (such as thyroid disorders, pregnancy- ] ]
related diabetes, chronic kidney disease, liver problems)? =
Do you have any Mental Health Problems or Learning Difficulties? O] [J
5. | This includes Alzheimer’s, Dementia, Depression, Anxiety Disorder, Eating Disorder, Ifyes,answer | Ifno, goto
Psychotic Disorder, Intellectual Disability, Down Syndrome) q";:';‘;"‘ question 6
Do you have difficulty controlling your condition with medications or other .
Sa. | physician-prescribed therapies? (Answer NO if you are not currently taking o ]
medications or other treatments)
5b. | Do you also have back problems affecting nerves or muscles? ] ]
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Please read the questions below carefully and answer each one honestly: check YES or NO. YES NO
Do you have a Respiratory Disease? L] !
6. | This includes Chronic Obstructive Pulmonary Disease, Asthma, Pulmonary High Blood Ifyes, answer | 1fno, goto
Pressure questions question 7
6a-6d
Do you have difficulty controlling your condition with medications or other = B
6a. | physician-prescribed therapies? 0 ]
(Answer NO if you are not currently taking medications or other treatments)
b Has your doctor ever said your blocd oxygen level is low at rest or during exercise = M
" | and/or that you require supplemental oxygen therapy? ot '
if asthmatic, do you currently have symptoms of chest tightness, wheezing, laboured
6¢. | breathing, consistent cough (more than 2 days/week), or have you used your rescue ] ]
medication more than twice in the last week?
Has your doctor ever said you have high blood pressure in the blood vessels of your [ ]
6d. lungs? ~] L]
L] =
: ; - ; : If yes, answer | If no,goto
7. | Do you have a Spinal Cord Injury? This includes Tetraplegia and Paraplegia yes, » go
yo ¥ o e P9 questions question 8
7a-7¢
Do you have difficulty controlling your condition with medications or other )
7a. | physician-prescribed therapies? ] ]
{Answer NO if you are not currently taking medications or other treatments)
7 Do you commenly exhibit low resting blood pressure significant enough to cause M 1
* | dizziness, light-headedness, and/or fainting? .
7c. Has your physician indicated that you exhibit sudden bouts of high blood pressure = ]
{known as Autonomic Dysreflexia)? J :
L] L]
8. | Have you had a Stroke? if yes, answer | Ifno,gote
This includes Transient Ischemic Attack (TIA) or Cerebrovascular Event questions question 9
8a-c
Do you have difficulty controlling your condition with medications or other
8a. | physician-prescribed therapies? ] )
(Answer NO if you are not currently taking medications or other treatments)
8b. | Do you have any impairment in walking or mobility? ] !
Have you experienced a stroke or impairment in nerves or muscles in the past 6 .
8c. . ]
months?
]
9. | Do you have any other medical condition not listed above or do you live with two chronic Ifyes, answer | i no, read
conditions? questions the advice
93¢ on page 4
Have you experienced a blackout, fainted, or lost consciousness as a result of a head ) )
9a. | injury within the last 12 months OR have you had a diagnosed concussion within the ] ]
last 12 months?
ob Do you have a medical condition that is not listed . ]
" | (such as epilepsy, neurological conditions, kidney problems)? e ?
9¢. | Do you currently live with two chronic conditions? ] |

Is there any other reason why you cannot take part in this exercise test?

ves 1 No O

If yes please provide details below:

If you answered NO to all of the follow-up questions about your medical condition, you are
cleared to take part in the exercise test.
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If you answered YES to one or more of the follow-up questions about your medical condition
it is strongly advised that you should seek further advice from a medical professional before
taking part in the exercise test.

Section 3 - Declaration

Please read and sign the declaration below:

I, the undersigned, have read, understood and completed this questionnaire to the best of my
knowledge.

NAME: <. e et ere s st s a et enesre sre s

SIGNATURE: ...t DATE: ..o

SIGNATURE OF PARENT/GUARDIAN: ...coviiteinieeeteentie sttt ses et seseas e ses e ses e s

This health questionnaire is based around the PAR-Q+, which was developed by the Canadian
Society for Exercise Physiology|www.csep.ca
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M uscle soreness

Please draw a line through the scale to indicate how sore your quadricéps are.
represents not sore at all and 10 represents the most intense soreness yogiroan ima
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