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ABSTRACT

PURPOSE: To track single motor units through both isometric and eccentric elbow
extensor contractions, at near maximal contraction intensity, and compare firing rates
between contraction modes at an absolute torque. METHODS: Bipolar fine-wire
electrodes were inserted into the anconeus in order to record motor unit firing behaviour
during sets of high torque isometric and eccentric contractions. Contractions were
performed on an isokinetic dynamometer at a pre-determined speed of 10°/s, through 60°
total range of elbow joint motion, and at 50, 75 or 100% MVC. RESULTS: Mean motor
unit firing rates were lower during eccentric contractions across all intensities (p < 0.05),
however surface EMG of the triceps brachii did not comprehensively follow the same
pattern. CONCLUSION: Eccentric contraction is associated with an improvement in
neuromechanical coupling in the anconeus, even at high torques. Previous studies have

shown a similar effect but only at low to moderate contraction intensities.

Keywords

Motor neuron discharge, Intramuscular electromyography, Voluntary activation, Maximal
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Glossary of Terms

Action potential — a single depolarization wave that is conducted along an excitable cell
(here, nerve or muscle), which encodes information via proximity in time to other action

potentials

Concentric — a type of dynamic muscular effort where force is produced and the muscle

is allowed to shorten in length

Eccentric — a type of dynamic muscular effort where force is produced while the muscle

is being stretched or lengthened

Electromyography — recorded sum of electrical activity, in Volts (V), associated with
muscular contraction, recorded from either the surface of the skin through the underlying

tissue, or, more directly, via subcutaneous electrodes placed near muscle fibers

Interspike Interval — the interval of time between two successive action potentials

(milliseconds, ms), inversely related to frequency in Hz

Isometric — a type of static muscular effort where force is produced and the muscle

virtually does not change in length

Motor unit — consists of a motor neuron along with all of the muscle fibers that it

innervates, functional contractile element

Motor unit firing rate — refers to the number of action potentials conducted along a
motor axon, across the neuromuscular junction, and along each muscle fiber, per second

(in Hertz, Hz), reciprocal of ISl

Torque — a force applied tangentially to an axis of rotation creates a torque, the formula
for which is the product of the force and the moment arm, F*d, measured in Newton-

meters (Nm)

Voluntary activation — the extent of one’s ability to utilize, or activate, the entirety of a

muscle mass



Chapter 1

1 Literature Review

1.1 Neuromuscular Structure & Function — A Brief Overview

The smallest functional element of the neuromuscular system, the motor unit (MU),
consists of a single a-motor neuron, and all of the associated muscle fibers that it
innervates (Enoka, 2006). Resting membrane potential of the motor neuron, or the
potential (voltage) difference between the interior and exterior of the cell, is variable but
on average is approximately -70 mV (Enoka, 2006). Motor neuron dendrites are
projections which receive excitatory (and inhibitory) input from sensory and motor tract
neurons, as well as interneurons, via synapses. Net excitatory synaptic input to the motor
neuron soma will depolarize the cell body and push the soma towards its threshold
potential (approximately -40 to -55 mV) (Enoka, 2006). Particularly when the axon
hillock, which is the junction between the motor neuron soma and its axonal projection,
reaches threshold potential, a binary change in state is initiated at the axon and an action

potential begins to propagate towards the axon terminal.

The action potential is a wave of depolarization, a transient and localized reversal of cell
membrane polarity caused primarily by sodium (Na+) and potassium (K+) ion fluxes, that
the neuron uses to encode information of intent (Enoka, 2006). The action potential
consists of an initial depolarization which is followed quickly by a repolarization and then
typically a hyperpolarization of the cell membrane. These polarity phases are the result of
voltage-dependent shifts in activity of membrane-embedded ion channels that permit a
rapid initial inward flow of Na+ to depolarize the membrane, followed by a slower
outward flow of K+ to repolarize and hyperpolarize the axon (Enoka, 2006). The
repolarization phase up to the point of the threshold potential is termed the absolute
refractory period, because sodium channels are inhibited at this time and no amount of
excitatory stimulus can force the cell to depolarize again. The hyperpolarization phase is
termed the relative refractory period, during which time the neuron may fire again with

enough excitation despite the exceptionally negative membrane potential (Enoka, 2002).



The long and relatively large diameter axons of the motor nerves in the corticospinal
pathway are typically myelinated to improve conduction velocity of individual action
potentials and to preserve signal fidelity during transmission to the extremities via
saltatory conduction (Enoka, 2002). Action potentials that reach the axon terminal cause a
depolarization event that results in the release of the neurotransmitter acetylcholine (ACh)
into the synaptic cleft of the neuromuscular junction, or the interface of the
neuromuscular system (Enoka, 2006). Liberated ACh binds to ACh receptors on the post-
synaptic membrane and then is eventually degraded via the enzyme acetylcholinesterase,
however it is the binding of ACh to its receptor on the post-synaptic muscle fiber
membrane that initiates another depolarization event via voltage-gated ion channels
(Enoka, 2006). From the neuromuscular junction, action potentials propagate along the
muscle fiber and penetrate deep into the myocyte via the transverse tubular system, an
arrangement of membrane invaginations that direct current from the surface of the
myocyte closer to the interior of the cell. These depolarization waves stimulate the release
of calcium ions (Ca2+), from the sarcoplasmic reticulum, into the muscle fiber interior,
where the Ca2+ binds to troponin to allow cross-bridge interactions between actin and
myosin to occur (Enoka, 2006). It is the formation and functioning of these actomyosin
cross-bridge complexes that generate muscle tension and, with enough input from the

motor neuron, shorten the muscle belly and affect joint position.
1.2 Electromyography

To examine the electrical activity associated with muscular contraction, various types of
electrodes can be used to record electromyograms (Kamen & Gabriel, 2010). An
electromyogram is essentially a recording of net voltage fluctuation in a muscle.
Recording techniques can assess gross muscle activity in the form of an interference
pattern using an electrode applied to the surface of the skin (surface EMG, SEMG), or
measurements can be made of action potentials from one to twenty or so muscle fibers at

a time using several classes of intramuscular EMG electrodes.

Precise electromyographical measures of MU behaviour during dynamic contraction are
highly susceptible to signal distortion produced by relative electrode and tissue

movement. Surface electromyography during dynamic contraction can also be



challenging to interpret, primarily due to signal non-stationarity, relative changes in
electrode position over the muscle, as well as changes in intermediate tissue conductivity
during movement (Farina, 2006). The fine wire intramuscular EMG technique used in this
thesis relies on deposition of at least 2 thin (~100 um diameter), flexible, stainless steel
wire filaments into the muscle tissue (Kamen & Gabriel, 2010). The ends of the wires are
bent into hooks that are intended to stabilize the exposed wire tips with respect to
adjacent muscle fibers. Once in position, the electrode tips record trains of action
potentials as analog electrical signals that are subsequently amplified, filtered and stored
digitally. Action potential waveform shapes are determined predominantly by the
proximity and spatial orientation of the two electrode poles in relation to the direction of
current conduction along muscle fibers (Kamen & Gabriel, 2010). Computational analysis
of waveforms subsequently aims to identify action potentials that originated from a single

MU via superimposition of waveforms in order to compare shape.
1.3 Motor Unit Properties & Function

In animal studies, motor units are classically differentiated based on properties such as
contraction duration (fast vs slow twitch), fatigue resistance (fatigable vs fatigue
resistant), and force production (Enoka, 2002). Motor unit contraction duration refers to
the time duration of a single stimulated twitch, and probably relates to the speed of
contractile machinery combined with the viscoelastic material properties of the tissue
(Enoka, 2002). Resistance to fatigue is reflected by the tension profile of a motor unit
over time, with repeated stimulation (Enoka, 2002, 2006). In animals, fast twitch fibers
also produce greater tetanic forces than slow twitch fibers. Human motor units can also be
classified by contractile duration and fatigue resistance however the correlations between
twitch force and contractile duration are not as robust in humans as they are in animals
(Enoka, 2002). In practice, human motor units typically do not sift out into discrete
categories, but exhibit somewhat homogenous properties along a spectrum, strongly
influenced by the specific innervation patterns of the motor axon, as well as training and
deconditioning to a degree (Enoka, 2002). Motor unit muscle fibers may also be spatially

organized according to their metabolic needs, with slower oxidative fibers typically



clustered near to the blood supply near the bone and faster twitch glycolytic fibers
grouped nearer to the surface of the skin (Enoka, 2002).

The two critical parameters of motor unit (MU) behaviour, rate coding and recruitment,
have been examined extensively through isometric (fixed muscle length) contractions
(Enoka & Fuglevand, 2001). In order to produce muscular force, motor units are first
recruited to fire according to the size principle (Henneman, 1957) which suggests that
recruitment order is determined by neuron soma size, with smaller somas being recruited
before larger ones. Motor units are thought to begin firing at a frequency in the range of 5
- 10 Hz and, as the force demands of the task increase, firing rate is increased to enhance
the degree of twitch summation in the motor unit (Figure 1), and its contribution to total
muscle tension (Enoka, 2006). Stimulated muscle experiments demonstrate that the
tension response to increasing frequency of stimulation rises and then tension plateaus as
the tetanus becomes fully fused (Figure 1), creating a sigmoidal force-frequency profile
(Enoka, 2002). Our understanding of voluntary neuromuscular control at higher forces is
more ambiguous, and likely more complicated due to asynchronous activation of motor
units and the interplay between changes in recruitment and rate coding. Two proposed
control schemes predominate the literature: the onion skin control schema and the
afterhyperpolarization control schema. The onion skin schema suggests that units
recruited early will attain higher peak firing rates than ones recruited later (De Luca &
Hostage, 2010), and the afterhyperpolarization schema suggests the opposite (a positive
relationship between recruitment threshold and peak discharge rate) (Enoka, 2002). Less
is known about MU control strategies during dynamic muscle contractions, despite their
high relevance to daily human function (Douglas et al., 2016; Duchateau & Baudry, 2014;
Duchateau & Enoka, 2016). This is related to technical limitations of recording MUs in

isolation during shortening and lengthening actions.
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Figure 1. The general shape of the relationship between muscle force output and

stimulation frequency.
1.4 Muscle Force-Velocity Curve

While producing tension, the musculotendinous unit can shorten (concentric), lengthen
(eccentric), or remain a constant length (isometric) depending on the interplay between
the load imposed on the joint as well as the degree of internal force produced (Figure 2).
If the muscle can produce a greater opposing joint torque than the load plus the limb, the
muscle will shorten, and conversely if the muscle produces a lesser opposing joint torque,
it will lengthen. The foundational work of A.V. Hill using isolated muscle fibers helped
to elucidate the shape of what is now termed the force-velocity curve of muscle. Hill
demonstrated that as shortening velocity increased, maximum work or force decreased up
to peak shortening velocity (see Figure 2) (Hill, 1938). The inverse is true for eccentric
contraction, during which muscle lengthening or negative velocity contractions can

produce more force than isometric or concentric actions (Figure 2) (Katz, 1939). The



same concentric force-velocity relationship has been confirmed many times in human
studies, however eccentric force-velocity relations are more variable (Aagaard et al.,
2000; Amiridis et al., 1996; Babault et al., 2001; Pinniger et al., 2000; Spurway et al.,
2000; Valentin et al., 2012; Westing et al., 1988) as some studies in vivo have

demonstrated that peak eccentric forces are no greater than peak isometric forces.

Force
- 2x P°
S—
Eccentric Concentric
Velocity
| +
Figure 2. The generalized relationship between maximal force and contraction

velocity, predicted based on single fiber experiments. P° means peak isometric tension.
Whole muscle eccentric forces do not always obtain the same degree of enhancement

above peak isometric force.



1.5 Voluntary Activation

Voluntary activation can be defined as the ability of an individual to utilize the entirety of
a muscle mass for torque production about a joint. There are several ways of measuring
and estimating voluntary activation, however most of the methods involve applying a
stimulated contraction during a voluntary effort and examining the resulting torque
profile. A stimulus that produces a large increment in torque above a voluntary maximal
effort suggests that the command issued by the brain is not sufficient to drive the full
potential of the muscle (Merton, 1953). Superimposed stimulus torque is typically
compared either to peak voluntary torque preceding the stimulus or to a potentiated
resting twitch that is elicited after a maximal effort, producing a ratio that is meant to
reflect the degree of completeness of the contraction (Merton, 1953). Typically, in
healthy populations, voluntary activation measures (by percentage) are quite high (>95%)
during isometric efforts in some, but not all, muscle groups (Behm et al., 2002). During
dynamic muscular contraction however, there is evidence to suggest that voluntary
activation may not always be complete (Aagaard et al., 2000; Altenburg et al., 2009;
Amiridis et al., 1996; Babault et al., 2001; Spurway et al., 2000; Westing et al., 1990),
especially during maximal eccentric contractions. This is supported by studies that often
report reduced EMG during maximal eccentric contractions when compared to maximal
concentric and sometimes isometric contractions (Altenburg et al., 2009; Del Valle &
Thomas, 2005; Madeleine et al., 2001; Pinniger et al., 2000). It should be noted that
surface EMG measures are more reflective of changes in recruitment rather than rate
coding (Christie et al., 2009). Lower voluntary activation and neuromuscular activity
during eccentric contraction suggest that eccentric efforts may therefore be submaximal,
in relation to the peak capacity of the muscle (Figure 2). Resistance trained individuals
can, however, produce eccentric efforts that are well in excess of their maximal isometric
force with little to no stimulated superimposition of torque (Aagaard et al., 2000;
Amiridis et al., 1996; Spurway et al., 2000).



1.6 Extensors of the Elbow

The elbow joint is primarily extended by the three heads of the triceps brachii (medial,
lateral and long), and secondarily by the anconeus. The triceps brachii is composed of
~35% type | fibers and has a relatively fast contraction time, whereas the anconeus has a
slower contraction time and a higher proportion of type 1 fibers (~65%) by comparison
(Le Bozec & Maton, 1987). The medial head of the triceps brachii is active most
frequently during elbow extension, followed by the lateral head (Travill, 1962). The long
head tends to be the least active during low intensity elbow extension, perhaps because it
crosses the glenohumeral joint as well as the elbow (Travill, 1962). Anconeus activity is
most coherent with the medial head of the triceps brachii during elbow extensions
(Travill, 1962), however its contribution to extension torque is no greater than 15%
(Zhang & Nuber, 2000). Anconeus fascicles experience less absolute length change
during shortening, than other muscles, however the length change is similar to other
muscles, relative to its size. In addition it is only estimated to be composed of between 25
- 60 MUs (Stevens et al., 2014). It is thought that the combination of a less complex
electrophysiological signal, due to small numbers of MUs, along with reduced fascicle
shortening helps to produce an exceptional signal-to-noise ratio while recording trains of
action potentials. Recently it has been demonstrated that action potentials can be recorded
clearly during ballistic concentric contractions approaching maximal shortening velocity
(Vmax) in the anconeus (Cowling et al., 2016; Harwood et al., 2011, 2012, 2014), and
investigations of double discharges, altered recruitment thresholds and dynamic fatigue
have so far been completed in this muscle. Results from these studies indicate that the
anconeus is functionally similar to other limb muscles and therefore provides a useful

neuromuscular model to study MU properties during dynamic contraction paradigms.
1.7 Purpose & Hypotheses

The purpose of this thesis is to take advantage of unique properties of the human
anconeus muscle to examine the firing behaviour of single MUs during high intensity
eccentric contractions, and to compare the frequency of firing to isometric contraction at
the same absolute torque. Secondarily, surface EMG signals from the triceps brachii will



be analyzed to determine whether a similar pattern of neuromuscular activity is found in
the predominant extensor muscles of the elbow. Using the anconeus muscle as a proxy to
gain insight into neuromuscular control of the elbow extensor group, it is hypothesized
that MU discharge rate will be reduced during eccentric contraction, in relation to
isometric discharge rate. Secondarily, surface EMG amplitude will be less during the
eccentric phase of contraction compared to the isometric phase. The force-velocity
relationship suggests that eccentric contractions are submaximal when matched to an
isometric torque, therefore to maintain a fixed mechanical output (torque), MU firing

frequency and SEMG amplitude will be less during muscle lengthening.
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Chapter 2

2 Introduction

The capacity of a muscle to develop tension is largely dependent on the mode of
contraction. Muscle force capacity is reduced when it is required to shorten (Beltman et
al., 2004; Tesch et al., 1990; Thorstensson et al., 1976). Further, peak concentric force is
negatively related to shortening velocity (Hageman et al., 1988; Thorstensson et al., 1976;
Westing et al., 1990), and the reduced peak tension during shortening is accompanied by
an increased metabolic cost of muscular contraction (Bigland-Ritchie & Woods, 1976;
Ortega et al., 2015) and increased electromyogram (EMG) activity, particularly at high
velocities (Aagaard et al., 2000; Tesch et al., 1990). This concentric (positive) force-
velocity relationship has been well-described, however the functional implications and
neural correlates of the negative (lengthening) portion of the force-velocity curve are less
well understood. Studies of animal muscle, and muscle fibre function in vitro have
demonstrated 50 - 80% greater peak tension during stimulated lengthening contractions
(Figure 2) (Edman, 1988; Katz, 1939). In humans, however, the production of maximal
eccentric torque via the intact motor system relies not only on the capacity of the muscle,
but on the ability of the central nervous system to fully excite the relevant motor neurons
as well. Studies of maximal voluntary contractions have shown minimal differences
between eccentric and isometric torque values in the intact system which is contrary to
the single-fiber force-velocity curve (Babault et al., 2001; Pinniger et al., 2000; Westing
et al., 1988); however twitch superimposition during muscle lengthening suggests that
voluntary activation can be incomplete (Altenburg et al., 2009; Babault et al., 2001).
Some postulate that inhibition of maximal voluntary drive to muscles such as the
quadriceps femoris during strong eccentric contraction may protect against injury
(Amiridis et al., 1996; Del Valle & Thomas, 2005; Westing et al., 1990, 1991). Further,
this deficit in eccentric voluntary activation can be abolished through resistance training
(Aagaard et al., 2000; Amiridis et al., 1996; Spurway et al., 2000). It has also been
suggested that contraction mode-dependent differences in the voluntary activation of a
muscle during maximal eccentric, concentric and isometric contraction may be joint

angle-dependent (Valentin et al., 2012). The metabolic demand of the muscle, or ATP
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cost, is also lower during eccentric contraction when compared to isometric contraction
(Ortega et al., 2015). This lower energy consumption is likely related to the passive
viscoelasticity of muscle tissue, which reduces the need for actively generated cross-
bridge tension (Herzog, 2014). The lesser energy requirements and greater torque-
producing capacity of eccentric muscle contraction are thus reflected in the
electromyogram, which becomes smaller during lengthening in comparison to velocity-
matched concentric actions (Amiridis et al., 1996; Westing et al., 1991) and isometric

contractions (Del Valle & Thomas, 2005) at a similar absolute torque.

Studies of individual motor unit behaviour have consistently demonstrated reduced MU
firing rates (MUFRSs) during eccentric contraction when compared to concentric
contraction (Altenburg et al., 2009; Del Valle & Thomas, 2005; Kallio et al., 2013;
Kossev & Christova, 1998; Pasquet et al., 2006; Sogaard et al., 1996; Tax et al., 1989).
The greatest differences in discharge rate are usually observed at shorter muscle lengths,
specifically when the muscle is required to shorten in a mechanically disadvantaged range
(Pasquet et al., 2006). Comparing discharge frequency of MUs during eccentric and
isometric contraction reveals a very modest decrease in discharge behaviour during
muscle lengthening in most studies (Howell et al., 1995; Kossev & Christova, 1998;
Linnamo et al., 2003; Sogaard et al., 1996; Tax et al., 1989), while a few select
experiments report equivocal results, particularly at low force levels (Kallio et al., 2013;
Pasquet et al., 2006). Technical limitations of fine-wire single MU electromyography
often restrict dynamic measures of single MU discharge to weaker contraction intensities
and small ranges of joint excursion that may be less likely to induce muscle fascicle
stretch. A study by Del Valle and Thomas (2005) compared motor unit firing behaviour
during maximal eccentric contractions with maximal shortening and isometric
contractions. Discharge frequencies of motor units that were sampled during muscle
lengthening were significantly lower than motor units sampled during shortening or
isometric contractions, however the tungsten microelectrode technique precluded the
experimenters from tracking the same motor units throughout all contraction modes

consistently.
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Despite the technical challenges associated with recording single MUs during dynamic
contractions, the anconeus (an accessory elbow extensor muscle) has proven to be a
useful model during high velocity concentric contractions over a large range of elbow
joint angles (Cowling et al., 2016; Harwood et al., 2011, 2012, 2014). The purpose of this
experiment was to record single MU activity from the anconeus during strong (>50%
MVC) eccentric contractions of the elbow extensors over a large range of motion. It was
hypothesized that MU discharge rates would decrease during eccentric movement for the
production of a given absolute torque, in comparison to isometric contractions. Reduced
MU firing rates during eccentric contraction would reflect the improvement in
neuromechanical coupling that is observed during muscle lengthening. The anconeus
provides a unique opportunity to track single MUs during strong contractions over a large
range of motion. This muscle will help to describe the degree of change in individual MU

rates between task modes.
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Chapter 3
3  Methods

3.1 Experimental Set-up

Eight recreationally active male participants, mean age of 23 years, were tested for elbow
extensor strength and anconeus MU properties during 1 - 3 experimental sessions, each
separated by at least 72 hours. The procedures were approved by the local institutional
Research Ethics Board for human subjects. Participants provided written and verbal

informed consent prior to beginning the protocol.

Participants were seated upright on a Humac-Norm dynamometer (CSMi Medical
Solutions, Stoughton, MA; research toolkit software), with hip and knee joints positioned
at approximately 90 degrees. A waist belt with shoulder straps restrained the participant’s
axial skeleton to mitigate unwanted movement during elbow extensor contractions
(Figure 3). All electromyography and dynamometry was performed on the left arm;
however hand dominance was not recorded. The shoulder was abducted to roughly 85°
and slightly flexed in the transverse plane. Once the participant’s elbow had been flexed
to approximately 90°, the medial epicondyle of the elbow joint was aligned with the axis
of rotation of the dynamometer arm. The participant’s forearm rested comfortably on a
foam pad attached to the dynamometer arm, and the hand was fixed securely to a hand
brace using tensor bandages (Figure 3). During elbow extensor contractions, the forearm
was also secured to the dynamometer arm tightly by a Velcro strap, in order to eliminate
translation of the elbow joint away from its intended axis of rotation. The dynamometer
was set to allow a range of motion (ROM) of 60°, spanning from 60 to 120° of elbow
extension (180° being full extension), for each participant (Figure 3). Two muscle
stimulation pads were constructed using aluminum foil and conductive electrode gel
enclosed in a fold of paper towel. The anode and cathode were applied to the proximal
and distal ends of the belly of the triceps brachii muscle, respectively. The pads were
secured tightly with flexible wrap material to maintain the position of each pole during

dynamometry.
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Figure 3. A rough schematic of the experimental set-up, with a participant seated

and arm resting on the dynamometer, modified from Cowling et al. (2016).

3.2 Strength

Participants performed a series of 2 - 3 isometric elbow extensor maximal voluntary
contraction (MVC) attempts at an elbow joint angle of 120° in order to determine a
maximal torque output. Although 120° is perhaps suboptimal for production of maximal
elbow extension torque, measures were made at this joint angle to be able to compare
single MU activity at a constant absolute torque. Instructions were given to activate only
the elbow extensors, and to try to minimize the use of other musculature. The higher of
two MVC attempts that were within 5% of each other was taken as the maximum value.
A modified interpolated twitch technique (ITT) was performed in order to measure

voluntary activation (VA). Double pulse (doublet) stimulations at 100 Hz, with a 200 ps
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pulse width, were delivered to the triceps brachii using a constant-voltage stimulator
(DS7AH; Digitimer, Ltd., Welwyn Garden City, Hertfordshire, UK). Amperage was
increased in a stepwise manner until the paired pulses generated a plateau in torque
without activation of the antagonists as determined by a decrease in torque. Pulses were
delivered before, at the peak of, and directly following an MV C attempt, and
superimposed pulses were compared to potentiated pulses to produce an estimate of

voluntary activation using the following formula (Cowling et al., 2016; Merton, 1953):

Volunt Activation (VA%) (1 superimposed doublet)
= - *
omtary Activation ° potentiated doublet

3.3 Lengthening Protocol

After a maximal torque value was obtained, target cursors were calculated and displayed
on-screen at 50, 75, and 100% of MV C obtained at the extended joint position. Using
visual torque feedback displayed live on a monitor (Figure 3), participants were asked to
produce an initial isometric contraction of ~2 seconds duration, at 120° elbow extension,
that matched one of the target torque values, and subsequently to maintain a constant joint
torque output while movement of the dynamometer arm at 10°/s induced a lengthening of
the elbow extensors. After the elbow joint reached its final position of 60° flexion,
participants maintained a second isometric contraction for ~2 seconds. The order of
contraction levels was pseudo-randomly chosen depending on the quality of the motor
unit recordings. Participants were given a minimum of 3 minutes of rest in between
lengthening contractions to prevent muscular fatigue. Contractions were repeated within
each session until either recordings of satisfactory quality were obtained, or the
participant began to show signs of fatigue, such as a reduction in the 100% MVC torque

or reduced torque steadiness.
3.4 Electromyography

To obtain single MU recordings from the anconeus, intramuscular EMG signals were
collected during all contractions using a pair of custom-made, bipolar, fine-wire
electrodes. Each electrode consisted of a pair of ~100 pum diameter, Formvar-insulated

stainless steel wires which were threaded through the cannula of a 25G x 5/8 inch
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hypodermic needle (Becton Dickinson, Franklin Lakes, NJ). Wire ends were folded over
the tip of the needle to form small hooks, and the electrodes were autoclaved prior to
insertion. Hooked wire ends were clipped to a length of several (~2) millimetres and
prepared in order to be as selective as possible for the recording of single MUs. The skin
over the anconeus was cleansed thoroughly with 70% ethanol, and the hypodermic needle
was inserted into the muscle belly. Carefully withdrawing the needle left the hooked wire
ends embedded in the muscle tissue. Ground electrodes for the intramuscular EMG
channels were placed on the styloid processes of the wrist, and ground leads were
restrained at the wrist using tensor bandage. Several moderate-intensity, concentric,
isotonic elbow extensions were performed in order to check signal fidelity and to help

settle the wire hooks into the muscle.

For a subset of participants, surface electrodes were applied to record gross
neuromuscular activity of the triceps brachii during isometric and lengthening
contractions. The skin between the stimulation pads was cleansed with 70% ethanol and
cloth surface electrodes (Kendall H59P, Covidien, Mansfield USA) were arranged in a
bipolar manner according to the direction of muscle fibers mid-way over the muscle
bellies of the lateral and long head of the triceps brachii, and electrode leads were taped to

the arm to minimize movement artifact during lengthening contractions.
3.5 Signal Processing & Analysis

EMG signals were amplified by 1000x and high-pass filtered at 10 Hz (NL824, Digitimer
Ltd., Welwyn Garden City, Hertfordshire, UK) to attenuate low frequency noise such as
movement artefact. EMG Signals also passed through a 10 KHz low-pass filter before
being sampled using an A/D board (Power1401, CED, Cambridge UK) at 12.5 KHz and
2500 Hz respectively, for intramuscular and surface signals. Torque was sampled at 500
Hz. Both torque and EMG signals were collected using Spike2 (v 7.16, CED, Cambridge,

UK) software, and stored offline for analysis.

Waveform analysis was performed in Spike2 to verify that a given train of action
potentials originated from a single MU (MU action potential, MUAP). Individual
waveforms that met an amplitude threshold were sorted into templates based on
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waveform shape, and superimposed to ensure similarity (see Figure 4). Non-physiological
interspike intervals (ISIs) and doublets (outside of a range of 25 - 150 ms) were excluded
from calculation of MU firing rates. Once a train of potentials was confidently
established, raw ISI values were computed on a spike-by-spike basis for the entire train.
Associated instantaneous torque and position data were also computed for each spike and
these measures for each contraction were stored in separate tables in Excel. The
reciprocal of each raw ISI was taken as the instantaneous frequency. Raw limb position
data were manipulated within each contraction using a constant adjustment factor to
express position in terms of the 60 - 120° range. For the calculation of mean MU
frequency during contraction, samples were selected using position data as a means for
identifying contraction mode (isometric vs eccentric), and the average value of the ISI
reciprocal, as well as the average torque, was computed and stored. The benefit of MU
tracking in this experiment was the opportunity to calculate mean frequency using a
relatively large sample of I1SIs (Figure 4). It has been suggested that under some
conditions, sample sizes of 20 - 50 ISIs are required to approximate, within = 10%, the
true population mean in 95% of samples taken (Clamann, 1969). As a consequence, effort

was made to calculate MU firing rate means using samples of 25 ISIs at minimum.

Gross triceps brachii activation was evaluated by calculating triceps mean root-mean
square (RMS) amplitude, normalized to RMS amplitude at MVC (collected at 120°).
Mean RMS amplitude was sampled over a 0.25 s time epoch during isometric contraction
at 120°, as well as during eccentric movement at a joint angle corresponding to a short

muscle length to mitigate the effect of signal non-stationarity on SEMG measures.
3.6 Statistical Analysis

Paired t-tests were performed using SPSS Statistics 24.0 (IBM, Armonk, NY) to assess
differences in mean motor unit discharge rates between isometric and eccentric
contraction phases. Firing behaviour of some motor units was observed at multiple
intensity levels, so paired t-tests were performed for each individual contraction intensity
(50, 75 and 100% MVC) in order to avoid assigning a heavier weighting to the behaviour
of a single unit in the statistical analysis. A separate paired t-test analysis was performed

to compare mean torque values during isometric and eccentric contraction modes. Paired
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t-tests were also conducted to assess changes in mean RMS amplitude values, from a
subset of participants (some of whom single MU data was not successfully collected
from), in order to examine patterns of neuromuscular activity of the triceps brachii during
the muscle lengthening protocol. The long and lateral heads of the triceps group were
assessed independently, at each contraction intensity level. A significance level of a <
0.05 was set for MUFR, torque and RMS amplitude analyses, and values are reported as
mean * standard deviation (SD).
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Chapter 4
4 Results

Viable surface or intramuscular EMG data was collected from a total of 8 participants,
and adequate MU spike trains were obtained from 5 out of 8. Intramuscular electrode
instability and selectivity made data collection from single motor units exceptionally
difficult. Mean MVC torque of the elbow extensor group was 62.4 Nm + 12.7 and mean
voluntary activation for all 8 subjects was 96.6% * 2.56. Force tracking proved to be
challenging for most participants during these slow, relatively strong contractions and
force variability often resulted in discharge variability (Figure 4). Eccentric forces tended
to be larger on average than the corresponding isometric force at contraction onset.
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Figure 4. Raw data showing a torque tracing (bottom) from a maximal contraction,

with associated raw intramuscular EMG (middle), as well as isolated spike train (top).

Spikes superimposed to show similarity in MUAP shape.
4.1 RMS EMG

RMS amplitude (normalized to RMS amplitude at MVVC) was recorded from the two

superficial heads of the triceps brachii to assess whether triceps and anconeus EMG
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signals were following similar patterns during the lengthening contraction protocol.
Surface EMG data were collected from four individuals, at all three contractile intensities,
who provided adequate force tracking during the experiment. Satisfactory single MU

recordings were found in only one of these four individuals.

In the lateral and long heads of the triceps brachii respectively, mean normalized
isometric RMS values were 0.55 + 0.03 and 0.51 + 0.14 during contractions targeting
50% MVC, 0.76 £ 0.07 and 0.72 + 0.12 during contractions targeting 75% MVC, and
0.93 £ 0.12 and 0.92 + 0.16 during contractions targeting 100% MVC. Normalized mean
RMS EMG values in the long head of the triceps brachii did not significantly differ
between the isometric and eccentric phases of each movement at any contraction intensity
(p=0.108, p=0.111, p = 0.121 at 50, 75, and 100% MVC, respectively), however the
mean eccentric RMS amplitude value was always non-significantly lower than the mean
isometric value, across all intensities. Normalized mean RMS EMG values in the lateral
head of the triceps brachii were indeed significantly lower during the eccentric phase of
contraction at 50 and 75% target intensities (p = 0.004 at 50%, and p = 0.031 at 75%),
however not at the 100% target (p = 0.133). Mean RMS EMG values from both isometric

and eccentric contraction phases, at all intensities, are summarized in Table 1.



21

Table 1. Mean RMS amplitude from the lateral and long heads of the triceps brachii,
during isometric and eccentric phases of contraction, at three different intensities.

50% 75% 100%
ISO ECC ISO ECC ISO ECC
Lat SEMG
0.55 0.45* 0.76 0.63* 0.93 0.82
(%)
Long SEMG
0.51 0.45 0.72 0.60 0.92 0.76
(%)
Rel. Torque
0.51 0.52 0.76 0.76 1.02 1.01
(Nm)
Joint
- 120.3 109.7 120.8 110.2 121.1 109.9
Position (°)

* denotes significant change (p < 0.05) between paired 1SO and ECC values, at each
intensity. Lat represents the lateral head of the triceps brachii and Long represents the

long head. I1SO is the isometric phase of movement and ECC is the eccentric phase.
4.2 Single MU Discharge

Twelve spike train recordings from 7 unique MUs were obtained from 5 out of the 8
participants (Figure 5). Some MUs were identified only at one contraction intensity,
whereas others were identified at multiple relative torque targets. Spike train lengths
ranged from a minimum of 110 ISls to 265 ISIs within a given contraction, and though
some spike trains did not extend throughout the full duration of the contraction, all trains
were visible during the initial isometric contraction as well as the first ~40 degrees of
ROM, at minimum. The mean number of ISIs sampled from a given train was 34, and the
minimum was 20. The number of ISIs that were sampled from a single MU recording was
always the same under both isometric and eccentric conditions. Mean isometric MU
discharge rates measured at 120° were 22.0 £ 3.2, 22.1 + 3.9 and 27.5 £ 4.5 Hz at 50, 75
and 100% MVC, respectively (Figure 6). Mean discharge rates were significantly reduced
during the eccentric phase of movement at 50% (p = 0.017, df = 3), 75% (p = 0.049, df =
3) and 100% (p = 0.018, df = 3) contraction intensity (Figure 5). Mean differences
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between isometric and eccentric firing rates were 2.8 (95% CI = 0.95 - 4.68 Hz), 5.0
(95% CI =0.04 - 9.93 Hz), and 4.7 (95% CI = 1.54 - 7.77 Hz) Hz at 50, 75 and 100%
MVC, respectively. Additionally, there were no significant differences between isometric
and eccentric torque values at 50, 75 or 100% contraction intensity (p = 0.09, p=0.23, p
= 0.062), however the mean eccentric torque was on average 3.2% higher than the

isometric torque sampled (Figure 6), indicating an improvement in neuromechanical

coupling.
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Figure 5. Mean MUFR sampled from each MU recording, during each contraction

phase (ISO, isometric; ECC, eccentric). Open diamonds represent 50%, solid circles
represent 75% and black triangles represent 100% MVC. Mean MUFR at each intensity

level was significantly reduced during ECC from ISO.
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represents 75% and black represents 100% MVC. * denotes significant difference (p <

0.05) from isometric MUFR value. SD bars are displayed for MUFR.
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Chapter 5

5 Discussion

The intent of this work was to verify the current understanding of eccentric motor control
at high contraction intensities, using the anconeus to complement past work exploring
motor unit discharge properties under concentric conditions (Cowling et al., 2016;
Harwood et al., 2011, 2012, 2014). It was demonstrated that single MU firing behaviour
could be tracked across large ranges of motion during high force eccentric contraction in
the anconeus. Prior to this experiment, high force (>50% MVC) eccentric motor unit
behaviour had only been observed through random population sampling via tungsten
microelectrode, which generally precluded the continuous recording of the same MU
under different contraction conditions (Del Valle & Thomas, 2005). The main finding in
this thesis was that discharge rates during muscle lengthening were significantly reduced
compared to isometric discharge rates preceding lengthening. Although this had been
suggested by previous literature (Altenburg et al., 2009; Del Valle & Thomas, 2005;
Howell et al., 1995; Kallio et al., 2013; Kossev & Christova, 1998; Linnamo et al., 2003;
Pasquet et al., 2006; Tax et al., 1989) those studies were not done at high contraction
intensities. Secondarily, mean RMS EMG amplitude was shown to be significantly
reduced in the lateral head of the triceps brachii during the eccentric phase of the muscle
lengthening protocol, at 50 and 75% of maximal effort, however not at 100%. Mean RMS
EMG amplitude did not significantly differ between isometric and eccentric phases in the

long head of the triceps brachii.

In addition to exploring these features during high force contractions, another strength of
this study was the relatively large number of potentials used for the calculation of MUFR
during different contraction phases, especially when compared with past studies. It has
been proposed that the recommended minimum sample of 4 ISls for the calculation of
discharge rate may be inadequate (Clamann, 1969), thus a minimum sample size of 20
ISIs used in this study allows for a more accurate approximation of the true population

mean.
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5.1 Elbow Extensor Force Characteristics

The anconeus has proven to be a useful model for improving our understanding of
neuromuscular physiology under dynamic contraction conditions (Cowling et al., 2016;
Harwood et al., 2011, 2012, 2014). This small, predominantly slow (~63%) twitch muscle
mainly assists the medial, lateral and long heads of the triceps brachii in extending and
stabilizing the elbow joint (Le Bozec & Maton, 1987; Travill, 1962). It is estimated that
the anconeus contributes perhaps as much as 15% of total isometric elbow extensor
torque (Zhang & Nuber, 2000). Importantly, Harwood et al. (2011) demonstrated that
mean MU firing rates in the anconeus increased in a bilinear manner up to maximal
extension velocity, with mean discharge rates ranging from ~19 Hz at a modest velocity
to 39 Hz at maximum velocity. With the anconeus contributing modest joint torques
throughout a full range of elbow extension, attaining relatively high discharge rates
during high force and velocity contractions (Harwood et al., 2011), and displaying many
key characteristics of neuromodulatory control of force such as task-dependent
recruitment thresholds (Harwood & Rice, 2012) and double discharges (Harwood & Rice,
2014), the muscle is a useful proxy for dynamic neuromuscular studies of the elbow

extensor group.

The mean elbow extension MV C torque observed in this study was 62.4 £ 12.7 Nm,
which is quite comparable to other reports of elbow extensor torque capacity (Cowling et
al., 2016; Fukunaga et al., 2001; Harwood et al., 2011; Terzis et al., 2003). Mean VA was
96.6 + 2.5%. Other reports of voluntary activation using the interpolated twitch technique
in the triceps brachii produced values ranging from ~93% to ~99% (Bilodeau, 2006;
Cowling et al., 2016). Despite selecting a non-optimal joint angle (120° elbow extension)
for the production of maximum extension torque in the current experiment, mean elbow
extensor VA was comparable to prior reports. Force tracking often required some
familiarization within the first few contractions, especially at the transition from isometric
force production to eccentric movement. The example contraction in Figure 4
demonstrates the inherent variability in force tracking during intense contractions.
Initiation of muscle stretch often caused a peak in joint torque in those unaccustomed to

the lengthening protocol, likely due to the improved intrinsic force capacity of muscle
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fibers that undergo stretch (Edman et al., 1978; Herzog, 2014; Katz, 1939; Morgan et al.,
2000). In cases where force tracking was not adequate, net elbow extension torque was
often slightly higher (~3%) than the target torque which speaks to the submaximality of
eccentric contraction (Aagaard et al., 2000; Amiridis et al., 1996; Herzog, 2014)

5.2 Motor Unit Behaviour

The major finding of the current experiment was a reduction in mean motor unit
discharge rate accompanying the transition from isometric to eccentric high-torque
muscular effort. Isometric motor unit firing rate ranges of the anconeus reported here
(17.8 — 32.1 Hz) display a similar range to isometric rates from prior study of the
anconeus (7.6 — 36.0 Hz) (Harwood et al., 2011) when accounting for the range of

relative forces examined in each experiment.

Foundational work on the muscle force-velocity relation (Hill, 1938; Katz, 1939) suggest
that the capacity of muscle to generate force while shortening is less than its peak
isometric tension, and conversely, its capacity is greater during lengthening (Figure 2).
The common rationalization for this eccentric phenomenon involves passive, viscoelastic,
“spring-like” elements in muscle tissue, such as the large sarcomeric protein, titin, which
produces non-cross-bridge tension during sarcomere or muscle lengthening (Herzog,
2014). Greater peak muscle tension under eccentric conditions compared to isometric
conditions (Aagaard et al., 2000; Amiridis et al., 1996; Katz, 1939; Spurway et al., 2000)
means that maximal isometric activation of a motor unit perhaps becomes submaximal if
the muscle is forcibly lengthened, assuming absolute mechanical output (elbow extension
torque) remains the same. This idea is supported by studies that report decreased
voluntary activation (Altenburg et al., 2009; Babault et al., 2001), lesser amplitude SEMG
signals (Altenburg et al., 2009; Del Valle & Thomas, 2005; Madeleine et al., 2001), as
well as usually lower discharge rates during eccentric contraction (Altenburg et al., 2009;
Del Valle & Thomas, 2005; Kossev & Christova, 1998; Tax et al., 1989).

During lengthening contractions, MUFRs have most often been examined at low forces
(typically 5 - 50% MVC), and over relatively small ranges of motion (~10 - 20°)
(Altenburg et al., 2009; Howell et al., 1995; Kallio et al., 2013; Kossev & Christova,
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1998; Pasquet et al., 2006; Tax et al., 1989), because dynamic intramuscular EMG
measures tend to be very susceptible to signal non-stationarity and interference at high
activation levels. Unfortunately, some studies of dynamic motor control do not report
mean isometric values or make direct comparisons between isometric and eccentric rates
(Howell et al., 1995; Kossev & Christova, 1998; Tax et al., 1989), as the focus is usually
a comparison between eccentric and concentric tasks. Although not explicitly calculated
in their paper, the difference in mean MU discharge rates reported during isometric and
eccentric contractions in one study appeared to be 0.9 Hz, at an eccentric velocity of
10°/s, in the biceps brachii (Sogaard et al., 1996). Another study found a significant
reduction in eccentric discharge rates compared to isometric at 40% MVC, however not at
10 or 20% MVC (Kallio et al., 2013). Upon examination of their tabulated data, the
decrease between condition means was 1.5 Hz, however the load used for the experiment
was inertial and velocity was controlled by the participant. Yet another study found a
slight, but statistically significant, increase in discharge rate during eccentric contraction,
where MU firing was found to be between 6 - 15% higher on average compared to control
isometric discharge rates in the tibialis anterior (TA) (Pasquet et al., 2006). This study,
however, employed a different strategy for controlling mechanical output of the TA by
instructing participants to gradually increase joint torque over the duration of the
eccentric contraction, to account for a joint angle-dependent change in peak isometric
torque at the ankle. Such a protocol makes direct comparison of the study by Pasquet et
al. (2006) to other literature difficult. In the quadriceps, single MU discharge rates during
isometric contractions that were performed at an intensity that was adjusted to
approximate the level of activation during eccentric contraction were significantly lower
than non-adjusted isometric contractions (Altenburg et al., 2009). Furthermore, no
statistical differences were identified between the intensity-adjusted proxy isometric
contraction and its associated eccentric contraction (matched for activation, not torque)
(Altenburg et al., 2009). Although the experimental design in Altenburg et al. (2009) did
not directly assess MU firing rate differences between isometric and torque-matched
eccentric contractions, the results of the study suggest that the differences between
contraction modes are due exclusively to differences in relative torque capacity between
isometric and eccentric contractions. One important aspect of the study was that MU
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discharge behaviour was recorded at a mean intensity of ~21 + 17.6% (mean = SD) MVC,
however Altenburg et al. (2009) report a range of up to 76% MVC maximally. The
absolute decrease in frequency was calculated from data reported, and the difference
between mean isometric and eccentric discharge rate values was ~1.4 Hz which is
comparable to decreases observed in other experiments at relatively low contraction
intensities (Altenburg et al., 2009). Lastly, investigation of maximal firing rates in motor
unit pools of the triceps brachii revealed no statistically significant differences between
relative intensity-matched concentric and isometric contractions, but a significant
reduction in eccentric firing rate from the concentric condition was reported (Del Valle &
Thomas, 2005). Using tabular values reported by Del Valle and Thomas (2005),
differences between mean isometric and eccentric discharge rate values at 25, 50, 75 and
100% MVC were ~1.8, 5.2, 2.1 and 7.5 Hz respectively. These differences may be
exaggerated, however, as the protocol used to compare concentric, eccentric and
isometric motor unit properties involved normalizing dynamic muscle efforts (both
concentric and eccentric) to each subject’s concentric maximal effort, whereas their
isometric values were normalized to a maximal isometric effort (see Figure 2 for
visualization). Comparison of isometric and eccentric firing rates, therefore, becomes

difficult due to force-velocity relationship differences.

In the current study of anconeus, mean reductions of 2.8, 5.0 and 4.7 Hz, at 50, 75 and
100% MV C were observed from isometric to eccentric muscle action (Figure 6), and
these mean differences are greater than most differences reported previously (Altenburg
et al., 2009; Kallio et al., 2013; Sogaard et al., 1996), although similar or slightly less than
the differences found in the only other study conducted involving maximal joint torques
(Del Valle & Thomas, 2005). It is possible that high contraction intensity and large range
of motion could be related to differential reductions in MUFR, across various studies,
during eccentric contraction, as it has been shown that magnitude of stretch is an
important factor in inducing residual force enhancement in lengthening contractions
(Herzog, 2014). Considering the somewhat sigmoidal shape of a typical isometric,
stimulated force-frequency curve (Figure 1) (Thomas et al., 1991) a relative reduction in
tension demand in a single MU (eg. during lengthening) would require variable

reductions in MUFR depending on what portion of the curve is being examined. In the
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steep initial region (low frequency, low force), MUFR variability results in comparatively
large force fluctuations, whereas larger changes in MUFR are perhaps required to grade a
similar amount of tension near the point of firing rate saturation (Figure 1). In the present
experiment, the possibility that the initial isometric behaviour of each MU may have been
influenced in some way by the intention for subsequent muscle length change, as
observed in the SEMG signal of the quadriceps (Grabiner & Owings, 2002), cannot be

ruled out.
5.3 Surface EMG

Surface EMG in the triceps brachii was recorded in order to corroborate neuromuscular
findings of the anconeus with the overall activation of the primary elbow extensors during
these lengthening contractions. In the current experiment, SEMG amplitude was
compared between the initial isometric phase, and subsequent lengthening phase, of a
single high force elbow extensor contraction. Mean RMS amplitude was significantly
lower, in the lateral head of the triceps brachii only, during the eccentric contraction
phase at 50 and 75% MVC, however not at 100% (Table 1). It should be noted that, in the
long head, mean RMS amplitude was typically less during the eccentric contraction
phase, however small sample sizes at each contraction intensity perhaps reduced
statistical power, as well as at maximal force in the lateral head. Nevertheless, the
reductions that were observed in the SEMG signal after the initiation of lengthening are
consistent with some of the literature (Altenburg et al., 2009; Del Valle & Thomas, 2005;
Madeleine et al., 2001; Pinniger et al., 2000). Inconsistencies in the findings of this study
may be the result of joint angle-dependent comparisons, force normalization methods, or

the presence of a preceding isometric contraction phase prior to movement.

It has been demonstrated in the quadriceps muscle group that the EMG signal during an
isometric preload period prior to concentric or eccentric movement onset differed
depending on the direction of the intended movement (Grabiner & Owings, 2002). In the
aforementioned study, eccentric movement intention was associated with a reduction in
rectified and integrated EMG (iEMG) during the isometric preload phase, compared to
the IEMG preceding concentric movement. This phenomenon may offer an explanation

for a lack of significance in the analysis of RMS sEMG in the triceps brachii, at least at
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the greatest intensities. It is possible that, by linking the isometric and eccentric
contraction phases, the intention of a subsequent lengthening movement may have
influenced the myoelectric signal during the isometric preload so as to minimize changes
in RMS amplitude during the transition to dynamic muscle contraction. The most relevant
prior report of SEMG signals during isometric and eccentric contractions is by Del Valle
et al. (2005) who reported a 27% reduction in overall triceps brachii activation during
eccentric contraction, compared to a maximal isometric (and concentric) effort. The
magnitude of reduction in the present study ranges from 12 - 18%, by comparison,
depending on which head of the triceps brachii is examined, and at which intensity. In the
current thesis, eccentric and isometric torques were matched on an absolute basis,
however Del Valle et al. (2005) matched eccentric torque to concentric maximal torque in
their experiment, which confounds the comparison of eccentric against isometric muscle
activation. Altenburg et al. (2009) found a comparable reduction in mean RMS amplitude
(18%) during maximal eccentric contraction of the knee extensors, when compared to
maximal isometric contraction, however eccentric and isometric maximal torques were
not significantly different. Finally, intensity-dependent statistical decreases in RMS
amplitude in the lateral head, but not the long head, during muscle lengthening could be
related to the greater relative contribution to elbow extension torque by the lateral head
(Travill, 1962). Using intramuscular electromyography, Travill (1962) demonstrated that
the anconeus and medial head of the triceps brachii were always active during elbow
extension torque generation, however the long head was comparatively the least active of
the elbow extensor group during modest resisted elbow extension.

Surface EMG is a poor indicator of single MU discharge behaviour, and more strongly
represents MU recruitment rather than rate coding (Christie et al., 2009), however
changes in mean spike amplitude and frequency (via the intramuscular spike-amplitude
frequency technique) during isometric preload prior to concentric and eccentric

contractions have been reported (Linnamo et al., 2003).
5.4 Conclusion

This thesis expands the current understanding of MU firing behaviour during dynamic
contractions (Altenburg et al., 2009; Del Valle & Thomas, 2005; Kallio et al., 2013;
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Sogaard et al., 1996; Tax et al., 1989) through examination of MUFRs under eccentric
conditions, at torques between 50 and 100% of isometric effort. Additionally it
complements previous work in the anconeus which explored MUFRs during primarily
concentric actions (Cowling et al., 2016; Harwood et al., 2011, 2012, 2014) by
characterizing neuromuscular behaviour in the negative portion of the force-velocity
relation of muscle. It was demonstrated, using the anconeus as a proxy for the elbow
extensor group, that motor unit discharge rates are reduced during eccentric elbow
extensor contractions in comparison with isometric contractions matched for absolute
torque, even at near-maximal mechanical output. The reduction in MUFR, despite a slight
(~3%) non-significant increase in extension torque, suggests submaximal activation
during eccentric contraction in relation to the maximal isometric condition, and would
likely partially explain a reduction in the magnitude of the SEMG signal during
lengthening. The mean MUFR differences in this study seemed slightly larger than those
reported in other studies of low torque eccentric contractions (Altenburg et al., 2009;
Kallio et al., 2013; Sogaard et al., 1996), although marginally smaller than the differences
reported in the only other study of near-maximal eccentric MU behaviour (Del Valle &
Thomas, 2005). Perhaps this is because of the distinct sigmoidal shape of the stimulated
force-frequency relationship, whereby at large forces a greater reduction in firing rate

may be necessary to produce the same absolute reduction in active cross-bridge tension.
5.5 Limitations

Although the anconeus has been established as a useful model for the study of
neuromuscular function during dynamic, high velocity concentric contractions of the
elbow extensors (Cowling et al., 2016; Harwood et al., 2011, 2012, 2014), limitations in
study design and the electrophysiology of this thesis exist.

An argument has been made that potential joint-angle dependence of firing rate should be
controlled when comparing eccentric and isometric behaviour (Altenburg et al., 2009),
however additional isometric contractions at matched joint angles were not performed in
this thesis. Joint angle influences the length of associated muscles, and absolute force
capacity tends to vary with muscle length, according to the prototypical length-tension

curve (Rassier et al., 1999), therefore it is not only important to consider the change in
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relative intensity according to contraction mode (isometric vs eccentric), but additionally
according to joint angle-specific force capacity. An isometric control contraction of equal
length and intensity to each isometric-eccentric combination might have been used to
control for time-dependent variability in MUFR, as contractions tended to last
approximately 10 seconds based on experimental design, although the use of large spike
samples (minimum of 20 ISIs) (Clamann, 1969) for the calculation of MUFRs helps to

mitigate time-domain variability in spike frequency.

Long rest times (minimum of 3 minutes of rest between contractions) were utilized in
order to avoid the influence of neuromuscular fatigue on MUFRs (Cowling et al., 2016),
however fatigue was not assessed after each experimental trial so although unlikely it is

possible that MUFRs could have been affected by fatiguing processes.

As previously mentioned, it is not implausible that the intention for movement subsequent
to the isometric preload phase could influence MU behaviour in some way, based on
evidence from surface EMG analysis (Grabiner & Owings, 2002), however surface EMG
does not accurately reflect firing activity of single MUs (Christie et al., 2009), and
intermediate tissue acts as a low-pass filter which can attenuate firing behaviour detected
at the surface (Farina & Rainoldi, 1999). For these reasons, it would be interesting or
perhaps more accurate to compare single MU firing behaviour during eccentric
contractions in relation to isolated isometric contractions at exactly comparable joint
angles, as well as during eccentric contractions preceded by an isometric phase.

Although there is evidence that the anconeus is active throughout a great range of elbow
extension, that it varies in rate coding across a full range of contraction torques and
velocities, and experiences neuromodulation via changes in recruitment threshold, double
discharge behaviour, and fatigue-related MUFR changes (Cowling et al., 2016; Harwood
etal., 2011, 2012, 2014) in a similar way to other conventional muscle models, it has a
relatively small contribution (< 15%) to total elbow extension torque (Zhang & Nuber,
2000). Furthermore, it has a relatively slow fiber composition (Le Bozec & Maton, 1987),
and may possess secondary functions in addition to elbow extension (Bergin et al., 2013)
such as humero-ulnar stabilization. Additionally, anatomical properties of the anconeus
such as the small MU number estimates (~25 - 60 MUs) (Stevens et al., 2014) and lesser
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absolute fascicle length changes (Stevens, Smith et al., 2014) that are thought to
contribute to the muscle’s high intramuscular EMG signal fidelity may also be argued to

limit its usefulness as a proxy for neuromuscular function of the elbow extensors.

The greatest limitation of this thesis was likely the small number of motor unit recordings
examined (n = 12), in comparison to previous studies of the anconeus (Cowling et al.,
2016; Harwood et al., 2011; Harwood & Rice, 2014) as well as single MU studies
conducted in other muscles (Altenburg et al., 2009; Del Valle & Thomas, 2005). Despite
testing a large number of participants, electrode placement variability and instability
within the muscle tissue were likely contributors to the low number of successful
recording sessions. An issue that tends to affect all invasive studies of single MU
behaviour is signal non-stationarity due to movement of the intramuscular electrode’s
recording volume through the muscle. It is assumed that the use of hooked wire ends
stabilizes the electrode recording volume in relation to nearby active muscle fibers, and
thus stabilizes the temporal characteristics of the action potentials originating from those
muscle fibers, however when a train of spikes ends unexpectedly, it is impossible to be
certain whether the unit was de-recruited or whether it simply moved out of the active

recording volume.
5.6 Future Directions

The behaviour of MUs in the anconeus has been characterized isometrically, across the
entire range of concentric velocities, throughout fatigue, and now at low eccentric
velocities. Studies in the future should seek to improve recording success through
technique optimization, as well as to improve existing data sets by increasing sample
sizes. Exploration at high contraction velocities would be useful to assess whether the
speed of stretch influences MU discharge characteristics at high torques. Additionally,
tracking of MU behaviour in the anconeus throughout a full, dynamic range in both
directions of motion permits detailed studies of MU behaviour under conditions where the
actual movement performed may or may not align with movement intention during the
planning phase. Further, elucidation of EMG changes in relation to isometric preload
torque prior to dynamic movement intention at the single MU level would also be useful.

This model might also help to pin-point higher level (spinal and cortical) points of
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neuromodulatory control during eccentric contractions. Lastly, fatiguing eccentric
contractions could be used to evaluate firing rate changes during work of relatively high

neuromechanical efficiency, in comparison to concentric and isometric fatigue protocols.
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