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ABSTRACT

The use o f EMG in the quantification o f muscle fatigue has received much attention over the 

years. It has been used to identify the neuromuscular fatigue threshold at the aerobic- 

anaerobic transition during dynamic exercise (Lucia et a i ,  1999) and the progressive 

changes in recruitment patterns during isometric fatiguing contractions (Mathur et ai ,  

2005). However, there is little or no published data comparing the EMG thresholds across a 

range o f dynamic exercises. Furthermore, there is a lack of agreement as to the effect that 

training induced alterations to fatigue may have on the EMG signal. In addition to 

quantifying fatigue, EMG has been used to reveal intra- and inter-muscular adjustments to 

given internal and external exercise constraints (Li & Caldwell, 1998; Hug & Dorel, 2009). 

Nowicky et al. (2005) suggested that it may thus provide a means for the assessment of 

ergometer task specificity.

The aims o f this research dissertation were therefore twofold. The first aim was to assess 

and compare the appearance o f neuromuscular fatigue in a variety o f biomechanical tasks 

and to establish if training could alter the EMG response to fatigue. The second aim was to 

assess the biomechanical task specificity of rowing and kayaking ergometry using the novel 

approach of comparing EMG data across conditions.

The research described in Chapter 3 o f this dissertation investigated the appearance of 

neuromuscular fatigue at the aerobic-anaerobic transition across a range o f dynamic sports. 

Three sub-groups of trained individuals performed graded incremental tests on ergometers 

specific to their discipline (rowing, kayaking and cycling). Aerobic-anaerobic thresholds 

based on EMG, blood lactate and ventilatory data were subsequently attained using the V- 

slope method. Temg was then compared against lactate and ventilatory thresholds and across 

sub-groups. The principal finding o f this study was that T e m g  exhibited high con'elation to 

the other thresholds across all sub-groups. Additionally, Temg and V t2 occurred at 

significantly higher workloads when comparing cycling to rowing (P<0.01), suggesting that 

they may be sensitive to alterations in the exercise protocol. However, a subsequent 

validation study (Appendix 4) did not support this hypothesis.

The second study (Chapter 4) compared the appearance o f neuromuscular fatigue in a 

trained and untrained group, in order to establish if  training induced resistance to fatigue 

could be identified via EMG. Participants performed fatiguing isometric knee extensions at
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20 and 80% MVC. As expected, the trained group exhibited enhanced fatigue resistance, 

identified as greater time to failure (TTF). A significant difference in RF AEMG was 

observed during the 80% MVC trial, with the trained group exhibiting enhanced recruitment 

as fatigue progresses. No other differences in spectral or amplitude EMG amplitude were 

observed in any o f the muscles assessed.

Chapters 5 and 7 detailed the assessment o f biomechanical task specificity in kayaking and 

rowing ergometry, respectively. Participants performed matched exercise trials both on- 

ergometer and on-water, during which, EMG, force and kinematic data were recorded. The 

principal finding in these studies was that significant differences in EMG activity patterns 

recorded from discrete muscles existed between the on-water and on-ergometer stroke 

cycles in both kayaking (Chapter 5) and rowing (Chapter 7). A follow on study was 

therefore to assess the effect of the kayak ergometer loading mechanism on EMG activity 

and 3D kinematics (Chapter 6). During this study, kayakers perfonned matched exercise at 

varying levels of elastic recoil tension, during which EMG, force and 3D motion kinematics 

were recorded. The findings of Chapter 6 confirmed that with respect to AD activity, the 

ergometer loading mechanism which applies an elastic recoil force on the ergometer paddle 

shaft was responsible for the significant differences between on-water and on-ergometer 

kayaking.

Overall, the results o f this dissertation highlight that with respect to neuromuscular fatigue, 

EMG is capable of identifying not only fatigue related alterations in recruitment at the 

aerobic-anaerobic transition in a variety o f tasks, but also training induced changes in 

recruitment strategy, associated with enhanced fatigue resistance. In addition, the results o f 

biomechanical task specificity trials suggest that ergometer exercise may not simulate the 

on-water scenario as accurately as desired, with respect to muscle recruitment patterns. 

Finally, the novel use o f EMG to directly compare muscle recruitment patterns across 

conditions highlighted that it is a highly usefiil comparative tool in the assessment of task 

specificity. Moreover, the current EMG results allowed the author to make preliminary 

suggestions for improvements in ergometer design and use.
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Chapter 1

Introduction



1.1: GENERAL OVERVIEW

Despite the wide usage of rowing and kayaking ergometers for both training and testing 

purposes, studies assessing the biomechanical task specificity of these machines, via direct 

comparison of on-water and on-ergometer exercise, are scarce. In addition, those limited 

studies which have assessed ergometer biomechanical task specificity have generally 

focussed on movement kinematics and force as a means of comparison (Elliott et ai,  2001; 

Kleshnev, 2005). Over the last two decades, surface electromyography (EMG) has been 

used as a novel means of comparing biomechanical movement (Clarys & Cabri, 1993; 

Nowicky et ai,  2005). The measurement of muscle activity provides insight into the internal 

mechanisms by which humans perform tasks and as such could provide a useful means of 

assessing ergometer task specificity. The quantification of muscle fatigue is another area in 

which EMG has been successfully utilised. Fatigue related changes around the metabolically 

derived aerobic-anaerobic transition have been studied using EMG for some time, however, 

there is limited data comparing this phenomenon across varying exercise modalities. In 

addition, it is possible that training induced alterations to fatigue may be quantified using 

EMG. The aim of the present introduction is therefore, to review the mechanisms involved 

in both muscle fatigue and biomechanical task specificity. This introduction will pay special 

attention to the mechanisms surrounding neuromuscular fatigue as it relates to the aerobic- 

anaerobic transition, the contrasting assessments of biomechanical task specificity in both 

kayaking and rowing and provide a detailed review of the current methodologies utilising 

EMG to assess both fatigue and task specificity.

2



1.2: MUSCLE FATIGUE

1.2.1: Muscle fatigue as a concept in physiology

Muscle fatigue is one of the key determining factors for performance in many competitive 

sports and as such, it is of great interest in the field of exercise physiology. In the context of 

physiology, fatigue is a general concept intended to denote an acute impairment of 

performance (Enoka & Stuart, 1992; Allen et al., 2008). This impairment can include both 

an increase in perceived effort necessary to maintain a desired force or the eventual inability 

to produce this force (Asmussen, 1979). In addition to reduced force production, muscle 

fatigue can also manifest itself as a reduction in muscle fibre shortening velocity (Allen et 

al., 2008). The endurance time in a contraction is defined as the time duration which the 

skeletal muscle can maintain a required force; when the muscle fails to do this, it is deemed 

to be fatigued (Hagberg, 1981). These definitions however, imply that fatigue occurs at a 

specific time point, a notion which is inconsistent with the concept of fatigue accepted in 

other scientific fields such as structural engineering and physics. The use of a failure point 

also carries with it some practical disadvantages, the most obvious being that fatigue is 

detected only after it occurs (De Luca, 1997). It is generally accepted that muscle fatigue is 

an ongoing process resultant from time-dependent physiological and biochemical processes 

which alter the means of generating force (De Luca, 1997). A quantitative means of 

monitoring changes in such processes is thus highly desirable when examining muscle 

fatigue (Asmussen, 1979).

Plate 1.1: Fatigue at the end o f  a rowing race. 

1.2.2 Historical developments in the quantification of muscle fatigue
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The earhest documented studies which examined muscle fatigue were by Ettienne-Jules 

Maray (1868). This work demonstrated fatigue induced changes in the mechanical response 

to stimulation o f frog muscle (Figure 1.1). The first research examining human muscle 

fatigue was most likely the work o f  Mosso (1892). He developed an ergograph which 

recorded the effects o f repetitive contractions o f the middle finger with given loads, on a 

smoked drum (Figure 1.2). This early work by Mosso led to the concept o f “central fatigue”, 

in which deterioration in muscle performance originates in the central nervous system 

(CNS) (Gandevia, 2001). It was not until the 1950’s and the arrival o f reliable 

electromyographic techniques, that the distinction between “central” and “peripheral” 

fatigue slowly emerged (Asmussen 1979; Gandevia, 2001). Where central fatigue originates 

at the CNS, peripheral fatigue was defined as a deterioration in muscle performance 

originating downstream of the CNS at a myocellular level (Allen et al., 2008). This 

distinction and the debate over each com ponent’s contribution to overall fatigue, remains the 

subject o f considerable controversy. Since this differentiation between peripheral and central 

fatigue emerged, there has been a large body o f literature which has attempted to quantify 

the contribution o f each to the overall fatigue process.

Figure 1.1: Superimposed contractions o f a frog muscle (Marey, 1868). First 

contracfion at bottom (Adapted from Asmussen, 1979).

4



Figure 1.2: The classical finger ergograph developed by Mosso (1892) (Adapted 

from Asmussen, 1979).

Several extensive reviews o f the literature examining muscle fatigue have been previously 

written. One o f the first o f these was by Erling Asmussen, who compiled an extensive 

review o f early advances in the quantification o f  general “Muscle Fatigue” (Asmussen, 

1979). Gandevia (2001) presented a more precise review o f the technical and conceptual 

advances relevant to the examination o f  central fatigue. More recently Allen et al. (2008) 

provided an extensive review o f advances in understanding o f the cellular mechanisms 

underlying peripheral fatigue. In addition, a recent review by Enoka & Duchateau (2008) 

provided useful insight into the comparison o f  central and peripheral fatigue. For the 

purposes o f this introduction however, 1 will highlight several key papers which have 

fiirthered our knowledge with regards to both central and peripheral muscle fatigue.

One o f  the first major steps forward in the comparison o f  “central” and peripheral” 

components o f  fatigue, was the development o f the twitch interpolation technique by Merton 

(1954). This technique applies a super-maximal electrical stimulus to the active motor 

neuron, during maximal voluntary activation o f  the innervated muscle. Since the size o f the 

interpolated twitch is inversely proportional to the strength o f  muscle activation, no 

interpolated twitch should be observed during a maximal voluntary contraction (Merton, 

1954). Thus the twitch interpolation technique can quantify neural drive to a muscle and is 

therefore a useful means o f quantifying centrally mediated reductions in force generating 

capacity or “central fatigue”.
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Bigland-Ritchie & Woods (1984) classified 3 potential sites of failure where fatigue may be 

manifested;

1) Failure within the CNS

2) Failure within the active muscle

3) Failure of peripheral neuromuscular transmission

Peripheral nerve stimulation and analysis of the resultant M-waves, is a technique which has 

been used for many years to assess the effects fatigue on neuromuscular pathways. M-waves 

are electrically elicited compound action potentials recorded from the surface of the muscle. 

This technique was first developed by Hoffinann, in 1910 and was used to examine 

neuromuscular properties of both afferent and efferent nerves. A stimulating electrode is 

placed on the surface of the skin, distal to the recorded muscle. Subsequent electrical 

stimulation of both afferent (sensory) and efferent (motor) neurons is recorded via EMG at 

the site of the recorded muscle (Palmieri et a i,  2004). The comparison of M-wave shape and 

size has provided a useful means of assessing if failure at the neuromuscular junction or 

transmission along the surface of the muscle cell plays a role in the generation of fatigue 

(Bigland-Ritchie & Woods, 1984). If neuromuscular transmission or muscle membrane 

excitability is impaired, a reduction in M-wave amplitude and area results (Bigland-Ritchie 

& Woods, 1984). It is now generally accepted that the integrity of neuromuscular 

transmission is maintained in the presence of fatigue (Merton et a i,  1981 cited in Bigland- 

Ritchie & Woods, 1984).

The more recent development of non-invasive techniques for the stimulation of the human 

cerebral cortex, such as transcranial magnetic stimulation (TMS), has allowed advances in 

the investigation of the central fatigue (Gandevia, 2001). The response to TMS is recorded 

at the active musculature using EMG and subsequent comparisons of fatigued and non

fatigued states can be made (Zijdewind et al, 2000). In an active muscle, TMS evokes two 

main effects: a short-latency positive response (i.e. excitation, “muscle-evoked potential”, 

ME?) and a longer latency negative response, a temporary interruption or decrease in EMG 

activity (TMS-evoked silent period) (Zijdewind et al, 2000; Gandevia, 2001). Fatigue
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affects both the MEP and TMS-evoked silent period. The MEP generally increases during 

sustained fatiguing contractions, however, there is a reduction in post-failure MEP 

amplitude compared to non-fatigued conditions (Taylor et al, 1996; Zijdewind et al, 2000; 

Gandevia, 2001). With respect to the TNS-evoked silent period, there is an increase in its 

duration both during and following sustained fatiguing contractions (Taylor et al, 1996; 

Zijdewind et al, 2000).

Finally, research by Bigland-Ritchie et al. (1986) highlighted the importance that feedback 

from small diameter muscle afferents such as Group III or IV can play in muscle fatigue. 

Group III and IV muscle afferents innervate free nerve endings that are plentiful and 

distributed widely throughout muscle. These afferents are either silent or maintain low 

background discharge rates (0.1 Hz). They respond to local mechanical, biochemical, and 

thermal events and can have a reflex inhibitory effect on motor unit output (Gandevia, 

2001). Bigland-Ritchie et al. (1986) reported that the accumulation of muscle metabolites 

during sustained contractions led to reflex inhibition of the motor neurons via the Group 111 

and IV afferent neurons. These findings confirmed a wide body of literature reporting 

similar effects in animal studies (Gandevia, 2001).

1.2.2: The use of electromyography to examine muscle fatigue

The use of electromyography allows physiologists to monitor changes in the electrical 

activity within muscles during sustained contractions and has become widely accepted as a 

non-invasive, objective means o f quantifying muscle fatigue. It has long been established 

that a positive relationship exists between the force o f a muscle contraction and magnitude 

o f the electrical activity recorded from it via EMG (Lippold, 1952). This force-EMG 

relationship maintains that increases in force of a muscle contraction result in corresponding 

increases in the EMG recorded from that muscle. It is worth noting this relationship is 

highly variable based on the type of contraction, velocity o f movement and specific muscle 

being analysed (Clarys et al, 2010). In addition, even during isometric contractions, muscle 

intensity recorded via EMG is not always linearly related to the force (Clarys et al, 2010). 

During the course o f a sustained isometric contraction however, the electrical activity of the 

muscle progressively increases with no apparent increase in force (Edwards & Lippold,
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1956). Thus if a muscle contraction is sustained at a constant force, the electrical activity 

will increase progressively throughout the course o f the contraction. Edwards and Lippold 

(1956) postulated that this phenomenon was due to decreases in the contractility o f fatigued 

muscle fibres and the subsequent recruitment o f additional motor-units to compensate in 

order to maintain the desired force. This was the first study to show that EMG changes 

during sustained muscle contractions could quantify fatigue before the contraction failure 

point.

Since these early studies, it has been well documented that the electrical activity o f the 

muscle progressively increases with time during fatiguing exercise both in static (Eason, 

1960; Lippold, 1960; De Vries, 1968) and dynamic contractions (Zhukov, 1959; Potvin & 

Bent, 1997). The primary mechanism proposed for the increases in electrical activity within 

the fatiguing muscles, remains the recruitment o f additional motor-units to compensate for 

loss of contractility within the fatigued muscle fibres (Lippold, 1960). However several 

other proposed factors may play a part in these fatigue induced changes. Such factors 

include the progressive synchronisation of motor-unit action potentials (Zhukov, 1959; 

Lippold, 1960), the firing o f higher threshold motor units (De Vries, 1968), and muscle 

tremor caused by irradiation of electrical activity to antagonistic muscles (Lippold, 1960; 

Person, 1960).

According to Farina et al. (2002), the central nervous system (CNS) controls skeletal muscle 

force using two strategies; motor unit recruitment and motor unit firing rate modulation (rate 

coding). The combination of increased recruitment o f additional motor units along with 

increased rate coding of already active motor units allows for smooth, controlled increases 

in muscle force. It has generally been accepted that EMG spectral variables shift towards 

higher frequencies as muscle force increases (Farina et a l,  2002) and it has been 

demonstrated that a positive linear correlation exists between spectral variables indicative of 

rate coding and amplitude variables indicative o f motor unit recruitment as muscle force 

increases (Solomonow et al., 1990). Thus under non-fatiguing conditions, increases in 

muscle force are accomplished by concurrent increases in motor unit recruitment and rate 

coding (Enoka & Stuart, 1992). However during sustained fatiguing isometric contractions.
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it has been shown that there is a disassociation o f the two mechanisms (M athur et a l ,  2005). 

When an individual performs a sub-maximal isometric contraction to exhaustion, the whole 

muscle EMG increases yet there is a decline in spectral variables (Person & Kudina, 1972; 

Bigland-Ritchie et a l ,  1986; Mathur et a l ,  2005). This indicates that while fatigue induces 

an increase in motor unit recruitment, there is an overall decrease in rate coding, or the 

velocity at which the action potentials are propagated.

It is widely accepted that a change in intramuscular ion and metabolite concentrations during 

fatiguing contractions is the primary cause o f  increases in EMG amplitude and spectral shift 

towards lower frequencies (Enoka & Stuart, 1992). The effect that hydrogen ions (H^) and 

other metabolites have on reducing the contractility o f  muscle fibres requires the recruitment 

o f additional motor-units to compensate, and thus EMG amplitude will increase. These same 

metabolites have also been shown to reduce the signal propagation and action potential 

conduction velocity along muscle fibres. Increased ion concentrations slow muscle fibre 

conduction velocity and fundamentally change the shape o f action potentials along the 

muscle fibre (Brody et a i ,  1991). Thus the increased acidity within fatiguing muscle will 

result in a shift towards lower EMG spectral frequencies and an increase in motor unit 

recruitment.

The mechanisms underlying fatigue induced shifts towards lower motor unit discharge 

frequencies have been debated for many years and there is still no unanimous interpretation 

o f  the spectral changes observed (Broman et a i ,  1985). The most widely accepted 

explanation is a decrease in the myoelectric conduction velocity along the muscle fibre 

(Bigland-Ritchie et a i ,  1981). As the muscle begins to fatigue, there is a decrease in the 

velocity at which an action potential passes along the active fibres (Brody et a l ,  1991). 

Lindstrom et al. (1970) produced a mathematical model which illustrated that under constant 

conditions, the decreases in spectral variables could be explained entirely by decreases in 

muscle fibre conduction velocity (Lindstrom et al., 1970). However constant conditions 

rarely appear in human physiology. As such, the hypothesis postulated by Lindstrom et al. 

(1970) was disputed by Broman et al. (1985). They reported that spectral variables 

decreased to a much greater magnitude than the muscle fibre conduction velocity during
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sustained contractions of the Gastrocnemius muscle and it was concluded that other factors 

must also contribute to the fatigue induced frequency shifts (Broman et a i, 1985). Brody et 

al. (1991) examined the effect o f pH on median frequency and muscle fibre conduction 

velocity from in-vitro muscle preparations and reported that along with a slowing of 

conduction velocity, fundamental changes in M-wave shape were identified (Brody et a l, 

1991). They concluded that frequency changes were caused by more than just a slowing of 

conduction velocity and that pH was not the only causative factor. Other authors have 

suggested that other mechanisms may play a role in these spectral shifts, such as the 

derecruitment of fatigable motor-units (Asmussen, 1979) or low frequency motor unit 

synchronisation (De Luca & Erim, 2002; Boonstra et a l,  2008). Fatigue induced reductions 

in the EMG frequency spectrum may also be due to centrally mediated mechanisms (Enoka 

& Stuart, 1992). During sustained fatiguing contractions, there is a reduction in both the 

muscle fibre relaxation rate and the stimulus frequency necessary to elicit a given contractile 

force (Binder-Macleod & Guerin, 1990). This association o f a concurrent decline in 

relaxation rate and motor neuron discharge rate has been referred to as “muscle wisdom” 

(Marsden et al., 1971 cited in Gandevia, 2001). This was first observed by Marsden et al. in 

1971 who by blocking the proximal Ulnar nerve, were able to observe the firing of 

individual motor units of the first dorsal interosseous muscle. They reported progressive 

decreases in firing rate which matched the altered contractile properties o f the fatigued 

muscle. The term “muscle wisdom” was coined, to describe the strategy utilised by the CNS 

to optimise force production and ensure economical activation of fatiguing muscle (Marsden 

et a l, 1971 cited in Gandevia, 2001; Allen et al., 2008). It is possible that muscle wisdom 

could also manifest itself as a progressive reduction in spectral EMG variables recorded 

from the fatiguing muscle. However, Gandevia (2001) cautioned against interpreting 

frequency shifts as being a root physiological cause of fatigue; “Changes in the frequency 

spectrum of the EMG accompany muscle fatigue, but they do not definitively cause it at a 

peripheral level, nor do they necessarily signify altered neural drive”.

The EMG frequency spectrum is generally described either in terms of a median frequency 

(MF), or mean power frequency (MPF). Changes in these frequency variables over time are 

often used as a quantitative measure o f neuromuscular fatigue (De Luca, 1997). The median
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frequency (MF) is defined as the frequency that splits the power spectrum of the EMG in 

half (Bilodeau et a l ,  1997). The mean power frequency is defined as the weighted average 

frequency o f the power spectrum, where each frequency component is weighted against its 

power. Slopes o f MF, MPF and average EMG (AEMG) amplitude are often used to describe 

shifts in these variables which may be associated with fatigue.

Muscle EMG SIGNAL

MIDDLE ~ 7IGINNING

FREQUENCY

Muscle
Fatigue
Index

FATIGUE

Beginning Middle End

CONTRACTIOM TIME

Figure 1.3: A diagrammatic explanation o f the spectral modification which 

occurs in the EMG signal during sustained contractions. The muscle fatigue 

index is represented by the median frequency or mean power frequency o f the 

spectrum (extract from De Luca, 1997).

1.2.3: Physiological mechanisms of peripheral muscle fatigue

Skeletal muscle contractions are activated by complex pathways which start in the motor 

cortex and lead to excitation o f motor neurons in the spinal chord. The axon o f the lower 

motor neuron carries the action potential to the neuromuscular junction o f all muscle fibres
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innervated by it, leading to the depolarisation o f  the m uscle fibre and subsequent excitation- 

contraction coupling. The processes arising in the spinal chord and above are classified as 

central, w hereas the processes occurring in the peripheral m otor neuron, neurom uscular 

junction  and the m uscle itse lf are classified as peripheral. Therefore m uscle fatigue can arise 

from both central and peripheral m echanism s. W hile there is unquestionably a central 

contribution to fatigue, the m echanism s surrounding it rem ain relatively unclear (Asm ussen, 

1979; Gandevia, 2001; Rasm ussen et al., 2007). It is universally accepted however, that a 

large proportion o f  m uscle fatigue is due to peripheral m echanism s, m any o f which have 

been studied in detail through in-vitro  and in-vivo  m uscle experim entation (A llen et al., 

2008). A sm ussen’s early works revealed two different peripheral sites susceptible to 

fatigue: the “ transm ission m echanism ” (neurom uscular junction , m uscle m em brane and 

sarcoplasm ic reticulum ) and the “contractile m echanism ” (m uscle filam ents) (Asm ussen 

1934 cited in A sm ussen 1979). In either o f  these m echanism s, alterations in m etabolite 

concentration can ultim ately lead to decreasing force generating capacity.

It is now generally accepted that the transm ission m echanism  contributes little to the 

developm ent o f  peripheral fatigue (M erton et al., 1981 cited in B igland-R itchie & W oods, 

1984). The traditional explanation for the contractile m echanism  o f  peripheral fatigue is that 

a build-up o f  in tram uscular lactate and H ’ ions causes im paired function o f the contractile 

protein com plex betw een actin and m yosin (Fitts & M etzger, 1988 cited in Allen et al., 

2008). A ccum ulation o f  hydrogen ions has been shown to im pair excitation-contraction 

coupling through inhibition o f  the sodium /potassium  A TPase o f  the sarcolem na, the calcium  

ATPase o f  the sarcoplasm ic reticulum  and the m yosin A TPase involved in actin-m yosin 

interaction (G reen & Patla, 1992). O ther m etabolites that have been proposed to interfere 

with actin-m yosin coupling are Pj, K ’ and M g-A DP (Edm ans & Lou, 1990; A llen et al., 

2008). M yosin-actin  cross bridge cycling converts ATP into ADP and P, in order to achieve 

contractile force. Several in-vivo  studies have shown that in the presence o f  high 

intram uscular [Pi],  the rate o f  cross-bridge cycling is im paired, resulting in a reduction in 

m uscle force generating capacity (Pate & Cooke, 1989; M illar & Hom sher, 1990). In 

addition. Pi has been show n to im pair Ca^^ re-uptake via inhibition o f  calcium  ATPase 

(M illar & H om sher, 1990). Reactive oxygen species such as hydrogen peroxide (H 2 O 2 ),
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superoxide (O2 ’ ) and hydroxyl radicals (OH’) have also been shown to affect both Ca^^ 

sensitivity at Troponin C and Ca^^ release and re-uptake from the sarcoplasmic reticulum, 

thus further impairing muscle function (Allen et al., 2008). During continual depolarisation 

of muscle fibres, there is substantial leaking o f  K out of and Na^ into the muscle cell. This 

has the effect of reducing action potential propagation both along the muscle fibre surface 

and down the T-tubules to the sarcoplasmic reticulum (Allen et a/., 2008). During fatiguing 

contractions, the rate at which metabolites (O2 , CO 2 and lactate) can be transferred to and 

from the muscle is of great importance. If skeletal muscle blood flow is impaired for any 

reason, homeostatic intramuscular metabolite concentrations cannot be maintained and 

function will inevitably become impaired (Allen et al., 2008). Reductions in skeletal muscle 

blood flow and availability o f  O 2 can therefore be a significant factor in muscle fatigue. This 

is especially true during sustained isometric contractions (Allen et a l ,  2008)

In general, peripheral muscle fatigue is resultant from several mechanisms including direct 

inhibition of myosin-actin cross bridge cycling, reduced Ca^^ release from the sarcoplasmic 

reticulum, reduced Ca^* re-uptake via calcium ATPase, reduced muscle fibre and t tubule 

excitability, reduced voltage sensor activity, reduced blood flow and availability o f  O 2 . The 

combination of all of these processes can impair the contractile properties within the fibre, 

thus requiring the central recruitment o f  additional fibres if complete exhaustion is to be 

avoided

13



Transmission of the SM AP 
- detotenous effect of and ^Na*
• beneficial effect of reduced Cl conductarx»

Voltage sensof activation 
• reduced by iA P  amplttude 
- reduced by voltage sensor 

ir^activation

Ca^**sensitfvity of myofibntlar 
proteins 

• reduction by tP,. ipH . and 
TROS

Inward conduction of the TT AP 
• deleierKws effect of Tk % and tNa*.
- t>erteficial effect of reduced O  conductance

SR Ca^* reuptake
- reuptake inhttxted by Tp„ TAOP, *ATP. 
and  tR O S

SR Ca^* re lease  by RyR
• reduced by CaP, precipitation
- mhiMion ^  RyR by and iATP
'  proteolytic nx)^f)cation of RyR or )urKtion
- direct effects of P, on RyR
• effects of RyR phosphorytation or

oxidation

Maximum Ca** activated force 
reduced by t p

Shonerwtg vekxaty 
reduced by ^AOP

Figure 1.4: Diagram illustrating the major mechanisms that contribute to 

peripheral muscle fatigue (adapted from Allen 2008). Heading in each box 

identities subcellular function, and the subsequent list indicates cellular changes 

occurring during fatigue that influence the subcellular function. (SM, surface 

membrane; TT, t-tubule; SR, sarcoplasmic reticulum; AP, action potential).

1.2.4: The aerobic-anaerobic transition

The term “anaerobic threshold” or “aerobic-anaerobic transition” was first used in 1964 to 

describe this critical point above which there is a disproportionate increase in plasma lactate 

concentrations (W asserman & Mcllroy, 1964). More recendy, researchers have reported a 

dramatic increase in motor unit recruitment within the active skeletal muscle as the aerobic- 

anaerobic transition is passed (Moritani & De Vries, 1980). Since its discovery, the 

determination o f the aerobic-anaerobic transition in athletes has become o f critical 

importance as a performance predictor and in training prescription, particularly in endurance 

sports (Urhausen et al., 2000). To this day, the physiological mechanisms underlying the 

aerobic-anaerobic transition are a cause o f controversy amongst many research groups 

(Walsh & Banister, 1988).
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1.2.5: The lactate threshold

The dramatic increases in circulating lactate which occur after the aerobic-anaerobic 

transition were first documented in detail in the early part o f the 20*'’ century (Hill & Lupton, 

1923; Owles, 1930). This threshold has been defined in many ways since its introduction. 

Kindermann et al. (1979) set the lactate threshold as the workload corresponding to 

4mmol.L'' blood lactate accumulation and defined this arbitrary point as the onset o f blood 

lactate accumulation (OBLA) (Kindermann et a l ,  1979). Caiozzo et al. (1982) defined the 

lactate threshold as the point where there is a systematic increase in blood lactate 

concentration, while Brooks (1985) set the lactate threshold as the workload at which there 

is an abrupt increase in, or disproportionately high, non-linear increase in blood lactate 

concentration (Caiozzo et a l ,  1982; Brooks, 1985). The lack o f a unified definition for the 

lactate threshold extends further to a lack of agreement over the physiological mechanisms 

underlying the lactate threshold as it relates to the aerobic-anaerobic transition.

Initially, researchers hypothesised that an increase in lactate production as a result of local 

tissue hypoxia in the exercising muscles was the primary cause of the lactate threshold (Hill 

& Lupton, 1923; Wasserman & Mcllroy, 1964; Wasserman et a l ,  1973). Those supporting 

this hypothesis postulated that when oxygen perfusion to the skeletal muscle is not a limiting 

factor, all ATP was produced aerobically. Above a critical exercise intensity however, the 

rate o f oxygen demand in the working muscles exceeded the rate o f oxygen supply either 

due to increased metabolism or inadequate perfusion to the active motor units. This 

hypothesis has been challenged by several authors, primarily on the ground that subjects can 

exhibit a training induced reduction in lactate accumulation at any given absolute work rate 

with no net change in O2 uptake (Holloszy, 1976; Ivy et a l ,  1980).

Others have proposed that an increase in the rate o f substrate utilisation through the 

glycolytic pathway leads to increased conversion of pyruvate to lactate (Gollnick et al., 

1974; Favier et al., 1986; Gollnick, 1986). There is a finite rate of transfer of pyruvate into 

the mitochondria where it is subsequently broken down via the tricarboxylic cycle and 

oxidative phosphorylation. Once the exercise intensity exceeds the aerobic-anaerobic
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transition and the demand for ATP continues to increase above this finite rate, excess ATP 

must be regenerated by increased substrate utilization via the glycolytic pathway. As a result 

o f this increase in glycolytic flux, the excess pyruvate must be converted to lactate. Those 

supporting this hypothesis cite evidence o f training induced increases in mitochondrial 

density reducing lactate concentrations at any given absolute work rate and hence shifting 

the lactate threshold to higher work levels (Favier et a i,  1986; Gollnick, 1986). Increased 

mitochondrial density provides a higher capacity for oxidative phosphorylation within 

working skeletal muscles.

A further mechanism which has been proposed is that an increased rate of lactate production 

linked with a decrease in the rate o f removal is the primary mechanism underlying the 

lactate threshold (Brooks, 1985). Lactate is an excellent source o f energy especially in 

tissues such as cardiac muscle, the liver and even skeletal muscle itself. A family of 

monocarboxylate (MCT) transporters, specifically MCT-1 and MCT-4 shuttle lactate across 

the mitochondrial and plasma membrane out into the circulation. Subsequently lactate can 

be taken up by other tissues where it can be used as a fuel source or even reconverted into 

glucose via gluconeogenesis (Brooks, 1986). A reduction in blood flow to tissues which 

actively remove lactate fi-om the circulation would cause a net increase in blood lactate 

concentration. Donovan and Brooks (1983) hypothesised that as the aerobic-anaerobic 

transition is approached, there is a re-distribution o f blood flow away fi'om tissues such as 

the liver, and kidneys which are heavily involved in the uptake o f circulating lactate 

(Donovan & Brooks, 1983). In addition, research has indicated that a saturation o f uptake 

mechanisms within specific tissues can occur at the lactate threshold (Exton & Park, 1967; 

Naylor et al., 1984). While there is a divergence o f opinion on where the lactate threshold 

occurs during exercise and on the exact physiological mechanisms surrounding its 

occurrence, its existence has allowed testers to establish where the aerobic-anaerobic 

transition lies for individuals, through regular lactate estimation during incremental exercise. 

Consequently, lactate assessment during controlled laboratory based exercise protocols, and 

during training and competition in the field, has become one o f the primary measurements 

used by the exercise physiologist.
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1.2.6: The ventilatory threshold

While changes in respiratory exchange variables associated with the aerobic-anaerobic 

threshold have been known for many years (Owles, 1930), it was not until Wasserman et al. 

began using these gas exchange indices in their assessment of exercise performance in 

individuals with cardio-respiratory disease, that the potential use of respiratory variables as a 

means o f identifying the aerobic-anaerobic transition became evident (Wasserman & 

Mcllroy, 1964; Wasserman et a l ,  1973). Since then, many investigators have used different 

gas exchange variables as a non-invasive means o f detecting the aerobic-anaerobic 

transition. It has been shown that this transition can be determined as the work rate or 

volume o f oxygen consumed (VO2) immediately preceding a non-linear increase in minute 

ventilation (VE), volume of expired CO2 (VCO2), ventilatory equivalent for O2 (VEA^02), 

ventilatory equivalent for CO2 (VE/VCO2), and respiratory exchange ratio (RER) (Urhausen 

et a l ,  2000). Several investigators documented that RER is the least sensitive o f these gas 

exchange variables for the detection of the aerobic-anaerobic transition (Wasserman et al., 

1973; Davis et al., 1976). In comparing four gas exchange variables, Caiozzo et al. (1982) 

reported that VE /VO2 was the most reliable and sensitive method o f detecting the aerobic- 

anaerobic transition.

Regardless of what gas exchange variable is used to detect the aerobic-anaerobic transition, 

the physiological mechanisms underlying the principal remain the same. Due to its high pK, 

lactic acid is almost completely dissociated to lactate and hydrogen ions on formation within 

the muscle. Approximately 90-94% of the resultant hydrogen ions produced within the 

working muscles will immediately be buffered either by intracellular or plasma bicarbonate 

buffering systems (Wasserman et a l ,  1986). The bicarbonate buffering system converts 

excess protons and bicarbonate into CO2 and water (see Equation 1.1).

+ HCO3 <=> H2CO3 <=> CO2 + H2O

Equation 1.1: Bicarbonate combines with excess protons to produce carbon 

dioxide and water. This bicarbonate buffering system is o f critical importance in 

maintaining homeostatic pH within the body.
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The resultant CO2 produced via the bicarbonate buffering system is often referred to as 

“non-metabolic CO2 ” (Anderson & Rhodes, 1989). Once the aerobic-anaerobic transition is 

passed, significant increases in lactic acid production will result in the liberation of large 

amounts of non-metabolic CO2 . These increases are detected by the peripheral 

chemoreceptors and cause a disproportionate increase in VCO2 and VE at what is known as 

the ventilatory threshold or Vj (Eston & Reilly, 2001). During incremental exercise to 

exhaustion, often 2 ventilatory thresholds will be detected. The first ventilatory threshold 

(Vji) is best seen as the first breakpoint or non-linear increase in VE/VO2 (Caiozzo et ai, 

1982). This non-linear increase in minute ventilation occurs as a direct result of the increases 

in non-metabolic CO2 production. A second ventilatory threshold (Vt2 ) can be seen as the 

first non-linear increase in VE/VCO2 (Beaver et al., 1986) or as a second breakpoint in 

VE/VO2 . Vt2  occurs at higher exercise intensities when increased metabolic acidosis forces 

the body to resort to isocapnic buffering. At this point VE increases at a faster rate than 

VCO2 . This takes place as a means of achieving respiratory compensation for the increased 

rates of metabolic acidosis occurring in the working muscles (Eston & Reilly, 2001). Since 

its initial discovery, the ventilatory threshold has become the primary non-invasive 

determinant of the aerobic-anaerobic transition.

1.2.7: Neuromuscular fatigue at the aerobic-anaerobic transition

The relationship between the aerobic-anaerobic transition and associated changes in 

electromyographic (EMG) signals recorded fi'om the working muscles was first proposed by 

Moritani and De Vries (1980). Since then, non-linear increases in the amplitude of 

integrated or root mean squared EMG at the aerobic-anaerobic transition have been 

observed by several authors (Chwalbinska-Moneta et a i,  1998; Lucia et a i,  1999; Jurimae 

et a l,  2007). More recently, it has been shown that abrupt changes in spectral EMG 

variables such as median fi'equency (MF) also occur at the aerobic-anaerobic transition (Hug 

et al., 2003). Both increased amplitude and decreased MF of the recorded EMG signal have 

long been established as reliable non-invasive determinants of neuromuscular fatigue (De 

Luca, 1997). As such, the abrupt changes in amplitude and fi’equency of the EMG signal
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which occur at the aerobic-anaerobic transition have become known as the neuromuscular 

fatigue threshold or EMG threshold ( T e m g ) for short.

The physiological mechanisms underlying Temg are still debated. Some authors argue that 

the changes in the myoelectric signal are entirely a result o f local intramuscular changes 

which occur at the aerobic-anaerobic transition. Brody et al. (1991) documented an in-vitro 

study of the effect of pH changes on the myoelectric signal of muscle preparations and 

showed that increased acidity within the muscle resulted in decreased conduction velocities 

and MF along the active motor units. It was hypothesised that increased proton 

concentrations both intramuscularly and at the neuromuscular junction were delaying signal 

propagation both synaptically (at the neuromuscular junction) and post-synaptically (at the 

muscle fibres themselves). Thus intramuscular proton accumulation can be seen to alter the 

muscle fibre contractility and the recorded EMG signal via delayed propagation o f the signal 

and by competitively inhibiting actin and myosin coupling (Brody et a l, 1991).

Other authors (Moritani & De Vries, 1980; Bigland-Ritchie et al., 1986; Mateika & Duffin, 

1994a) argue that central control o f motor unit recruitment may contribute along with local 

changes within the active motor units. An increase in EMG activity has been shown to 

reflect the recruitment o f additional motor units and an increase in motor unit rate coding to 

compensate for the deficit in contractility resulting from impairment of fatigued motor units, 

as the strength of a muscle contraction increases (Moritani & De Vries, 1980). Increased 

levels of muscle metabolites such as and ions has been shown to stimulate group III - 

IV muscle afferents, with activation o f these muscle afferents eliciting an inhibitory effect 

on a-motor neurons thus leading to reduced motor output (Bigland-Ritchie et al., 1986). 

Therefore, lactic acid can elicit central inhibition of motor unit recruitment via a 

sensorymotor feedback loop. Other authors have postulated that rapid central recruitment of 

fast-twitch Type II fibres at exercise intensities greater than the aerobic-anaerobic transition 

may potentiate the EMG threshold and indeed be a ftindamental cause of the lactate 

threshold (Gollnick et al., 1974; Baldwin et a l,  1977). Mateika and Duffin (1994) suggested 

that this threshold may be mediated by an increase in neural activity originating from higher 

motor centers or the exercising limbs, induced in response to the need to progressively
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recruit fast twitch muscle fibers as exercise power output is increased and as individual 

muscle fibres begin to fatigue (Mateika & Duffin, 1994b, a).

Over the past 30 years there have been many studies examining the relationship between the 

aerobic-anaerobic transition and recorded EMG variables. Positive correlation between the 

breakpoint in EMG amplitude and the lactate threshold (Nagata et al,  1981; Mateika & 

Duffin, 1994b; Chwalbinska-Moneta et al., 1998), and correlation between EMG and the 

ventilatory threshold (Moritani et a l,  1993; Lucia et al,  1999; Hug et a l,  2004) have been 

reported. More recently, positive correlation between spectral EMG measures, and the 

lactate threshold (Farina et a l,  2007) and ventilatory threshold (Hug et a l,  2003) have been 

reported. However, several authors (Viitasalo et al., 1985; Taylor & Bronks, 1994) have 

published contradictory literature, reporting no correlation between EMG measures, and the 

aerobic-anaerobic threshold. Taylor and Bronks (1994) reported no signs of a breakpoint in 

EMG activity during incremental treadmill running, while Viitasalo et al. (1985) showed 

only linear changes in both spectral and amplitude based EMG variables during incremental 

cycling ergometry.
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1.3: BIOMECHANICAL TASK SPECIFICITY

1.3.1: Ergometer exercise: Problems and analysis

The diversity o f competitive sports which humans undertake highhghts how the entire 

spectrum o f our physical capabihty is exploited to perform an ever expanding range o f tasks. 

Each sport involves the performance o f a complex series o f motor skills in a precise series of 

actions, in order to achieve the desired outcome. However, far from excelling in a wide 

range o f skills however, it has long been known that elite athletes hone a specific set of 

physiological, psychological and biomechanical tools necessary to excel in their chosen 

discipline (Dal Monte & Lupo, 1989). The recognition o f this specificity o f fitness and 

performance in elite sport has led to the development of a range of specific ergometers 

appropriate to the demands within each sport (Reilly & Lees, 1984). Ergometers are 

primarily designed to simulate the biomechanical movements and physiological stresses 

associated with a specific sport, allowing exercise to be performed in a controlled indoor 

environment (Dal Monte et al., 1988).

Plate 1.2: Early development o f cycle ergometer testing (image location: 

http://www.exrx.net/Testing/YMCACvcleTest.htm)
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In the past, general field tests such as the Cooper 12 min run test and maximum weight lifted 

were used to assess endurance and muscular strength and for monitoring training 

improvements (Reilly, 1981). However, the necessity to obtain reliable and meaningful data 

for both the researcher and athlete led to the development of laboratory based testing 

protocols, which utilised specific ergometer exercise in order to simulate the sporting 

demands as accurately as possible (Dal Monte et a l, 1988). Dal Monte and Lupo (1989) 

recommended five parameters which should be considered with respect to sports specific 

laboratory based testing;

1) The specific action involved.

2) The position in space.

3) The movement frequency in competition.

4) The work load and exercise intensity involved.

5) The test duration necessary to simulate the energy sources utilised in competition.

(Dal Monte & Lupo, 1989)

Considering these parameters, it is clear that a quantitative assessment of task specificity is 

required, in order to validate sports specific ergometer testing protocols. The term “task 

specificity” refers to the accuracy with which an ergometer simulates the demands of the 

specific sport. While there is a substantial body of research assessing ergometer task 

specificity, much of this literature has compared the metabolic and physiological demands of 

the sport (Kenny et al., 1995; Mitchell & Swaine, 1998; Van Someran et a l,  2000; de 

Campos Mello et a l, 2009). Kenny et al. (1995) compared the cardio-respiratory and 

physiological demands of sub-maximal cycle ergometry to field based cycling. Mitchell and 

Swaine (1998) compared on-water and on-ergometer kayaking at sub-maximal exercise 

intensities and reported significant differences in cardio-respiratory responses. Van Someran 

et al. (2000) subsequently reported contradictory findings of non-significant difference in 

cardio-respiratory response, comparing ergometer and on-water kayaking at maximal 

intensity. More recently, de Campos Mello et al. (2009) compared the energy system 

contributions o f two rowing ergometer designs to the on-water scenario, concluding that
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both ergometer designs underestimated the metabolic work which was performed during a 

maximal 2000m on-water race simulation (de Campos Mello et a l ,  2009).

Van Someran et al. (2000) highlighted in their conclusions that while an ergometer may 

simulate the metabolic demands o f a specific sport, biomechanical differences may still 

exist. Such biomechanical differences may have significant detrimental effects on the 

athlete, such as the increased risk o f long term soft tissue damage (Bernstein et al., 2002; 

Caldwell et al., 2003) and the potential reinforcement o f poor technical habits (Elliott et al., 

2001). It is therefore o f great importance that biomechanical task specificity o f  the 

ergometer is assessed (Caldwell et al., 2003; Nowicky et al., 2005). O f the literature which 

has directly assessed ergometer biomechanical task specificity, the majority have used 

kinematic data (Swaine & Reilly, 1983; Lamb, 1989; Begon et a l ,  2008) or a combination 

o f  kinematic and force data (Martindale & Robertson, 1984; Elliott et a l ,  2001; Kleshnev, 

2005) as a means o f  comparison. Swaine and Reilly (1983) compared stroke rates during 

maximal swimming in the water and on a biokinetic swim bench. The authors reported a 

high correlation (0.98) between optimal stroke rate during water swimming and stroke rate 

at V02peak during swim bench trials (Swaine & Reilly, 1983). Lamb (1989) compared the 

kinematics o f  five body segments during ergometer and on-water rowing and reported that 

while the upper arm and forearm segments exhibited significant differences at the start and 

finish o f  each stroke, no significant differences in kinematic data were observed in any other 

segments (Lamb, 1989). Begon et al. (2008) compared 3D kinematic data obtained during 

kayak ergometry and compared it to on-water kayaking. While the authors reported closely 

matched 3D kinematics o f the upper body segments, it is worth noting that their on-water 

scenario involved tethered kayaking in a pool (Begon et al., 2008). It is unlikely that this 

condition truly reflects the biomechanics o f flat-water kayaking. Both Elliott et al. (2001) 

and Kleshnev (2005) compared stroke force and kinematic data recorded during ergometer 

rowing and on-water sculling. Martindale and Robertson (1984) compared mechanical 

energy produced during rowing on a Gjessing ergometer and in a single scull and reported 

significant differences in the exchange o f energy between the two conditions. W hile Elliott 

et al. (2001) reported force curves that were similar in shape between the two conditions, 

Kleshnev (2005) reported higher peak forces during ergometer rowing. Both authors did
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however, report similar body positions and movement kinematics throughout the stroke 

cycle, when comparing on-water and on-ergometer rowing.

A novel approach to the assessment o f task specificity was published by Nowicky et al. 

(2005). This approach utilised EMG as a means o f comparing muscle activity patterns in 

contrasting conditions. While Nowicky et al. (2005) used this method to compare two 

contrasting rowing ergometer designs, the authors concluded that this approach may also be 

used to assess the accuracy with which rowing ergometers simulate the on-water scenario 

(Nowicky et a l ,  2005). This approach provides useful insight into the internal mechanisms 

involved task performance and hence may highlight biomechanical differences not 

otherwise observed using conventional approaches. For example, a joint may consistently 

return to 90° flexion at the end of a movement cycle, regardless of test condition. Kinematics 

would therefore suggest the movement patterns are the same at this point. However, forces 

not visible to the observer, may be acting upon the joint in one condition and not in the 

other. These forces must be counteracted by increased muscle recruitment, in order to 

maintain joint position. While the external joint angle remains unchanged, internally the 

muscle recruitment patterns are entirely different between conditions. Combining the use of 

EMG, with kinematic and force data may therefore provide a complete biomechanical 

assessment of ergometer task specificity.

1.3.2: The physiology and biomechanics of kayaking

Flat-water kayaking has been an Olympic discipline since the Berlin Games of 1936. Races 

have typically been run over 1000 and 500m distances, however the introduction o f 200m 

racing to the London 2012 Olympic programme at the expense o f the 500m event will be a 

novel change to flat-water kayak racing. In the last 30 years, the physiological requirements 

for top performance in this sport have been studied by several authors. Elite kayakers have 

been reported to possess a total body maximal oxygen uptake in the order o f 5.30-5.60 

L.min'' (Tesch et a l, 1976) measured using treadmill running. When comparing VO^max 

attained during paddling to data recorded during treadmill running, kayaking attained values 

in the region o f 85-90% of that utilised during the whole body treadmill exercise (Tesch et 

al., 1976). More recently, VOimax data of 4.8 ± 0.6 (Fry & Morton, 1991), 4.1 ± 0.5 L.min''
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(Van Someran et al., 2000) and 5.1 ± 0.6 L.min ' (Fleming et al., 2007), have been reported. 

These data clearly indicated that a high aerobic component is required for flat-water 

kayaking. The high aerobic adaptation elite kayakers undergo was ftirther demonstrated 

from muscle biopsies attained from arm and shoulder muscles. Tesch (1983) reported 73% 

Type 1 slow oxidative fibre composition in the Anterior D eltoid  musculature o f elite male 

kayakers specialising in 1000m events. In contrast, the optimum ratio appears to be lower 

for sprint specialists (Cox, 1992a), with reports o f Type 1 fibre composition in the range o f 

45 to 50% in the Anterior Deltoid  muscle o f 500m specialists (Gollnick et al., 1972).

While elite kayakers show significant aerobic adaptations, they also have very high 

anaerobic power capacity. Tesch (1983) reported that male kayakers had significantly 

greater upper-body anaerobic capacity when compared with body builders or water skiers. 

The mean peak torque for isokinetic shoulder extension was significantly higher in kayakers 

(58±3 Nm) compared to bodybuilders (46±4 Nm). Significantly higher resistance to fatigue 

was also reported during continuous arm cranking exercise (24±4 compared to 44±4 % 

power reduction, Tesch, 1983). The need for anaerobic energy production during 

competitive kayaking was inferred by the high blood lactate data observed following racing, 

post-exercise blood lactate concentrations o f 14.0±4.1 mmol.L"' have been recorded in elite 

kayakers (Tesch, 1983, 1984). To conclude, the two defining physiological characteristics 

reported for elite flat-water kayakers are high aerobic adaptations in the cardiovascular and 

skeletal muscle systems, in conjunction with adaptations towards increased lactate tolerance 

and anaerobic power capacity in the upper body skeletal musculature. It should be noted that 

the introduction o f 200m event in the 2012 Olympic programme will undoubtedly alter the 

physiological profile o f the elite flat-water kayaking population over the next decade. 

Athlete specialisation in either the longer (1000m) or shorter (200m) distance has already 

begun and will most likely result in two contrasting physiological groups.

The biomechanics o f flat-water kayaking have been studies by many authors over the past 

30 years (Mann & Kearney, 1980; Pflagenhoef, 1980; Logan & Holt, 1985; Kendal & 

Sanders, 1992; Sanders & Kendal, 1992; Sanders & Baker, 1998; Trevithick et al., 2007). 

Since the introduction o f the “wing” paddle in the early 90’s, flat-water kayaking technique
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has evolved significantly. As a result, earlier biomechanical studies into tlat-water kayak 

technique are for the most part limited in relevance to generalised body segment 

movements. The flat-water kayaking stroke cycle is a contra-lateral movement cycle 

involving coordinated upper body movements o f  both the right and left side (Cox, 1992b). 

In describing the kayak stroke cycle, it is convenient to divide it into 4 distinct phases (a 

draw and transition phase for both right and left sides). The cycle begins when the paddle 

blade enters the water. The entry point initiates the draw (or pull) phase, where the paddle is 

pulled through the water. The draw phase ends when the paddle blade is removed from the 

water (exit). Once the paddle exits the water, a transition (or recovery) phase occurs where 

the kayaker moves from the end o f  one draw phase to the start the draw phase on the 

opposite side. Once the opposite draw phase is completed, a second transition phase brings 

the kayaker back to the original side for the onset o f  the next stroke cycle. One complete 

kayak stroke cycle involves the completion o f  both a right and left stroke. The ratio o f  draw 

to transition time has been assessed by several authors. Mann and Kearney (1980) reported a 

mean draw/transition ratio o f  71.3% however Sanders and Kendal (1992) reported a lower 

ratio o f  67%. Stroke rates during competition have been reported to be as high as 96 ± 5 

strokes.min ' using wing paddles, however during maximal sprints, the stroke rate can 

increase to greater than 120 strokes.min ' (Sanders & Kendal, 1992).

Plate 1.3: Current Olympic champion Tim Brabants completing the draw phase 

o f  the kayak stroke cycle. (Image location www.guardian.co.uk/sport/2010)
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Limited research assessing the contribution o f  muscle activity to the kayak stroke cycle have 

been published (Capousek & Bruggemann, 1990; Trevithick et a i ,  2007). Capousek and 

Bruggemann (1990) used EMG analysis during kayak specific strength exercises and 

specific kayak movements performed in the laboratory to determine the most active muscles 

during the kayak stroke. Their data indicated that the Anterior Deltoid  had the highest level 

o f  activation for the longest portion o f the stroke. The Upper Trapezius, Triceps Brachii and 

Rectus Ahdominus were also active during most phases o f  the stroke, but at a lower level 

relative to Anterior D eltoid  (Capousek & Bruggemann, 1990). More recently, Trevithick 

et al. (2007) assessed shoulder muscle recruitment patterns during kayak ergometry and 

correlated muscle activity to specific phases o f  the stroke cycle in Subscapularis, 

Supraspinatus, Infraspinatus, Serratus Anterior, Rhom boid M ajor and Latissimus Dorsi 

using fine-wire EMG and from M edial Deltoid  and Upper Trapezius, using surface EMG. 

The authors hypothesised that the on-water scenario would elicit greater EMG activity fi'om 

a number o f the shoulder muscles recorded (Trevithick et a i ,  2007). To date, no published 

data examining muscle recruitment patterns during on-water kayaking exist.

1.3.3: The physiology and biomechanics of rowing

The sport o f  rowing has been in existence for centuries (Halladay, 1990). It was first 

introduced to the Olympics at the 1900 Paris Games and has remained a part o f the Summer 

Olympic programme ever since. At international standard, all races are competed on-water 

over a distance o f 2000m (Soper & Hume, 2004). Competitive rowing consists o f  two 

contrasting styles, sculling (two oars) and sweep rowing (one oar). The physiological and 

anthropometric attributes o f  elite rowers have been studied for many years. Rowers are in 

general tall, heavy (excluding lightweight classes) and possess low percentage body fat. 

Hagemian et al. (1979) assessed more than 600 oarsmen and reported mean height o f 192cm 

and body mass o f 88kg. Mean percentage body fats o f  approximately 9% were also reported 

(Hagerman et al., 1979). Maximal oxygen consumption in male rowers has been measured 

at 5.8 and 6.0 L.min'' for a paired crew during an on-water race simulation (DiPrompero et 

al., 1971). More recently, mean ± S.D data for V0 2 max was measured at 4.46 ± 0.33 and 

4.48 ± 0.32 L.min’’ for on-water and on-ergometer rowing (de Campos Mello et a i ,  2009). 

Hagerman (1984) has highlighted however, that while outstanding VOamax data have been

27



attained in rowing, the most impressive physiological attribute seems to be the rower’s 

ability to sustain an extremely high percentage o f  their maximal O2 consumption even after 

they have exceeded their anaerobic threshold (Hagerman, 1984). Anaerobic thresholds o f  85 

to 95% o f  V02max have been reported (M ickelson & Hagerman, 1982; Hagerman, 1984). 

This was confirmed more recently, when de Campos M ello et al. (2009) estimated the 

aerobic energy contribution during a simulated 2000m  race was approximately 85% both 

on-ergometer and on-water.

M uscle samples obtained from the Vastus Lateralis  m uscle o f  elite rowers have revealed 

approximately 70% Type I fibres and the presence o f  very few Type lib fibres (M ickelson & 

Hagerman, 1982; Hagerman & Staron, 1983). The results o f  these studies indicate that the 

relative proportions o f  fibre types in rowers are similar to those recorded in elite endurance 

athletes (Gollnick et a l ,  1972; Saltin et a l ,  1977). In addition to increased expression o f  

Type I m yosin heavy-chain isoforms, large cross sectional areas have also been reported for 

both Type I and II m uscle fibres in rowers (Hagerman & Staron, 1983). Maximal isokinetic 

testing confirmed that rowers are capable o f  generating extremely high levels o f  force from 

their legs, but are not well adapted to high velocity actions (Hagerman, 1984). Knee 

extensor strength assessment in rowers produced greater isokinetic strength than elite 

swimmers, cyclists and canoeists at low joint velocities (0.5 to 2.1 rad.s''), but weaker at 

higher velocities (3.2 to 5.3 rad.s''). Hagerman (1984) suggested that the higher absolute 

strength was m ostly due to rower’s larger m uscle mass, while the prominence o f  slow-twitch  

muscle fibres may explain the poorer performance at high velocities. To conclude, rowers 

exhibit physiological adaptations towards increased aerobic capacity and greater absolute 

leg strength. These adaptations are necessary due to the high aerobic demands o f  a 2000m  

race o f  6 to 8 min in duration.

The biomechanics o f  rowing are in general, more sim plistic than those o f  flat-water 

kayaking. Since the oars are fixed to the boat and the seat slides in a single axis along fixed 

rails, the degrees o f  biomechanical freedom are much lower than those experienced in 

kayaking. In addition, instead o f  contra-lateral movements o f  the right and left sides, the 

rowing stroke involves simultaneous activation o f  both sides. The rowing stroke cycle is
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generally divided into two distinct phases, the drive and recovery (Soper & Hume, 2004). At 

the start o f  a stroke cycle, the row er’s knees and hips are m axim ally flexed and their a rm ’s 

fully extended in order to m axim ise stroke length at the oar entry. D uring the drive phase, 

rowers forcefully extend their knee and hip jo in ts in order to pull the oar through the water 

w hilst sim ultaneously m oving back along the seat rails. The recovery phase involves 

rem oving the oar from the water, and subsequent flexion o f  the knees, hips and trunk in 

order to return to start position, ready for the next stroke cycle. Published literature assessing 

the biom echanics in rowing is substantial and has focused o f  m any variables such as jo in t 

kinem atics, stroke force and kinem atics and m uscle contribution to the stroke cycle (Soper 

& Hum e, 2004). The m ost com m on variables assessed in rowing biom echanics are stroke 

rate, stroke length and drive: recovery ratio. Stroke rate has been shown to be significantly 

correlated to boat velocity (r=0.66), while stroke length is also correlated to both stroke rate 

and velocity (r=-0.99) (M artin & Bernfield, 1998). It has been suggested that the drive to 

recovery ratio is o f  m ost significance to boat velocity due to the effect o f  boat inertia during 

each recovery phase (Soper & Hume, 2004). Ideal rowing biom echanics m aintains boat 

velocity as constant as possible throughout the stroke cycle (thus lim iting the deceleration 

during recovery). Redgrave suggested a 1:2 drive to recovery ratio (or 0.5) in order to enable 

the row er to optim ise the run o f  the boat during each stroke cycle (Redgrave, 1995).

M E N S

S I E M E N S

Plate 1.4: Com parison o f  two man crews perform ing sweep row ing (Plate 1.4a) 

and sculling (Plate 1.4b). (Im age location: w w w .carlosdinares.com .

w w w .telegraph.co.uk/sport/olvm pics )
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The muscle activity patterns involved in the body segment movements o f the rowing stroke 

cycle have been examined by several authors over the past 20 years (Wilson et al., 1988; 

Clarys & Cabri, 1993; Caldwell et al., 2003; Nowicky et al., 2005). Early studies identified 

the general patterns o f muscle activity involved in the rowing stroke cycle (Wilson et al., 

1988; Clarys & Cabri, 1993). Wilson et al. (1988) reported the contribution o f both knee and 

hip flexors and extensors to the development o f  the rowing stroke cycle. More recently, 

EMG has been used to compared activity patterns across ergometer design (Nowicky et al., 

2005) and to assess fatigue related changes in muscle activity during high intensity 

ergometer rowing (Caldwell et al., 2003). Caldwell et al. (2003) identified fatigue induced 

increases in lumbar tlexion and Erector Spinae activity during the course o f a simulated 

2000m ergometer rowing trial. Nowicky et al. (2005) reported no significant differences in 

hip and trunk muscle EMG and kinematics when rowing on two contrasting ergometer 

designs. To date no published literature examining muscle activity patterns during on-water 

rowing exist.
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1.4: ELECTROMYOGRAPHY: CONCEPTS AND PROBLEMS

L4.1: Factors influencing the EMG signal

De Luca (1997) stated that electromyography (EMG) is a seductive muse because it 

provides easy access to the physiological processes that cause the muscle to generate force 

and produce movement. While this ease of access is often considered one of EMG’s 

advantages, it also remains one of the discipline’s greatest pitfalls. EMG and more 

specifically surface EMG is too easy to use, and consequently too easy to abuse (De Luca, 

1997). In an effort to standardise surface EMG methodology and thus minimise potential 

misuse in clinical and experimental settings, a European project on “Surface EMG for Non- 

Invasive Assessment of Muscles" (SENIAM) convened between 1997 and 1999, and 

published recommendations on the use o f surface EMG (Hermens et al., 2000). There are 

many physiological and non-physiological factors which must be fully taken into 

consideration before EMG signals can be produced with a high degree of confidence and 

fidelity (Farina et a l ,  2004). The factors which combine to influence the detection and 

recording of EMG can be divided into extrinsic and intrinsic causative factors (De Luca, 

1997). These causative factors each have a basic or elemental effect of the recorded EMG 

signal.

Extrinsic factors which influence EMG are those associated with the electrode structure and 

placement on the surface of the skin above the muscle. Such factors include;

1) The area and shape of the electrode detection surfaces (section 1.3.1.1).

2) The distance between electrode detection surfaces (section 1.3.1.2).

3) The location of the electrode with respect to the innervation zones and the 

myotendinous junction (section 1.3.1.3).

4) The location o f the electrode on the muscle surface with respect to the lateral edge of 

the muscle (section 1.3.1.3).

5) The orientation of the detection surface with respect to the muscle fibres (section 

1.3.1.4).

(Basmajian & De Luca, 1985; De Luca, 1997)
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1.4.1.1: Area and shape of sensor

The area and shape of the recording surface is of importance as it determines the number of 

active motor units detected by virtue of the number of muscle fibres lying underneath the 

detection surface. An increase in the area of the detection surface will result in an increased 

number of active motor units detected. This can potentially reduce the fidelity of the EMG 

signal, as active motor units fi'om neighbouring muscles may be recorded, leading to a 

phenomenon known as “muscle cross-talk”. Muscle cross-talk has been defined as 

interference of EMG signals emanating from muscles other than the muscle directly under 

the recording electrode arrangement (Basmajian & De Luca, 1985).

1.4.1.2: The inter-electrode distance

The distance between electrode detection surfaces, or the inter-electrode distance (lED) has 

a significant influence on both the amplitude and power spectral density of the EMG signal. 

It is well known that a positive relationship exists between the lED and the absolute 

amplitude of the EMG signal (Roeleveld et a i,  1997; Hermens et ai,  2000; Beck et ai,  

2005). However, there is a lack of agreement concerning to the range of lED’s over which 

this positive relationship exists. Roelevand et al. (1997) reported that during sub-maximal 

isometric contractions, EMG amplitude increases with an increase in lED between 8 and 

18mm. There was an increase to a lesser extent within the range 18 to 42mm, and EMG 

amplitude decreased within the range 42 to 84mm (Roeleveld et al,  1997). More recent 

work by Beck et al. (2005) reported a positive relationship existing both in isokinetic and 

isometric actions, fi’om 20mm up to 60mm. The hypothesis as to why this positive 

relationship exists, is that increasing the lED allows for detection of a larger number of 

active motor units deeper within the muscle (Solomonow et a l,  1990). Work by Fuglevand 

et al. (1992) and Roelevand et al. (1997) corroborated this hypothesis, reporting that 

increasing the lED increased the depth at which the electrodes detect action potentials, 

resulting in a greater pick-up volume fi'om the muscle (Fuglevand et ai,  1992; Roeleveld et 

al,  1997). Therefore an increase in lED and hence the pick-up volume, will increase the 

amplitude of the EMG signal.
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While a positive relationship exists between lED and EMG amplitude, an inverse 

relationship exists with regard to spectral EMG variables such as MPF and MF (Zipp, 1978; 

Basmajian & De Luca, 1985; ElfVing et a l ,  2002). Increasing the lED has been shown to 

cause significant decreases in initial MF at fixed levels o f contractile force in the Erector 

Spinae muscle (Elfving et al., 2002) and for varying levels of isometric and isokinetic force 

in Biceps Brachii (Beck et al., 2005). In order to understand the inverse relationship between 

lED and the EMG power spectrum, one must first understand that spectral EMG variables 

are a product of the conduction velocity (CV) along the muscle fibre. Since the EMG signal 

is a linear summation o f motor unit action potentials that travel along and activate, skeletal 

muscle fibres (Basmajian & De Luca, 1985), the frequency of the EMG signal is 

intrinsically linked to the motor-unit CV. As with any measurement o f velocity, the two 

determining factors are distance and time. In this case, velocity is equal to the time taken for 

an action potential to travel between two recording electrodes of fixed distance. Conversely, 

if  CV is fixed, and inter-electrode distance is increased, action potentials will take longer to 

travel between the two recording electrodes, and the fi'equency of the EMG signal will 

decrease.

Recommendations as to the appropriate lED to use have been based on several factors, 

including the size of the muscle being examined, minimising the risk of cross-talk from 

adjacent muscles, and maximising the signal-noise ratio. Basmajian and De Luca (1985) 

suggested that greater selectivity is achieved by small lEDs due to reduced pick-up area and 

thus an lED of 10mm would minimise the risk o f cross-talk to the greatest extent. However 

it has been argued that an lED of such small magnitude will produce a lower signal-noise 

ratio (Hermens et al., 2000). It is clear that a compromise between selectivity and signal- 

noise ratio must therefore be reached. Based on this conclusion, SENIAM agreed that for 

large muscles an lED of 20mm would result in the greatest absolute EMG amplitudes values 

and therefore the highest signal-noise ratio, while relatively small muscles should be 

examined with an lED of less than one quarter the length o f their muscle fibres (Hermens et 

a l, 2000). These recommendations were made on the basis that smaller muscles were more 

susceptible to muscle cross-talk due to the proximity o f neighbouring muscles. As such, 

minimising cross-talk in smaller muscles was deemed to take priority over the signal-noise
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ratio, while the opposite case was agreed for larger muscles where the risk of cross-talk is 

low (Hermens et a l, 2000).

1.4.1.3: Location of surface electrode

The location of the electrode with respect to innervations zones and myotendinous junctions 

influences both the amplitude and frequency characteristics o f the EMG signal. Since EMG 

is a linear summation of motor unit action potentials (MUAP), it is important to understand 

where these action potentials come from. MUAPs travel from the site where they are 

innervated (at the motor end plates) to the tendons where they are attached, via the muscle 

fibres (De Nooij et a l,  2009). In muscles where the fibres run parallel, these motor endplates 

are generally situated closely together in one or more locations known as innervation zones. 

Several authors have stressed the need to avoid placing electrodes directly over innervation 

zones, since small shifts in surface electrodes relative to these zones have a major effect on 

EMG amplitude (Hermens et al., 2000; Rainoldi et al., 2000). Jensen et al. (1993) reported 

significant dips in the amplitude o f EMG signals recorded directly over innervation zones. 

They explained their findings by illustrating that detection surfaces placed in opposite 

directions but at the same distance from a motor endplate will record similar waveforms. 

These similar waveforms are action potentials generated by the same motor endplate, 

propagating in different directions along the muscle fibres. After the subtraction necessary to 

obtain a bipolar derivation, almost no signal is left, resulting in a dip in the EMG amplitude 

(Jensen et al., 1993). More recent work by Mesin et al. (2009) also outlined the need to 

avoid innervation zones due to their unstable effect on spectral and amplitude variables. 

They suggested that multichannel techniques and computer simulation to determine the 

location of innervation zones should be utilised to optimise electrode locations (Mesin et a l,  

2009). The recommended location according to SENIAM is in the midline of the muscle 

belly between the nearest innervation zone and myotendinous junction (Hermens et al., 

2000).

The location o f recording electrodes relative to the lateral edge o f the muscle is o f 

significant importance due to the influence o f neighbouring muscles contributing to muscle 

‘cross-talk’. SENIAM recommendations with respect to electrode placement relative to
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lateral edges of the muscle state that the sensors should be placed at the surface furthest 

away from the edges of the muscle so that the geometric distance to adjacent muscles is 

maximised (Hermens et a l,  2000). By placing the electrodes in the centre o f the midline of 

the belly of the muscle being recorded, one is reducing the risk of muscle cross-talk, to the 

upper limits of experimental capability. A spatial filtering technique known as the “double 

differential teclinique” was developed by Broman et al. (1985) in order to detect and remove 

the appearance of muscle cross-talk from an EMG signal. This technique involves using a 

surface electrode with three detection surfaces equally spaced apart. Two differential signals 

are obtained, one from detection surfaces 1 and 2, the other from detection surfaces 2 and 3; 

then a differential signal is obtained from these two (Broman et a l,  1985). This differential 

technique significantly reduces the signal emanating from adjacent muscles but is not 

possible to achieve using conventional bipolar EMG electrodes (De Luca, 1997).

1.4.1.4: Orientation of recording electrodes

The orientation of surface electrodes with respect to muscle fibres is important as it not only 

affects the value o f measured CV o f action potentials and hence EMG spectral density, but 

also the amplitude of the EMG signal. The difference in voltage between two detection 

surfaces of a bipolar electrode at any given moment is what gives rise to the EMG signal 

amplitude. When detection surfaces are aligned parallel to the muscle fibres, MUAPs will 

travel down the fibres, directly past the first detection surface to the next. Any deviation 

from a parallel orientation will reduce the amplitude and potentially increase the power 

spectral density o f the recorded EMG signal (Farina et a l, 2004). Due to differences in 

muscle shape, size, direction of fibres and articulation about joints, certain muscles appear 

more sensitive to electrode disorientation than others. For example, the Trapezius and 

Biceps Brachii muscles have been shown to be highly sensitive to electrode disorientation 

from the direction of muscle fibres (Jensen & Westgaard, 1997; Hermens & Vollenbroek- 

Hutten, 2004). However the same is not true for the Vastus Lateralis muscle, which has been 

reported to be less sensitive to electrode disorientation from the muscle fibre direction (Beck 

et a l, 2007). In addition one must also consider the type o f muscle contraction which is 

being performed. Muscle fibre direction can change spatially within the muscle and 

dynamically during the course o f a muscle contraction (Staudenmann et a l,  2010). Skeletal
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muscle undergoes substantial three-dimensional changes in its geometry especially during 

dynamic contractions, due to the synchronous lengthening and shortening of large numbers 

of muscle fibres (Hodgson et a i ,  2006). This will inevitably change the EMG electrode 

orientation with respect to the underlying musculature. While isokinetic and isotonic 

dynamic contractions result in greater changes in muscle morphology, it has been reported 

that isometric contractions at high levels of force (>80% MVC) can also cause a shift in 

muscle fibre orientation and the location o f innervation zones within the muscle (Piitulainen 

et a i ,  2009). While it is not possible to completely eradicate these potential shifts in 

orientation due to muscle fibre shortening and lengthening during the contraction, careful 

placement of electrodes in the appropriate location relative to the resting muscle fibre 

orientation and innervation zone location should minimise the effects o f these shifts on the 

EMG signal to an acceptable level.

1.4.1.5: Intrinsic factors

In addition to the extrinsic causative factors which have been discussed, there are also a 

series of intrinsic factors which influence the EMG signal. De Luca (1997) described these 

factors as anatomical, physiological and biomechanical characteristics of the muscle which 

unlike extrinsic causative factors, are out o f the control of the researcher due to limitations 

in current knowledge and available technologies (De Luca, 1997). In reporting the extraction 

of neural strategies fi*om surface EMG, Farina et al. (2004) divided these intrinsic factors 

which affect the EMG signal into physiological and non-physiological factors, however for 

the purposes o f this summery all intrinsic factors shall be dealt with as a single group. These 

intrinsic factors include;

1) The number of active motor units at any particular time o f the contraction (1.3.1.6).

2) Fibre type composition o f the muscle (section 1.3.1.7).

3) Blood flow in the muscle (section 1.3.1.7).

4) Muscle fibre diameter (section 1.3.1.8).

5) Depth and location o f active fibres within the muscle with respect to the electrode 

detection surfaces (section 1.3.1.9).
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6) The amount o f subcutaneous tissue between the surface o f the muscle and the 

electrode (section 1.3.1.10).

(Basmajian & De Luca, 1985; De Luca, 1997)

1.4.1.6: Number of active motor units recorded

The number o f active motor units at any time during a contraction is o f particular 

importance due to its direct contribution to the amplitude o f the EMG signal. Skeletal 

muscle (as with smooth and cardiac muscle) obeys the all-or-none principle o f motor unit 

recruitment. This principle states that once an action potential is propagated down a motor 

neuron, all muscle fibres innervated by that motor neuron will be stimulated and contract 

(Basmajian & De Luca, 1985). Conversely, if  no action potential is propagated, no muscle 

fibres within that motor unit will contract. Another principal which skeletal muscles obey is 

Henneman’s size principle which states that motor units are recruited in an orderly fashion 

from smallest to largest, as the contraction force increases (Henneman, 1957). Therefore as 

muscle contraction force increases, additional larger motor units are recruited via the all-or- 

none phenomenon and size principle, leading to an increase in detected EMG amplitude. 

The number of motor unit action potentials being recorded at any given time can also have 

another significant impact on the summated EMG signal amplitude (De Luca, 1997). It is 

generally accepted that the surface EMG underestimates the amount o f motor unit activity, 

due to the loss o f information that occurs when overlapping positive and negative phases of 

motor unit potentials cancel one another and reduce the amplitude o f the signal (Figure 1.5). 

This concept is known as ‘'EMG amplitude cancellation” and it has been reported that at 

maximal activation, amplitude cancellation can reach as high as 62% (Keenan et al,  2004).
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Figure 1.5: A demonstration o f EMG amplitude cancellation. The summation o f 

motor unit (MU) action potentials prior to rectification, leading to cancellation 

and significantly reduced EMG amplitude (adapted from Keenan et a l,  2004).

1.4.1.7: Fibre type composition and blood flow

The muscle fibre composition and the blood flow within the muscle are important factors in 

determining the fatigability o f specific muscles. Human skeletal muscle is composed o f 

three main fibre types, each determined by the particular myosin heavy chain isoforms 

present, and the degree o f oxidative phosphorylation which takes place within the cells. 

Type I or slow oxidative skeletal muscle fibres are slow-twitch, low force, fatigue resistant 

muscle fibres. Type lib or fast glycolytic skeletal muscle fibres are fast twitch, high force, 

and fatigable muscle fibres. In between these two isoforms is a third intermediate type, Type 

Ila or fast oxidative fibres. An increased proportion o f Type II muscle fibres (especially type 

lib) will lead to increased accumulation o f  lactate, and hence lactic acid which is one o f the 

primary factors associated with muscle fatigue. Increased intramuscular lactic acid 

concentration will reduce the pH o f the muscle interstitial fluid. Both the lactate molecule 

itself, and a reduction in pH can disrupt excitation contraction coupling (Fitts & Metzger, 

1988; Favero et al., 1997) and in addition, slow the conduction velocity along the muscle 

fibre (Brody et al., 1991). Both these effects will play a role in altering both the spectral and 

amplitude content o f the EMG signal. The amount o f blood flow within the muscle will
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determine the rate at which metabohtes such as lactate are cleared from the muscle. A higher 

rate of clearance will allow the muscle to maintain normal contractile function for longer, 

thus improving fatigue resistance.

1.4.1.8: Muscle fibre diameter

Muscle fibre diameter (or cross-sectional area) influences both the amplitude and CV of the 

action potentials which constitute the EMG signal. Several authors have reported positive 

correlations between spectral EMG variables and muscle fibre cross-sectional area (CSA) 

(Kupa et a l ,  1995; Gerdle et a l,  2000; Larsson et a i ,  2006). However, there is a lack of 

agreement in the literature as to whether this correlation is uniform throughout the various 

muscle fibre types. Kupa et al. (1995) only detected a positive correlation between spectral 

variables and muscle fibre CSA in the Extensor Digitorum Longus muscle, which has a fibre 

composition of 99% T}^e II. In other muscles with a more heterogeneous mixture o f fibre 

types, such a relationship did not exist (Kupa et al., 1995; Larsson et a i, 2006). Hence, 

structure and capacity of the electrical conduction system seem to differ among the various 

muscle fibre types (Larsson et al., 2006). This may be due to morphological differences 

between fibre types, such as the greater fibre diameters generally observed in Type II 

compared with Type I (Maughan & Nimmo, 1984). In addition, the varying number of 

muscle fibres within any given motor unit makes it difficult to distinguish muscle fibre type 

and diameter on the basis of CV (Farina et al., 2004). While increased muscle fibre CSA has 

been shown to increase amplitude and frequency components of the EMG signal, the exact 

mechanism remains to be fully elucidated. What is clear however, is that muscle fibre CSA 

is a major contributing factor behind the waveform of the MUAP and its CV and hence on 

the EMG signal (Larsson et al., 2006). This has been shown in mathematical modeling 

(Lindstrom et a l, 1970; Basmajian & De Luca, 1985) and more recently through human in- 

vivo studies (Gerdle et al., 2000; Larsson et a l ,  2006)

1.4.1.9: Depth and location of active fibres

As was discussed earlier (see extrinsic factors), the EMG surface electrode is more sensitive 

to the detection of motor units close to the surface o f the muscle, however varying the lED 

can allow for greater recording depth or pick-up volume. The depth and location of active
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fibres during a contraction is thus an important intrinsic factor which can influence the EMG 

signal. During sub-maximal contractions, not all motor units within the muscle will be 

recruited, and as such, variations in the depth and location of the active motor units will 

become an issue. This is especially important because it can dramatically affect the EMG 

signal characteristics (De Luca, 1997). As the distance between active fibres and the 

detection surface varies, two important concerns arise. Firstly, the spatial filtering 

characteristics change, thus altering the amplitude and fi'equency characteristics of the 

MUAPs that are within the pick-up volume of the electrode. Secondly, the movement of the 

electrode and the active fibres may be sufficient to place new active motor units within the 

detection volume and conversely, remove some other active motor units from it (De Luca, 

1997). Thus, if muscle fibre length changes during a contraction (as is the case in dynamic 

contractions such as isokinetic or isotonic), electrode size must change accordingly in order 

to maintain appropriate spatial filtering. With current surface EMG techniques, it is not 

possible to change electrode shape and size during contractions. As such, signal stability can 

only be approached if the contraction remains isometric (De Luca, 1997). This issue limits 

the capability of EMG to determine the intensity of muscle contraction force during dynamic 

actions, but does not impact on its capacity to determine the timing of muscle activation (De 

Luca, 1997; Campanini et al,  2007).

1.4.1.10: Subcutaneous tissue

The amount of tissue between the surface of the muscle and the recording electrode will 

affect the spatial filtering of the EMG signal. Such tissues include adipose tissue, skin, 

subcutaneous capillaries, sweat glands and hair follicles; however the adipose tissue layer is 

of greater importance to the signal than any other. The effect of fat layers on bipolar EMG 

recordings has been largely studied using models (Kleine et al,  2000; Farina et al,  2002). 

With regard to amplitude and spectral variables, the subcutaneous layer thickness reduced 

the amplitude of the propagating EMG components more than the spectral density, thus 

introducing a bias in favour of CV and other fi'equency estimates (Farina et al,  2002; 

Cescon et al, 2008). The subcutaneous tissue layer therefore causes overestimation of 

spectral variables and underestimation of amplitude variables through a reduction in the 

signal-noise ratio (Cescon et al,  2008). This effect of subcutaneous tissue layer once again
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raises the importance o f  spatial filtering in cases where this layer is large enough to have a 

perceived effect on the EMG signal. The double differential technique (as described earlier) 

is one such spatial filtering technique which has been shown to produce CVs closer to 

physiological values than a standard bipolar array.

When one considers the multitude o f intrinsic and extrinsic factors which influence the 

EMG signal, it is clear that extracting meaningful quantitative data fi-om the signal becomes 

more difficult than at first glance. These limitations in surface EMG techniques are often not 

appreciated, which sometimes lead to erroneous interpretations o f  results and conflicting 

reports in the literature (Farina et a l ,  2004). So how can one attain meaningful results fi-om 

surface EMG? Through careful consideration o f the many factors which influence the signal, 

adherence to the recommendations o f SENIAM in order to minimise the impact o f  many o f 

these factors, and through appropriate signal processing and normalisation techniques 

(which will be dealt with in the next section), one can produce EMG signals which are 

representative o f  the physiological processes occurring within the muscle.

1.4.2: Normalisation of the EMG signal

In order to overcome the effect o f  both intrinsic and extrinsic factors influencing the EMG 

signal and to allow comparison between different muscles, across time, and between 

individuals, the EMG signal should be normalised (Yang & Winter, 1984; M athiassen et a l ,  

1995; De Luca, 1997). This procedure involves expressing EMG data relative to a reference 

value obtained during standardised and reproducible conditions (Burden & Bartlett, 1999). 

The importance o f  normalisation has long been recognised by researchers and clinicians 

recording EMG data during dynamic tasks (Yang & Winter, 1983; Ounpuu & Winter, 1989; 

Hug & Dorel, 2009). EMG was first normalised during gait analysis in 1951 (Eberhart & 

Inman, 1951) using a method that divided each point which constituted the processed EMG 

by the peak data recorded fi’om the same set o f EMG data. This method which is 

subsequently referred to as the peak dynamic method is still widely used by 

electromyographers (Jacobson et a l ,  1995; Nowicky et al., 2005; Trevithick et al., 2007). 

Dubo et al. (1976) introduced an equally popular method by which each EMG data point 

during the dynamic task was divided by the peak EMG recorded fi'om an isometric maximal
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voluntary contraction (MVC) recorded from the same muscle (Dubo et ai, 1976). The 

isometric MVC method is generally performed prior to the dynamic task and at a fixed joint 

angle, in the middle of the range of motion (Burden et ai, 2003). This method is favoured 

by many electromyographers analysing EMG from a variety of dynamic actions (Marsh & 

Martin, 1995; Hunter et ai, 2002; Diederichsen et ai, 2007). Yang and Winter (1984) 

proposed a previously unpublished method known as the mean dynamic method as part of a 

study comparing various EMG normalisation procedures used in gait analysis. This method, 

which is similar to the peak dynamic method, involves dividing each data point within the 

processed EMG by the mean value recorded from the same EMG. The mean dynamic 

method was shown to reduce inter-individual variability of EMG data relative to other 

normalisation methods (Yang & Winter, 1984; Shiavi et ai, 1987). As a result, Winter chose 

to use the mean dynamic method in subsequent studies (Winter & Yack, 1987).

There has been much debate as to the most appropriate method for normalising EMG 

attained during dynamic tasks, and to date there has been little or no agreement on the best 

normalisation procedure to be adopted (Hug & Dorel, 2009). The key criterion for selecting 

the best method of normalisation is its ability to reduce the inter-individual variability of the 

EMG data (Yang & Winter, 1984). However, several authors have warned that the reduction 

of inter-individual variability should not be at the expense of true biological variance within 

a group (Allison et al., 1993; Knutson et ai, 1994).

The most common criticism of the mean dynamic method or the peak dynamic method is 

that neither has the potential to give any information as to the level of activity the muscle is 

performing at during a dynamic task (Burden et ai, 2003). The reason for this lies in the 

denominator being used to normalise the data. Since both these methods attain their 

denominator directly from the EMG data being analysed, no information as to the level of 

activation can be attained. The isometric MVC method does not suffer from this problem, 

and as such has the potential to reveal how active a muscle is during a dynamic task relative 

to a maximum reference value. Several authors however, have called into question the 

validity of normalising EMG data from a dynamic task, using a denominator attained from a 

non-dynamic task (Dubo et al, 1976; Mirka, 1991). During a dynamic task, the muscle
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being analysed is shortening and lengthening as it moves the joint through a range o f angles. 

As a result, the number o f active motor units within the range o f the surface electrodes may 

change at any particular time during a dynamic contraction (De Luca, 1997). This is not true 

during an isometric contraction as there is no lengthening or shortening of the muscle fibres 

and no change in joint angle. Despite this criticism, both SENIAM and the Journal of 

Electromyography and Kinesiology have endorsed its use as a normalisation method 

(Burden, 2010). However, practical application o f this method has shown that it can yield 

outputs in excess of 100%, especially during rapid, forceful contractions (Jobe et a i ,  1984; 

Nowicky et a l ,  2005; Burden, 2010). Jobe et al. (1984) reported EMG amplitude recorded 

from the Serretus Anterior during over arm throwing, to be 226% of that recorded during 

isometric MVCs. It has also been shown that EMG recorded during isokinetic MVCs of 

knee extensor muscles increases with increasing angular velocity during concentric 

contractions (Amiridis et a l ,  1996). Nowicky et al. (2005) more recently reported that their 

attempts at nonnalising using the isometric MVC method were unsuccessful as higher peak 

EMG activity was recorded during the rowing movement compared with the reference 

isometric MVC manoeuvre. The EMG signal attained from an isometric MVC may not 

therefore represent the maximum activation capacity o f the muscle (Burden & Bartlett, 

1999). In a recent review of the limitations of EMG recording, Clarys et a l  (2010), the 

authors suggested that the isometric MVC approach may be unreliable for several reasons;

1) Different maxima may be observed within the same subject repeating at different 

occasions.

2) Different maxima are observed at different angles of movement, both in eccentric and 

concentric movement modes.

3) The values measured during isotonic dynamic ballistic- complex sports movements (or 

heavy lifting tasks) may exceed the 100% MVC.

(Clarys et a l,  2010)
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Several authors have published papers outlining an isokinetic MVC method o f 

normalisation, in an attempt to attain a more biologically relevant denominator for 

normalising EMG during dynamic tasks. Kellis and Baltzopoulos (1996) attained 

significantly greater (P<0.05) normalised muscle activation amplitudes compared with the 

isometric MVC method, when both methods were used to normalise EMGs from knee 

flexors and extensors during isokinetic knee flexion and extension actions (Kellis & 

Baltzopoulos, 1996). However Burden and Bartlett (1999) did not show any significant 

differences between the isokinetic and isometric MVC methods o f  normalisation. More 

recently, Burden et al. (2003) concluded that the isokinetic MVC method should be rejected 

by electromyographers as it does not reduce intra- or inter-individual variability to any 

greater extent than existing methods, nor does it provide a more representative measure o f 

muscle activation during gait than the isometric MVC method.

Considering all variations and limitations o f  normalisation techniques, Soderberg and 

Knutson (2000) recommended that the isometric MVC method be used for normalising 

kinesiological EMG data until a more appropriate means o f normalisation was developed 

(Soderberg & Knutson, 2000). More recently a paper published by Rouffet and Hautier 

(2007) recommended a novel approach to the normalisation o f  EMG data attained during a 

cycling task. They advocated the use o f  a maximal torque-velocity sprint test in order to 

attain reference EMG data which were specific to the range o f  movements associated with 

cycling. This normalisation method, referred to as the torque-velocity method allows EMG 

to be normalised using a maximal reference data specific to the dynamic task being 

analysed. This normalisation method appears to provide an appropriate, task specific means 

o f normalising EMG data (Rouffet & Hautier, 2008), however further research and 

methodological refinement is necessary before it can be fully accepted (Hug & Dorel, 2009).

1.4.3: Signal processing and spectral analysis

In order to attain meaningful data from the recorded EMG data, the signal must first be 

processed. Processing involves the filtering o f  undesired signals and the rectification o f  the 

differential EMG signal. The myoelectric signal is low in amplitude with respect to other
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ambient signals (De Luca, 1997). As a result, it is necessary to record surface EMG using a 

differential electrode configuration (Basmajian & De Luca, 1985). A differential electrode 

configuration involves the use o f two detection surfaces, with the resultant signals being 

subtracted fi'om one another prior to amplification. De Luca (1997) stated that this 

differential electrode arrangement in effect acts as a high pass filter, removing many o f the 

unwanted fi'equencies fi'om the EMG signal. Further band pass filtering o f the EMG signal is 

recommended between 20 and 500 Hz with a common mode rejection ratio (CMRR) greater 

than 80dB (De Luca, 1997).

Amplitude processing o f raw EMG data generally involves rectification, amplitude 

estimation and smoothing o f  the differential signal. Several methods o f  estimation exist and 

there is no unanimous recommendation as to which method is most appropriate (De Luca, 

1997). Root mean squaring (rms), integration and averaging after rectification are all 

common methods used. De Luca (1997) stated during voluntary elicited contractions, the 

rms technique may be more appropriate because it represents the signal power and thus has a 

clear physical meaning. However, it should be noted that the rms processed EMG signal is 

affected by both the number and fi'equency o f the recruited motor units, without allowing 

any clear distinction between the two (De Luca, 1997).

Spectral EMG processing is mostly carried out using the Fourier transform. This is a 

mathematical process which decomposes a signal into its constituent fi'equencies. While Fast 

Fourier transforms (FFT) are almost exclusively used in the literature as an estimation o f the 

EMG spectral composition, there is much variation in the FFT methods used to attain power 

spectral density from the EMG signal (Rainoldi et a i ,  1999; M athur et a l ,  2005). Rainoldi 

et al. (1999) used an FFT window o f 500ms with 0% window overlap. In contrast, Mathur et 

al. (2005) used an FFT window o f 250ms with a window overlap o f  300%. The first 250ms 

o f each second o f EMG data was therefore processed for spectral analysis. This protocol 

effectively eliminated 75% o f the overall temporal data processed to frequency power 

spectra. In addition, variations in the windowing function may further compound variations. 

Several windowing functions such as Hamming, Hanning, Bartlett and Welch exist. In 

conclusion, while FFT methods are commonly used to estimate the power spectral density o f

45



the EMG signal, there is no unanimous interpretation as to the most appropriate methods to 

utilise.

There has however, been some criticism of the FFT method of spectral EMG analysis 

(Bilodeau et al, 1997; Kumar et al, 2003). This criticism is based on the fact that Fourier 

transforms assume that the signal being process is stationary. A random process is 

considered stationary if the moments of its probability density function are time independent 

(Bilodeau et al, 1997). In most studies where spectral analysis of EMG signals is 

performed, stationarity is seldom tested and more often presumed (Bilodeau et al, 1997). 

During isometric contractions at a fixed force, where the muscle length and contractile force 

remain unchanged, stationarity can be assumed. Several authors have corroborated this 

assumption during isometric tasks (Popivanov & Todorov, 1986; Paiss & Inbar, 1987 cited 

in Bilodeau et al, 1997) over a short time period (1 s). However, there is an inherent danger 

in assuming stationarity during d>Tiamic or variable force contractions. There is a growing 

body of literature, arguing in favour of wavelet transforms as a more valid means of 

quantifying the spectral content of the EMG signal (Karlsson & Gerdle, 2001; Kumar et al,  

2003). The argument in favour of using wavelet transforms is that unlike Fourier transforms, 

they are time variant, and therefore can be used to process both stationary and non-stationary 

signals (Kumar et al,  2003). In fact, Karlsson & Gerdle (2001) have reported that wavelet 

transforms had better accuracy and precision compared to FFT analysis of both stationary 

and non-stationary EMG signals.
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1.5: AIMS AND OBJECTIVES

The aims and objectives o f this study are twofold. The first set o f aims deal with the subject 

o f  neuromuscular fatigue and its manifestation in both dynamic and static conditions. 

Identification o f the neuromuscular fatigue threshold via EMG may provide a novel means 

o f  determining the aerobic-anaerobic transition, however there is little or no published data 

verifying that this fatigue related phenomenon occurs across the full spectrum o f dynamic 

exercise conditions. In addition, it is possible that other factors, not directly related to 

muscle fatigue, such as training induced alterations in recruitment strategy may play a role 

in its manifestation. By assessing neuromuscular fatigue across a range o f dynamic exercise 

conditions and by comparing neuromuscular fatigue between trained and untrained 

individuals during isometric fatiguing contractions, it is hoped to clarify some o f the 

mechanisms through which these fatigue induced EMG changes appear. The aim therefore, 

is to assess and compare the appearance o f  T emg around the aerobic-anaerobic transition 

across a range o f biomechanical tasks. An additional aim is to assess if  training induced 

alterations to fatigue are identifiable using EMG.

The second set o f  aims deal with the assessment o f biomechanical task specificity in both 

kayaking and rowing ergometry. There has been no definitive biomechanical comparison o f 

on-ergometer and on-water exercise in either rowing or kayaking. Moreover, much o f the 

published literature comparing the two is contradictory in its findings. While Mitchell and 

Swaine (1998) reported metabolic differences between kayak ergometry and the on-water 

scenario, Van Someran et al. (2000) observed no significant differences in cardio-respiratory 

responses. Elliott et al. (2001) concluded that the Rowperfect ergometer was similar in 

stroke kinematics to on-water sculling, however. Lamb (1989) reported significant 

differences in arm kinematics. In addition, little or no data exists with regards to muscle 

recruitment patterns during on-water exercise in either sport. The aim therefore, is to use the 

novel approach o f  EMG analysis, in combination with more common biomechanical 

measures, as a means o f assessing the biomechanical task specificity o f kayaking and 

rowing ergometers.
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Chapter 2

General Methodology.
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2.1: EMG recording

EMG recordings were made from the surface o f the skin using an ME6000 system (MEGA 

Electronics, Kuopio, Finland). The ME6000 is a 4-channel, 14 bit AD converter with a 

common mode rejection ratio (CMRR) o f 110 dB. Raw EMG signals were band-pass 

filtered between 8 and 500Hz, amplified and converted from analogue to digital at a 

sampling rate o f 1 kHz. These data were transmitted from an integrated memory card 

(compact flash memory, 256Mb) to computer via wireless telemetry and subsequently 

synchronised to recorded 2D video kinematic data prior to storage for further processing and 

analysis (Megawin Version 2.3, MEGA Electronics, Kuopio, Finland).

Plate 2.1: ME6000 4-channel portable EMG recorder

All efforts were made to conform to the recommendations o f SENIAM throughout EMG 

recordings (Hermens et al., 2000). Prior to the application o f electrodes, participants were 

seated and the recorded sites were shaved, abraded and cleaned with an alcohol swab in 

order to minimise skin impedance. The electrodes used throughout this study were 3M pre

gelled surface monitoring electrodes (Paediatric Red Dot, 3M, Minnesota, USA). This 

electrode consists o f a circular Ag/AgCl disk o f 8mm diameter beneath a pre-gelled sponge 

o f 15mm diameter, all o f which is embedded on an adhesive pad o f 45mm diameter, see 

Plate 2.2a. Chapters o f the adhesive pad were removed from a pair o f electrodes in order to 

attain inter-electrode distance o f 20 mm for each bipolar EMG sensor, see Plate 2.2b.
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Bipolar sensors were applied to the m idpoint o f  the palpated m uscle belly approxim ately 

halfw ay betw een the m otor endpoint area and the distal part o f  the m uscle, longitudinally to 

the m uscle fibres, with a fixed inter-electrode distance o f  20m m  m aintained throughout. 

A natom ical positioning o f  the sensors for the m ost part adhered to the recom m endations 

outlined by SENIAM  (w w w .seniam .org). A full description o f  anatom ical locations for each 

m uscle assessed is provided in A ppendix 2. Reference electrodes were placed over 

electrically neutral sites. W hen recording EM G data during dynam ic exercise, recording 

electrodes and leads were fixed to the skin using elasticised strapping (Prow rap, M euller 

Sports M edicine, W isconsin, USA), to m inim ise potential m ovem ent artefacts. Surface 

electrode positions were m arked with a perm anent m arker and digital photographs recorded 

to ensure correct electrode replacem ent during repeat visits.

Plate 2.2; Shown are a single surface electrode (2.2a) and a pair o f  surface 

electrodes (2.2b) which have been m odified and com bined to produce a bipolar 

configuration with an lED o f  20mm.

2.2: Synchronisation of EM G and 2D video data

In order to identify the tem poral location o f  EM G acfivity w ithin a specific m ovem ent, a 

record o f  the onset o f each m ovem ent cycle was required. This was facilitated via the 

recording o f  2D video kinem afic data during all EM G recording phases, using a 50 Hz 

digital video cam era (JVC, Y okoham a, Japan) positioned orthogonally to the sagittal plane 

o f  the participant. Synchronisation o f  EM G and video data using an audio-sync trigger
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(M EG A  Electronics, Koupio, Finland) facilitated identification o f  the onset o f  each cycle 

w ithin the EM G recording. The audio-sync trigger sim ultaneously transm itted a high 

frequency audio pulse to the video cam era and a digital m arker to the M E6000 system  via 

w ireless telem etry. T rigger pulses generated at the start and end o f  each recording phase 

were autom atically aligned via the recording softw are (M egaw in Version 2.3, M EGA 

Electronics, K oupio, Finland). The onset o f the row ing stroke cycle was identified as the 

first video fram e where rowing ergom eter handle (on-ergom eter) or oar handle (on-w ater) 

was m oved aw ay from the m axim al forward position (see Plate 2.4a). The onset o f  the 

cycling revolution was defined as the video fram e corresponding closest to top-dead centre 

(see Plate 2.4b). In order to identify the onset o f  the on-ergom eter kayak stroke cycle, the 

height o f  the kayak seat above the w ater line was m easured and used to mark a reference 

line (virtual w ater line) along the length o f  the ergom eter relative to the seat. A paddle 

reference point was set up by adding an extension elem ent to the end o f  the ergom eter 

paddle shaft equating to each kayaker’s actual paddle length (range 215 to 221cm , see Plate 

2.3). Onset o f  stroke cycle was identified as the first video frame on paddle entry into the 

w ater (on-w ater trials) or the t'lrst video fram e in w hich the paddle reference point crossed 

below  the virtual w ater line (on-ergom eter trials, see Plate 2.4c).

Plate 2.3: A djustable extension which was added to the ergom eter shaft, in order 

to m atch to on-w ater paddle length. The reference point on the extension was 

required to identify stroke cycle onset during ergom eter kayaking.
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Plate 2.4: The onset o f  the m ovement cycle during ergometer rowing (2.4a), 

cycHng (2.4b) and kayaking (2.4c) as identified from 2D kinematic data.

Plate 2.5: The onset o f  the movem ent cycle during on-water kayaking (2.5a) and 

rowing (2.5b) as identified from 2D kinematic data.

2.3: EM G amplitude processing

Unless stated otherwise, all EM G amplitude processing was performed was via root mean 

squaring (rms) o f  the raw EM G signal (see Equation 2.1 and Figure 2.1a). The length o f  the 

averaging window was maintained at 20 ms throughout with 0% overlapping o f  windows. 

Since raw EM G data were sampled at a frequency o f  1 kHz, the number o f  data points 

within each averaging window equated to 20. All amplitude processing was performed via 

automated programmes written in Matlab (Mathworks, Massachusetts, USA) and rmsEM G 

data were expressed in fiV.
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Equation 2.1: Shown is the rm s form ula for a continuous waveform  f(t) defined 

over the interval T | < t < T2. For the purposes o f  the current study, T2= T |+ 2 0 .

2.4: EM G  amplitude normalisation

In order to reduce the inter-individual variability  with regards to surface EM G am plitude, 

the EM G signal m ust be norm alised to a reference (see Chapter 1). Unless stated otherw ise, 

EM G am plitude data were norm alised to isom etric M VC contractions recorded prior to data 

collection. Isom etric M VC was perform ed prior to all task specificity trials to norm alise 

EM G data against a m axim al reference for each m uscle (Table 2.1 for specific jo in t position 

and action). Joints were positioned at the appropriate angle and all isom etric actions were 

resisted by an adjustable chain attached to fixed horizontal clim bing bars (H interm eister et 

a i ,  1998). Individuals were instructed to push m axim ally and hold for 5 s, each isom etric 

M VC was repeated 3 tim es with a rest period o f  55 s betw een successive actions. Raw EM G 

data were recorded during each isom etric M VC and subsequently root m ean squared. The 

m axim al am plitude recorded from each m uscle was identified as the reference and all 

subsequent rm sEM G  data recorded from that m uscle were then expressed as a percentage o f 

this reference, see Figure 2.1b.
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Muscle 

Triceps Brachii

Joint Dosition

0° shoulder flexion 

90° elbow flexion

Action

Elbow extension

Latissimus Dorsi 0° elbow flexion, 30° shoulder 

abduction and internally rotated

Shoulder extension 

and internal rotation

Anterior Deltoid 0° elbow flexion 

45° shoulder flexion

Shoulder flexion

RF, VL, VM 90° knee flexion, seated position Knee extension

Biceps Femoris 45° knee flexion, prone position Knee flexion

Erector Spinae 45° hip and lumbar flexion, 

prone position

Flip and lumber extension

Table 2.1: Joint positions and actions for the specific isometric MVC performed 

on investigated muscle prior to task specificity trials.

2.5: Temporal normalisation and ensemble averaging

In order to account for variations in the duration o f  each movement cycle, temporal 

normalisation was performed. Cubic splines were applied to each cycle and rmsEMG data 

were interpolated at each 2% interval of the movement cycle (Figure 2.1c). This process not 

only eliminated variations in the number o f  data points per movement cycle, but also had an 

additional smoothing effect on the EMG data (Figure 2.1c). Data were then averaged over 

10 consecutive cycles (Figure 2 . Id) before finally being expressed as a mean ensemble 

average at each 2% interval o f  the cycle. Both temporal normalisation and ensemble 

averaging were performed using automated programming written in Matlab (Mathworks, 

Massachusetts, USA).
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Figure 2.1: Timeline o f EMG processing. Raw EMG data is initially root mean 

squared (2.1a) and amplitude normalised (2.1b). Temporal normalisation o f each 

cycle is then accomplished via cubic spline interpolation (2.1c) before 10 

consecutive cycles are averaged (2. Id) to produce an average EMG ensemble.
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2.6: FFT and spectral analysis

Median frequency (MF), mean power frequency (MPF) and average EMG amplitude 

(AEM G) were calculated from the power spectral densities o f  the non-rectified EM G signal, 

using discrete fast Fourier transform (FFT) methods. All FFT methods utilised Hamming 

window processing, with a window length o f  256 samples and a window overlap o f  192 

samples (75%).

Equation 2.2: Shown is the formula for a Discrete Fourier transform (DFT).

FFT methods produce the same result as DFT methods, however this is 

accomplished in fewer iterations.

in order to quantify spectral changes associated with neuromuscular fatigue, the line o f  best 

fit for each variable was plotted through FFT spectral and amplitude data points throughout 

the duration o f  specific fatiguing contractions and rates o f  change across time were 

subsequently calculated (Hz.min ' or |j,V.min'').

2.7: Stroke force m easurem ents

As part o f  the assessment o f  ergometer task specificity, force measurements were attained 

during the rowing and kayaking stroke cycles (Chapters 5 to 7). In order to achieve this in 

the kayaking scenario, the development o f  a strain gauge system capable o f  measuring 

stroke force from the bending m oment o f  paddle shaft both on-ergometer and on-water was 

required.

A series o f  2mm aluminium foil strain gauges (RS 632-146, RS Components, Northants, 

UK, Plate 2.6), combined with laser trimmed strain gauge amplifiers (RS Components, 

Northants, UK), were integrated in a W heatstone bridge array with temperature 

compensation (Figure 2.2) onto two identical commercially available carbon kayak shafts

N - l

k =  0
71 =  0
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(Jantex, Sokolovce, Slovakia). These strain gauges have a resistance o f 120 Q, a measurable 

strain o f 3 to 4% and can operate in a temperature range o f -30 to 180 °C. Separate quad 

strain gauge arrays were fitted at fixed distances o f 20cm either side o f the midpoint o f both 

shafts (Plate 2.7), facilitating assessment o f stroke force data during left and right paddle 

strokes via resultant bending moments. The integration o f one shaft onto the kayak 

ergometer and the addition o f commercially available carbon paddles (Jantex Alpha M+; 

Jantex, Sokolovce, Slovakia) to the other shaft facilitated assessment o f stroke force profiles 

during both on-water and on-ergometer task specificity trials. Paddle shafts were adjusted to 

match the length and angle o f the kayaker’s normal paddle set-up. All shafts were calibrated 

with 10 and 20 kg loads prior to both trials. Strain gauge data recording bending moments 

on left and right sides o f the paddle shaft resultant from the applied propulsive force were 

amplified (Dataq, Ohio, USA) and data logged at a frequency o f lOOHz under software 

control (Windaq Pro Data Acquisition Software V2.0, Dataq, Ohio, USA). The onset o f each 

stroke cycle was identified as the point at which force increased above a ION threshold 

(Benson et a i ,  2011).

Plate 2.6: The RS 632-146 2mm aluminium foil strain gauge, used to measure 

tensile and compressive forces. Four such strain gauges were integrated along 

with laser trimmed amplifiers in a Wheatstone bridge array, onto carbon paddle 

shafts.
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+ Bridge Supply 

Compensation

Input

Vout
-  Input

-  Bridge Supply

V „ = e x V x K

Where:
IS in pV 

e is strain in 
microslrain 
V is bridge voltage 
K is gauge factor

G,, G„ G,, G, 
an active gauges

Figure 2.2: T he  W hea ts tone  bridge array w ith  tem pera tu re  com pensa tion  used 

to record  tension  and com press ion  associa ted  with  the bend ing  m o m en t o f  

carbon padd le  shafts. G | to G 4 represent the fou r  2 m m  strain gauges integrated 

onto the shaft in the described  circuit.

Plate 2.7: Integration o f  a strain gauge array onto  the carbon  padd le  shaft. Strain 

gauges w ere  in tegrated  20cm  both sides o f  the centre  point. G auges at (A) and 

(D) are responsib le  for the m easu rem en t o f  tension  and com pression , while 

strain gauges at (B) and (C) are responsib le  for tem pera tu re  com pensa tion .
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Throughout all ergometer rowing trials, stroke force data were measured using a load cell 

attached to the ergometer handle (see Plate 2.8). This quad strain gauge load cell (Tedea- 

Huntleigh, Model 616, Cardiff, UK) measured compressive and tensile forces up to 5000N. 

The load cell was calibrated with a 10 kg load prior to ergometer task specificity trials. The 

load cell output was amplified (Dataq, Ohio, USA) and data logged at a frequency o f lOOHz 

under software control (Windaq Pro Data Acquisition Software V2.0, Dataq, Ohio, USA). 

The onset o f each stroke cycle was identified as the point at which force increased above a 

ION threshold (Benson et a i ,  2011).

Plate 2.8: The integration o f a load cell (A) onto the ergometer handle (B) and 

chain (C) facilitated handle forces to be quantified during ergometer rowing 

stroke cycles.

2.8: Maximal incremental testing

Several o f the study methodologies involved participants performing a maximal incremental 

test, either as a means o f identifying specific individual exercise intensities which were used 

for subsequent task specificity trials (Chapters 5 to 7) or as a direct means o f inducing 

neuromuscular fatigue (Chapter 3). All participants performed the maximal incremental test 

in the Human Performance Laboratory, Anatomy Department, Trinity College Dublin, on 

ergometers specific to their chosen sport. Gas exchange variables, heart rate, blood lactate
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concentration, stroke rate (kayaking and rowing) and in some cases raw  EMG data (Chapter 

3) were recorded during each increment o f the test. The rowing tests were performed on a 

air-braked rowing ergometer (Concept 2, Vermont, USA). The foot-stretcher and flywheel 

drag factor were both adjusted pre-test to account for anthropometric and body mass 

variations between rowers. An air-braked kayak ergometer (Dansprint, Hvidovre, Denmark) 

was used for the kayaking tests. Once again, seating position and flywheel drag-factor were 

adjusted to account for variations in anthropometric and body mass variations between 

kayakers. In both rowing and kayaking ergometry, flywheel drag-factor was adjusted by 

increasing or decreasing the surface area o f  the flywheel covered by an air damper. Flywheel 

drag settings were adjusted to on-board computer calibarations for rowing ergometry and 

based on body mass displacement tables for kayak ergometry (www.dansprint.de). An 

electromagnetically loaded cycling ergometer (Lode, Groningen, The Netherlands) was used 

in the cycling tests. Cyclists adjusted the saddle and handlebar height, and fore-aft distance 

from the crank in order to attain their normal cycling position. Both the rowing and 

kayaking tests utilised an intermittent incremental protocol, while the cycling test utilised a 

continual incremental protocol, see Figure 2.3. Participants were instructed to refrain from 

intense physical exertion in the 24 hours prior to incremental testing, in order to minimise 

the risk o f fatigue impacting on subsequent measurements.

Rowing

The rowing incremental test began with a 10 min warm-up on the ergometer at a mean 

power output o f 80 to 120W. This was followed by 3 min resting period during which non

exercising data were recorded w'hile they sat quietly on the ergometer. Rowers then 

performed a series o f  3 min exercise bouts at fixed workloads (starting workload 120W, 

duration 3 min, increment 40W). They were instructed to attain the target power output 

within the first 30s o f  commencing each increment and then to maintain this power output 

constant for the duration o f the 3 min exercise element. Heart rate, sfroke rate, and 

respiratory variables were recorded and averaged over the final minute o f  each increment. A 

1 min resting period between exercise bouts facilitated lactate sampling from the earlobe, 

see Figure 2.3a. No restriction was placed on stroke rates. The test finished when rowers
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reached a target workload which they were unable to maintain for the full 3 min o f exercise 

elements.

Kayaking

The kayak incremental test began with a 10 min warm-up on the ergometer at a mean power 

output o f 70 to 90W. This was followed by 3 min resting period during which non

exercising data were recorded while the kayakers sat quietly on the ergometer. They then 

performed a series of 3 min exercise bouts at fixed workload (starting workload 90W, 

duration 3 min, increment 20W). In a similar fashion to the rowing test, kayakers were 

instructed to attain the target power output within the first 30s of commencing each 

increment and then to maintain this power output constant for the duration of the 3 min 

exercise element. Once again, no restriction was placed on stroke rate. Heart rate, stroke 

rate, and respiratory variables w'ere recorded and averaged over the final minute of each 

increment. A 1 min resting period between exercise bouts facilitated lactate sampling fi-om 

the earlobe, see Figure 2.3a. The test finished when kayakers reached a target workload 

which they were unable to maintain for the full 3 min of the exercise element.

Cycling

The cycling incremental test began with a 10 min warm-up on the cycle ergometer at a fixed 

power output o f 120W. This was followed by 3 min resting period during which non

exercising data were recorded while the cyclist sat quietly on the ergometer. They then 

performed a series of 3 min exercise bouts at fixed workload (starting workload 120W, 

duration 3 min, increment 40W). Unlike the rowing and kayaking tests, no rest period 

between exercise bouts was necessary during the incremental cycling test, as it was possible 

to collect earlobe blood samples while the cyclist exercised. The cycling test was a 

continuous incremental trial where workload increased in a stepwise fashion every 3 min, 

see Figure 2.3b. Also unlike the rowing and kayaking tests, the target workloads for the 

cycling test were pre-programmed into an on-board computer which automatically adjusted 

the electromagnetic loading o f the ergometer so that the target workload was always 

maintained throughout the test, regardless o f pedalling cadence. Cyclists were simply 

instructed to maintain a comfortable cadence within a pre-selected range, for the duration of 

the test. Heart rate and respiratory variables were recorded and averaged over the final
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minute o f each increment. The test finished when cyclists could no longer overcome the 

applied resistance necessary to continue pedalling.

2.3a Blood Lactate Sampling

___________ _̂_____ I______ _̂_____ I______ I______ I______ I______ I______ _̂_____ I______ I______ I______ ^ ^ ______

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Time (min)

2.3b Blood Lactate Sampling

i_________ I_________ I_________ I I_________ I_________I_________1 I

1 2 3 4 5 6 7
Time (min)

Exercise Increment 
Data collection

9 10 11 12

Figure 2.3: Protocol for intermittent (Figure 2.3a) and continuous (Figure 2.3b) 

maximal incremental test. The time-points at which blood lactate sampling were 

performed are indicated by the arrows. EMG, heart rate, stroke rate and 

respiratory data w'ere recorded and averaged in the final minute o f each exercise 

increment, indicated by the blue boxes in Figures 2.3a and 2.3b.

2.9: Respiratory data

Gas exchange variables were recorded using a Quark B (Cosmed, Rome, Italy) breath-by- 

breath pulmonary gas exchange analyser during all stages o f incremental testing. This 

system consisted o f a Howmeter, a Zirconia-oxygen analyser and an infra-red carbon dioxide 

analyser. The flowmeter used a bi-directional digital turbine w ith air passing through helical
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conveyors, causing the rotation o f  the turbine rotor. The rotating blade interrupted an 

infrared light beam  em itted by the three diodes o f  the optoelectronic reader. Every 

interruption represented 16.6% turn o f  the rotor; this allow ed for accurate m easurem ent o f  

the num ber o f  rotations in a fixed tim e (rev.s '). There was a constant ratio between the air 

passing through the turbine and the num ber o f  turbine rotations thus allowing for the 

accurate m easurem ent o f  volum e and flow  rate. The Zirconia oxygen analyser had a range o f 

1 to 100% O xygen (O 2 ), a response tim e o f  <120 ms and an accuracy o f  <0.05%  O 2 . The 

fast carbon dioxide analyser m easured C O 2 concentration by infra-red radiation absorption 

(response tim e <150 ms). The C O 2 that passed through the sensor cell absorbed a certain 

am ount o f  radiation; the absorption was proportional to the quantity o f  C O 2 in the sample 

line.

The respiratory variables o f  im portance m easured during the test were:

1. O xygen consum ption (VO 2) in mL.min"' or when corrected for body mass, VO 2 

m easured in m L.kg '.m in  '

2. Carbon dioxide production (VCO2) in m L .m in ''

3. M inute V entilation (VE) in L.m in '

4. Respiratory frequency in breath .m in ''

5. V entilatory equivalent for oxygen (VE/VO 2)

6. V entilatory equivalent for carbon dioxide (VEA^C02)

Participants wore a facem ask (Hans Rudolf, USA) connected by a nafion tube (Perm apure, 

New Jersey, USA) to the Q uark analyser. A ir inspired from the room  was expired and 

analysed for volum e, O 2 and C O 2 content before the respiratory data were displayed and 

recorded on a PC. It was necessary to attach the m ask as tightly  as possible w ith the 

adjustable straps in order to m aintain a tight seal and avoid any volum e losses during the 

test.

The Quark B analyser was calibrated prior to each increm ental test for O 2 and C O 2 using 

room  air and a standardised a-certified  gas (15%  O 2 , 5%  C O 2 and balance N 2 , BOC, Surrey, 

UK), calibration o f  the volum e transducer was perform ed daily using a 3L gas calibration

64



syringe (Cosm ed, Rome, Italy). H aving connected the sam pling line to the sam pling socket 

on the front o f  the unit, the gas sensor was easily calibrated using the system software 

(Q uark B^, Version 2.0, Cosm ed, Rome, Italy). The gas analysers were calibrated tw ice prior 

to each increm ental test using both room  air and the certified gas m ixture. A volum e 

calibration was perform ed using a 3-litre calibration syringe attached to the flowm eter. The 

syringe piston was m oved in and out for 5 inspiratory strokes and 5 expiratory strokes before 

the first m easurem ents appeared on the calibration screen. A further 10 inspiratory and 

expiratory strokes were then perform ed, and the percentage errors were displayed before the 

new calibration factors were stored. This volum e calibration was repeated until an average 

percentage error reading o f  less than 0.5%  was attained. All respiratory data were exported 

as Excel files and stored for later analysis.

2
Plate 2.9: K ayaker with face m ask attached to Quark B m etabolic analyser 

during m axim al increm ental test on a Dansprint kayak ergom eter.

2.10: Blood lactate data

Blood lactate (BLa) concentration was m easured using an YSI 1500 Sport lactate analyser 

(Yellow  Springs Instrum ents, Ohio, USA) calibrated prior to each test using a 5m m ol.L ’' 

lactate standard. Blood sam ples w ere obtained from the right earlobe during all tests using a 

sterile lancet following dry swab cleaning. The earlobe was lanced with a sterile lancet
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(Solofix, Braun, Bratislava, Slovakia) prior to the start o f  each increm ental test. After each 

exercise increm ent, the participant’s earlobe was w iped clean o f  any sweat or dried blood. A 

fresh sam ple o f  blood was then squeezed from the earlobe and draw n via capillary action 

into a heparinised capillary tube (M arienfeld Laboratory G lassw are, Laud-Konigshofen, 

Germ any). A 2 5 |j.L sam ple o f  this blood was then collected from the capillary tube and 

transferred into the lactate analyser using a syringe pipette (Y ellow  Springs Instruments, 

Ohio, USA).

The m easurem ent o f  blood lactate concentration [BLa] involved a series o f  chemical 

reactions w ithin the sensor probe o f  the Y Sl lactate analyser. The probe consisted o f  a silver 

cathode and platinum  anode. A three layered m em brane consisting o f  polycarbonate, 

im m obilized L-lactate oxidase and cellulose acetate covered the probe. W hen a blood 

sam ple was injected in the reaction cham ber using the 25 )u,L syringe, some o f  the sample 

diffused through the m em brane. The outer m em brane was porous and resisted diffusion o f  

enzym es but was large enough to allow the passage o f  O2, H2O, H2O2, NaCl and lactate. The 

inside m em brane o f  cellulose acetate was perm eable to H2O2, but im perm eable to ascorbic 

acid and other substances with a m olecular w eight greater than 200 . W hen the lactate in the 

blood sam ple diffused through the outer polycarbonate m em brane and came into contact 

with the L-lactate oxidase m em brane, the lactate was rapidly oxidised producing H2O2 and 

pyruvate in the reaction below:

Reaction 1: L-Lactate + O2 ---------------------------------------------- ► H2O2 +

Pyruvate

L-Lactate Oxidase

The H2O2 produced passed through the inner m em brane o f  cellulose acetate and v/as 

oxidised at the platinum  anode producing electrons:

Reaction 2 : H2O2 ^  2H^ + O2 +

2e"

At the platinum  electrode
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The circuit was com pleted at the silver reference cathode where the following reaction 

occurred;

Reaction 3: 2 AgCl + 2e" ----------------------------------------------► 2Ag + 2C1'

The current produced was linearly proportional to the lactate concentration in the sample 

chamber. The analyser calculated the lactate concentration o f  the sam ple by com paring the 

current produced by the sam ple with a reference sample o f  known lactate concentration. 

Prior to each test, the analyser was calibrated. A 25jiL  sam ple o f  Smmol.L"' lactate standard 

solution was passed into the reaction cham ber using the syringe pipette. The analyser was 

calibrated to a precision o f  ± 0 .1m m ol.L ''.

Plate 2.10: YSI 1500 Lactate A nalyser with 25 |iL  syringe pipette

2.11: Heart rate data

Heart rate data were recorded by radio-telem etry using a Cardiosport G T l heart rate m onitor 

(Cardiosport, Ham pshire, UK) consisting o f  a coded transm itter belt and monitor. A small
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amount o f ultrasound transmission gel (Aquasonic 100, Parker, New Jersey, USA) was 

placed on the transmitter electrodes to allow for more accurate and consistent readings. 

Heart rate was transmitted from the belt to the monitor at a 1 s sampling rate. The monitor 

was positioned on the participant’s back attached to the belt out o f their view during all tests. 

Heart rate data was monitored and recorded every 15 s during laboratory testing. During 

field based testing, heart rate data were recorded by radio telemetry using a Garmin 

Forerunner 310 (Garmin, Kansas, USA). Field based heart rate data were downloaded to a 

laptop post-exercise via a USB interface.

Plate 2,11: Cardiosport heart rate monitor and transmitter with ultrasound 

transmission gel.

2.12: Anthropometric measurements

Participant’s height (cm) and body mass (kg) were measured using a stadiometer and 

counterbalance scales (Seca, Hamburg, Germany) to a precision o f 0.1cm and 0.1kg, 

respectively. Participants were weighed in their Lycra training shorts having removed their 

footwear. Body mass index (BMl) was then calculated using Equation 2.3 (McArdle et al., 

2005).

Equation 2.3: BMI (kg.m ‘̂ ) = Body Mass (kg) / Height^ (m^)
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2.13: Percentage body fat

A Harpenden skinfold caliper (Baty, Sussex, UK) was used to assess percentage body fat. 

Measurements were taken from four discrete anatomical sites; biceps, triceps, subscapular 

and suprailiac on the dominant side. The skinfold measurement was assessed with the 

participant standing on a level surface. Using the left hand, a fold o f  skin and subcutaneous

tissue was picked up, the plates o f  the caliper held in the right hand were allowed to exert
_2

full pressure (lOg.cm" ) below the position o f  the left hand before recording skinfold 

thickness to the nearest 0.2 millimetre (mm). The mean o f  three measurements at each site 

was recorded.

1. Triceps: Skinfold thickness was recorded from the midpoint o f  a line connecting the 

acromion and the olecranon process while the anri was hanging loosely with the 

elbow extended.

2. Biceps; Skinfold thickness was recorded directly above the centre o f  the cubital 

fossa at the same level at which the triceps reading was taken.

3. Subscapular: Skinfold thickness was recorded just beneath the inferior angle o f  the 

scapula in a direction obliquely downwards and outwards at 45° angle.

4. Supra-iliac: Skinfold thickness was recorded 5 to 7 cm above the anterior superior 

iliac spine (ASIS) at an angle o f  45° above the horizontal.

The sum o f  the four skinfold thicknesses was calculated and used to estimate percentage 

body fat from the equivalent fat content tables (Durnin & Womersley, 1974) grouped by age 

and gender. Lean body mass (LBM in kg) was also calculated by subtracting the computed 

fat mass (kg) from the overall body mass, see Equation 2.4.

Equation 2.4: Lean Body Mass (kg) = Total body mass (kg) -  computed fat mass (kg)
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Plate 2.12: Harpenden skinfold calipers

2.14: Pulmonary function tests

Lung function data were assessed before and after each increm ental test using the M icrolab 

m icrospirom eter (M icro M edical, B lessingstoke, UK). A disposable unidirectional 

cardboard m outhpiece was attached to the spirom eter. The procedure was explained to each 

participant and was subsequently perform ed on two or m ore occasions until results with less 

than 2%  variation were achieved, as recom m ended by the European Respiratory Society.

W earing a nose clip, to elim inate nasal breathing, the participant was instructed to inhale

m axim ally from  the room  and then, having placed the m outhpiece in their m outh, exhale 

m axim ally for as long and as fast as possible. Verbal encouragem ent was provided in order 

to ensure that full expiratory reserve volum e was expelled from  the lungs during each test.

The follow ing four variables were recorded:

1. Forced V ital C apacity  (FVC) in litre (L)

2. Forced Expiratory V olum e in one second (FE V |) in L

3. Peak Expiratory Flow  (PF) in litre per second (L.s ')

4. Forced Expiratory Rate (FER) in %
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Plate 2.13: Microlab microspirometer

2.15: Haematological analysis

A blood sample was collected aseptically from the medial cubital vein in the anticubital 

fossa o f  the left arm using the vacutainer system; this system involved the use o f  a 21G 1.5 

inch needle (Precision Glide, BD Diagnostics, Plymouth, UK) and a 4mL EDTA tube 

(Vacutainer, Plymouth, UK.). The blood sample was analysed in an automated cell counter

(Coulter Counter System, Model Act Diff, Coulter Electronics, UK). Data for the variables
1 * 2  1 haemoglobin (Hgb) in g.dL" , haematocrit (Hct) in %, red blood cell count (x 10' .L' ) and

white blood cell count (x 10^.L"') were recorded for each participant who undertook

incremental testing.
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Chapter 3

Assessment of neuromuscular 

fatigue at the aerobic-anaerobic 

transition during varying dynamic

exercise.
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3.1: INTRODUCTION

Physiologists have long recognised the existence of a critical exercise intensity above which 

a dramatic increase in blood lactate accumulation and associated changes in respiratory 

exchange variables occur. However, it was not until 1964 that the term “anaerobic 

threshold” or “aerobic-anaerobic transition” was coined to describe this critical point above 

which there is a disproportionate increase in plasma lactate concentrations (Wasserman & 

Mcllroy, 1964). This definition was later extended to include associated changes in gas 

exchange variables which occurred above this exercise intensity (Wasserman et ai, 1973). 

Since its discovery, the determination of the aerobic-anaerobic transition has become of 

critical importance as a performance predictor and in training prescription, particularly in 

endurance sports (Urhausen et a i,  2000). The velocity at the aerobic-anaerobic transition 

has been shown to be a more accurate predictor of performance than V0 2 max in marathon 

runners (Tanaka & Matsuuram, 1984) and a more objective determinant of training intensity 

in elite rowers (Mickelson & Hagerman, 1982). While the identification of non-linear 

increases in plasma lactate concentration remains the most common method of determining 

the aerobic-anaerobic transition, the novel use of EMG has received more recent attention 

due to its potential as a non-invasive means of determining this critical exercise intensity.

An increase in amplitude and a decrease in the MF of the recorded EMG signal have long 

been established as reliable non-invasive determinants of neuromuscular fatigue (De Luca,

1997). To date, there have been many studies documenting non-linear increases in the 

amplitude of EMG signals at the aerobic-anaerobic transition (Chwalbinska-Moneta et a l,  

1998; Lucia et a i,  1999; Jurimae et a l,  2007). Positive correlation between the breakpoint 

in EMG amplitude and the lactate (Mateika & Duffin, 1994a; Chwalbinska-Moneta et a l,

1998) and ventilatory thresholds (Moritani et a i,  1993; Lucia et al., 1999; Hug et ai,  2004) 

have been reported. However, other authors have reported no correlation between EMG 

measures and the aerobic-anaerobic threshold (Viitasalo et a l,  1985; Taylor & Bronks, 

1994). Taylor and Bronks (1994) reported no signs of a breakpoint in EMG activity during 

incremental treadmill running, while Viitasalo et al. (1985) showed only linear changes in 

both spectral and amplitude based EMG variables during incremental cycle ergometry. In 

addition, the majority of the published literature examining the EMG threshold has been
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performed within the scope o f  dynamic cycling exercise. O f the 15 or more published 

articles examining EMG changes about the aerobic-anaerobic transition, only two papers 

have used a non-cycling based protocol (Taylor & Bronks, 1994; Maestu et a i ,  2006) and o f  

these studies, only Maestu et al. (2006) reported a positive correlation between Temg and 

ventilatory threshold ( V t). It thus remains to be seen i f  the changes in EMG variables which 

appear about the aerobic-anaerobic transition in cycling exercise, are detectable in other 

dynamic exercise conditions. Furthermore, i f  there exists a universal relationship between 

the Temg and other estimates o f  the aerobic-anaerobic transition, is its relationship consistent 

across exercise condition?

3.2: AIMS AND HYPOTHESIS

The primary aim o f  this study was to examine the occurrence o f  T e m g  across varying 

exercise conditions and compare these with metabolic and ventilatory based determinants o f  

the aerobic-anaerobic transition. A secondary aim was to compare T e m g  across different 

exercise conditions and investigate i f  its relationship to the aerobic-anaerobic transition was 

independent o f  exercise condition.

Our hypothesis was that Temg determined via non-linear increases in nnsEM G amplitude o f  

investigated m uscles, would lie within the range o f  the aerobic-anaerobic transition 

measured via ventilatory and metabolic means. As such, we expected to find that the power 

at Temg (W) would lie between the power at V ji and V j2 when comparing Temg to 

ventilatory derived thresholds, and between power at Tlbc (measured via the V-slope 

method) and O BLA when comparing T e m g  to mctabolically derived thresholds. We 

hypothesised that no significant differences in the relationship between T e m g  and other 

measures o f  the aerobic anaerobic threshold across exercise conditions would be observed.
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3.3: MATERIALS AND METHODS

3.3.1: Experimental design

This study involved performing a standard incremental test to volitional failure on one o f 

three sports specific ergometers (rowing, cycling or kayaking ergometers) while metabolic, 

gas exchange and electromyographic data were collected. Participants were required to visit 

the laboratory on one occasion only. All participants were fully informed o f the procedures 

involved in the current study and provided informed consent to participate, see Appendix 3. 

Ethics approval was granted from the Trinity College Health Sciences research ethics 

committee prior to commencing the study.

3.3.2: Participant group

40 healthy male volunteers (n=40) formed the overall study group for this investigation. 

This group comprised o f  trained club level athletes from rowing (n=14), kayaking (n=12) 

and cycling (n=14). The overall study group had a mean age (mean ± SEM) o f 23 ± 1 yr, 

height o f 184.9 ± 0.9 cm and mass o f 80.4 ± 1.3 kg. All participants were informed o f 

experimental procedures, benefits and risks and when satisfied, provided written informed 

consent in accordance with the Declaration o f Helsinki (Appendix 3). For juniors, written 

consent was also obtained fi'om their parent or legal guardian. Prior to participation, all 

volunteers completed a detailed medical questionnaire (Appendix 3) and underwent a 

medical examination by a qualified medical practitioner. Exclusion criteria for participants 

included any cardiac or respiratory abnormalities, hypertension, diabetes, or any muscular 

conditions or injuries suffered in the previous 2 months which had adversely affected their 

training.

3.3.3: Medical examination

On arrival, all participants were required to complete a detailed medical questionnaire, 

outlining medical history and details o f  any past sporting injuries (see Appendix 3). A 

medical practitioner performed a general physical examination; blood pressure was 

measured using an automated sphygmomanometer (Omron, Tokyo, Japan). A venous blood 

sample obtained by standard venepuncture technique using a 21G needle and Vaccutainer
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system  was analysed for Hgb, Hct, RBC and W BC to rule out anaem ia, sub-clinical 

infection and dehydration prior to exercise testing, see Chapter 2.15. A nthropom etric 

m easurem ents, percentage body fat and lung function tests were also perform ed prior to 

exercise testing, see Chapter 2.12, 2.13 and 2.14, respectively.

3.3.4: Data collection

All participants perform ed a sport specific m axim al increm ental test to volitional failure, see 

Chapter 2.8. W hile cyclists perform ed a continuous protocol, all rowers and kayakers 

perform ed an interm ittent protocol, see Figure 2.3. Earlobe blood lactate concentration was 

assessed at the end o f  each increm ent, see Chapter 2.10 and respiratory exchange data 

recorded on a breath-by-breath basis was averaged over 15s intervals using the Quark b 

software, see Chapter 2.9. M ean data for respiratory exchange variables recorded during the 

final 90s o f  each increm ent was used during data analysis. The m axim al VO 2 and VE data 

recorded in any 15s interval for the duration o f  the increm ental test was identified as 

V()2peak and VEmax. The recorded data were then graphed as a function o f  w orkload before 

the lactate threshold (T l 3c) and ventilatory thresholds (V ti and V t 2 ) were identified using the 

V-slope m ethod (Beaver et al., 1986). The first ventilatory threshold (V ji)  was defined as 

the first breakpoint or non-linear increase in VE/VO 2 (Caiozzo et al., 1982). The second 

ventilatory threshold (V t 2 ) was defined as the first non-linear increase in VE/VCO 2 (Beaver 

et al., 1986). In order to com pare our results with previously published literature, pow er at 

onset o f blood lactate accum ulation (OBLA) defined as a fixed blood lactate concentration 

o f  4 mmol.L"' was also identified.

Raw EM G data were recorded from  4 specific m uscles involved in each sport (Table 3.1) 

during the final m inute o f  each increm ent, see Chapter 2.1. EM G see data were synchronised 

to 2D kinem atic data, see Chapter 2.2 and processed over 10 consecutive m ovem ent cycles, 

see Chapter 2.3. The average rm sEM G  data for each m uscle were then plotted as a function 

o f  workload in a sim ilar fashion to the blood lactate and m etabolic data. EMG thresholds 

( T e m g )  for each m uscle were identified in the graphical plots which showed non-linear 

increases in activity using the V-slope m ethod (Beaver et al., 1986) in a sim ilar fashion to
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the lactate and ventilatory thresholds (Figure 2.8). Data from muscles which did not exhibit 

non-linear increases in amplitude were not included in the statistical analysis.

Muscle 1 Muscle 2 Muscle 3 Muscle 4

Cycling Rectus Femoris Vastus Medialis Tibialis Anterior Gastrocnemius

Rowing Rectus Femoris Vastus Lateralis Biceps Femoris Upper Trapezius

Kayaking Triceps Brachii Biceps Brachii Anterior Deltoid Latissimus Dorsi

Table 3.1: Muscles assessed for Temg for each athletic sub-group in the current study.

Load(W)

Figure 3.1: The rmsEMG data for RF (RF), VL (VL) and blood lactate concentrations 

(BLa) at increasing workloads measured during a rowing incremental test. The intersection 

o f the lines o f  best fit plotted for the initial data points corresponding to the aerobic phase 

and the final data points corresponding to the anaerobic phase yielded a threshold for each 

variable (V-slope method). The power (W) corresponding to each threshold could then be 

interpolated.
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3.3.5: Statistical Analysis

Individual values o f Ttac, OBLA, V t i , V t2 and Temg were expressed in terms o f  V0 2 max 

(m L.kg'’.min’'), % o f VOipeak, % Pmax (the maximum power attained within the test) and 

in power (W). Data are presented as group mean ± SEM unless otherwise stated. Pearson 

product correlation coefficients were applied to evaluate the association o f  Temg to the other 

estimates o f the aerobic-anaerobic transition. A single factor, repeated measures ANOVA 

with post-hoc Tukey tests, established if  any significant differences (/'<0.05) existed 

between these data sets. Subsequent analysis across exercise condition was performed by 

attaining a mean individual T e m g  for each participant. These data were then expressed 

relative to each individual’s Pmax and analysed across exercise condition using a single 

factor ANOVA.
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3.4: RESULTS

3.4.1: Anthropometric and physiological characteristics

The anthropometric, physiological, haematological and pulmonary characteristics describing 

the study sub-groups are shown in Table 3.2. No significant differences were observed for 

height, BMI, percentage body fat, VOapeak or any of the haematological variables across the 

three participant sub-groups. However, the cycling sub-group were significantly (F<0.01) 

older than the rowing or kayaking sub-groups. This is most likely attributed to the fact that 

both the rowing and kayaking participants were recruited fi'om collegiate clubs or under-23 

national squads, respectively. The rowing sub-group were significantly heavier (P<0.05) 

than the kayaking or cycling sub-groups. The rowing sub-group recorded significantly 

greater FVC and FEVl than the cycling sub-group {P<0.05).

Cycling Rowing Kayaking

Age (yr) 29 (2) ** 21 (1) 21 (1)

Height (m) 1.83 (0.09) 1.87(0.11) 1.84 (0.20)

Mass (kg) 78.0 (2.4) 85.5 (1.7) * 77.1 (2.0)

BMI (kg.m 23.2 (0.6) 24.3 (0.5) 22.8 (0.5)

Body fat (%) 12.3 (0.9) 13.8 (0.6) 11.8 (0.7)

V02peak (mL.kg'’.min'’) 58.9(1.7) 60.6(1.5) 57.9 (2.0)

Hct (%) 44.1 (0.6) 44.8 (0.8) 43.5 (0.6)

Hgb (g.dL ’) 15.7 (0.2) 15.5 (0.3) 15.4 (0.2)

RBC (xlO'^L ’) 4.8 (0.1) 4.9 (0.1) 4.8 (0.1)

FVC (L) 5.57(0.17) 6.51 (0.23)# 5.91 (0.22)

FEVl (L) 4.53 (0.15) 5.33 (0.19)# 4.97 (0.24)

PF (L.min ') 658 (20) 677 (38) 656 (24)

Table 3.2: Mean (SEM) physiological, haematological and pulmonary 

characteristics describing each sub-group. Asterisk infers significant difference 

compared to two other groups. Hash symbol infers significant difference 

compared to cycling only (one symbol, P<0.05; two symbols, P<0.01).
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3.4.2: Appearance of T emg

T e m g  was assessed in 4 discrete muscles for each sport (Table 3.1) and compared to more 

conventional estimators o f  the aerobic-anaerobic transition such as ventilatory and lactate 

derived thresholds. O f  the 14 participants tested in the rowing sub-group, only 1 failed to 

exhibit any signs o f  non-linear increases in rmsEM G activity, most likely due to 

deterioration in electrode contact with the skin as the test proceeded. As a result, all data for 

this participant, including metabolic and ventilatory derived thresholds were excluded from 

statistical analysis. In total, 13 participants exhibited non-linear increases in EM G activity in 

RF and VL, 10 participants exhibited non-linear increases in EM G activity in BF while only 

9 exhibited non-linear increases in EM G activity in UT (Table 3.3). O f  the 12 participants 

tested in the kayaking sub-group, all exhibited non-linear increases in rmsEM G activity in 

TB and LD while 9 participants exhibited non-linear increases in rmsEM G activity in BB 

(Table 3.3). Unexpectedly, only 1 participant exhibited signs o f  non-linear increases in 

rmsEM G activity in AD. In fact, the majority o f  participants in this sub-group (n=8) 

registered a decrease in AD activity as power increased. As such, we were unable to attain 

T emg in AD and data from this muscle was excluded from further analysis. In the course o f  

the cycle testing, 1 participant was unable to complete the maximum  incremental test due to 

muscular cramping during the protocol. Results for the cycling group are therefore 

expressed with a group total o f  13 (n=13). When assessing T emg in the four muscles, all 13 

participants exhibited non-linear increases in rmsEM G in RF, 12 exhibited non-linear 

increases in VM activity, while 9 exhibited non-linear increases in the TA. Unexpectedly, 

only 3 participants exhibited non-linear increases in GA activity with the majority exhibiting 

linear increases (Table 3.3). Consequently, GA data were not included in the statistical 

analysis.
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Figure 3.2: Un-normalised rmsEMG ensemble averages for 10 consecutive 

rowing stroke cycles in a participant exercising at 120 and 400W. Average 

rmsEMG data (|iV) are presented relative to percentage o f stroke cycle duration 

(%). RF, VL, BF and UT are shown in Figure 3.2a to Figure 3.2d, respectively.
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Figure 3.3: Un-normalised rmsEMG ensemble averages for 10 consecutive 

kayaking stroke cycles in a participant exercising at 90 and 270W. Average 

rmsEMG data (|iV ) are presented relative to percentage o f stroke cycle duration 

(%). TB, BB, AD and LD are shown in Figure 3.3a to Figure 3.3d, respectively. 

Note the unexpected decrease in AD  activity as power increased (Figure 3.3c).
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Figure 3.4: U n-norm alised rm sEM G  ensem ble averages for 10 consecutive 

cycling pedal cycles in a participant exercising at 120 and 400W . Average 

rm sEM G  data (|uV) are presented relative to percentage o f  pedaling cycle 

duration (%). A ctivity in RF, VM , G A  and TA are shown in Figure 3.4a to 

Figure 3.4d, respectively.
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Cycling (n=13) Rowing (n=14) Kayaking (n=12)

T e m g  muscle 1 13 13 13

T emg muscle 2 12 13 9

T e m g  muscle 3 9 10 1

T e m g  muscle 4 3 9 12

Table 3.3: The number o f participants within each sub-group who exhibited 

non-linear increases in EMG within the discrete muscles assessed. See Table 3.1 

for the specific muscles used within each sporting condition.

3.4.3: Comparison to ventilatory and lactate thresholds

When comparing the appearance o f T emg to that o f ventilatory and lactate derived 

thresholds, it appears that the knee extensor and flexor muscles are the most appropriate 

muscles for identifying the aerobic-anaerobic transition in both rowing (RF, VL and BF) and 

cycling (RF and VM) while in kayaking, TB and LD appear most appropriate. This is due to 

participants consistently exhibiting non-linear increases in EMG in these muscles (Table 

3.5), and the high correlation between T emg in these muscles and the more conventional 

determinants o f  the aerobic-anaerobic transition (Tables 3.7, 3.8 and 3.9, respectively).

In general, T e m g  consistently occurred at higher power than T t a c -  O f the 10 muscles used in 

statistical comparison, 6 o f the muscles had T e m g  occurring at significantly higher power 

than that o f Tuc (Table 3.4). As expected, OB LA occurred at significantly higher power 

than Tuc, as did V t2 (P<0.05). V t2 also occurred at significantly higher power than V ti 

(P<0.05), in all sub-groups (Table 3.4). Linear regression analysis revealed higher 

correlation coefficients comparing Temg to lactate thresholds (Tujc and OBLA) than 

ventilatory thresholds, in both cycling and rowing, see Tables 3.5 and 3.6, respectively. 

However, correlation coefficients were equally high for both lactate and ventilatory 

thresholds in kayaking, see Table 3.7. In general Temg correlation to the more conventional 

estimators o f the aerobic-anaerobic transition to was high, with the exception o f  TA in 

cycling which showed relatively poor correlation (0.51-0.66, see Table 3.5). When 

comparing Temg data fi-om within each exercise condition, no significant differences were
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seen amongst the muscles in cycling or rowing. However in kayaking, T e m g  i n  T B  occurred 

at significantly lower percentage o f Pmax when compared to LD {P<0.05) see Figure 3.6.

Cycling Rowing Kayaking

T e m g  muscle 1 277 (13) 267 (5) 152 (9)**

T e m g  muscle 2 292 (20)** 268 (5) 146(10)$

T e m g  muscle 3 290 (17)* 270(8)* NA

T e m g  muscle 4 NA 274 (10)** 159 (10)***##

V t i 285 (14)** 264 (5) 148 (10)

V t 2 300 (15)***# 279 161 (10)***##

T ta c 264 (16)# 256(7) 140 (8)

OBLA 290 (17)* 281 (9)***## 152 (9)**

Table 3.4: Group mean (SEM) power (W) at EMG, ventilatory and lactate 

thresholds. See Table 3.1 for specific muscles used in each sporting condition. 

Asterisk infers significant difference from TLac- Hash symbol infer significant 

difference fi'om Vji. Dollar symbol infers significant difference from Muscle 4 

(one symbol, P<0.05; two symbols, P<0.01; three symbols, P<0.001).
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Vri Vt2 Ttac O BLA

RF 0.84 0.83 0.96 0.93

VM 0.82 0.84 0.95 0.92

TA 0.61 0.58 0.55 0.61

Table 3.5: Pearson’s product moment correlation coefficients comparing T e m g  i n  each 

muscle to the ventilatory and metabolically derived thresholds attained during cycling 

ergometry.

V , , Vt2 Ttac O BLA

RF 0.75 0.81 0.87 0.93

VL 0.58 0.66 0.73 0.83

BF 0.63 0.72 0.80 0.89

UT 0.76 0.86 0.73 0.80

Table 3.6: Pearson’s product moment correlation coefficients comparing T emg in each 

muscle to the ventilatory and metabolically derived thresholds attained during rowing 

ergometry.

Vti V t2 Tl.ac O BLA

TB 0.94 0.96 0.91 0.91

BB 0.89 0. 91 0.85 0.82

LD 0.94 0.94 0.96 0.93

Table 3.7: Pearson’s product m oment correlation coefficients comparing T e m g  in each 

muscle to the ventilatory and metabolically derived thresholds attained during 

kayaking ergometry.
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Figure 3.5: M ean± SEM o f  T emg data for 3 m uscles w ithin each exercise 

condition.

3.4.4: Com parison across exercise condition

Pow er at threshold for each data set were norm alised to Pmax in order to statistically 

com pare variables across exercise condition. This was done in order to elim inate the 

variations in pow er associated w ith the different exercise conditions. Since EM G was 

recorded from different m uscles w ithin each participant group, it was not possible to directly 

com pare Temg data from  discrete m uscles across exercise condition. How ever, an indirect 

com parison was m ade, by attaining a global Temg response w ithin each sub-group, by 

averaging the T e m g  data from  all m uscles w ithin each condition. Results are expressed as 

m ean ± SEM  percentage o f  Pm ax (%) and are presented in Table 3.8. No significant 

differences w ere observed betw een participant sub-groups for Tlbc or OBLA. H ow ever 

significant differences were observed betw een participant sub-groups for V ji and V t2 . Both 

V ti and V t2 occurred at significantly  higher percentages in cycling w hen com pared to 

kayaking and row ing (P<0.05), see Figure 3.5a and 3.5b. A nalysis revealed that global T e m g  

in cycling also occurred at a significantly  greater percentage o f  Pm ax w hen com pared to 

row ing ( f ’<0.01), see Figure 3.7. One unique characteristic o f  the cycling thresholds were 

the apparently  delayed occurrence o f  both ventilatory derived thresholds. Vyi occurred at
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significantly higher power that Ttac in the cycling sub-group, an observation that was not 

observed in the other conditions. Methodological differences in the cycling incremental 

exercise protocol and in the identification o f  the ventilatory threshold in this sub-group may 

explain these observed differences (see Chapter 3.4 for further discussion).

Cycling Rowing Kayaking

Thac 74.3 (1.2) 70.5 (1.1) 70 .4(1 .2)

O BLA 80.5 (1.4) 76.7 (1.2) 77.7 (1.5)

V ti 81.0 (1.2)**# 72 .8(1 .4 ) 74.5 (1.9)

V |2 85.0 (1.2)** 76.8 (1.5) 80.3 (1.7)

Global Temg 80.1 (0.7)** 73.9 (1.0) 76.7 (1.4)

Table 3.8: Mean (SEM) global Temg, ventilatory and metabolic thresholds for each 

exercise sub-group nomalised to Pmax (%). Asterisk infers significant difference 

compared to rowing, while hash symbol infers significant difference compared to 

kayaking (one symbol, P<0.05; two symbols, P<0.01).
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Figure 3.6: M ean ± SEM  for V n  (3.6a) and V t2 (3.6b) across exercise conditions.

Global Temg across condition

100n

Figure 3.7: M ean ± SEM  for ttie global T e m g  in each exercise condition. 

Threshold data from  m uscles w ithin each exercise condition were averaged 

together in order to attain an overall m ean T e m g  for each exercise condition, for 

com parison across exercise conditions.

90



3.5: DISCUSSION

The primary aim o f  the current study was to investigate i f  the appearance T e m g  was 

consistent across a variety o f  exercise conditions. M uscles selected for the assessment o f  

T e m g  in each sub-group were chosen based on previous literature which had identified each 

m uscle as playing a key role in the movement patterns associated with that sport (Capousek 

& Bruggemann, 1990; Hagerman, 2000; Hug & Dorel, 2009). The attainment o f  T e m g  from 

a discrete m uscle involved the identification o f  non-linear increases in signal amplitude, as 

exercise intensity increased during the incremental test. To this end, Temg was identified in 

117 out o f  a possible 156 EMG traces investigated, see Table 3.3. This equates to a 75% 

success rate in the attainment o f  T e m g  across all exercise conditions. The failure to identify 

non-linear increases in some discrete muscles may lie with their unique role within the 

movement pattern o f  the sporting task. This would appear the case for AD activity in 

kayaking. However, in other cases, namely GA in cyclists, linear increases were the most 

common observation and the reason why non-linear increases in EMG amplitude were 

absent remains to be elucidated. Correlation analysis o f  Temg to more common determinants 

o f  the aerobic-anaerobic threshold suggests that the occurrence o f  Temg is more closely  

associated with the occurrence o f  lactate thresholds in cycling and rowing, while Temg is 

highly correlated to both ventilatory and lactate thresholds in kayaking (Tables 3.5 to 3.7).

One o f  the most interesting findings o f  the current study is that a comparison o f  global Temg 

across exercise condition identified differences between the cycling and rowing sub-groups 

which were also identified in the ventilatory thresholds (Figures 3.6 and 3.7). Global T e m g , 

V ti and V t2 were significantly higher in cycling when compared to rowing. W hile this 

anomaly is most likely due to methodological differences in the incremental testing protocol, 

it is interesting that similar differences across conditions were not observed in either TLac or 

OBLA. It has been well documented that increased hyperventilation can be utilised as a 

means o f  buffering H+ ions within the blood (Anderson & Rhodes, 1989; Mateika & Duffin, 

1995; Chicharro et  a l ,  2000). By blowing o ff  excess CO2 produced via the bicarbonate 

buffering system, hyperventilation can offset the increases in both H^ and CO2 

concentrations within the bloodstream (Mateika & Duffin, 1995). During an intermittent
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incremental protocol, participants are afforded a 1 min recovery period between increments. 

At higher workloads, post-exercise hyperventilation during this recovery is a common  

response. It is likely that this hyperventilation may provide a reserve capacity for increased 

CO2 production during the subsequent exercise increment and may therefore alter the onset 

o f  both V ti and V j2 when compared to a continual incremental protocol. It is not surprising 

therefore, that differences in V ji and V ji are observed between rowing and cycling sub

groups, since contrasting exercise protocols were used. What is surprising, however, is that 

similar differences were observed in global T e m g - This would suggest a potential link 

between ventilatory changes associated with the aerobic-anaerobic transition and increased 

central recruitment o f  additional motor units. Mateika and Duffm (1994a) have suggested  

that changes in both the ventilatory motor unit recruitment response about the aerobic- 

anaerobic transition may be centrally mediated. This suggestion has been backed by  

evidence from incremental tests performed at normoxia, hypoxia and hyperoxia (Mateika & 

Duffin, 1994b). The current results may also point towards central mediation o f  the aerobic- 

anaerobic threshold, however further research is warranted.

Decreases in AD activity were observed as exercise intensity increased during kayak 

ergometry. This inverse relationship between exercise intensity and EMG activity was 

unexpected and may be as a result o f  the unique role o f  AD in the kayak stroke cycle. On 

examination o f  the m uscle responses to increasing exercise intensity in kayaking, the most 

striking finding was the absence o f  increasing EMG activity in ADs. In fact, 8 o f  the 12 

participants exhibited decreasing AD activity over the course o f  the incremental protocol 

(Figure 3.3c). Activity in AD was for the most part isolated to phases o f  the stroke cycle not 

involved in generating propulsive forces (Figure 3.3). A  previously published hypothesis 

which postulated that increased stroke force on-water at higher exercise intensities would  

lead to increased shoulder m uscle recruitment (Trevithick et al., 2007). The results o f  the 

current study suggest that increasing exercise intensity in kayaking is brought about by 

additional motor unit recruitment from m uscles active during the initial phases o f  the cycle  

(TB, LD and BB) and not from muscles involved in other phases o f  the stroke (AD).
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When undertaking this study, our choice o f participant sub-groups was made with the aim of 

investigating the occurrence of Temg across a broad spectrum of dynamic movements. Our 

choice o f cycling, kayaking and rowing thus allowed us to investigate lower limb (cycling), 

upper limb (kayaking) and whole body (rowing) dynamic movements. In addition to 

investigating a broad range of dynamic movements, it was intended to examine participant 

sub-groups with contrasting physiological characteristics due to the nature and demands of 

the training within their chosen sports. The physiological demands of both cycling and 

row'ing require a high degree of aerobic endurance in order to compete at a high level. As 

such, it has been shown that elite male cyclists and rowers have undergone a high degree of 

aerobic adaptation through training. Coyle et al. (1992) observed a positive correlation 

between the percentage of Type I muscle fibres and cycling efficiency. An elite group of 

cyclists in their study showed a mean percentage of 67% Type I muscle fibres in the VL 

(Coyle et al., 1992). Olympic level American rowers have been shown to exhibit 71% Type 

I muscle fibres with 24% Type IIA, and approximately 5% Type IIB in the VL (Hagerman, 

2000). In contrast, Olympic sprint kayaking is a discipline involving a high degree of 

anaerobic power. Tesch et al. (1976) examined a group of Olympic male Swedish kayakers 

and observed a ratio of 53% to 47% Type I to Type II muscle fibres in the AD. For athletes 

specialising in the 500m kayak race, the mean percentage of Type II muscle fibres increased 

to 56% due to the greater anaerobic contribution required for this shorter sprint distance 

(Tesch et al., 1976). Ivy et al. (1980) reported significant positive correlations (P<0.01) 

between percentage Type I muscle fibre and absolute (/'=0.74) and relative (r=0.70) lactate 

thresholds. These results suggested that the proportion o f Type I muscle fibres plays a role 

in determining the anaerobic threshold (Ivy et al., 1980). Therefore the variations in fibre 

type composition reported to exist between trained athletes in these sports meant that the 

possibility o f contrasting EMG threshold responses identifying the aerobic-anaerobic 

transition could not be ruled out.

In addition to variations in muscle fibre type composition amongst elite rowers, cyclists and 

kayakers, differences also exist in maximal oxygen consumption in these sports. 

Competitive male rowers have been shown to exhibit a mean ± SD V02max of 68.9 ± 8.9 

mL.kg’'.m in '', when exercising on air-braked rowing ergometers (Maestu et al., 2006).
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Elite male cyclists have been shown to exhibit a V0 2 max of 67.5 ± 8.9 mL.kg'’.min‘' 

(Jurimae et a l,  2007) and 69.9 ± 6.4 mL.kg'’.min'' (Lucia et a i,  1999). It has been reported 

that elite kayakers exhibit lower maximum oxygen uptake data. Tesch et al. (1976) reported 

VOamax data of 57.5 ± 2.5 mL.kg‘'.m in‘\  while Fry and Morton (1991) reported V02max 

data of 59.3 ± 7.4 mL.kg‘'.m in'' (Tesch et a l,  1976; Fry & Morton, 1991). In a more recent 

study, a group of well-trained flat-water kayakers exhibited a V02max of 55.2 ± 7.5 mL.kg' 

’.min'' (Van Someran et a l,  2000). The V02peak values exhibited by our rowing sub-group 

(60.6 ± 5.7 mL.kg'*.min"') and cycling sub-group (58.9 ± 6.5 mL.kg’’.min'*) appear 

markedly lower than published data in the literature. However this may be explained by our 

selection of participants. Our rowing group comprised o f intermediate and senior varsity 

oarsmen while the current cycling group consisted of club level cyclists who would not be of 

the physical fitness level as elite cyclists used in the studies by Lucia et al. (1999) or 

Jurimae et al. (2007). The V02peak data in our kayaking group (57.9 ± 7.1 mL.kg'’.min'') 

were comparable to the published literature and again this is due to the training level of 

participants undertaking the study. Our kayaking group comprised of senior and under-23 

kayakers who were all representing Ireland at international competition. The fact that no 

significant differences in V0 2 peak were observed between the cycling, rowing or kayaking 

sub-groups appears to show that our choice o f participants and their varying level o f training 

may have resulted in a more homogenous data set than would have been expected. Although 

we were unable to perform muscle biopsies in the current study, it may be assumed that our 

cycling and rowing sub-groups did not exhibit as high a degree o f muscle fibre adaptation 

than has been observed in the elite participant groups studied by Coyle et al. (1992) and 

Hagerman et al. (2000), respectively.
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3.6: CONCLUSION

From the current study we have established that EMG thresholds are attainable not only in a 

variety o f  dynamic exercise conditions, but from a variety o f  muscles involved in each 

condition. However caution must be aired in choosing appropriate muscles to record from, 

as the varying contribution each muscle has within a given dynamic exercise means that one 

may not always attain a T em g , especially from muscles recruited secondary within the 

movement. This was highlighted both by the AD muscle in kayaking and the GA muscle in 

cycling where inconsistent increases and even decreases relative to increasing power were 

often observed. These variations made it difficult if  not impossible to attain T emg  data. 

Choosing muscles which provide a high contribution to force production and propulsion 

within the given movement is recommended. Such was the case with RF and VL in rowing, 

RF and VM in cycling and T B  and LD in kayaking. All these muscles exhibited consistent 

non-linear increases in EMG relative to power and showed strong correlation to both 

ventilatory and metabolically derived thresholds. EMG thresholds in general appear to show 

a close association with OBLA and the ventilatory thresholds, and less association to Tlbc 

measured by the V-slope method. This was illustrated by the significant differences 

exhibited by many o f  the muscles compared to TLac-

When comparing thresholds across exercise condition, it appears that the ventilatory and 

EMG thresholds are sensitive to variation in exercise protocol. Surprisingly, the metabolic 

thresholds (Tuc and OBLA) did not exhibit sensitivity to these protocol variations. While 

the shared sensitivity o f  the ventilatory and EMG thresholds may suggest a physiological 

link between muscle activity and ventilation, further research examining this anomaly is 

warranted. In order to test the validity o f this theory, an additional validation study 

comparing intermittent and continual cycling incremental testing was performed, see 

Appendix 4.

Having explored the neuromuscular fatigue thresholds at the aerobic-anaerobic transition in 

varying dynamic exercise modalities, another important area in our attempt to better 

understand neuromuscular fatigue is to explore if  EMG indices are altered between training 

and untrained individuals. The next experimental chapter will explore this.
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Chapter 4

A comparison of neuromuscular 
fatigue in trained and untrained 

groups, during sustained isometric 
contractions of the knee extensors.
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4.1: INTRODUCTION

Short-term resistance training (duration less than 6 weeks) induces significant increases in 

maximal strength with no apparent increases in muscle mass (Sale, 1988). These changes 

have been linked to neural adaptations involving increased agonist muscle synchronisation, 

decreased antagonist co-activation, and enhanced motor unit recruitment and rate coding 

(Sale, 1988; Carolan & Cafarelli, 1992; Pucci et a l,  2006; Duchateau & Baudry, 2010). In 

contrast, long-term resistance training increases muscle force generating capacity through 

both neuromuscular adaptations and increases in sarcomere cross-sectional area (CSA) 

(Wilmore et a l,  2008). It has previously been reported that hypertrophic increases in muscle 

CSA accounted for 40% of the increase in force generating capacity; the remaining 60% 

being accounted for primarily by adaptations in neural activation (Narici et al., 1989). Long

term dynamic endurance training increases the proportion of Type I muscle fibres in elite 

runners (Fink et al., 1977), rowers (Hagerman, 2000) and cyclists (Coyle et al., 1992). Since 

Type I muscle fibres are more fatigue resistant than Type Ila or lib fibres, a greater 

proportion o f Type I fibres within muscle may enhance fafigue resistance.

Electromyography (EMG) allows monitoring of changes in electrical activity within muscles 

during the course o f sustained contractions and is widely accepted as a non-invasive, 

objective means o f quantifying muscle force production and neuromuscular fatigue (De 

Luca, 1997). Hakkinen and Komi (1983) reported that short-term resistance training 

improvements in knee extensor force were accompanied by significant increases in 

integrated EMG amplitude o f the associated muscles. They concluded that marked increases 

in force in the early stages o f training resulted fi"om significant increases in neural activation 

assessed by iEMG, while longer-term improvements were of a smaller magnitude and were 

not accompanied by detectable changes in iEMG (Hakkinen & Komi, 1983). More recently, 

long-term resistance training induced an altered spectral EMG response in swimmers 

performing a dry-land isotonic swim bench protocol to volitional failure (Ganter et al., 

2007). In addition, De Souza et al. (2009) reported that short-term resistance training 

protocols altered the fi^equency and amplitude o f muscle fatigue indices during sustained 

isometric contractions o f Biceps Brachii, inferring that training induced neural adaptations 

increase both muscle strength and endurance (De Souza et al., 2009).
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During sub-maximal isometric contractions to exhaustion, whole muscle EMG increases yet 

there is a progressive decline in spectral variables (Person & Kudina, 1972; Bigland-Ritchie 

et a l ,  1986; Mathur et a l ,  2005). While the mechanism proposed for increasing EMG 

activity within fatiguing muscles remains the recruitment o f additional motor-units to 

compensate for loss of contractility within fatigued fibres (Lippold, 1960), the mechanisms 

underlying the decline in motor unit discharge frequencies are still debated. The most 

widely accepted explanation is a decrease in the myoelectric conduction velocity (Bigland- 

Ritchie et al., 1981). As the muscle begins to fatigue, a build up o f metabolites and 

reduction in intramuscular pH decreases the velocity at which an action potential is 

propagated along the active fibres (Brody et a l ,  1991). Other factors however, may also 

contribute to these fatigue induced frequency shifts (Broman et a l ,  1985). Masuda et al. 

(1999) argued that changes in myoelectric conduction velocity only partly explained the 

spectral shift in EMG since changes in median frequency during non-ischemic, dynamic 

contractions were not accompanied by a slowing o f muscle fibre conduction velocity 

(Masuda et al., 1999). Other authors have proposed that derecruitment of fatigable motor- 

units (Type Ila, Ilb) may play a role in these spectral shifts (Asmussen, 1979) along with 

low frequency motor unit synchronisation (De Luca & Erim, 2002; Boonstra et al., 2008).
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4.2: AIMS AND HYPOTHESIS

The primary aim o f this study was to compare spectral and amplitude derived EMG indices 

o f neuromuscular fatigue in trained and untrained groups at varying relative intensities o f 

isometric contraction. In contrast to previous literature (Hakkinen & Komi, 1983; Ganter et 

al., 2007; De Souza et a l ,  2009), the current study aimed at directly comparing trained and 

untrained groups for EMG indices o f  neuromuscular fatigue in their knee extensors. In 

addition the trained group used in the study was both resistance and endurance trained and 

consequently would be expected not only to exhibit neural adaptations to force production, 

but also intramuscular adaptations towards fatigue resistance brought about by endurance 

training. W e hypothesised that potential altered responses to fatigue in this group o f  trained 

individuals may provide a starting point for the identification o f training induced alterations 

in muscle function and morphology. A secondary aim o f this study was to quantify and 

compare reliability indices between trained and untrained volunteers. W e hypothesised that 

the trained group would exhibit enhanced force production and an altered neuromuscular 

response to fatigue illustrated by higher levels o f  knee extensor moment, a reduction in rates 

o f change o f EMG fatigue variables and enhanced reliability indices compared to the 

untrained group.
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4.3: MATERIALS AND METHODS

4.3.1: Participants

Twenty volunteers were tested on two occasions with a minimum o f  2 and a m axim um  o f  7 

days between both tests. Healthy male volunteers (mean ± SD; age 23±4 yr, mass 82.3±8.7 

kg) were divided into trained (n=10, age 22±2 yr, mass 84.5 ± 10.0 kg) and untrained groups 

(n=10, age 23±4 yr, mass 80.0±7.1 kg). Club level rowers were selected as the trained group 

since significant increases in Type I muscle fibre composition o f  the knee extensors have 

been reported in rowers (Hagerm.an, 2000). In addition, all trained volunteers had performed 

a minimum o f  2 resistance training sessions per week for the previous 6 months as part o f  

their regular training. The untrained group comprised o f  physically active level students. 

All participants were fully informed o f  the procedures involved and provided informed 

consent to participate, see Appendix 3. Ethical approval for this study was granted from the 

Trinity College Heahh Sciences ethics committee.

4.3.2; Knee extensor moment assessment

Isometric moment measures were performed on a Cybex II Humac Norm  System (Model 

770, Computer Sports Medicine, Massachusetts, USA) isokinetic dynamometer. This unit is 

designed as a single chair system with the head assembly in a fixed position (see Plate 4.1). 

The servomotor controls and monitors the velocity and force applied to the dynamom eter 

allowing for application and assessment o f  isokinetic, isotonic and isometric protocols. The 

dynamometer is located in the head assembly. Information on dynam om eter shaft, or lever- 

arm, position and direction are communicated to the computer interface via electrical signals 

derived from the dynam om eter’s servo potentiometer. The torque board inside the 

dynamometer housing provides the system with m oment data recorded at the input shaft and 

the dynamometer is controlled by a microprocessor. Isometric m oment m easurements were 

recorded from the dynamometer and relayed to the computer interface at a frequency o f  100 

Hz. The dynamom eter’s rotation, height and tilt are all adjustable as is the dynam om eter’s 

chair. In addition, the chair’s back can be adjusted to account for variations in femoral 

length and sitting position.
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Participants were seated on the dynam om eter and the backrest and seat angle were adjusted 

so that the hips were fixed at approxim ately 80° o f  flexion. They were then securely 

strapped to the seat using shoulder and pelvic belts in order to m inim ise any body m ovem ent 

other than the desired knee extension. The axis o f  dynam om eter rotation was aligned to the 

knee jo in t line, and the cu ff (load cell) was placed at a distance equivalent to 50% o f  each 

participant’s tibial length. The knee jo in t was placed at 70° o f  flexion relative to m axim um  

voluntary knee extension. All adjustm ents m ade to the dynam om eter were noted to ensure 

the sam e placem ent for the second testing session. A visual feedback o f  produced force was 

provided on the com puter interface screen during all trials in order for the participants to 

m aintain a constant desired m om ent. Throughout all isom etric contractions perform ed, 

participants rem ained sitting still with their arms folded across their chest.

Plate 4.1: Cybex II dynam om eter. Show n is the interface screen (A), the head 

assem bly (B) w ithin which the dynam om eter is located, the knee jo in t adapter 

w ith ankle cu ff (C) and the adjustable seat (D).
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4.3.3: Exercise protocol

Volunteers initially exercised dynamically on a weight-loaded cycle ergometer (Monark, 

Varberg, Sweden) at a power o f 90W for 10 min. A subsequent series of three maximal 

voluntary isometric contractions (MVC) of the knee extensors were performed on each leg. 

Volunteers were instructed to “push as hard as possible” and hold for a 5 s period. Visual 

feedback and consistent verbal encouragement were provided during each effort and a 1 min 

rest period separated MVC trials. MVC data were assessed on both legs, on both testing 

days, in order to calculate the target moment for subsequent endurance trials. Calculation of 

target moment was performed by averaging isometric moment data across the time period 

from 1.5 to 4.5s during each MVC. Maximum data for each leg were identified from the 

three attempts and individual target moments for 80 and 20% MVC calculated.

Endurance assessments consisted of time to failure (TTF) trials performed at 80% MVC on 

one leg and at 20% MVC on the other leg. Random selection determined that eleven 

volunteers (n=l I) performed their 80% MVC trial on their dominant side and nine (n=9) 

performed their 20% MVC trial on their non-dominant side. Visual feedback o f target and 

applied moment were provided and constant verbal encouragement given by the tester to 

maintain the pre-set target for as long as possible. TTF was defined as the point where the 

applied moment dropped 5Nm below target during the 20% MVC trial and lONm below 

target during the 80%> MVC trial, despite verbal encouragement. A 10 min rest period 

between TTF trials was provided for static stretching and to reduce any potential effects of 

central fatigue on the subsequent TTF trial. All isometric moment data were downloaded 

post-exercise and standard deviation from pre-set target quantified and expressed as %MVC.
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Plate 4.2: Participant performing maximal voluntary isometric knee extensions 

on the Cybex 11 dynamometer.

4.3.4: EMG recording

Surface EMG recordings were collected from the 3 superficial muscles o f the knee extensor 

musculature; Vastus Lateralis (VL), Vastus Medialis (VM) and Rectus Femoris (RF), see 

Chapter 2.1. For each TTF trial, median frequency (MF), mean power frequency (MPF) and 

average EMG amplitude (AEMG) were calculated from the power spectral densities o f the 

non-rectified EMG signal, using discrete fast Fourier transform (FFT) methods, see Chapter 

2.6. The line o f best fit for each variable was plotted through FFT spectral and amplitude 

data points from attainment o f pre-set moment to failure during each TTF trial and rates o f 

change across time subsequently calculated (Flz.min ' or jiV.min '). Data collected over a 5s 

window following attainment o f the target and preceding the failure point were also 

averaged using discrete FFT methods to obtain a single estimate for initial and final MF, 

MPF and AEMG data.
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Figure 4.1: Sample raw EM G traces (bipolar scale: ±1000 |i.V per channel) 

recorded from RF (green data) VL (red data) and VM (blue data) during a 20% 

TTF trial.

Figure 4.2: Sample raw EM G traces (bipolar scale: ±1000 |iV per channel) 

recorded from RF (green data) VL (red data) and VM (blue data) during an 80% 

TTF trial.
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Figure 4.3: Sample o f fatigue indices calculated for Rectus Femoris (green data) 

Vastus Lateralis (red data) and Vastus Medialis (blue data) during the 20% TTF 

trial (Figure 4.2). MF data are shown across the first row, MPF data are shown 

across the second row and AEMG data are shown across the third row.

hrOange/Rr/OlJd) 
•146Hz -213%

h f QangB/rv)>CH3(L) 
-14 8 «  -230%

MPFCherge/tnn/CH2(L) 
•* 9 4 *  -212%

MPFCh«rge/nn/ai3(L)
•111Hz -152%

ABilGaMngerim/01t(L) 
-62uV - m

4SilG aiergefinrf012(L) 
26.<uV 15.3%

ASilO Change iim /CH  3 (L) 
836uV 314%

Figure 4.4: Sample o f fatigue indices calculated for Rectus Femoris (green data) 

Vastus Lateralis (red data) and Vastus Medialis (blue data) during the 80% TTF 

trial (Figure 4.3). MF data are shown across the first row, MPF data are shown 

across the second row and AEMG data are shown across the third row.
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4.3.6: Statistical analysis

Statistical analyses were performed using Graphpad Prism (Graphpad Software, California, 

USA). Unless otherwise stated, data were expressed as group mean ± SEM. Scatter-plots of 

data were inspected to ensure no outliers existed before analysis. Comparison of variables 

across muscles within group were performed on day 2 data, using a single factor ANOVA, 

post-hoc Tukey tests quantified detected differences, / ’<0.05 inferred statistical significance. 

Comparison of variables between groups was performed on day 2 data using unpaired 

Student’s T-tests. Interclass correlation coefficients (ICC) comparing day 1 and day 2 data 

expressed relative reliability of measures. Munro’s descriptors for reliability coefficients 

were used to describe the degree of reliability: 0.00 to 0.25 -  little, if any correlation; 0.26 to 

0.49 -  low correlation; 0.50 to 0.69 -  moderate correlation; 0.70 to 0.89 -  high correlation; 

and 0.90 -  1.00 -  very high correlation (Mathur et a l, 2005). Technical error of the 

measurement (TEM) expressed absolute reliability and reproducibility of the data (Norton et 

ai, 2000). TEM was calculated from the square root of the error variance (the mean of 

standard deviations from day 1 and day 2) and has the same units as the tested variable. 

Smaller values of TEM reflect more reproducible measures (Norton et a i, 2000).
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4.4: RESULTS

4.4.1: Maximal isometric force and muscular endurance

Significant differences between trained and untrained groups were observed in isometric 

MVC data. The trained group produced significantly greater maximal isometric knee 

extensor moment in their left (280±18 vs. 210±11 Nm, F<0.01) and right leg (288±23 vs. 

227±9 Nm, P<0.05), see Figure 4.5. When MVC data was normalised relative to body mass 

these significant differences still existed for left (3.26±0.16 vs. 2.67±0.14 Nm.kg"', /*<0.05) 

and right legs (3.41±0.18 vs. 2.89±0.12 Nm.kg'’, P<0.05), suggesting that the greater body 

mass of the trained group was not a factor influencing maximum strength (Figure 4.6). In 

addition, trained volunteers recorded greater muscular endurance, illustrated by significantly 

longer TTF for both 80% (102±12 vs. 59±4 s, M .O l )  and 20% MVC (603±39 vs. 411 ±28 

s, P<0.001) trials, see Figure 4.7. Accuracy of task performance was assessed by analysing 

deviation fi'om target moment during both 80 and 20% MVC trials. During the 20% MVC 

trial, both groups recorded a standard deviation fi'om target o f 1.2% MVC. During the 80% 

MVC trial the standard deviation fi'om target in the trained and untrained groups were 2.5 

and 4.3% MVC, respectively. While greater deviations were observed in both groups during 

the 80% MVC trial, these deviations were almost 2 fold higher in untrained despite 

significantly lower applied moment. This result indicated that the trained group were more 

successful at maintaining their target moment during the higher % MVC trial.
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Figure 4.5: Mean ± SEM moment for trained and untrained participants during 

MVC contractions on both left and right legs. Asterisks infer significant 

differences between groups (one symbol, P<0.05; two symbols, f ’<0.01).

MVC (normalised)

O)

E

cmo
S

" T

□  Left 
■  Right

Figure 4.6: Mean ± SEM moment for trained and untrained participants 

normalised relative to body mass, during M VC contractions performed on both 

left and right legs. Asterisk infer significant difference between groups (P<0.05).
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Figure 4.7: Mean ± SEM TTF data performed at 20% (4.7a) and 80% (4.7b) 

MVC for trained and untrained groups. Asterisks infer significant differences 

between groups (** P<0.01, *** / ’<0.001).

4.4.2: Untrained group

Spectral EMG variables (MF and MPF) decreased across time during the 20 and 80% MVC 

trials (Tables 4.1 and 4.2, Figure 4.8 to 4.11). This was observed in all investigated muscles 

as lower final compared to initial MF and MPF data and negative slopes. Progressive 

increases in AEMG were observed for the Vastii during both the 20 and 80% MVC trials 

(Table 4.3 and Figures 4.12 and 4.13). Mean AEMG in RF exhibited progressive increases 

during the 20% MVC trial, but unexpectedly exhibited decreases during the 80% MVC trial 

(Table 4.3 and Figure 4.13, negative slope for RF).

When comparing data across muscles no significant differences were observed between the 

Vastii for any o f the spectral or AEMG variables during the 20 or 80% MVC trials. In 

contrast, RF exhibited significant differences to the Vastii for MF, MPF and AEMG data 

during TTF trials. Differences in frequency variables for RF included significantly greater 

(P<0.05) initial MF and MPF during both trials, significantly greater (P<0.01) final MF and 

MPF during the 20% MVC trial and significantly (P<0.01) more negative slope data for MF 

and MPF during the 80% trial (Table 4.1 and 4.2, respectively). Overall, AEMG data in RF
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differed from the Vastii with significantly lower ( / ’<0.01) final amplitude during the 20% 

MVC trial and significantly more negative AEMG slope data (jP<0.001) during the 80% 

MVC trial (Table 4.3). Initial AEMG for RF in the 20% MVC trial was lower than both 

Vastii', however this difference was only statistically significant (P<0.05) in VL.

Rectus Fem oris Vastus Lateralis Vastus M edialis

20% M VC Day 1 Day 2 Day 1 Day 2 Day 1 Day 2

Initial (Hz) 63.2 (0 .9 ) 64.6 ( 0 .9 ) * ” 56 .3 ( 1.0 ) 56.8 (0 .7 ) 56 .7 ( 1.6 ) 56.2 (0 .7 )

Final (Hz) 60.6 (0 .8 ) 59.4 ( 0 .6 ) *** 50 ( 0 .8 ) 47.7 ( 0 .8 ) 54.2 ( 2 .7) 51.2 (0 .8 )

Slope (Hz.min’’ ) -0.4 (0 .1) -0.3  ( 0 . 1) -0.8 (0 . 1) - 0.8 (0 .2 ) -0.4 (0 .2 ) -0.5 ( 0 .1)

80% MVC

Initial (Hz) 78 ( 1.0 ) 76.7 ( 1. 1)* * 63 .3 ( 1. 1) 59.9 (0 .9 ) 57.3 (2 .0 ) 58.2 (0 .7 )

Final (Hz) 56 .6 ( 1. 1) 56 .3 ( 1.0 ) 55.6 (0 .9 ) 50.8 (0 .4 ) 50 ( 1.6 ) 52.2 (0 .9 )

Slope (Hz.min'^) -21.5 (0 .9 ) - 20 .3 ( 1. 1) * *  ** - 7.7 ( 0 .7 ) -8.4 ( 0 .7 ) - 7.2 ( 0 .7 ) - 7.5 (0 .5 )

Table 4.1: Mean (SEM) for MF data in untrained group. Shown are the initial, 

final, normalised and slope o f  MF data during 20 and 80% TTF trials on both days.

Rectus Fem oris Vastus Lateralis Vastus M edialis

20% MVC Day 1 Day 2 Day 1 Day 2 Day 1 Day 2

Initial (Hz) 74.1 ( 1.0 ) 75 .6 ( 1.0 ) * * * 65.4 ( 1.5 ) 65 .9 ( 1. 1) 63.7 (0 .6 ) 62.4 (0 .7 )

Final (Hz) 70.1 (0 .9 ) 69.3 ( 0 .7 ) *** “ 58.4 ( 1.0 ) 56.6 (0 .8 ) 62 ( 1.0) 59.1 ( 1 .0 )

Slope (Hz.min'^) -0.5 ( 0 . 1) -0.3  (0 .0 ) -0.8 ( 0 .1) - 0.9 ( 0 .1) -0.2 ( 0 .1) - 0.3 (0 . 1)

80% M VC

Initial (Hz) 86 .9 ( 1.4 ) 85.5 ( 1.5 ) * ‘ * 72 .9 ( 1.5 ) 68.1 ( 1.3 ) 66 ( 1.2) 64.5 ( 1 . 1)

Final (Hz) 63 .6 ( 1.3 ) 63 .6 ( 1.3 ) 65 ( 1 .2 ) 59.8 ( 0 .7 ) 59 .3 ( 1.2 ) 59.1 ( 1 .2 )

Slope (Hz.min'^) -23.9 ( 1 .0 ) -22.0 ( 1. 1) * * ” - 9.8 (0 .7 ) - 7.8 (0 .8 ) - 6.5 (0 .5 ) -6.5 (0 .5 )

Table 4.2: Mean (SEM) for MPF data in untrained group. Shown are the initial, 

final, normalised and slope o f  MPF data during 20 and 80% TTF trials on both 

days.
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Rectus Femoris Vastus Lateralis Vastus Medians

20% MVC Day 1 Day 2 Day 1 Day 2 Day 1 Day 2

Initial (^V) 61 (3) 46 (2) * 67 (3) 68(3) 71 (3) 62 (2)

Final (nV) 110 (5) 93 (4) ** ” 178(10) 177 (13) 173 (8) 167 (8)

Slope (nV.min ’) 5.0 (0.3) 8.8 (1.5) 12.3 (0.8) 14.4(1.5) 12.6 (0.7) 15.2 (1.5)

80% MVC

Initial (|iV) 300(13) 295(15) 285 (12) 267 (15) 306(13) 300 (15)

Final (nV) 283(15) 274(11) 356(18) 315 (15) 415 (23) 368 (19)

Slope (nV.min'^) -21.0 (3.2) -21.1 (4.5) ****** 79.3 (7.4) 63.1 (6.1) 112.1 (11.6) 81.4 (6.0)

Table 4.3: Mean (SEM) for AEMG data in untrained group. Shown are the initial, 

final, normalised and slope of AEMG data during 20 and 80% TTF trials on both days.

4.4.3: Trained group

Spectral EMG variables (MF and MPF) decreased across time during the 20 and 80% MVC 

trials (Table 4.4 and 4.5, Figures 4.8 to 4.11). This was observed in all investigated muscles 

as lower final compared to initial MF and MPF data and negative slopes. Progressive 

increases in AEMG were observed for the Vastii during both the 20 and 80% MVC trials, 

see Table 4.6 and Figures 4.12 and 4.13. Mean AEMG in RF exhibited progressive increases 

during both the 20 and 80% MVC trial

No significant differences were observed between VL and VM for any EMG variables. RF 

exhibited significant differences from the Vastii for MF data during the 80% MVC trial and 

for AEMG data during the 20% MVC trial (Tables 4.4 and 4.6, respectively). During the 

20% MVC trial, final AEMG was significantly lower than VL (/*<0.01) and VM (P<0.05), 

as was AEMG slope data (F<0.01). Initial MF for RF was significantly higher than VL 

(P<0.001) and VM (P<0.01) and MF and MPF slope data in RF was significantly lower 

(P<0.01), see Tables 4.4 and 4.5, respectively. In contrast to the untrained group, spectral 

variables in RF were not significantly different from the Vastii during the 20% MVC trial, 

and no significant differences in AEMG variables were observed during the 80% MVC trial.
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Rectus Fem oris Vastus Lateralis Vastus M edialis

20%  M VC Day 1 Day 2 Day 1 Day 2 Day 1 Day 2

Initial (Hz) 67.4 (0 .6 ) 68.1 (0 .6 ) 61 .2 ( 1 .1) 62 .1 ( 1.0 ) 55.9 (0 .6 ) 60.3 (0 .8 )

Final (Hz) 57.9 (0 .6 ) 59.1 (0 .6 ) 52 .0 ( 1 .3 ) 51 .0 ( 1.3 ) 52.1 (0 .9 ) 55.6 (0 .9 )

Slope (Hz.min'^) - 0.5 (0 .0 ) -0.4 (0 .0 ) - 1.3 (0 .2 ) - 1.2 (0 .2 ) -0.3 (0 .1) -0.3 (0 .0 )

80% M VC

Initial (Hz) 70.7 ( 1.6 ) 72.8 (0 .4 ) *■** ** 58 .9 (0 .8 ) 60 .9 (0 .8 ) 60.7 (0 .7 ) 61.5 (0 .8 )

Final (Hz) 51.8 (2 .5 ) 51.4 (0 .8 ) 48 .9 (0 .9 ) 51 .6 (0 .9 ) 53 (0 .9 ) 45 .9 ( 1.8 )

Slope (Hz.min ’ ) - 17.3 (0 .8 ) - 16.4 (0 .7 ) * *  ** -9.4 (0 .7 ) -9.3 (0 .7 ) -8.6 (0 .4 ) -8.6 (0 .4 )

Table 4.4: Mean (SEM) MF data in trained group. Shown are the initial, final and

slope of MF data during 20 and 80% TTF trials on both days.

Rectus Fem oris Vastus Lateralis Vastus M edialis

20% MVC Day 1 Day 2 Day 1 Day 2 Day 1 Day 2

Initial (Hz) 79.1 (0 .7 ) 79 .3 (0 .6 ) 74.0 ( 1 .8 ) 73.9 ( 1.7 ) 66 .3 (0 .8 ) 69.6  (0 .9 )

Final (Hz) 69.1 (0 .8 ) 69.5 (0 .6 ) 60 .8 ( 1 .4 ) 59 .4 ( 1 .4 ) 63.1 (0 .9 ) 65.8 (0 .9 )

Slope (Hz.min ’ ) -0.6 (0 .1) -0.5 (0 .1) - 1.5 (0 .2 ) - 1.5 (0 .2 ) -0.3 (0 .1) -0.3  (0 .1)

80%  M VC

Initial (Hz) 80.8 (0 .6 ) 82 .9 (0 .7 ) 73.4 (2 .3 ) 77.9 (2 .3 ) 69 .3 ( 1 .0 ) 71.1 ( 1.1)

Final (Hz) 57 .6 ( 1.0 ) 56 .8 ( 1.0 ) 61 .5 (2 .2 ) 64 .3 (2 .2 ) 59.7 ( 1.2 ) 58.7 ( 1.2 )

Slope (Hz.min’’ ) -20.5 ( 1.1) - 19.9 ( 1.0 ) * *  ** - 12 .2 ( 1.0 ) - 11.8 (0 .9 ) - 9.0 (0 .6 ) -9.3 (0 .4 )

Table 4.5: Mean (SEM) MPF data in trained group. Shown are the initial, final and 

slope of MPF data during 20 and 80% TTF trials on both days.
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Rectus Femoris Vastus Lateralis Vastus Medians

20% MVC Day 1 Day 2 Day 1 Day 2 Day 1 Day 2

Initial (|iV) 52 (1.9) 53 (2) 72 (4) 74 (4) 65 (4) 61 (3)

Final (nV) 86 (2.5) 95 (3 )” * 182 (9) 196 (9) 159 (9) 172 (10)

Slope (nV.min ’ ) 4.4 (0.9) 5.9 (0 .6)”  ** 14.5 (1.6) 16.1 (1.6) 12.7 (1.3) 13.1 (1.3)

80% MVC

Initial (^V) 300 (10) 276 (10) 328(17) 309(15) 367 (16) 366(15)

Final (nV) 366 (12) 331 (9) 408(17) 424 (22) 477(24) 493 (23)

Slope (nV.min ’ ) 39.8 (3.6) 41.3(3.2) 56.1 (4.9) 77.9(6.2) 78.0 (7.4) 74.2 (4.2)

Table 4.6: Mean (SEM) AEMG data in trained group. Shown are the initial, final and 

slope o f AEMG data during 20 and 80% TTF trials on both days.

4.4.4: Comparison across groups

Initial and final data for MF, MPF and AEMG performed by the trained and untrained 

groups are presented graphically, see Figures 1 to 4. No significant differences were 

observed between groups for any variables in VL or VM during the 20 or 80% MVC 

trials. No significant differences were observed between groups for any variables in RF 

during the 20% MVC trial. However, a significant difference between trained and 

untrained groups for AEMG slope data in RF was observed during the 80% MVC trial 

(+41.3±3.2 vs. -21.1±4.5 |iV.min‘’, P<0.01), see Figure 4.13. The negative slope for 

AEMG in RF exhibited by the untrained group was the only temporal EMG fatigue index 

which did not conform to the normal EMG responses to fatigue and was unexpected.
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Figure 4.8: Mean ± SD initial and final MF during 20% MVC trials in trained 

and untrained groups. No significant differences were observed for initial, final 

or slope data between groups.
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Figure 4.9: Mean ± SD initial and final MF during 80% MVC trials in trained 

and untrained groups. No significant differences were observed for initial, final 

or slope data between groups.
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F i g u r e  4 . 1 0 :  Mean ± SD initial and final MPF during 20% MVC trials in trained 

and untrained groups. No significant differences were observed for initial, final 

or slope data between groups.
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F i g u r e  4 . 1 1 :  Mean ± SD initial and final M PF during 80% MVC trials in trained and 

untrained groups. No significant differences were observed for initial, final or slope data 

between groups.
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Figure 4.12: Mean ± SD initial and final AEMG during 20% MVC trials in 

trained and untrained groups. No significant differences were observed for 

initial, final or slope data between groups.
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Figure 4.13: Mean ± SD initial and final AEMG during 80% trials in trained and 

untrained groups. ** denote significantly different RF slope compared to 

untrained group (P<0.01).
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4.4.5: Reliability and reproducibility

The trained group showed high to very high relative reliability assessed by ICC (0.70 to 

0.98) for all MF variables during their 20% MVC trial. In contrast, the untrained group 

showed low to high reliability for MF variables (0.18 to 0.89) during their 20% MVC trial. 

During the 80% trial, the trained group showed moderate to very high reliability for MF 

variables (0.51 to 0.93). The untrained group showed little if  any reliability for slope o f MF 

in RF (0.35) and VL (0.26) and low to very high reliability for other MF variables (0.47 to 

0.87). In general, the trained group showed better reproducibility illustrated by the lower 

TEM data for most MF variables (with the exception o f final MF in VM, see Table 4.7).

Rectus Femoris Vastus Lateralis Vastus Medians

20% MVC Trained Untrained Trained Untrained Trained Untrained

Initial (Hz) 0.84 (2.38) 0.63 (5.11) 0.94 (2.54) 0.82 (3.47) 0.74(3.70) 0.82 (2.47)

Final (Hz) 0.89(1.89) 0.70 (3.88) 0.89 (4.01) 0.69 (4.14) 0.88 (2.92) 0.78 (3.89)

Slope (Hz.min’’) 0.88 (0.13) 0.31 (0.48) 0.97 (0.23) 0.67 (0.63) 0.98 (0.17) 0.75 (0.29)

80% MVC

Initial (Hz) 0.89 (2.09) 0.88 (3.54) 0.93(1.95) 0.68 (5.59) 0.86 (2.92) 0.54 (4.33)

Final (Hz) 0.87 (2.68) 0.91 (2.89) 0.89 (3.01) 0.22 (6.42) 0.57 (9.27) 0.41 (6.04)

Slope (Hz.min'’) 0.91 (2.1) 0.68 (5.71) 0.87 (1.64) 0.55 (4.45) 0.95 (0.8) 0.35 (4.06)

Table 4.7: ICCs (TEM) for MF data in the trained and untrained groups during 

TTF trials at 20 and 80% MVC.

For MPF, the trained group exhibited moderate reliability for initial MPF in VM (0.69) and 

high to very high relative reliability for all other variables (0.76 to 0.98) during the 20% 

trial. The untrained group exhibited low reliability for slope in RF (0.34). All other variables 

exhibited moderate to high reliability (0.51-0.89) during the 20% trial. During the 80% trial, 

the trained group exhibited high to very high reliability for all other variables (0.74 to 0.95). 

The untrained group exhibited low reliability for final MPF in VL (0.42), and slope o f MPF 

in VM (0.49). All other variables exhibited moderated to very high reliability (0.53-0.92). In
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general, the trained group showed better reproducibility illustrated by the lower TEM data 

for nearly all MPF variables (Table 4.8).

Rectus Femoris Vastus Lateralis Vastus Medialis

20% MVC Trained Untrained Trained Untrained Trained Untrained

Initial (Hz) 0.98 (2.1) 0.51 (6.8) 0.98 (2.1) 0.89 (4.24) 0.69 (4.82) 0.69 (3.65)

Final (Hz) 0.92 (3.71) 0.65 (4.55) 0.92 (3.71) 0.67 (4.97) 0.82 (3.64) 0.85(3.68)

Slope (Hz.min'^) 0.97 (0.29) 0.34 (0.45) 0.97 (0.28) 0.78 (0.52) 0.96 (0.21) 0.85 (0.19)

80% MVC

Initial (Hz) 0.89 (2.15) 0.87 (4.8) 0.85 (8.69) 0.79 (6.14) 0.85 (3.93) ■ 0.53(7.75)

Final (Hz) 0.89 (3.24) 0.92 (3.31) 0.91 (6.44) 0.42 (7.6) 0.96 (2.3) 0.57 (7.48)

Slope (Hz.min'^) 0.93 (2.65) 0.6(6.57) 0,98 (0.9) 0.83 (3.02) 0.91 (1.6) 0.49 (3.56)

Table 4.8: ICCs (TEM) for MPF data in the trained and untrained groups during TTF 

trials at 20 and 80% MVC.

For AEMG, the trained group exhibited high to very high reliability for all variables (0.71 to 

0.95) during their 20% MVC trial while the untrained group exhibited moderate to very high 

reliability (0.65 to 0.91). During the 80% trial, the trained group again showed high to very 

high reliability for all variables (0.84 to 0.97). In contrast, the untrained group showed little 

if  any reliability for final AEMG in VL (0.23), initial AEMG in VM (0.23) and low 

reliability for slope data in VM (0.38). All other variables exhibited moderate to high 

reliability (0.41 to 0.84). Once again, the trained group showed better reproducibility 

illustrated by the lower TEM data for all AEMG variables, see Table 4.9.
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Rectus Femoris Vastus Lateralis Vastus Medialis

20% MVC Trained Untrained Trained Untrained Trained Untrained

Initial (|iV) 0.87 (6.90) 0.13 (23.00) 0.98 (4.89) 0.78(12.93) 0.89(12.23) 0.72 (12.40)

Final (nV) 0.86 (9.50) 0.66 (27,10) 0.92 (23.90) 0.92 (31.30) 0.97 (15.9) 0.91 (22.50)

Slope (nV.mln'^) 0.90 (1.59) 0.87(1.16) 0.94 (3.40) 0.71 (6.15) 0.96 (2.28) 0.67 (6.50)

80% MVC

Initial (^V) 0.93 (26.90) 0.86 (49.40) 0.91 (46.10) 0.76 (64.00) 0.92 (42.7) 0.82 (57.70)

Final (nV) 0.83 (42.90) 0.85 (43.20) 0.91 (64.40) 0.78(77.10) 0.95 (48.80) 0.76 (99.80)

Slope (nV.min'^) 0.87 (11.9) 0.28 (34.00) 0.74 (27.80) 0.47 (48.40) 0.83 (28.50) 0.52 (60.00)

Table 4.9: ICCs (TEM) for AEMG data in the trained and untrained groups during TTF 

trials at 20 and 80% MVC.
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4.5: DISCUSSION

The most pertinent observation in the current study was the altered response to fatigue for 

RF in the trained group (Figure 4.13). This was evident only during the 80% MVC trial and 

illustrates the trained group’s enhanced ability to recruit RF during fatiguing contractions, 

especially at higher levels o f contractile force. This adaptation towards progressive co

activation of the Vastii and RF as fatigue sets in, was entirely absent from the untrained 

group’s results. The trained group’s ability to increase agonist co-activation of their knee 

extensors, especially towards the latter stages o f the trial, undoubtedly aided in maintaining 

the 80% MVC contraction for significantly longer. This response may also explain the 

group’s enhanced accuracy o f task perfoiTnance, illustrated by the smaller deviations from 

target during their 80%> MVC trial.

We initially speculated that increased knee extensor moment obseived in the trained group 

was primarily due to increased muscle CSA, as a result o f muscle hypertrophy and 

hyperplasia (Holloszy, 1976). It has previously been reported that rowers recorded large 

CSA in Type I and Type II muscle fibres (Hagerman & Staron, 1983). Increased CSA 

especially in Type II muscle fibres in rowers have been shown to be comparable to increases 

exhibited by weightlifters and are highly correlated with increased force production (Prince 

et a l, 1976; Hagerman, 1984). However, due to the altered response to fatigue observed in 

the 80% MVC trial, increased agonist co-activation of the knee extensors cannot be ruled 

out as another major contributing factor. Absolute MVC data in the trained group in the 

current study are comparable with isometric knee extensor data reported in male rowers by 

Parkin et al. (2001) but less than data reported by Hagerman and Staron (1983) in 

international oarsmen performing knee extension exercise. However in agreement with 

Parkin et al. (2001) no significant left-right asymmetries were observed for knee extensors 

in the current study.

The difference in endurance times between trained and untrained groups may not only be 

due to enhanced co-activation, but also long-term intramuscular adaptations to endurance 

exercise. Elite oarsmen have 71% Type I, 24%) Type IIA and approximately 5%> Type IIB 

muscle fibres in VL (Hagerman, 2000). In addition to an increased ratio of Type I muscle
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fibres, increased CSA of Type I fibres has also been reported (Hagerman, 1984). Both these 

intramuscular adaptations to endurance training would theoretically increase oxidative 

capacity and endurance. The differences in knee extensor MVC and endurance observed in 

the current study could be explained by intramuscular adaptations to training observed in 

previous rowing groups. Normal physiological adaptations to training reported in rowers are 

increases in muscular power, and at the same time endurance capacity (Hagerman, 1984, 

2000). Increases in CSA of both Type I and more specifically Type II fibres, will increase 

maximal force production. In addition, the increased number o f Type I oxidative muscle 

fibres and the concurrent increases in CSA enhances the muscle’s oxidative and endurance 

capacity. The current results would appear to reflect both these unique training adaptations 

in rowers reported by Hagerman (1984, 2000).

Overall, RF registered higher rates of fatigue compared to the Vastii, especially at the higher 

load of 80% MVC. This was illustrated by the significantly greater negative slope observed 

in MF and MPF during the 80% MVC compared to the corresponding slopes o f the Vastii, 

see Figures 4.9 and 4.11, respectively. This response was observed in both trained and 

untrained groups and may possibly be due to anthropometric and physiological properties of 

RF. While the VM and VL are mono-articulate, RF is bi-articulate and it has previously 

been suggested that bi-articulate and mono-articulate muscle groups may exhibit different 

electrophysiological behaviour which may contribute to differences in fatigue responses 

(Ebenbichler et al., 1998). In addition, anatomical studies (Polger et a l,  1973; Rainoldi et 

a i,  2001) have reported significantly larger Type II muscle fibre diameter in RF (74|im) 

compared to VM (65|^m) or VL (67|im) and higher Type I muscle fibre proportions in the 

VL. During higher force contractions such as 80% MVC, there is a greater recruitment of 

Type II fibres (Vollestad, 1997) which most likely results in greater recruitment o f RF 

compared to the Vastii. Previously, RF has been shown to be the most fatigable muscle in 

the knee extensors (Polger et al., 1973; Mathur et a i,  2005) and has been shown to exhibit 

the lowest fatigue thresholds during cycle ergometry (Housh et a l ,  1995). The current 

results which showed higher rates o f fatigue in the RF especially at 80% MVC are in 

agreement with previous literature.
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While the AEMG differences observed in RF in the current study may indeed be a product 

o f resistance training induced adaptations (Pucci et a i,  2006; Carolan & Caferelli, 1992; 

Sale, 1988), they may also be due to the fianctional biomechanical demands of rowing. Due 

to the bi-articulate nature of RF, it involved in both knee extension and hip flexion. Rowing 

involves knee and hip extension during the drive phase, and knee and hip flexion during the 

recovery phase (Steer et a i, 2006). As such, RF is the only knee extensor muscle actively 

participating in both distinct phases o f the rowing stroke cycle. This unique role of RF in 

rowing stroke may induce a heightened proprioception and control over recruitment which 

may otherwise be absent in a sedentary population.

It seems likely that the enhanced fatigue resistance of the trained group during the 80% trial, 

was at least in part due to enhanced knee extensor synergy. This manifest itself as enhanced 

RF contribution during the trial, which aided the work being performed by the Vastii. The 

altered pattern o f activation between the Vastii and RF observed in the current study is in 

agreement with previous literature. Mathur et al. (2005), also reported progressive decreases 

in RF activity during high intensity (80% MVC) sustained isometric contractions. In 

addition, Place et al. (2006) reported altered RF activity during sustained isometric 

contractions, performed using target EMG feedback. When feedback was provided from the 

Vastii, RF activity progressively declined. However, when feedback was provided from the 

RF, subjects successfully maintained the appropriate level o f activity (Place et a l, 2006). In 

both of these studies however, untrained sedentary individuals formed the cohort. Further 

research examining trained individuals response to fatigue, using EMG biofeedback is 

therefore warranted.

De Luca (1997) previously suggested that EMG fatigue indices may in the future be capable 

of determining differences in muscle fibre type thereby providing a non-invasive 

“electrophysiological muscle biopsy”. In addition, it has been shown that initial MF is 

positively correlated to the proportion o f Type II muscle fibres (Macintyre et al., 1998). As a 

result it may be possible to identify increases or decreases in muscle fibre type proportions 

from analysis of spectral EMG variables. While initial MF for RF during the 80% MVC trial 

in the trained group was less than the untrained group (Tables 4.4 and 4.1, respectively), a
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finding which based on the resuhs o f Macintyre et al. (1998) could potentially indicate a 

decrease in Type II muscle fibre proportions, these results did not attain statistical 

significance. No differences between trained and untrained groups were observed for any 

spectral variables in the Vastii. The only EMG variable which showed a significant training 

effect was AEMG slope in RF during the 80% MVC trial, see Figure 4.13. As previously 

discussed, this result is most likely due to a training induced adaptation towards enhanced 

co-activation o f the knee-extensors as fatigue sets in and is unlikely to represent 

intramuscular alterations in muscle fibre proportions of the RF. It appears from the current 

results, that the spectral and amplitude EMG variables assessed were for the most part 

unable to detect intramuscular differences between a group of trained rowers and a relatively 

untrained group of college students.

In general, the trained participant group demonstrated better reliability and reproducibility of 

EMG measures from a test-retest scenario. This was evident by higher ICC and lower TEM 

data computed for most MF, MPF and AEMG variables during the 20 and 80% MVC trials. 

In the current study, with one or two exceptions, moderate to very high reliability was 

observed for initial and final MF during both trails for all muscles investigated, see Table

4.7. This is in accordance not only with Mathur et al. (2005) but also with other studies 

examining sustained contractions o f elbow flexors (Bilodeau et a l,  1997), back muscles 

(Elfving et a l, 1999) and ramp contractions of knee flexors (Kellis & Katis, 2009). It is 

likely that improved reliability and reproducibility o f measures recorded by the trained 

group were as a result of better performance of isometric tasks, illustrated during the higher 

level contractions by smaller deviation from target exhibited in the trained group (2.5 vs. 

4.3% MVC). This was most likely due to enhanced synchronisation and co-activation of the 

knee extensors as described earlier, however improved sensorimotor skills brought about by 

resistance training may also have played a role (Wong & Ng, 2010). Little or no differences 

in ICC or TEM between MF and MPF were observed in the current study (Tables 4.7 and

4.8, respectively), suggesting that both are equally reliable measures o f EMG frequency.
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4.6: CONCLUSION

In conclusion, enhanced co-contraction of knee extensor muscles especially at higher levels 

o f contractile force had the effect of significantly improving endurance times and potentially 

increasing maximal knee extensor moment. Whether this neuromuscular adaptation to 

fatigue resulted from resistance training, endurance training or a combination of both, 

remains to be elucidated. In agreement with previous studies, RF appears more susceptible 

to fatigue, especially at higher levels o f activity (80% MVC), highlighted by greater rates of 

decrease in MF compared to the Vastii. EMG variables were for the most part unable to 

detect potential intramuscular adaptations indicative of a shift in muscle fibre proportions. 

Overall, the trained group provided more reliable and reproducible EMG measures of 

fatigue and was more successful at maintaining their pre-set target during the 80% MVC 

contraction. Further research, focusing on alternative groups of trained individuals may help 

establish if  adaptations observed in the current study were entirely as a result of resistance 

training, or if endurance training also played a role in enhancing the progressive knee 

extensor co-activation. In addition, examining a trained group focused on explosive 

anaerobic training may provide a more appropriate comparison o f potential EMG spectral 

changes associated with shifts in muscle fibre proportions.
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Chapter 5
A biomechanical assessment of 

ergometer task specificity in flat- 
water kayaking.
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5.1: INTRODUCTION

The development o f sports specific ergometers over the last 25 years has revolutionised the 

training and testing o f elite athletes worldwide. Ergometers are primarily designed to 

simulate biomechanical movements and physiological stresses associated with a specific 

sport, allowing exercise to be performed in an indoor environment (Dal Monte et ai, 1988). 

In order to validate ergometer usage in laboratory testing o f athletes, a quantitative 

assessment o f task specificity must be established. Literature validating task specificity of 

various ergometer designs, using cardio-respiratory (Kenny et a/., 1995; Van Someran et ai, 

2000; de Campos Mello et ai, 2009) or biomechanical variables such as kinematic and force 

data (Lamb, 1989; Elliott et ai, 2002) has been published. Over the last decade, the 

development o f reliable, commercially available air-braked kayak ergometers has led to 

their usage in training and testing o f elite flat-water kayakers. Investigations into the validity 

o f on-ergometer versus on-water testing for metabolic and cardio-respiratory variables (VO2, 

heart rate and blood lactate) have concluded that while kayak ergometers accurately 

simulated physiological demands o f short-term high-intensity kayaking, a biomechanical 

assessment is required to determine how accurately kayak ergometers simulated the on- 

water scenario (Van Someran et al., 2000).

Plate 5.1: A kayaker completing the opposite draw phase o f the kayak stroke 

cycle both on-water (5.1a) and on-ergometer (5.1b). Note the similarity in 

joint positions.
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Surface electromyography (EMG) has been used for over 30 years as an effective technique 

for assessing muscle recruitment patterns during complex movements (De Luca, 1997) and 

more recently Nowicky et al. (2005) used EMG data in an assessment o f rowing ergometer 

design. Nowicky et al. (2005) concluded that a direct biomechanical comparison to on-water 

rowing would further clarify the accuracy with which land-based ergometers simulated on- 

water rowing. Several laboratory based kinesiological EMG studies investigating kayaking 

(Yoshio et a l,  1974; Capousek and Bruggemann, 1990; Trevithick et a l, 2007) have been 

documented. Trevithick et al. (2007) investigated recruitment patterns o f eight shoulder 

muscles in recreational kayakers and concluded that further research examining muscle 

recruitment patterns on-water kayaking was warranted, in order to establish if  patterns 

observed during on-ergometer kayaking truly reflect the on-water scenario. Capousek and 

Bruggemann (1990) used EMG analysis during kayak-specific strength exercises and 

movement patterns to determine the most active muscles during the kayak stroke; reporting 

that Anterior Deltoid was the most active of the muscle groups investigated. To date, no 

literature validating the biomechanical task specificity o f a kayak ergometer has been 

published. In addition, no quantitative analysis o f EMG data during on-water kayaking has 

been reported.

5.2: AIMS AND HYPOTHESIS

The primary aim of this study was to validate the biomechanical task specificity of a 

commercially available kayak ergometer by analysing and comparing EMG, stroke force 

and 2D kinematic data during on-ergometer and on-water kayaking. A secondary aim was to 

assess the effect of increasing exercise intensity on recorded muscle activity patterns and 

stroke force. The study hypothesis was that on-water and on-ergometer kayaking would not 

differ significantly in duration, timing and magnitude o f muscle activation, stroke force or 

kinematic data. Additionally muscle activity patterns and stroke force would progressively 

increase in line with exercise intensity.
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5.3: MATERIALS AND METHODS

5.3.1: Participants

Ten (n=10) male international flat-water kayakers volunteered to perform this study (mean ± 

SD; age 20 ± 3yr, height 180 ± 6cm, body mass 73.5 ± 6.2kg). Personal best times for 500m 

were <110s for senior and <120s for junior kayakers. Prior to participation, enlisted 

kayakers completed a detailed medical questionnaire (Appendix 3) and underwent a medical 

examination by a qualified practitioner which included anthropometric, pulmonary and 

haematological assessments, in order to rule out any subclinical or medical contraindications 

to maximal exercise testing. All participants were fully informed o f the procedures involved 

in the current study and provided informed consent to participate, see Appendix 3.

5.3.2: Experimental design

The study protocol consisted o f  three separate assessments and was approved by the Health 

Sciences Research Ethics Committee in Trinity College Dublin. Initially, a graded 

incremental test to volitional exhaustion was performed on a kayak ergometer to assess VO2, 

lactate and heart rate response profiles. Incremental test data were subsequently used to set 

individual exercise intensities (75, 85 and 95% V02peak) for the task specificity trials. The 

first trial was on-ergometer; the second was on-water, time duration between task specificity 

trials was between 1 and 7 days and all trials were performed between 09:00 and 11:00 to 

reduce the potential for circadian variability. During task specificity trials, exercise intensity 

was matched using heart and stroke rate data attained during incremental testing and all 

individuals acted as their own control.

Kayakers performed their graded incremental test and on-ergometer task specificity trial on 

an air-braked, drag adjustable Dansprint kayak ergometer (Dansprint, Hvidovre, Denmark). 

The ergometer consisted o f a fixed flywheel connected to a carbon shaft via a retractable 

cord attached at either end. Distance from seat to foot-bar was adjusted to match each 

individual’s seat position in the kayak; hand position on the carbon shaft was also adjusted 

to match on-water paddling position. Ergometer drag setting was adjusted for body mass via 

a flywheel damper to equate to on-water drag forces associated with body mass

130



displacem ent. Pow er output per stroke (W ), m ean pow er output (W ) and stroke rate 

(strokes.m in ')  were displayed on the ergom eter’s display m onitor, allow ing exercise 

intensity to be accurately controlled during increm ental testing. Kayakers perform ed the on- 

w ater task specificity  trial in a standard N elo O lym pic flat-w ater kayak (Nelo, Porto, 

Portugal). K ayak dim ensions adhered to strict International Canoe Federation guidelines for 

flat-w ater racing; m ass and length w ere 12kg and 5.2m, respectively. The seat used during 

the study was a fixed US m odel, identical to the seat on the kayak ergom eter. Spray decks 

over the cockpit w ere not used as contact with EM G recording electrodes on Vastus 

Lateralis risked causing m ovem ent artefacts during paddling.

5.3.3: M axim al incremental test

Participants perform ed pre-trial m axim al increm ental tests on a Dansprint kayak ergom eter, 

in order to attain specific exercise intensities necessary for the subsequent task specificity 

trials (see C hapter 2.8). Respiratory exchange variables, along with heart rate and blood 

lactate data were recorded during each increm ent o f  the test (see Chapters 2.9, 2.10 and 

2.11, respectively). Data were subsequently  used to attain target heart and stroke rates 

equivalent to 75, 85 and 95%  o f  each participant’s VC)2peak.

5.3.4: Task specificity trials

A 10-min w arm -up at heart rate equivalent to 50%  o f  individual kayaker’s V02peak was 

perform ed prior to com m encing task specific trials. Subsequent trials both on-ergom eter and 

on-w ater consisted o f  3 by 3 min bout o f  exercise at heart and stroke rates equivalent to 75, 

85 and 95%  o f  individual kayaker’s V02peak. Heart rate data were recorded and m onitored 

using a Garmin Forerunner telem etric heart rate m onitor (Garm in, Kansas, USA) and stroke 

rates were controlled via a digital m etronom e which kayakers listened to using a standard 

MP3 player and headphones. K ayakers were instructed to m aintain the pre-determ ined 

stroke rate throughout and to gradually  increase their heart rate over the initial 2 min until 

their target heart rate had been attained. They then m aintained heart rate and stroke rate as 

close as possible to their individual targets for the final m inute o f  the task specific exercise 

bout. See Plate 5.2 for a description o f  the task specificity trial setup.
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5.3.5: EM G data

EMG data were recorded on the right side o f the body from four muscles involved in the 

kayak stroke cycle: Triceps Brachii (long head) (TB), Anterior D eltoid  (AD), Vastus 

Lateralis (VL) and Latissimus Dorsi (LD) (see Chapter 2.2 and Figure 5.1). Data were 

synchronised to 2D kinematic data recorded simultaneously, see Chapter 2.3. EMG data 

from 10 consecutive stroke cycles in the final minute o f each task specificity trial, were 

amplitude processed via root mean squaring and normalised relative to isometric MVC, see 

Chapters 2.3 and 2.4, respectively. Subsequent temporal normalisation and averaging via 

cubic spline fitting (Chapter 2.5) produced an average rmsEMG ensemble for each muscle 

during task specificity trials.

ilK

LD

AD

VL

Figure 5.1: Raw EMG trace (bipolar scale: ±3000 |j.V per channel) recorded 

for 5 consecutive stroke cycles during on-water kayaking at 85% V0 2 peak. 

Flag markers at top o f the trace indicate the onset o f each stroke cycle (see 

Chapter 2.2 for methodolical description). Channels 1 to 4 (top to bottom) 

dispay raw EMG data recorded from TB, LD, AD and VL, respectively.
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5.3.6: 2D K inem atic and stroke force data

2D video kinematic data were recorded during task specificity trials using a 50 Hz digital 

video camera (JVC, Yokohama, Japan) positioned orthogonally to the sagittal plane o f  the 

kayaker at a distance o f  15 to 20m, see Chapter 2.2. In order to quantify the time duration o f  

the draw phase and the draw/transition ratio, both the start and end o f  the draw phase were 

identified. Onset o f  stroke cycle was identified as the first video frame on paddle entry into 

the water (on-water trials) or the first video frame in which the paddle reference point 

crossed below the virtual water line (on-ergometer trials). The end o f  the draw phase was 

identified as the first video frame when the paddle fully emerged from the water (on-water 

trials) or the first video frame when the paddle reference point crossed above the virtual 

water line (on-ergometer trials). Stroke force data was recorded during both on-ergometer 

and on-water kayaking using strain gauge arrays integrated into two identical commercially 

available carbon paddle shafts, see Chapter 2.7 and Plate 5.2.

Plate 5.2: The task specificity trial setup. Shown is the ME6000 EM G  recorder (A), 

the strain gauge integrated paddle shaft (B) connected to an amplifier and data logging 

system (C). Both EM G (A) and 2D kinematic data (D) were transmitted in real time to 

a laptop (E). A heart rate monitor and transmitter (G) and digital m etronome (F) 

controlled exercise intensity.
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5.3.7: Data reduction and statistical analysis

All EMG, force and kinematic data were transferred to Matlab (Mathworks, Massachusetts, 

USA) for data reduction. For statistical analysis, mean rmsEMG data were averaged for each 

10% segment o f the stroke cycle. Stroke force data were also averaged over the same 10 

consecutive stroke cycles and temporally normalised to attain a group mean stroke force 

ensemble at each 2% o f stroke cycle duration. Data were subsequently analysed to attain 

measures o f peak force (N), absolute time to peak force (s), normalised time to peak force 

(%), rate of peak force development (RFDpeak in N.s"') and rate o f 50% peak force 

development (RFD 50 in N.s ') as outlined by Benson et al. (2011). Integration o f the stroke 

force profile in the first 30% of the stroke cycle quantified the draw impulse (N.s). Paddle 

shaft angle at stroke cycle onset, time to vertical position, draw phase time and 

draw/transition ratio were computed from kinematic data attained during trials both on-water 

and on-ergometer.

Unless otherwise stated, all data are presented as group mean ± SEM and normality assessed 

using Koim ogorov-Sm im off tests. Statistical analyses o f EMG and stroke force data were 

performed using 2-way repeated measures ANOVA (condition x intensity), post-hoc Tukey 

tests quantified detected differences. Comparison o f kinematic data across conditions (on- 

water vs. on-ergometer), were performed using paired Student’s T-tests. Statistical analyses 

were performed using Sigma Stat (Systat Software, Chicago, USA) and P < 0.05 inferred 

statistical significance.
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5.4: RESULTS

5.4.1: Group physiological characteristics

The group had a mean ± SEM V02peak o f 56.4 ± 1.7 m L .kg ''.m in '', BMI o f  22.5 ± 0.4 

kg.m ' and percentage body fat o f 11.6 ± 0.4 %. During incremental testing mean maximal 

power output at volitional failure was 203 ± 13 W. For each incremental test; heart rate, 

blood lactate, VO2 and stroke rate data were plotted against power output (W). 

Subsequently, lactate threshold (Tuc) defined as the point o f  inflection on the lactate curve 

was determined graphically (Beaver et al ,  1986). The mean (± SEM) power, HR and BLa at 

Ti_ac were 140 ± 11 W, 171 ± 4 beats.min"' and 3.0 ± 0.2 m m ol.L '', respectively. Mean heart 

rates equivalent to 75, 85 and 95% o f the group V02peak were 168 ± 2 ,  177 ± 2 and 184 ± 2 

beats.min"' and, respectively. Mean stroke rates equivalent to 75, 85 and 95% o f the group 

VO^peak were 74 ± 2 , 81 ± 2, and 89 ± 2 stroke.min"', respectively. During the task 

specificity trials, no significant differences were observed in heart or stroke rate data 

recorded during the final minute o f exercise across any o f  the exercise intensities.

5.4.2: 2D Kinematics

Kinematic analysis o f the paddle shaft angle at entry, time to vertical position, time o f draw 

phase and transition phase calculated during the 75, 85 and 95% trials are presented in Table 

5.1. Time to vertical paddle position occurred significantly earlier comparing on-ergometer 

with on-water at all exercise intensities (P < 0.05). No significant differences were observed 

between exercise conditions for angle o f  paddle at entry, draw time or draw/transition ratio. 

Draw/transition ratio did progressively increase with exercise intensity and stroke rate, see 

Table 5.1.

In order to better interpret the results o f the current study, a b rief description o f  the 

kinematics o f the kayak stroke cycle is necessary. The kayak stroke cycle is a contralateral 

movement o f  the upper body with four distinct phases (a draw and transition phase for both 

right and left sides). The cycle begins when the paddle blade enters the water initiating the 

draw phase, where the paddle is pulled through the water. The draw phase ends when the 

paddle blade is removed from the water. Once the paddle exits the water, a transition phase
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occurs where the kayaker moves from the end o f one draw phase to the start o f  the draw 

phase on the opposite side. Once the opposite draw phase is completed, a second transition 

phase brings the kayaker back to the original side for the onset o f  the next stroke cycle.

Variable Intensity On-ergometer On-water

75% 74 (2) 74 (3)

Stroke rate (strokes.min') 85% 81(2) 81(2)

95% 89 (2) 89 (3)

75% 133 (2) 133 (3)

Angle o f  entry (°) 85% 134(2) 133 (2)

95% 132 (2) 131 (2)

75% 0.16(0.02)* 0.19(0.02)*

Time to vertical (s) 85% 0.16(0.02)* 0.19(0.02)*

95% 0.16(0.01) 0.18 (0.02)*

75% 0.44 (0.02) 0.44 (0.01)

Draw time (s) 85% 0.43 (0.01) 0.43 (0.01)

95% 0.42 (0.01) 0.42 (0.01)

75% 54.1 (1.7) 54.3 (1.5)

Draw/transition ratio (%) 85% 57.8 (1.4) 58.0(1.3)

95% 62.6(1.3) 63.1 (1.4)

Table 5.1: Group mean (SEM) kinematic variables at 75, 85% and 95% 

V 0 2 peak. Asterisk infer a significant difference between conditions {* P  < 

0.05).

136



5.4.3: M uscle activity

2D kinematics synchronised to EM G data allowed us to observe the distinct phases o f  the 

stroke cycle during which each investigated muscle was active. As expected, both TB and 

LD were highly active during the draw phase o f  the stroke cycle (Figure 5.2a and 5.2b, 

respectively), when the abducted shoulder undergoes extension and internal rotation, 

coupled with eccentric elbow flexion which draws the paddle through the water. In addition, 

VL was active during the draw phase facilitating leg drive, a necessary element o f  flat-water 

kayak technique, aiding in the transfer o f  propulsive forces from the upper body to the kayak 

via the trunk, hips and legs, see Figure 5.2d. Activity in AD initiated as the paddle exited the 

water and increased throughout the transition phase. During this phase, the shoulder is 

externally rotated and begins abduction which facilitates the smooth exit o f  the paddle and 

subsequent transition to opposite draw phase. An additional phase o f  TB activity was 

observed during the opposite draw phase as the opposite paddle was drawn through the 

water, however, the level o f  activity observed during this phase varied greatly between 

kayakers and between conditions. Activity in AD was also observed towards the end o f  the 

opposite draw phase and during opposite transition phase o f  the stroke cycle, however, this 

phase o f  activity was significantly greater during on-ergometer kayaking, see Figure 5.2c. 

While the magnitude o f  activity was altered with increasing intensity, the overall patterns of 

muscle activity remained relatively consistent across exercise intensity (see Appendix 5).
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Figure 5.2: Group mean ensemble EMG traces (5.2a to 5.2d) recorded during

on-water (red) and on-ergometer (black) kayaking at 85% V02peak. The dashed

vertical lines separate the approximate phases o f the stroke cycle; draw phase 

(0-30%), transition phase (30-50%), opposite draw phase (50-80%) and 

opposite transition phase (80-100%).

Due to variations in the number o f peaks and phases o f muscle activity observed between 

kayakers and across conditions, overall muscle activity per stroke cycle was initially 

quantified using integrated EMG (iEMG) or area o f rms amplitude per stroke cycle (Table 

5.2). Comparison o f mean iEMG data across conditions revealed significantly greater 

muscle activity during on-water kayaking for both TB {P < 0.01 at 75% and P < 0.001 at 85
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and 95%) and LD (P < 0.05 at 85% and P < 0.01 at 95%). Unexpectedly, mean AD iEMG 

activity was significantly greater during on-ergometer kayaking {P < 0.05 at all intensities). 

No significant differences were observed for VL.

Variable Intensity On-ersometer On-water

75% 171 (14)** 222 (17)
TB iEMG (iiV.s) 85% 179 (10)*** 239 (15)

95% 200 (14)*** 275 (18)

75% 152 (14) 172(13)
LD iEMG (fiV.s) 85% 137 (14)* 158 (12)

95% 142 (15)** 173(14)

75% 514(59)* 372 (46)
AD iEMG (nV.s) 85% 494 (66)* 340 (35)

95% 487 (57)* 337 (31)

75% 85 (10) 85 (8)
VL iEMG (laV.s) 85% 82 (9) 83 (6)

95% 89 (11) 88 (7)

Table 5.2: Group mean (SEM) data for overall iEMG activity across condition 

and exercise intensity. Asterisk infer a significant difference between conditions 

{* P <  0.05, ** P <  0.01 ,*** p <  0.001).

In order to quantify where within the stroke cycle these differences occurred, EMG data was 

normalised to MVC and averaged for 10% intervals o f the stroke cycle to produce group 

ensembles (Figures 5.3, 5.4 and 5.5). A 2-factor repeated measures ANOVA (intensity x 

condition) performed on these data revealed significant differences at discrete intervals 

within the stroke cycle. Mean TB activity was significantly greater during on-water 

kayaking at the 60% interval across all exercise intensities {P < 0.01 at 75 and 85%, P < 

0.05 at 95%). As exercise intensity increased, differences in mean TB activity also appeared 

at the 70% and 80% intervals (Figures 5.4a and 5.5a). Mean LD activity was significantly 

greater during on-water kayaking at the 20% interval, across all exercise intensities {P <
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0.001, see Figures 5.3b, 5.4b and 5.5b). During the 95% trial, mean LD activity was 

significantly greater comparing on-ergometer to on-water data at the 100% interval (P < 

0.01). Pronounced differences were observed in AD activity across all intensities. Mean AD 

activity during on-ergometer kayaking were significantly greater than on-water at the 70, 80 

and 90% intervals across all exercise intensities (Figures 5.3c, 5.4c and 5.5c). No significant 

differences in VL activity were observed across any o f the exercise intensities.
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Figure 5.3: Group mean ± SEM (n=10) EMG profiles for on-ergometer (open 

circles) and on-water kayaking (closed triangles) stroke cycles at 75% V02peak. 

Each point represents the mean rms amplitude for 10% of the stroke cycle 

normalised to maximal rms amplitude recorded during isometric MVCs. 

Asterisk infer difference between conditions at specific 10% intervals (*P < 

0.05, * * P <  0.01, *** P < 0.001).
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Figure 5.4: Group mean ± SEM (n=10) EMG profiles for on-ergometer (open 

circles) and on-water kayaking (closed triangles) stroke cycles at 85% V0 2 peak. 

Each point represents the mean rms amplitude for 10% of the stroke cycle 

normalised to maximal rms amplitude recorded during isometric MVCs. 

Asterisk infer difference between conditions at specific 10% intervals (*P < 

0.05, * * P <  0.01, *** P < 0.001).
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Figure 5.5: Group mean ± SEM (n=10) EMG profiles for on-ergometer (open 

circles) and on-water kayaking (closed triangles) stroke cycles at 95% VO^peak.

Each point represents the mean rms amplitude for 10% o f the stroke cycle 

normalised to maximal rms amplitude recorded during isometric MVCs. 

Asterisk infer difference between conditions at specific 10% intervals {* P  <

0.05, * * P <  0 .01,*** F <  0.001).

5.4.4: Stroke force analysis

Due to minor technical problems during on-water trials (water interference with strain gauge 

array), only 7 full sets o f  stroke force data were attained. Therefore all statistical analysis 

was performed on a sub-group (n=7). Quantitative results for stroke force data are presented 

in Table 5.3. Analysis o f  rates o f  force development revealed that mean RFD50 was 

significantly greater on-water compared to on-ergometer at 75 (P <0.05), 85 {P < 0.05) and 

95% V02peak (P < 0.001). This can clearly be seen from Figure 5.6 as slower development
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of force in the early portion of the on-ergometer compared to on-water draw phase. In 

contrast to RFD50 , mean RFDpeak was greater during the on-ergometer stroke cycle. The 

draw impulse (N.s) which quantified the overall forces applied during the draw phase 

revealed that greater forces were applied on-water, however this difference was not 

statistically significant at any exercise intensity (Table 5.3). Although not quantified, a 

noticeable difference in forces occurred during both the transition and opposite draw phases 

of the stroke cycle. During the transition phase, no detectable force was recorded on-water, 

the paddle is not in the water during this phase and minimal external forces are being 

exerted through the shaft. However, a noticeable force was recorded during the equivalent 

phase on-ergometer; see Figure 6  from 30 to 50% stroke cycle. This difference also manifest 

itself during the opposite draw phase, where a larger displacement o f the shaft (by the 

opposite draw impulse) was observed on-ergometer. These differences are most likely due 

the external loading mechanism of the ergometer which exerts an elastic recoil force on the 

paddle shaft via the connecting ropes and elastic chord.
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Variable Intensity On-ersometer On-water

75% 208 (9) 195(7)
Peak force (N) 85% 224 (7) 238 (10)

95% 232 (10) 245 (10)

75% 0.16 (0.01) 0.19(0.01)
Time to peak (s) 85% 0.16(0.01) 0.19(0.01)

95% 0.17(0.01) 0.20 (0)

75% 10(0.2) 12.3 (1.7)
Time to peak (%) 85% 11.7(1.7) 13.4 (0.1)

95% 13.2 (0.4) 13.9 (0.3)

75% 1183 (64) 961 (48)
RFDpeak (N .s-') 85% 1215 (48) 1098 (37)

95% 1285 (47) 1264(56)

75% 1097 (47)* 1654 (70)
RFD50 (N.s-') 85% 1165 (170)* 1834 (53)

95% 1171 (25)*** 2347 (133)

75% 68 (5) 77 (2)
Impulse (N.s) 85% 67 (2) 79 (4)

95% 78 (4) 89 (9)

Table 5.3: Presented are group mean (SEM) stroke force data across all 

exercise intensities. Asterisk infer a significant difference between conditions 

(* inferring/^ < 0.05, ** inferring/* < 0.01).
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Figure 5.6: Group m ean ensem ble forcc-tim e profiles recorded during on-w ater 

(red) and on-ergom eter (black) kayaking at 75, 85 and 95%  V02peak. The 

dashed vertical lines separate the approxim ate phases o f the stroke cycle; draw 

phase (0-30% ), transition phase (30-50%>), opposite draw phase (50-80%>) and 

opposite transition phase (80-100%)).
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5.4.5: Effect of exercise intensity

Exercise intensity had a varied effect on m uscle activity patterns, depending on the 

investigated m usculature. Significant increases in overall TB activity were observed as 

intensity increased, how ever these increases w ere m ore pronounced during the on-w ater 

condition {P < 0.01 for on-water, P  < 0.05 for on-ergom eter). N o significant changes in 

overall LD or VL activity w ere observed w ith increasing exercise intensity. U nexpectedly, a 

trend towards decreasing overall AD activity was observed as exercise intensity increased 

(Table 5.2), how ever this trend did not attain statistical significance.

As expected, peak force increased significantly  as exercise intensity increased, how ever this 

trend was m ore significant during on-w ater kayaking {P < 0.01 for on-w ater, P < 0.05 for 

on-ergom eter). RFDpeak and RFD 50 both increased significantly  in line with exercise 

intensity {P < 0.05 and P  < 0.01, respectively). W hile a trend towards increasing forces was 

observed in stroke im pulse (Table 5.2), this trend did not achieve statistical significance. No 

changes in absolute or norm alised tim e to peak force w ere observed with increasing exercise 

intensity.
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5.5: DISCUSSION

The primary aim o f this study was to compare EMG, 2-D kinematics and stroke force 

profiles both on-water and on-ergometer in order to assess the accuracy with which the 

ergometer simulates the biomechanical demands o f  on-water kayaking. Significant 

differences in muscle activity patterns, stroke force and kinematic data suggested that the 

two biomechanical tasks are not perfectly matched. Some differences in muscle activity may 

be explained by subtle changes in kinematics during the draw phase. This is most likely the 

case with LD activity, where significantly earlier time to vertical position (P  < 0.05, see 

Table 2) appears to have altered LD recruitment pattern during on-ergometer kayaking. 

Other more striking differences in muscle activity, such as those observed in AD during the 

latter stages o f the ergometer stroke are most likely explained by the additional external 

forces associated with the ergometer loading mechanism being applied to the paddle shaft.

Increased AD activity manifest itself as a significant second phase o f  recruitment occurring 

between 60 and 90% o f the stroke cycle, a pattern not evident during on-water kayaking at 

any exercise intensity, see Figures 5.3c, 5.4c and 5.5c. The most probable explanation for 

this difference was the ergometer loading mechanism exerting additional forces on the 

paddle shaft (Figure 5.7). In order to maintain constant tension on the pulleys connecting the 

paddle shaft and ergometer flywheel, an elastic chord exerts a recoil force. Analysis o f strain 

gauge data from a stationary position has quantified this force at 20 ± 4N under normal 

recoil (see Chapter 6), however during dynamic movement both the direction and magnitude 

o f this force constantly changed. Trevithick et al. (2007) previously suggested that this 

recoil force aided in the transition phase o f  the stroke cycle, resulting in less shoulder 

muscle activity than would be expected during on-water kayaking. W ith regards to AD 

activity, the results o f the current study clearly contradict this hypothesis. During the latter 

stages o f the stroke cycle (60 to 90%), the shoulder moves from abduction into forward 

flexion. As the opposite draw phase concludes, the shoulder is in its m ost flexed and forward 

position. Both kinematic and strain gauge data would suggest that the ergometer is exerting 

a downward recoil force on the paddle shaft at this point (Figure 5.7a). No such downward 

force is exerted during the equivalent phase o f  the on-water stroke (Figure 5.7b). In order to 

maintain optimal shoulder and arm position during these latter stages o f  the on-water stroke
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cycle, the kayaker must resist this downward force via significant increases in AD 

recruitment, evident at the 70 {P < 0.001), 80 {P < 0.001) and 90% (P < 0.05) intervals.

5.7b5.7a

Figure 5.7: Diagrammatic representation of a time-point at the start of the 

opposite transition phase o f the on-ergometer (5.7a) and on-water (5.7b) stroke 

cycle. The arrow in Figure 4a represents the elastic recoil force being applied 

to the paddle shaft which AD must work against. No such external force 

occurred on-water during this phase o f the stroke cycle.

Stroke force profiles recorded during both conditions highlighted that propulsive forces are 

generated during the draw phase of the kayak stroke cycle, see Figure 5.6. During this phase, 

the shoulder is extended and internally rotated, facilitating the pulling motion of the paddle 

through the water (Logan and Holt, 1985). Since LD is responsible for both shoulder 

extension and internal rotation, it is considered a major propulsive muscle involved in the 

kayak stroke. Previous studies have reported that LD plays a primary role in generating 

propulsive forces during both kayak (Yoshio et al,  1974; Trevithick et ai,  2007) and 

fi’eestyle swimming stroke cycles (Pink et al,  1991) and the current results are in agreement 

with this literature. The phase of LD activity in the current study was concurrent with the 

propulsive forces generated during the draw phase. In addition, time to peak LD activity 

closely matched time to peak stroke force for both conditions. Peak forces occurred later 

during the on-water stroke cycle, see Table 5.4, and peak LD activity also occurred later 

during on-water kayaking (Figure 5.2b). Moreover, significantly higher mean LD activity 

recorded in the 20% interval during on-water kayaking {P < 0.001 at all exercise intensities)
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may explain the greater propulsive forces being generated in the latter stages of the on-water 

draw phase (15 to 30% of stroke cycle, Figure 5.6).

It is widely accepted that the maximum absolute acceleration occurs at and around the 

vertical paddle position (Mann & Kearney, 1980). The kinematic and stroke force data 

recorded are in agreement with this literature, since a close relationship between time to 

peak force and time to vertical paddle position existed during both on-ergometer and on- 

water trials (Tables 5.2 and 5.3, respectively). Significantly earlier time to vertical position 

observed on-ergometer may be a result o f the recoil forces pulling the shaft forward on the 

opposite side earlier than during the on-water scenario. It is possible that this subtle change 

in stroke kinematics may have led to both the earlier peak forces and the significantly earlier 

peak LD activity observed during the on-ergometer draw phase; see Figures 5.2b and 5.6, 

respectively.

TB was also highly active during the draw phase of the stroke cycle. Prior to and directly at 

the onset o f the draw phase, concentric contraction of TB ensure that maximal forward arm 

reach is attained (Logan & Holt, 1985). As the draw phase progresses however, the elbow 

joint is flexed (Tokuhara et al, 1987; Baker et a i,  1999). Since TB is an elbow extensor, it 

may seem counter-intuitive to observe TB activity here, but progressive elbow flexion 

during the draw phase is actively resisted through an eccentric action of TB. Previously 

Tokuhara et al. (1987) reported that skilled kayakers did not recruit their elbow flexors 

during simulated arm pulling movements, even though elbow flexion occurs during the 

movement. In a multi-articular movement, the resultant propulsive force is limited by the 

weakest joint force within a multi-joint system (Kumamoto & Takagi, 1980). Since forces 

generated via shoulder extension exceed forces capable o f being generated via elbow 

flexion, the optimal strategy for force development during the draw phase is one where 

forces are generated via shoulder extension and transmitted to the paddle via the elbow joint. 

Thus inhibition o f elbow flexor recruitment and increased elbow extensor recruitment 

produce greater propulsive forces during the draw phase of the kayak stroke (Tokuhara et 

al, 1987).
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In addition to the initial draw phase, TB was also active during the opposite draw phase, 

although significant differences in the level of activity were observed between exercise 

conditions, see Figures 5.3a, 5.4a 5.5a. In order to effectively perform the opposite draw 

phase, the recovery arm acts as a support and aids in the forceful entry and pull of the 

opposite paddle through the water. Trevithick et al. (2007) reported that both Upper 

Trapezius and Supraspinatus were also active during the opposite draw phase o f the kayak 

stroke cycle. The current results suggest that TB activity is also necessary in order to support 

the opposite draw phase, however, the reason why this phase of TB activity was 

significantly greater during on-water kayaking remains to be fully elucidated. It is possible 

that once again, recoil forces acting on the shaft are forcing kayakers to alter their muscle 

recruitment patterns. Differences in force profiles suggest that the ergometer is applying 

additional loads to the kayak shaft during this phase (50 to 70% of the stroke cycle). In order 

to maintain optimal joint position, it is possible that increased elbow flexion (via reduced TB 

activity) provides resistance to the recoil forces pulling the shaft forward earlier than 

required. Regardless of the exact mechanism, it is worth noting that the two best kayakers 

(based on personal best times) both showed markedly greater TB activity during the 

opposite draw phase when compared with other members of the group, both on-water and 

on-ergometer. This suggests that enhanced recruitment of TB during this phase o f the stroke 

cycle may improve stroke biomechanics and thereby increase kayak velocity.

Logan and Holt (1985) reported that prior to the onset o f the stroke cycle, the thorasic 

vertebrae are rotated anteriorly and the knee and hip joints are at their maximal degree of 

flexion. These joint articulations are made in an effort to maximally rotate the trunk and 

shoulders in the anterior direction, optimising the forward reach necessary for paddle entry. 

At the onset o f the draw phase, the knee extensors are recruited in order to forceftally extend 

the knee joint from the maximal flexed position (Logan & Holt, 1985). This action aids in 

pelvic rotation and horizontal hip adduction, both o f which enhance the rotational 

component that is desired in the trunk (Logan & Holt, 1985). Activity in VL was observed 

during the draw phase o f the stroke cycle both on-ergometer and on-water (Figures 5.2d and 

5.3d), in agreement with previous investigations evauating the role o f VL in aiding body 

segment rotation (Mann & Kearney, 1980; Logan & Holt, 1985). While mean iEMG activity
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in VL in the current study was lower than activity observed in upper body musculature 

(Table 5.2), the role o f contralateral knee extension and flexion in enhancing pelvic and 

trunk rotation should not be underestimated. This point is highlighted by the fact that almost 

all elite kayakers have a strap on their footrest to enhance contralateral leg movements 

(Logan & Holt, 1985; Sanders & Baker, 1998).

Differences in the rate o f force development in the initial stages o f  the draw phase were 

observ'ed between the two exercise conditions. RFD 50 was significantly greater during the 

on-water draw phase at all exercise intensities {P < 0.05, see Table 5.3). This difference is 

highlighted by a change in the slope o f the ergometer stroke force profile at approximately 

5% into the stroke cycle (Figure 5.6). A similar finding was reported for initial stroke force 

development comparing dynamic and stationary rowing ergometry (Kleshnev & Kleshneva, 

1995; Benson et al., 2011) and it was proposed that a disparity between handle and foot- 

stretcher forces may explain the altered stroke force development on stationary ergometers 

(Kleshnev and Kleshneva, 1995). In a similar fashion, it is possible that a disparity between 

initial force development at the shaft and opposing resistive forces at the flywheel may exist. 

A minor delay in transmission o f forces from the shaft to the flywheel via the connecting 

ropes may impede optimal force development in the first 5% o f the stroke cycle. During the 

on-water scenario, it appears no such delay in force generation occurs. Once the paddle 

enters the water, propulsive force can be generated effectively though the paddle shaft 

without any transmission delay.

The results o f  the current study suggest that the role o f  each muscle within the stroke cycle 

may determine what effect increased exercise intensity will have on its specific activity. 

Mean TB activity increased significantly, in line with exercise intensity. Since TB activity 

occurs during both the draw and opposite draw phases o f  the stroke cycle and hence plays a 

role in the development o f propulsive force, these increases in activity were to be expected. 

However, LD activity did not show a significant trend towards increased activity despite 

being highly active during the propulsive draw phase o f the stroke cycle. It is possible that 

LD activity while necessary for the development o f  the draw phase, works at a consistent 

level, independent o f increaseses in stroke force. The unexpected decreases in AD activity

151



observed as exercise intensity increased are most likely due to increased stroke rates, which 

reduce the duration of the transition phase, thus potentially reducing the role of AD in this 

phase o f the stroke cycle. As expected, many o f the measurements o f stroke force increased 

in line with exercise intensity. Peak force, RFDpeak and RFD50 were all significantly greater 

as intensity was increased. Further research examining the effect o f stroke rate and intensity 

on both muscle activity and stroke kinematics is necessary in order to establish if changes in 

stroke rate alter the movement patterns and associated EMG of other muscles.

Study limitations must be considered before drawing definitive conclusions from the current 

results. Firstly, the biomechanical data presented represents controlled sub-maximal and 

near maximal exercise intensities. Kayakers exercised at a power outputs equivalent to 75, 

85 and 95% of their V0 2 peak. A previous assessment of kayak ergometer task specificity 

concluded that simulated kayaking did not closely reflect open-water kayaking in the 

assessment o f sub-maximal cardio-respiratory responses to exercise (Mitchell & Swaine, 

1998). However, Van Someran et al. (2000) assessed cardio-respiratory variables at 

maximal exercise intensity and detected no significant differences between on-water and on- 

ergometer kayaking. The results o f the current study are in agreement with Mitchell and 

Swaine (1998), however it remains to be seen if biomechanical differences are also evident 

during maximal exercise. Previous literature has reported stroke rates o f 118 ± 4 (Mann & 

Kearney, 1980) and 96 ± 5 strokes.min"' (Sanders & Kendal, 1992) during high intensity 

kayaking. The target stroke rates used in the current study (74 ± 2 ,  81 ± 2 ,  and 89 ± 2 

strokes.min’') were markedly lower. It is possible that at maximal stroke rates, differences 

between on-ergometer and on-water kayaking are not as significant as those observed in the 

current study. Further analysis o f EMG, stroke force and kinermatic data, at maximal 

exercise intensity and stroke rate is warranted in order to fully assess biomechanical task 

specificity o f the kayak ergometer. In addition, the number o f available EMG channels 

limited our investigation to just four involved muscles. Kayaking is a complex multi-joint 

movement incorporating recruitment o f many different muscles and joints, consequently 

analysis o f recruitment patterns from other shoulder, arm and trunk muscles is warranted in 

order to provide a more complete assessment o f kayak ergometer task specificity.
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One o f the main outcomes o f the current study is that the recoil force associated with the 

ergometer loading mechanism appears to affect activity patterns in TB, LD and most notably 

in AD. In the case o f  LD activity, the subtle changes to stroke kinematics (earlier time to 

vertical position) brought about by this recoil foce, are most likely responsible for the altered 

activity patterns observed on-ergometer. In the case o f  TB and especially AD activity, it 

seems more likely that the altered recruitment patterns are as a result o f the kayakers 

working to maintain optimal stroke kinematics. The subsequent chapter will outline a study 

w'hich assessed the effect o f varying kayak ergometer recoil forces on 3D kinematics and 

muscle activity patterns in order to clarify what effect this force has on AD, LD and TB 

activity.

5.6: CONCLUSION

The results o f this study confirm that while the kayak ergometer may replicate the metabolic 

and cardiorespiratory demands o f  on-water kayaking (Van Someran et al ,  2000), it does not 

perfectly replicate the biomechanical demands o f the sport. While the 2D kinematics appear 

closely matched (with the exception o f  time to vertical), measures o f  muscle activity and 

force production highlight that significant differences clearly exist between the two tasks. 

The most striking o f these differences was the significantly greater AD activity recorded 

during on-ergometer kayaking. It is unclear as to whether this increased recruitment o f  AD 

during discrete phases o f the stroke cycle has any implication for long term training. It 

should be noted that regardless o f the findings o f  the current study, the kayak ergometer will 

remain a highly useful tool in the training and testing o f  elite kayakers. Therefore fiirther 

research comparing EMG data from other active muscles and at maxiamal exercise 

intensities is warranted, in order to provide a more complete assessment o f  the 

biomechanical task specificity and potential training implications for ergometer usage. 

Finally, while increasing exercise intensity produced expected increases in stroke force data, 

the varying role o f each muscle within the stroke cycle led to inconsistent changes in activity 

relative to intensity.
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Chapter 6
An electromyographic and 3D 

kinematic analysis of ergometer 
kayaking under increasing levels of 

external recoil force.
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6.1: INTRODUCTION

The results of the previous study (see Chapter 5) highlighted that significant differences in 

muscle activity patterns existed when comparing on-ergometer and on-water kayaking. It 

was hypothesised that these differences were potentially due to additional forces acting upon 

the ergometer paddle shaft during on-ergometer kayaking. This force applied via an 

adjustable elastic chord, maintained appropriate pulley tension between the paddle shaft and 

the ergometer flywheel. However, this elastic tension potentially has the additional effect of 

exerting an external force on the shaft which the kayaker must overcome at specific phases 

of the stroke cycle. In order to maintain optimal stroke biomechanics, the kayaker may resist 

this external force via altered recruitment of shoulder and arm musculature. Conversely, the 

external forces being applied on-ergometer may directly alter normal upper body joint 

kinematics, thus affecting associated muscle recruitment patterns. It remains to be seen 

whether differences in EMG observed during on-ergometer kayaking (vs. on-water) are the 

result of the kayaker’s effort (conscious or otherwise) to maintain optimal upper body 

movement patterns or if  the external forces are acting upon joints to create both altered 

movement patterns and EMG responses.

3-dimensional (3D) motion analysis has previously been used to analyse scapular, 

glenohumoral, elbow and wrist kinematics in a variety o f complex biomechanical tasks 

including baseball pitching (Barrentine et a l ,  1998; Murata, 2001), golf swing (Mitchell et 

a l, 2003; Nesbit, 2005) and tennis serve (Tanabe & Ito, 2007). Several studies have 

undertaken 3D motion analysis o f the kayak stroke both on-water (Baker et al., 1999) and 

on-ergometer (Begon et a l, 2008), however, these studies were limited to analysis o f sport 

specific biomechanical variables (stroke length, stroke velocity, shaft angle and draw times) 

without assessing specific joint kinematics at the shoulder, elbow or wrist. The combination 

of EMG and joint kinematic analysis has previously been used to identify fatigue induced 

increases in lumbar motion and Erector Spinae activity during simulated 2000m ergometer 

rowing trials (Caldwell et al., 2003).
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6.2: AIMS AND HYPOTHESIS

The prim ary aim  o f  this study w as to assess the effect o f  recoil forces on both m uscle 

activ ity  and 3D upper body jo in t kinem atics during the on-ergom eter kayak stroke cycle. By 

increasing the elastic tension applied to the paddle shaft and com paring jo in t k inem atics and 

associated EM G  activity, the effect o f  this external force could be  fully  assessed and 

elucidated. W e hypothesised that increasing the ergom eter’s elastic tension w ould result in 

increased EM G activity, w'ithout significant changes in the 3D jo in t kinem atics.

6.3: MATERIALS AND METHODS

6.3.1: Participants

Ten (n=10) m ale international flat-w ater kayakers volunteered to perform  this study (m ean ± 

SD; age 21 ± 3yr, height 1.80 ± 0.06m , body m ass 74.6 ± 5.8kg). All participants had 

previously perform ed both m axim al graded increm ental tests and task specificity  trials both 

on-ergom eter and on-w ater as part o f  the previous study (see C hapter 5). A ll participants 

were fully inform ed o f  the procedures involved in the current study and provided inform ed 

consent to participate, see A ppendix 3. Ethical approval for this study w as granted from the 

Trinity College H ealth Sciences ethics com m ittee.

6.3.2: Experimental design

This study was approved by  the university  H ealth Sciences E thics C om m ittee in Trinity 

College D ublin and consisted o f  a two visits to separate locations. Initially, a graded 

increm ental test to volitional exhaustion was perform ed on a D ansprint kayak ergom eter 

(Dansprint, H vidovre, D enm ark) to assess VO 2, lactate and heart rate response profiles. 

These tests w ere perform ed in the H um an Perform ance Laboratory, A natom y Departm ent, 

T rinity  College Dublin. Data acquired during increm ental testing w ere used to set each 

individual’s exercise intensity (85%  V02peak) for the subsequent 3D kinem atic exercise 

trial. The kinem atic trials w ere perform ed in the Exercise Laboratory, Trinity School o f  

Physiotherapy, St. Jam es 's  H ospital Dublin. During this trial, the elastic recoil forces
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applied by the ergometer’s loading mechanism were adjusted in order to assess their affect 

on m uscle activity and joint kinematics o f the shoulder, arm and back.

6.3.3: Maximal incremental test protocol

Maximal incremental tests were performed on a Dansprint kayak ergometer, in order to 

attain a specific exercise intensity o f  85% V02peak, necessary for the subsequent kinematic 

trials (see Chapter 2.8). Gas exchange variables, along with heart rate and blood lactate data 

were recorded during each increment o f  the test (see Chapters 2.9, 2.10 and 2.11, 

respectively).

6.3.4: Kinematic trial

A 10-min warm-up at heart rate equivalent to 50% o f each individual kayaker’s V02peak 

was performed prior to commencing 3D kinematic trials. The exercise trial itself consisted 

o f  a series o f 4 by 1 min intervals, with each interval followed by a 3 min rest period in 

order to eliminate any risk o f fatigue affecting subsequent exercise bouts. Elastic tension 

applied to the ergometer paddle shaft via the connecting pulleys was varied in a fixed order 

between each exercise bout. Tension was increased in a stepwise fashion via a shortening o f 

the ergom eter’s elastic chord. The elastic chord was shortened by fixed lengths o f 10%> 

relative to the overall chord length for each respective exercise bout. Thus kayakers 

exercised for 1 min bouts at gradually increasing elastic tensions from tension 1 through to 

tension 4 (T1 to T4). Throughout the entire trial, kayakers maintained a fixed power output 

(W) and stroke rate (strokes.min’’) equivalent to 85% o f their V 0 2 peak. This was achieved 

via the ergom eter’s LCD screen which continually provided feedback o f both power output 

and stroke rate. Since the exercise duration was significantly shorter than the previous study 

(1 vs. 3 min), power output instead o f  heart rate was considered a more appropriate means o f 

quantifying exercise intensity.

6.3.5: EMG data

EMG data were recorded fi'om three muscles on the right side o f the body involved in the 

kayak stroke cycle: Triceps Brachii (long head) (TB), Anterior Deltoid  (AD) and Latissimus 

Dorsi (LD), see Chapter 2.1. Synchronisation o f  EMG and video data using an audio-sync
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trigger (Mega, Koupio, Finland) facilitated identification o f onset o f each stroke cycle on the 

EMG recording (see Chapter 2.3). EMG data from 10 consecutive stroke cycles in the latter 

stages o f each task specificity trial, were amplitude processed via root mean squaring and 

normalised relative to isometric MVC, see Chapters 2.3 and 2.4, respectively. Subsequent 

temporal normalisation and averaging via cubic spline fitting (Chapter 2.5) produced an 

average rmsEMG ensemble for each muscle during task specificity trials.

6.3.6: Three-dimensional kinematic analysis

Three-dimensional (3D) movement patterns o f discrete anatomical reference points were 

recorded using a CODA dual CXI motion analysis system (Chamwood Dynamics, Rothley, 

UK., see Plate 6.1). The CODA motion analysis system uses active infra-red LED markers to 

measure positions within a 2 by 2 by 3 m^ volume. The translational precision of the 

instrument has been shown to be within 0.5 mm in each direction, while rotational accuracy 

is within 1°, determined using factory calibration experiments (Mottram et a i, 2009). Two 

separate CXI measurement units were placed equidistant (approximately 5m) and 

orthogonally to the left and right sides o f the sagittal plane. Prior to motion capture, the 

CODA system was pre-calibrated by placing tlxed reference points on the ground within the 

measurement volume. Marker positions were captured at 100 Hz and data transferred to PC 

for subsequent analysis using CODA software (CODAmotion V2.0, Chamwood Dynamics, 

Rothley, UK). All 3D kinematic data were presented in the X (length), Y (width), and Z 

(height) axes, as mm displacement from the pre-calibrated reference points. Since the 

ergometer was positioned behind the calibrated reference points, all marker positions w'ere 

recorded as negative displacements in the X-axis, positive displacements in the Z-axis and 

both positive and negafive displacements in the Y-axis, depending on relative position 

during the kayak stroke.

Previous studies have shown that skin mounted motion sensors are suitable to measure 

scapula rotation and translation (Karduna et a i, 2001; Lin et a i, 2005). While the accuracy 

of all skin-mounted marker-tracking systems is inherently limited (Mottram et a i, 2009), 

accuracy was deemed satisfactory for the purposes o f the current study. Markers were 

attached to the head o f the Ulna (wrist marker) and head o f the Radius and Lateral
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Epicondyle (elbow markers) in order to assess movement patterns o f the arm. Additional 

markers were attached to the lateral tip o f the Acromion  (shoulder marker), and Inferior 

Scapula and medial border o f the Spinal Scapula (scapular markers). Marker locations were 

identified via anatomical reference to bony prominences and all markers were secured to the 

skin with double-sided sticky tape (Sellotape, Henkel, Cheshire, UK).

•I
I

Plate 6.1: The CODA CXI motion capture system, (image location: 

w w w .codam otion.com )

Plate 6.2: A screenshot o f the CODAmotion software display o f 3D marker 

positions during a kayak stroke cycle.
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6.3.7: Stroke force data

In a similar fashion to Chapter 5, stroke force data was recorded during all kinematic trials 

using strain gauge arrays integrated into a carbon paddle shaft, see Chapter 2.7.

6.3.8: Data reduction and statistical analysis

All EMG, force and 3D motion data were transferred to Matlab (Mathworks, Massachusetts, 

USA) for data reduction. For statistical analysis, mean rms EMG data were averaged for 

each 10% interval o f the stroke cycle. Stroke force data were also averaged over the same 10 

consecutive stroke cycles and temporally normalised to attain a group mean stroke force 

ensemble at each 2% of stroke cycle duration. Data were subsequently analysed to attain 

measures o f peak force (N), absolute time to peak force (s), normalised time to peak force 

(%), rate of peak force development (RFDpeak in N.s"') and rate o f 50% peak force 

development (RFD50 in N.s"') as outlined by Benson et al. (2011). Integration o f the stroke 

force profile in the first 30% of the stroke cycle quantified the draw impulse (N.s). 3D 

kinematic movement patterns for each anatomical marker were temporally normalised and 

averaged over 10 consecutive stroke cycles. 3D kinematic data were then averaged for each 

1 0 % interval of the stroke cycle in order to facilitate statistical analyses at comparative 

phases relative to the EMG data. Data are presented as group mean ± SEM unless otherwise 

stated. Normality o f all data sets was assessed using Kolmogorov-Smimoff tests. Statistical 

analyses were performed using 1-way repeated measures ANOVA; post-hoc Tukey tests 

quantified detected differences. Statistical analyses were performed using Sigma Stat (Systat 

Software, Chicago, USA) with P < 0.05 inferring statistical significance.
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6.4: RESULTS

6.4.1 EMGdata

Group mean (SEM) data for iEMG are presented in Table 6.1 and group mean (SEM) data 

for rmsEMG at each 10% interval o f  the stroke cycle are presented in Table 6.2. No 

significant differences were observed for iEMG data in any o f the muscles investigated. 

However, when data were normalised to MVC and averaged for 10% intervals, significant 

differences were observed in AD  activity at discrete phases o f the stroke cycle. AD  activity 

was significantly lower at T4 vs. T1 during the 40% interval {P < 0.05, see Figure 6.1 and 

Table 6.2), indicating that an increase recoil force reduced activity during this phase o f the 

stroke cycle. The opposite effect was observed during later phases, as AD  activity was 

significantly greater as tension increased during the 70, 80 and 90% intervals o f  the stroke 

cycle. During the 70% interval, AD  activity was significantly greater (T4 vs.Tl; P < 0.05: 

T4 VS.T2; P  < 0.05) and during the 80 and 90% intervals (T4 vs. T l; P <  0.001: T4 vs. T2; P  

<  0.05), see Table 6.2 and Figure 6.2. In addition, activity at T3 was significantly greater 

than at T1 {P < 0.01) during both the 80 and 90% intervals. No significant differences in 

muscle activity for TB and LD were observed during any 10% intervals o f the stroke cycle, 

see Table 6.2. Group mean (SD) ensemble EMG traces for each muscle across all tension 

levels are presented in Appendix 7.

6.4.2 Stroke force data

Group mean (SEM) stroke force data are presented in Table 6.1. The group mean stroke 

force profiles at each o f the tension levels are presented in Figure 6.2. No significant 

differences were observed for peak force, time to peak force, normalised time to peak force, 

RFDpeak, RFD5 0 , or stroke impulse. Significant differences in the stationary forces applied to 

the paddle shaft were observed across all tension levels, see Table 6.1. Forces were 

significantly higher at T4 compared to T l, T2 and T3 (P < 0.001) and at T3 compared to T1 

and T2 {P < 0.001). This outcome was expected, since increasing elastic tension, via the 

progressive shortening o f  the elastic chord, should increase the forces applied to the paddle 

shaft via the ergometer pulleys.
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Tension 1 Tension 2 Tension 3 Tension 4

EMG activity (n=10)

iEMG o fr5 (^ V .s ) 161 (18) 157(15) 164(13) 170 (14)

iEMG of IZ) (liV.s) 163 (15) 163 (15) 163 (15) 164(15)

iEMG of  AD (liV.s) 402 (44) 437 (43) 458 (44) 466 (59)

Stroke force (n=9)

Peak Force (N) 270 (12) 282 (16) 279 (13) 286 (15)

Time to peak (s) 0.15 (0.01) 0.15 (0.01) 0.15 (0.01) 0.15 (0.01)

Time to peak (%) 9.71 (0.40) 9.64 (0.60) 9.67 (0.50) 9.59 (0.50)

RFDpeak (N .S-') 1868 (125) 2025 (186) 2000 (166) 2065 (190)

RFD50 (N.S-') 1611 (135) 1765 (133) 1716(120) 1759 (139)

Impulse (N.s) 66 (3) 68 (2) 72 (2) 70 (2)

Stationary recoil force (N) 20 29 (2)***^^^ 37 (2)*** 45 (2)*^*

Table 6.1: Presented are the group mean (SEM) iEMG and stroke force data. 

Asterisk infer a significant difference compared to T4 (*** inferring P < 0.001). 

Dollar symbols infer a significant difference compared to T3 inferring P < 

0 .001 ).
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Interval 
(% cycle)

Muscle Tension 1 Tension 2 Tension 3 Tension 4

TB 26.2 (4 .9 ) 25.1 (4 .6 ) 25.3 (4 .1) 25.6 (4 .3 )

10 LD 35.9 (4 .8 ) 32 .7 ( 3 . 1) 33 .5 ( 3 .5) 32.8 (2 .9 )
AD 2.9 (0 .3 ) 2.9 (0 .3 ) 2.9 (0 .3) 2.9 (0 .3 )

TB 13.2 ( 3 .7) 13.1 (3 .5 ) 12.8 (2 .7 ) 12 .3 ( 3 .0 )

20 LD 27.3 (2 .8 ) 30.6 ( 3 .4 ) 29.4 (2 .8 ) 29.2 (3 .0 )
AD 4.6 ( 0 .7) 4.4 ( 0 .8 ) 4.6 (0 .7 ) 5 ( 0 .9 )

TB 2.5 ( 0 .4 ) 2.5 (0 .4 ) 2.8 (0 .4 ) 3.5 (0 .6 )

30 LD 8.0 ( 1 .2 ) 8.0 ( 1.0 ) 7.9 ( 1.0 ) 9.8 ( 1.5)

AD 7.7 ( 1 .5 ) 7.3 ( 1.3 ) 6.6 ( 1.2 ) 7 ( 1 .7)

TB 1.5 ( 0 .2 ) 1.6 (0 .2 ) 1.8 (0 .3 ) 2.3 (0 .4 )

40 LD 6.8 ( 0 .8 ) 6.7 (0 .7) 6.9 (0 .8 ) 7.1 (0 .8 )
AD 16.7 (2 .1)* 15 .3 ( 1.6 ) 14.1 ( 1 .9 ) 11.9 ( 1 .4 )

TB 2.0 (0 .3 ) 2.3 (0 .3 ) 2.6 (0 .4 ) 3 (0 .4 )

50 LD 7.0 (0 .9 ) 7.1 (0 .9 ) 7.2 (0 .9 ) 7 .4 ( 1)

AD 28.0 (2 .4 ) 29 ( 3 .3 ) 29 .7 ( 3 .2 ) 26.2 ( 3 .2 )

TB 7 6 ( 1.4 ) 7.3 ( 1.2 ) 8.7 ( 1.9 ) 9.1 (2 .1)
60 LD 7.2 (0 .8 ) 7.0 (0 .8 ) 7.2 (0 .8 ) 7.3 (0 .9 )

AD 8.6 ( 1.0 ) 10.7 ( 2 .2 ) 11.3 (2 .1) 11.7 (2 .3 )

TB 6 ( 1 .4 ) 5.8 ( 1.3 ) 6.8 ( 1.9 ) 6.4 ( 1 .6 )
70 LD 7.7 (0 .8 ) 7.6 (0 .7) 8 .3 ( 1.) 8.3 ( 1 .0 )

AD 10 .6 ( 1.7 )* 11.7 ( 1.9 )* 14.9 (2 .7 ) 18.1 ( 3 .8 )

TB 3.7 (0 .4 ) 3.8 (0 .4 ) 3.9 (0 .4 ) 3.7 (0 .4 )
80 LD 7.8 ( 1.0 ) 7.7 (0 .8 ) 8.4 ( 1.3) 8.6 ( 1.3 )

AD 22 .7 ( 3 .5)* * * '* 29.9 (4 .2 )* 32.3 ( 3 .7) 37.6 ( 5 . 1)

TB 3.5 ( 1. 1) 2.9 (0 .5 ) 3.0 (0 .5 ) 2.7 (0 .3 )

90 LD 7 .5 ( 1. 1) 7.5 ( 1.4 ) 8.2 ( 1 .4 ) 8.3 ( 1.3 )
AD 15.6 ( 2 .8 )* * * “ 19.8 (3 .3 )* 24.1 (3 .3 ) 26 .3 (3 .2 )

TB 3.3 (0 .8 ) 3 (0 .6 ) 3 (0 .6 ) 3 (0 .6 )

100 LD 7.1 (0 .8 ) 7 (0 .8 ) 7.1 (0 .8 ) 7.1 (0 .9 )
AD 5.2 (0 .6 ) 6 (0 .8 ) 5.9 (0 .8 ) 6.3 (0 .7 )

Table 6.2: Group mean (SEM) rms EMG data for each 10% interval o f  the stroke cycle 

across tension levels. Asterisk infer a significant difference from T4 (* P<0.05, *** 

P<0.001). Hash symbols infer a significant difference from T3 /*<0.01).
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Figure 6.1: Group mean ± SEM (n=10) normalised EMG amplitude for AD  at each 10% 

interval o f the kayak stroke cycle across all tension levels. Each point represents the mean 

rmsEMG amplitude for 10% o f the stroke cycle normalised to maximal rmsEMG amplitude 

recorded during isometric MVC. Asterisk infer a significant difference between T1 and T4 

(* inferring P < 0.05, * * *  inferring P < 0.001). Dollar symbols infer a significant difference 

between T2 and T4 ($ inferring P < 0.05). Hash symbols infer a significant difference 

between T1 and T3 (## inferring P < 0.01).
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Figure 6.2: Group mean force-time profiles recorded across all tension levels.

Each line represents the group mean stroke force data averaged for 2% intervals 

o f the stroke cycle at a specific tension level.

6.4.3 3D kinematic data

Group mean (SD) kinematic data for each marker averaged over 10% intervals o f the stroke 

cycle are presented in Appendix 6. In addition, range o f movement (ROM) plots for each 

marker are presented in Figures 6.3 to 6.8. Statistical analysis o f the 3D kinematic data 

averaged over 10% intervals revealed significant differences across tension levels, at 

discrete phases o f the stroke cycle and within specific axes o f orientation. Significant 

differences in marker position relative to the X-axis (horizontal) were observed for each o f 

the markers at varying intervals o f the stroke cycle, (see Appendix 6 for P  values and 

specific intervals). In all cases, marker position at T4 was significantly greater than during 

T1 or T2, inferring a more forward position relative to the kayak ergometer. No significant 

differences in marker postion relative to the Y-axis were observed for any o f the markers. 

Significant differences in marker position relative to the Z-axis (vertical) were observed in 

the elbow (head o f the Radius and Lateral Epicondyle o f  Humerus), shoulder {Acromion) 

and scapular {Inferior Scapula  and medial border o f the Spinal Scapula) markers, at specific
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phases o f the stroke cycle, however, no significant differences were observed for the wrist 

(head o f the Ulna) marker relative to the Z-axis. In all cases, Z-axis marker position at T4 

was significantly greater than at T1 or T2, inferring that the joint position was significantly 

higher as elastic tension increased.

With respect to the X-axis, the wrist marker position was significantly more forward during 

the 10 to 30% and 60 to 100% phases o f the cycle as tension increased (see Appendix 6.1 

and Figure 6.3). Elbow marker position in the X-axis was significantly more forward during 

the 10 to 30% and 70 to 100% phases o f the cycle as tension increased (see Appendix 6.2 

and Figure 6.4). Shoulder and scapular marker positions in the X-axis were all significantly 

more forward during the 10 to 30%, 50 to 70% and 90 to 100% phases o f the cycle as 

tension increased (see Appendices 6.4 to 6.6 and Figures 6.6 to 6.8, respectively).

With respect to the Z-axis, no significant differences in kinematics were observed for the 

wrist marker. Elbow marker positions in the Z-axis were significantly higher during the 60, 

70 and 100% phases o f the cycle as tension increased (see Appendix 6.2 and Figure 6.4 for 

Radius and Appendix 6.3 and Figure 6.5 for Lateral Epicondyle). Shoulder marker position 

in the Z-axis was significantly higher during the 40 to 100% phase o f the cycle as tension 

increased. Scapular marker positions in the Z-axis were significantly higher at all phases o f 

the cycle as tension increased. No significant differences in kinematic data were observed in 

the Y-axis for any of the markers investigated.
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Figure 6.3: ROM plots for the head o f the Ulna (wrist marker), recorded in the sagittal (X- 

Z), coronal (Y-Z) and transverse (X-Y) planes during the kayak stroke cycle. Data are 

presented as a group mean marker displacement (mm) at each 2% interval o f the stroke 

cycle and separate lines represent specific kinematic data for each tension level. The 10% 

timepoints o f the stroke cycle are marked (black dot) and numbered on each trace.
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Figure 6.4: 3D kinematic data for the head o f  the Radius (elbow marker), recorded in the 

sagittal (X-Z), coronal (Y-Z) and transverse (X-Y) planes during the kayak stroke cycle. 

Data are presented as a group mean marker displacement (mm) at each 2% interval o f the 

stroke cycle and separate lines represent specific kinematic data for each tension level. The 

10% timepoints in the stroke cycle are marked (black dot) and numbered on each trace.
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Figure 6.5: 3D kinematic data for the Lateral Epicondyle (elbow marker), recorded in the 

sagittal (X-Z), coronal (Y-Z) and transverse (X-Y) planes during the kayak stroke cycle. 

Data are presented as a group mean marker displacement (mm) at each 2% interval o f the 

stroke cycle and separate lines represent specific kinematic data for each tension level. The 

10% timepoints in the stroke cycle are marked (black dot) and numbered on each trace.
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Figure 6.6: 3D kinematic data for the lateral tip o f the Acromion  (shoulder marker), 

recorded in the sagittal (X-Z), coronal (Y -Z) and transverse (X -Y ) planes during the kayak 

stroke cycle. Data are presented as a group mean marker displacement (mm) at each 2% 

interval o f the stroke cycle and separate lines represent specific kinematic data for each 

tension level. The 10% timepoints in the stroke cycle are marked (black dot) and numbered 

on each trace.
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Figure 6.7: 3D kinematic data for the Inferior Scapula (scapular marker) recorded in the 

sagittal (X-Z), coronal (Y-Z) and transverse (X-Y) planes during the kayak stroke cycle. 

Data are presented as a group mean marker displacement (mm) at each 2% interval o f the 

stroke cycle and separate lines represent specific kinematic data for each tension level. The 

10% timepoints in the stroke cycle are marked (black dot) and numbered on each trace.
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Figure 6.8: 3D kinematic data for the medial border o f the Spinal Scapula (scapular 

marker), recorded in the sagittal (X-Z), coronal (Y -Z ) and transverse (X -Y ) planes during 

the kayak stroke cycle. Data are presented as a group mean displacement (mm) at each 2% 

interval o f the stroke cycle and separate lines represent specific kinematic data for each 

tension level. The 10% timepoints in the stroke cycle are marked (black dot) and numbered 

on each trace.
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6.5 DISCUSSION

The results o f the previous study (see Chapter 5) suggested that differences in EMG activity 

between kayaking conditions were due to an additional external force experienced during 

on-ergometer kayaking which was not present during the on-water scenario. As such, the 

primary aim o f the current study was to assess the extent to which this external force 

affected EMG and 3D kinematics, via increasing elastic tension. An additional aim was to 

establish if the changes in EMG activity were a manifestation o f altered kinematic patterns, 

or the result o f an effort to maintain optimal joint kinematics despite increased external 

forces acting upon the joints.

The most striking observation from the previous study was a significant second phase o f AD  

activity during on-ergometer kayaking which was not clearly evident during the on-water 

scenario. This activity occurred between the 60 and 90% phase o f the stroke cycle, when the 

shoulder was in a period o f forward tlexion. During this phase, the external recoil forces 

were acting in a downward trajectory from the paddle shaft towards the ergometer flywheel. 

Hence it was hypothesised that the increasing AD  activity observed here, was a result of 

efforts to resist the downward forces acting upon the arm and shoulder. The current results 

confirm that the recoil forces associated with elastic tension were responsible for this 

significant second phase o f AD  activity observed during on-ergometer kayaking. AD  activity 

was significantly higher at the 70, 80 and 90% intervals o f the stroke cycle, as the elastic 

tension was increased (Figure 6.1). But were these increases in AD  activity the result o f the 

kayaker’s effort to maintain optimal joint kinematics? Since the shoulder is in its most 

forward flexed position and the recoil forces are acting in a downward direction during this 

phase o f the stroke cycle, the most likely changes to joint kinematics would be reduced 

forward flexion and a lowering o f the arm from its normal height. Kinematic data confirmed 

that as elastic tension was increased, no signficant changes occurred in Ulnar marker height 

(Z-axis) during this phase o f the stroke cycle (see Appendix 6.1 and Figure 6.3). 

Furthermore, an increase in both Radial and Lateral Epicondyle height were observed 

during the 60 and 70% phases o f the stroke cycle. Acromion  height during the latter phases 

o f the stroke cycle was also significantly higher as tension increased. Collectively these 

kinematic data suggest that kayakers were actively resisting the downward force via
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increased AD  (and possibly other shoulder muscles) activity in order to maintain optimal 

wrist position during the latter stages o f the stroke cycle. At higher levels o f  external recoil 

force (such as those experienced at T3 and T4), the increases in AD activity actually raised 

the height o f  shoulder and elbow markers while the corresponding height o f  the wrist marker 

remained unchanged (see Appendicess 6.1 to 6.4 and Figures 6.3 to 6.6, respectively).

Unexpectedly, elastic tension had the opposite effect on AD activity during the 40% interval 

o f  the stroke cycle, which is concurrent with the transition phase o f  the stroke cycle (see 

Chapter 5). During this phase, the shoulder is undergoing abduction as the kayaker 

transitions over to a draw phase on the opposite side. Mean AD activity at 40% o f the stroke 

cycle was significantly lower at T4 when compared to T1 (Figure 6.1). At this phase o f  the 

stroke cycle, external recoil forces are acting to pull the paddle shaft forward as the kayaker 

raises it through the transition. Kinematic data from all markers show significant forward 

shifts in postion throughout the stroke. As such, it seems likely that any resistance to this 

forward pull during the transition phase would be achieved via increased shoulder transverse 

abduction and extension. This would most likely be achieved by an increase in Posterior 

Deltoid, Infraspinatus and Teres M inor activity (Hintermeister et al., 1998) during the 

transition phase, which may explain the reduced reliance on AD activity as elastic tension 

increased.

No significant changes were detected in either TB or LD activity as elastic tension was 

increased. This would suggest that the forces applied by ergometer loading mechanism do 

not contribute to the altered EMG response observed when compared to on-water kayaking. 

An alternative explaination for these differences previously documented in Chapter 5, may 

be due to force transmission which on-water is almost instantateous (paddle contact with 

water) and on-ergometer requires the momentary transfer o f  force fi"om the shaft through the 

pulleys before propulsive force can be exerted on the flywheel. Since differences in LD 

activity were isolated to the draw phase o f the stroke cycle (see Chapter 5), this explaination 

is more likely to be a contributing factor with respect to this muscle. Other explainations 

include the lack o f lateral movememt on the kayak ergometer or the inherrent instability o f  a 

flat-water kayak which invariably may alter EMG activity. It is worth noting however, that
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even at T l, a significant level o f  external force (20 ± 4 N ) was still being applied to the 

paddle shaft. It was not possible to lower this force any further due to the ergometer design. 

As such, the simple presence o f  an additional external force cannot be ruled out as a possible 

explaination for the differences in TB and LD activity when compared to the on-water 

condition.

The external forces applied by the ergometer’s elastic tension are in general pulling the 

paddle shaft forward, towards the flywheel. However as was stated in the Chapter 5, during 

the dynamic kayaking movement the magnitude and exact direction at which the force acts 

is constantly changing. This was highlighted in the current study during the 60 to 90% phase 

o f  the cycle, where a more downward application o f  this external force resulted in 

significant increases in AD activity. Nonetheless, the overall effect o f  the elastic tension is a 

forward recoil force. This undoubtedly explains the significant changes in kinematic data 

relative to the X  (horizontal) axis, which were observed in all markers in the current study 

(Figures 6.3 to 6.8 and Appendices 6.1 to 6.6). As tension increased, all joint positions were 

pulled into a more forward position. The exact mechanism as to how this was achieved 

remains to be elucidated. It is possible that the changes observed were due to increased 

shoulder protraction throughout the stroke cycle. Certainly, both the Inferior Scapula and 

medial border o f  the Spinal Scapula appear in a more forward position throughout the cycle, 

inferring a possible protraction o f  the scapula and connecting shoulder and arm. However, it 

is also possible that a progressive change in seating position via increased hip and lumbar 

flexion, could have resulted in a similar kinematic outcome. Since no markers were placed 

on anatomical positions in the lumbar or pelvic region, it remains to be evaluated i f  the 

consistent increases in marker position relative to the horizontal axis, were a result o f  

increased shoulder protraction or hip and/or lumbar flexion. Additional 3D kinematic 

analysis is warranted in order clarify this issue.

Certain limitations must be considered before drawing definitive conclusions fi’om the 

current results. Firstly, the biomechanical data presented only represents one sub-maximal 

exercise intensity. Kayakers exercised at a sub-maximal power output equivalent to 85% o f  

their V0 2 peak; an exercise intensity in close proximity to their aerobic-anaerobic threshold
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as assessed by TLac Previous literature has reported stroke rates o f  118 ± 4 (Mann & 

Kearney, 1980) and 96 ± 5 strokes.min'^ (Sanders & Kendal, 1992) during maximal 

intensity kayaking. The target stroke rates used in the current study (81 ±  2 strokes.min”') 

were markedly lower. It is possible that at higher stroke rates, the effect o f  elastic tension on 

AD activity and associated kinematic data is not as significant as those observed in the 

current study. The results o f  Chapter 5 however, highlighted that A D  activity was 

consistently higher during ergometer kayaking, across a range o f  exercise intensities (75 to 

95% V 0 2 peak) and stroke rates (74 to 89 strokes.min"'). This would suggest that even at 

higher stroke rates, kayakers continue to resist the external forces, in an effort to maintain 

optimal arm height during this phase o f  the stroke cyle. It is also worth noting that it was not 

possible to completely prevent the elastic tension from exerting forces on the paddle shaft. 

The presence or absence o f  this elastic tension may therefore still be responsible for the 

differences between kayaking conditions observed in TB and LD activity in the previous 

study.
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6.6: CONCLUSION

From the resuhs of the current study, the ergometer’s built-in loading mechanism appears to 

be responsible for the significant second phase of AD activity observed during the latter 

stages o f the on-ergometer stroke cycle. When the elastic tension was increased, AD activity 

during this phase progressively increased (Figure 6.1). In addition, it seems likely that these 

increases in AD activity are as a result of the kayaker’s efforts to maintain optimal joint 

kinematics during this phase o f the stroke cycle. The fact that Ulnar marker height remained 

unchanged despite increasing downward forces suggests that the kayaker strives to maintain 

optimal hand position at this key forward point within the cycle and will alter shoulder 

muscle activity in response to an external force, in order to achieve this goal. The lack of 

significant change in TB and LD activity as tension was increased suggests that the recoil 

forces associated with the ergometer loading mechanism, do not play as significant a role in 

altering recruitment patterns in these muscles during on-ergometer kayaking as was initially 

hypothesised. Finally, the overall changes in kinematics relative to the horizontal (X) axis, 

were most likely a result of the recoil forces. Further 3D kinematic analysis is warranted in 

order to elucidate if these alterations in kinematics were a result of increased shoulder 

protraction, hip flexion, or lumbar flexion.
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Chapter 7

A biomechanical assessment of 

ergometer task specificity in rowing.
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7.1: INTRODUCTION

For more than a century, rowers have used “dry-land” ergometer training to improve both 

fitness and rowing technique during poor weather (Halladay, 1990). During this time, a 

variety o f  ergometers have been designed to simulate the on-water rowing scenario (Steer et 

al., 2006). The most popular modem rowing ergometers are air-braked stationary 

ergometers, such as the Concept II. On a stationary ergometer the flywheel and foot- 

stretcher are fixed while the seat slides back and forth on a rail, see Plate 7.1a. As such, 

when the row er’s feet apply force to the stationary foot-stretcher, a reactive force moves the 

rower’s seated body mass backwards along the ergometer rail. This fixed base for force 

transfer does not exist in the on-water scenario (Elliott et al., 2001). Additionally, the 

rower’s centre o f gravity is continually shifted forward and backward on the ergometer rail 

and this has been cited as potentially increasing the risk o f lower back injury in rowers 

(Bernstein et al., 2002; Teitz et al., 2002). More recently, air-braked dynamic ergometers 

such as the Rowperfect, have been designed in order to more accurately simulate the force 

transfer and biomechanics o f on-water rowing. On a dynamic ergometer, the foot-stretcher, 

flywheel and seat are free to move along the ergometer rail, see Plate 7.1b. Therefore, the 

movement o f body segments should be more closely matched to that o f on-water rowing 

(Elliott et al., 2001). In addition, the reduced horizontal displacement o f the rower (Plate 

7.2) may potentially reduce the risk o f lower back injury (Bernstein et al., 2002).

Plate 7.1: Overlapping images o f a rower exercising on a stationary (7.1a) and 

dynamic ergometer (7.1b). Note the differences in horizontal displacement o f the 

row er’s body mass between the two ergometer designs.
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Plate 7.2: A comparison o f horizontal displacement o f the rower’s centre o f 

gravity on a stationary ergometer (right) and a dynamic ergometer (left). (Image 

location: http://www.rowperfect.ca/rowperfect.php)

Several studies have compared rowing ergometer designs, using biomechanical (Nowicky et 

a i, 2005; Steer el a i,  2006; Benson et al., 2011) and physiological (Mahony et a i, 1999; 

Bernstein et a i, 2002; Benson et al., 2011) variables. However, much of this published 

literature is contradictory in its findings. While Nowicky et a i  (2005) reported no significant 

differences in hip and trunk activity or kinematics between two ergometer designs, Benson 

et al. (2011) observed significant differences in stroke biomechanics. In addition, Bernstein 

et al. (2002) reported no significant differences in physiological data, yet observed 

significant differences in stroke force profiles, stroke rate and stroke length, when 

comparing stationary and dynamic ergometers. With regards to task specificity, there is 

limited research assessing the accuracy with which either rowing ergometer simulates on- 

water rowing (Lamb, 1989; Elliott et a i,  2001; Kleshnev, 2005; de Campos Mello et a i, 

2009) and the results o f these published studies have also produced contradictory findings. 

While Elliott et al. (2002) reported that dynamic ergometry and sculling elicited similar 

biomechanics, Kleshnev (2005) observed shorter drive lengths and higher handle forces 

during rowing ergometry when compared to sculling. Lamb (1989) reported significant 

differences in arm kinematics, which were related to the removal o f the oar from the water. 

Several authors have concluded that further research, comparing on-water rowing with
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ergometry, is warranted in order to fully elucidate the accuracy with which rowing 

ergometers simulate the biomechanics o f the on-water scenario (Caldwell et a i,  2003; 

Nowicky et a i,  2005).

The muscle activity patterns involved in the cyclic knee, hip and trunk movements o f the 

rowing stroke cycle have been examined by several authors over the past 20 years (Wilson 

et a i,  1988; Clarys & Cabri, 1993; Caldwell et a i,  2003; Nowicky et a i,  2005). Early 

studies simply utilised EMG in order to identify the general patterns o f  muscle activity 

involved in the rowing stroke cycle (Wilson et a i,  1988; Clarys & Cabri, 1993). More 

recently, EMG has been used to compared activity patterns across ergometer design 

(Nowicky et a i,  2005) and to assess fatigue related changes in muscle activity during high 

intensity ergometer rowing (Caldwell et a i,  2003). A more recent paper (Turpin et ai, 

2011), recorded 28 muscle recruitment patterns during dynamic ergometer rowing and 

identified 3 common muscle synergies which within the stroke cycle. To date however, no 

published literature examining muscle activity patterns during on-water rowing exists. A 

direct comparison o f on-water and on-ergometer muscle activity patterns is therefore 

necessary in order to validate previous literature which examined EMG data during rowing 

ergometry.

7.2: AIMS AND HYPOTHESIS

The primary aim o f the current study was to directly compare muscle activity patterns 

recorded during on-water and on-ergometer rowing across a range o f exercise intensities. An 

additional aim was to compare EMG, biomechanical and kinematic data between stationary 

and dynamic ergometers and relate these findings to the on-water scenario; in order to assess 

which ergometer design best simulates activity patterns observed during on-water rowing. 

We hypothesised that muscle activity patterns would not differ significantly between the two 

investigated ergometer designs and the on-water scenario and that increasing exercise 

intensity would result in marked increase in muscle activity and stroke force independent o f 

condition
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7.3: MATERIALS AND METHODS

7.3.1: Participants

Ten (n=10) m ale intervarsity  row ers volunteered to perform  this study (m ean ± SD; age 21 ± 

2 yr, height 1.90 ± 0.05 m, body m ass 83.3 ± 4.8 kg; BM I o f  23.0 ± 1.8 kg.m '^). All 

participants had a m inim um  o f  3 years row ing experience and w ere proficient in both sweep 

and sculling technique. Prior to participation, enlisted row ers com pleted a detailed m edical 

questionnaire and underw ent a m edical exam ination by  a qualified m edical practitioner 

w hich included anthropom etric, pulm onary and haem atological assessm ents, in order to rule 

out any subclinical or m edical contraindications to m axim al exercise testing.

7.3.2: Experimental design

This study was approved by the university  H ealth Sciences E thics C om m ittee in T rinity  

College D ublin and consisted o f  a three v isits to two separate locations. Initially, a graded 

increm ental row ing test to volitional exhaustion was perform ed to assess VO 2, lactate and 

heart rate response profiles. These tests were perform ed in the H um an Perform ance 

Laboratory, A natom y D epartm ent, T rin ity  College Dublin. Data acquired during 

increm ental testing were subsequently used to set each ind iv idual’s exercise in tensities (75, 

85, and 95%  V02peak) for the task specificity  trials. The ergom eter trials w ere also 

perform ed in the H um an Perform ance Laboratory w hile the on-w ater trials w ere perform ed 

on the R iver Liffey at D ublin U niversity  Boat Club (DUBC). I 'im e  duration betw een task 

specificity  trials was betw een 1 and 7 days and all trials w ere perform ed betw een 08:00 and 

11:00 to reduce the potential for circadian variability. D uring task specificity  trials, exercise 

intensity  w as m atched using heart and stroke rate data attained during increm ental testing 

and all individuals acted as their ow n control.

Row ers perform ed their graded increm ental test and ergom eter task specificity  trial on an 

air-braked, drag adjustable row ing ergom eter (RP3, Row perfect, H ertogenbosch, The 

N etherlands). In order to facilitate com parison betw een stationary and dynam ic ergom eter 

designs, this row ing ergom eter was m odified, allow ing the flyw heel and foot-stretcher to be 

clam ped in a stationary position. This facilitated assessm ent o f  both stationary  and dynam ic
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rowing ergometry on the same machine. The chain was placed on the larger o f two 

cogwheels and flywheel dampening was set at its lowest setting for all trials, in order to 

replicate the drag associated with single sculling as much as possible. The on-water task 

specificity trials were performed in a single scull (Empacher KIO, Erbach, Germany) 

provided by the DUBC senior m en’s team, dimensions adhered to the FISA guidelines 

regarding single sculls; mass and length were 14kg and 8.2m, respectively. All participants 

in the study were competent single scullers and were accustomed to both dynamic and 

stationary rowing ergometer training.

7.3.3: Maximal incremental test

Prior to task specificity trials, maximal incremental tests were performed on the Rowperfect 

rowing ergometer using the protocol outlined in Chapter 2.7. Respiratory exchange 

variables, heart rate and blood lactate data were recorded during each increment o f the test 

(see Chapters 2.8, 2.9 and 2.10, respectively). Data were subsequently used to attain target 

heart and stroke rates equivalent to 75, 85 and 95% of each participant’s V0 2 peak.

7.3.4: On-ergometer task specificity trials

A 10-min warm-up at heart rate equivalent to 50% of individual rower’s VO^peak was 

performed on the ergometer prior to commencing task specific trials. An additional series o f 

3 by 10 s maximal power starts were performed in order to attain maximal reference EMG 

data from investigated musculature. The subsequent on-ergometer trials consisted o f  6 by 3 

min bouts o f  exercise at heart and stroke rates equivalent to 75, 85 and 95% o f individual 

row er’s V02peak. The ergometer flywheel and foot-stretcher were clamped on alternating 

exercise bouts such that rowers exercised at all intensities both on the stationary and 

dynamic ergometer setup. The order o f  both exercise intensity (75, 85 and 95% V02peak) 

and ergometer setup (dynamic and stationary) was randomised for the group and a 5 m in 

recovery period followed each exercise bout. Heart rate data were recorded and monitored 

throughout all trials using a Garmin Forerunner telemetric heart rate monitor (Garmin, 

Kansas, USA). Stroke rates were recorded and monitored via a laptop and RP3 software 

(Version 1.6) connected to the ergometer via a USB connection providing constant feedback 

o f  stroke rate and power output data.
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7.3.5: On-water task specificity trials

All on-water task specificity trials were performed in a single scull. An initial 10-min warm

up at heart rate equivalent to 50% o f individual row er’s V()2peak was performed prior to 

com mencing on-water task specific trials. An additional series o f 3 by 10 s maximal power 

starts were also performed in order to attain maximal reference EMG data from investigated 

musculature. The subsequent on-water trial consisted o f 3 by 3 min bouts o f exercise at heart 

and stroke rates equivalent to 75, 85 and 95% of individual row er’s V02peak. The order o f 

exercise intensity was randomised for the group and a 5 min recovery period followed each 

exercise bout. Heart rate data were recorded and monitored throughout trials using a Garmin 

Forerunner telemetric heart rate monitor (Garmin, Kansas, USA). Stroke rates were 

controlled throughout the on-water trial via a digital metronome which rowers listened to 

using a standard MP3 player and headphones. Rowers were instructed to maintain the pre

determined stroke rate throughout and to gradually increase their heart rate over the initial 2 

min until their target heart rate had been attained. They then maintained their heart and 

stroke rates as close as possible to their individual targets for the final minute o f the task 

specific exercise bout.

7.3.6: EMG data

EMG data were recorded on the right side o f the body from four muscles involved in the 

rowing stroke cycle: Rectus Femoris (RF), Vastus Medialis (VM), Biceps Femoris (BF) and  

Erector Spinae (ES); see Chapter 2.1. Synchronisation o f EMG and video data using an 

audio-sync trigger (Mega, Koupio, Finland) facilitated identification o f onset o f each stroke 

cycle on the EMG recording, see Chapter 2.3. EMG data from 10 consecutive stroke cycles 

in the final minute o f each task specificity trial were amplitude processed via root mean 

squaring and normalised relative to isometric MVC, see Chapters 2.3 and 2.4, respectively. 

Subsequent temporal normalisation and averaging via cubic spline fitting (Chapter 2.5) 

produced an average rmsEMG ensemble for each muscle during task specificity trials both 

on-water and on-ergometer.

185



Attempts to normalise EMG data using standard isometric MVC procedures for each muscle 

were not successful in the current study. While this normalisation procedure was successful 

in previous studies (Chapters 5 and 6), peak EMG data recorded during rowing stroke cycle 

was often higher than the signal recorded during an isometric MVC manoeuvre, notably in 

RF and BF. The issue o f EMG normalisation has previously been discussed by several 

authors (Burden & Bartlett, 1999; Rouffet & Hautier, 2008). In addition, Nowicky et al. 

(2005) encountered a similar problem when normalising their EMG data recorded during the 

rowing stroke cycle to an isometric MVC. Therefore EMG signals in the current study were 

normalised to the maximal EMG recorded during one o f the pre-trial 10 s maximal power 

starts. This procedure has previously been suggested as a novel approach to the 

normalisation o f dynamic EMG data (Rouffet & Flautier, 2008).

—  _  _

BF

ES

Figure 7.1: Raw EMG trace (bipolar scale: ±3000 |uV per channel) recorded for 

5 consecutive stroke cycles during on-water rowing at 85% V02peak. Flag 

markers at top o f the trace indicate the onset o f each stroke cycle. Channels 1 to 

4 (top to bottom) dispay raw EMG data recorded from RF, VM, BF and ES, 

respectively.
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7.3.7: Stroke force data

Throughout all ergometer trials, stroke force data were measured using a load cell attached 

to the ergometer handle, see Chapter 2.7 and Plate 2.8.

7.3.8: Kinematic data

2D video kinematic data were recorded during task specificity trials using a 50 Hz digital 

video camera (JVC, Yokohama, Japan) positioned orthogonally to the sagittal plane o f the 

rower at a distance o f 5 to 10m. Video data were transferred in real-time to computer via 

firewire connection for subsequent processing and analysis. Onset o f stroke cycle was 

identified as the first video frame where ergometer or oar handle was moved away fi*om 

maximal forward position. End o f drive phase was identified as the video frame where 

ergometer or oar handle was at its furthest displacement from maximal forward position. 

Stroke rate, drive time and drive-recovery ratio were calculated and averaged for 10 

consecutive stroke cycles in each exercise condition across all exercise intensities.

7.3.9: Data reduction and statistical analysis

All EMG and force data were transferred to Matlab (Mathworks, Massachusetts, USA) for 

data reduction. For statistical analysis, mean rmsEMG data were averaged for each 10% 

segment of the stroke cycle. Stroke force data during on-ergometer task specificity trials 

were also averaged over the same 10 consecutive stroke cycles and temporally normalised to 

attain a group mean stroke force ensemble at each 2% of stroke cycle duration. Data were 

subsequently analysed to attain measures o f peak force (N), absolute time to peak force (s), 

normalised time to peak force (%), rate o f peak force development (RFDpeak in N.s‘') and 

rate of 50% peak force development (RFD50 in N.s”') as outlined by Benson et al. (2011). 

Integration of the stroke force profile in the first 30% of the stroke cycle quantified the drive 

impulse (N.s).

All data are presented as group mean ± SEM. Normality was assessed using Kolmogorov- 

Smimoff tests and log transformations of EMG data were performed in order to satisfy 

normality. Statistical analyses o f iEMG data were performed using 2-way repeated measures 

ANOVA (condition by intensity); post-hoc Tukey tests quantified detected differences.
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Comparison o f iEMG and stroke force data across conditions (stationary ergometer vs. 

dynamic ergometer vs. on-water) were also performed using 2-way repeated measures 

ANOVA (condition by intensity). Statistical analyses were performed using Sigmastat 

(Systat Software, Chicago, USA) and P<0.05 inferred statistical significance.
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7.4: RESULTS

7.4.1: Group physiological characteristics

The group had a mean ± SEM V02peak o f 66.0 ± 2.6 m L .kg '\m in ‘' and during incremental 

testing mean maximal power output at volitional failure was 393 ± 9 W. For each 

incremental test; heart rate, blood lactate, VO2 and stroke rate data were plotted against 

power output (W). Subsequently, lactate threshold (Ttac) defined as the point o f  inflection on 

the lactate curve was determined graphically (Beaver et al., 1986). The mean power, HR and 

BLa at Tuc were 280 ± 10 W, 179 ± 3 beats.m in'' and 2.4 ± 0.1 m m ol.L '', respectively. 

Mean heart rates equivalent to 75, 85 and 95% o f the group V0 2 peak were 162 ± 5, 174 ± 4 

and 186 ± 2 beats.min'*. During the task specificity trials, no significant differences between 

conditions were observed in heart rate data recorded at any o f the exercise intensities, 

suggesting that exercise intensity was closely matched between the three task specificity 

trials.

7.4.2: Stroke force and kinematics

The group mean (SEM) data for stroke kinematics and force are presented in Tables 7.1 and 

7.2, respectively. In addition, stroke force profiles during both stationary and dynamic 

ergometry are presented in Figure 7.2. No stroke force data were collected during the on- 

water trials; data were only recorded via an integrated load cell during on-ergometer task 

specificity trials. Significant differences in kinematic data were observed between the on- 

ergometer and on-water trials across all exercise intensities. Most notably, on-water rowing 

differed significantly fi'om dynamic ergometry across several kinematic variables. Draw 

times were significantly greater comparing on-water rowing to dynamic ergometry (P<0.001 

at all exercise intensities). In addition, drive/recovery ratios were significantly greater 

comparing on-water rowing to dynamic ergometry (P<0.01 at all exercise intensities). 

Increased exercise intensity and stroke rate had a significant effect on both drive times and 

drive/recovery ratios across all conditions. Differences in the two ergometer designs were 

also observed when comparing drive time and drive-recovery ratios. Draw time was 

significantly longer during stationary ergometry (P<0.05 at all intensities). In addition, the 

drive-recovery ratio was significantly greater during stationary ergometry at the 85 and 95%
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intensities (P<0.05). These results suggest that as a whole, rowers were completing the drive 

phase o f the stroke cycle significantly faster during dynamic ergometry compared to both 

stationary ergometry and on-water rowing. As exercise intensity and stroke rate increased 

drive times progressively decreased (/’<0.001), this observation was expected, however, 

drive/recovery ratios progressively increased (P<0.001). This effect was consistent across all 

conditions (Table 7.1) and suggests that while drive times are reduced with increasing stroke 

rate, the corresponding reduction in recovery times was o f a greater magnitude.

Variable Intensity On-Ergometer On-Water

Stationary Dynamic

75% 20(1) 20(1) 20(1)

Stroke rate (strokes.min ’) 85% 23(1) 23(1) 23(1)

95% 27(1) 27(1) 27(1)

75% 1.06 (0.02)*# 1.00 (0.03)*** 1.13 (0.05)

Drive time (s) 85% 1.00 (0.02)# 0.94 (0.02)*** 1.05 (0.03)

95% 0.94 (0.01)# 0.88 (0.01)*** 0.99 (0.02)

75% 35(1) 33 (1)** 36(1)

Drive-recovery ratio (%) 85% 3 9 (1 )# 37 (1)** 40(1)

95% 42 (1)# 40(1)** 44(1)

Table 7.1: Group mean (SEM) stroke kinematic data. Asterisk infer a 

significant difference compared to on-water (* P<0.05, ** P<0.01, *** 

P<0.001). Hash symbol infers a significant difference compared to dynamic 

ergometer at P<0.05.

190



Comparing stroke force data between stationary and dynamic ergometry trials revealed no 

significant differences in peak force, RFDpeak, RFD50 or impulse (Table 7.2). W hile no 

differences were observed in absolute time to peak force, a significant difference in 

normalised time to peak force was observed at 95% V 02peak. At this high exercise intensity, 

peak force occurred significantly earlier during stationary ergometry (P<0.05). Increasing 

exercise intensity had a significant effect on peak force ( / ’< 0 .01 ), RFDpeak 0 .001 ) and 

RFD50 (P<0.001), with all variables increasing as exercise intensity increased. These effects 

were consistent across ergometer design (Table 7.2). W hile absolute time to peak force was 

reduced as exercise intensity increased (P<0 .001 ), when time to peak force was expressed as 

a percentage o f  overall stroke cycle duration no significant differences were observed across 

intensity. Although not quantified, a noticeable difference in the initial development o f  force 

was observed between the two ergometer designs. This can clearly be seen from Figure 7.2 

as greater force production in the first 10% o f  the drive phase during dynamic ergometry. 

No significant change in stroke impulse was observed with increasing exercise intensity.
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Variable Stationary Dynamic

75% 843 (58) 844 (53)
Peak force (N) 85% 915(54) 912 (51)

95% 1007 (34) 981 (33)

75% 0.43 (0.02) 0.43 (0.02)
Time to peak (s) 85% 0.38 (0.02) 0.38 (0.02)

95% 0.35 (0.01) 0.36(0.01)

75% 14.63 (0.67) 14.88 (0.73)
Time to peak (%) 85% 14.91 (0.89) 15.63 (1.02)

95% 15.01 (0.83) * 15.92 (0.69)

75% 2058 (266) 2095 (259)
RFDpeak (N.S-') 85% 2529 (277) 2501 (234)

95% 2974(177) 2737 (150)

75% 2649 (281) 3017 (622)
RFD50 (N.S-') 85% 3229 (383) 3312 (426)

95% 3694 (305) 3736 (451)

75% 398 (16) 398 (12)
Impulse (N.s) 85% 412 (11) 403 (11)

95% 418 (9) 406 (7)

Table 7.2: Group mean (SEM) stroke force data during on-ergometer task 

specificity rowing trials. Asterisk infers a significant difference compared to 

the dynamic ergometer condition at P<0.05.
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Figure 7.2: Group mean ensemble force-time profiles normalised to the drive 

phase duration o f  stationary (red) and dynamic (black) ergometer rowing stroke 

cycles.
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7.4.3: EMGdata

Synchronisation o f  2D kinem atic and EM G data facihtated quantification o f  the distinct 

phases o f the row ing stroke cycle during which each investigated m uscle was active. As 

expected, the knee extensor m uscles (RF and VM ) were highly active during the m ajority o f  

the drive phase (0-30%  o f  stroke cycle, see Figures 7.3 and 7.4). The drive phase involves 

synchronous knee and hip extension, w hich drives the body backw ards and facilitates the 

powerful pulling o f  the oar through the water. It is worth noting that m agnitude o f  RF 

activity during the drive phase o f  the stroke cycle varied greatly across both condition and 

intensity (Figure 7.3). Both BF and ES activity were also observed during drive phase. This 

is due to their role in hip and trunk extension, respectively, which is especially necessary in 

the latter stages o f  the drive phase, in order to m axim ise stroke length (Figures 7.5 and 7.6). 

A second distinct phase o f  RF activity was observed during the 30-50%  phase o f  the stroke 

cycle which corresponded to the end o f  the drive and onset o f  the recovery phases. The 

recovery phase initially involves progressive hip and trunk flexion follow ed by knee flexion, 

which facilitates the forw ard m ovem ent o f the row er’s body in preparation for the 

subsequent stroke. Since RF is a bi-articulate m uscle and is involved in both knee extension 

and hip flexion, RF activity during 30-50%  o f  the stroke cycle is indicative o f  the role o f  RF 

in the controlled flexion o f  the hip jo in t during the recovery phase. Finally, low level BF" 

activity in the latter stages o f  the stroke cycle (60-100% ) was observed and is m ost likely 

due to the progressive knee flexion during the recovery phase o f  the stroke (Figure 7.5).

Overall m uscle activity per stroke cycle was initially quantifled using integrated EM G 

(iEM G ) or area o f  rm s am plitude per stroke cycle (Table 7.3). W hile no significant 

differences w ere observed across exercise condition, intensity had a significant effect on RF 

and VM  activity  (P<0.01). Both knee extensor m uscles showed significant increases in 

overall EM G activity as exercise intensity increased. U nexpectedly, there was a progressive 

decrease in BF activity as exercise intensity increased; see Table 7.3, especially during on- 

w ater row ing, how ever, this effect did not reach a significant level. Overall, iEM G activity 

in ES rem ained relatively unchanged throughout.
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Variable Intensity On-Ersometer On-Water
Stationary Dynamic

75% 105(10) 109(19) 141 (22)
RF IEMG (nV.s) 85% 122 (9) 113 (22) 146 (20)

95% 149(12) 130 (23) 161 (24)

75% 207 (26) 195 (23) 217(36)
VM iEMG (liV.s) 85% 230 (31) 231 (29) 243 (36)

95% 266(32) 249 (24) 283 (32)

75% 174(15) 182(13) 196(14)
BF iEMG (hV.s) 85% 155 (13) 170(11) 179(12)

95% 155 (14) 177(14) 158 (11)

75% 227 (28) 243 (28) 263 (33)
ES IEMG (nV.s) 85% 256 (26) 229 (22) 260 (28)

95% 255 (28) 236(19) 258 (27)

Table 7.3: Mean (SEM) data for iEMG activity across exercise condition and 

intensity, n=10.

While no significant differences were observed for overall muscle activity, analysis o f 

discrete 10% time intervals within the stroke cycle highlighted several specific differences 

in muscle activity between conditions. The most striking differences were observed in RF, 

see Figures 7.7a, 7.8a and 7.9a. Mean RF activity during on-water rowing was significantly 

greater than either on-ergometer condition at the 50, 60 and 70% intervals o f  the stroke 

cycle see Figures 7.7a, 7.8a and 7.9a. In addition, mean on-water RF activity was 

significantly greater than dynamic ergometry during the initial 10 and 20% intervals o f  the 

stroke cycle. Both these differences appeared consistent across all exercise intensities. No 

significant differences in RF activity were observed comparing stationary and dynamic 

ergometry at the 75% exercise intensity, however, as intensity increased significantly greater 

activity was observed during stationary ergometry at the 10 and 20% intervals (Figures 7.8a
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and 7.9a). Mean VM activity during on-water rowing was significantly greater than 

ergometry at the 10% interval during all exercise intensities (Figures 7.7b, 7.8b and 7.9b). 

As intensity increased greater on-water mean VM activity also occurred at the 20 and 30% 

intervals on-water. Significantly greater mean ES peak activity during on-water rowing was 

observed at the 75% exercise intensity (F<0.05, see Figure 7.7d), however, this difference 

did not manifest itself at higher intensities. No significant differences in mean BF activity 

were observed at any of the exercise intensities.
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Figure 7.3: Group mean ensemble EMG traces for RF recorded during on-water 

(blue), stationary ergometer (black) and dynamic ergometer (red) rowing at 75, 

85 and 95% VOzpeak.
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Figure 7.4: G roup m ean ensem ble EM G traces for VM recorded during on- 

w ater (blue), stationary ergom eter (black) and dynam ic ergom eter (red) rowing 

at 75, 85 and 95%  V 0 2 peak.
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Figure 7.5: Group mean ensemble EMG traces for BF recorded during on-water 

(blue), stationary ergometer (black) and dynamic ergometer (red) rowing at 75, 

85 and 95% V02peak.
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F ig u r e  7 .6 : G roup m ean ensem ble EM G  traces for ES recorded during on-w ater 

(blue), stationary ergom eter (black) and dynam ic ergom eter (red) row ing at 75, 

85 and 95%  V 0 2 peak.
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Figure 7.7: Group mean ± SEM (n=9) EMG profiles for stationary (open circles), dynamic 

(closed circles) and on-water (closed triangles) rowing stroke cycles at 75% VO^peak. Each 

point represents mean rms amplitude for 10% of the stroke cycle normalised to maximal rms 

amplitude recorded during pre-trial sprints. Asterisk infer a significant difference between 

on-water and dynamic at specific 10% intervals (* P<0.05, ** P<0.01, *** P<0.001). Hash 

symbols infer significant differences between on-water and stationary (# P<0.05, ### 

P<0.001). Dollar symbol infer significant differences between dynamic and stationary ($$ P 

< 0 .01).

201



(7.8a) Rectus Femoris

30n

0)•a
3 20 -
Q.
E<
•oQ)(/> 10 -

E
oz

♦ 8 *
Too0 20 40 60 80

Stroke cycle (%)

(7.8c) Biceps Femoris

o
■a

Q.
E<
T3O

Oz

40-

30

2 0 -

10 -

(7.8b) Vastus Medialis

#
# ★
*
* i
*

A ' i \
■ /4- \

9 ■ > .
X

20 40 60

Stroke cycle (%)

80 100

(7.8d) Erector Spinae

30-1

•a
i  20
Q.
E<
~ 10 
E
wOz

I,,
1-4 f

20 40 60 80

Stroke cycle (%)

<11■a

a.
E<

100

50

40-

30-

■oa 20H

10

2

o'
S

t

1O
•
A

20 40 60

Stroke cycle (%)

80 100

Figure 7.8: Group mean ± SEM (n=9) EMG profiles for stationary (open circles), dynamic 

(closed circles) and on-water (closed triangles) rowing stroke cycles at 85% V02peak. Each 

point represents mean rms amplitude for 10% o f the stroke cycle normalised to maximal rms 

amplitude recorded during pre tria l sprints. Asterisk infer significant differences between 

on-water and d j^am ic at specific 10% intervals (* /*<0.05, * *  /*<0.01, * * *  P<0.001). Hash 

symbol infer significant differences between on-water and stationary (# P<0.05, ### 

P<0.001). Dollar symbol infer significant differences between dynamic and stationary ($ P< 

0.05, $$P<0.01).
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Figure 7.9: Group mean ± SEM (n=9) EMG profiles for stationary (open circles), dynamic 

(closed circles) and on-water (closed triangles) rowing stroke cycles at 95% V02peak. Each 

point represents mean rms amplitude for 10% o f the stroke cycle normalised to maximal rms 

amplitude recorded during pre-trial sprints. Asterisk infer difference between on-water and 

dynamic at specific 10% intervals (* P<0.05, * *  / ’<0.01, * * *  P<0.001). Hash symbol infer 

significant differences between on-water and stationary (# / ’<0.05, ### P<0.001). Dollar 

symbol infer significant differences between dynamic and stationary ($ P<0.05, $$ / ’<0.01, 

$$$F<0.001).
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7.5: DISCUSSION

The primary aim of the current study was to compare muscle activity patterns and associated 

kinematic data recorded during on-water rowing with data recorded during rowing 

ergometry, in order to assess the biomechanical task specificity of two contrasting ergometer 

designs. To the best of this author’s knowledge, this is the first study which utilises 

telemetric EMG to identify the muscle activity patterns of the on-water rowing stroke cycle. 

The results o f this study highlighted several differences in muscle activity patterns between 

on-water and ergometer rowing, most notably in RF activity. In addition, stroke kinematic 

data (normalised and absolute drive times) suggest that differences exist in the velocity at 

which rowers execute the drive phase of the stroke. It is possible that these kinematic 

differences played a role in altering muscle recruitment patterns between the ergometer 

designs and on-water scenario.

The differences in RF activity between exercise conditions were extensive and appeared 

across all exercise intensities (Figures 7.7a, 7.8a and 7.9a). In order to better interpret these 

results, it is appropriate to group the differences in RF activity into two specific categories; 

those which occurred during the early drive phase (10 and 20% intervals) and those which 

occurred during the early recovery phase (40, 50 and 60% intervals). Due to the bi-articulate 

nature o f RF, these two phases of activity are resultant fi*om varying joint articulations, 

however, the underlying biomechanical mechanism which elicited the differences may be 

common to both. Activity during the early drive phase (10 and 20% intervals) was due to the 

muscle’s role as a knee extensor while activity during the early recovery phase (40 to 60% 

intervals) was due to its role as a hip flexor. In general, the overall pattern o f RF activity 

observed in current study is in agreement with previous EMG data reported by Nowicky et 

al. (2005). With regards to the early drive phase, RF activity progressively increased both 

on-water and on the stationary ergometer as stroke rate and intensity increased; however, no 

such increase in activity was observed during dynamic ergometer rowing. The differences in 

RF activity were therefore most pronounced at 95% V02peak, see Figure 7.9a. It is most 

likely that these differences were due to the increased acceleration and deceleration of the 

moving masses during the stroke cycle. Bernstein et al. (2002) highlighted that during the 

rowing stroke cycle, the kinetic energy of the moving masses must be reduced to zero at the
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end of both the drive and recovery phases. This kinetic energy can be as much as 6 time 

higher on a stationary ergometer and it is Hkely that this extra energy is absorbed by the 

muscles working eccentrically in order to decelerate the moving masses (Bernstein et al,  

2002). Conversely, these muscles must also work concentrically, in order to generate the 

kinetic energy necessary to overcome the inertial forces and accelerate the moving masses at 

the onset of the each phase of the stroke cycle. As stroke rate increases, the velocity and 

hence momentum of the moving masses must increase in order to complete both the drive 

and recovery phases more rapidly. It appears that increased concentric RF activity in the 

early drive phase is responsible for producing the kinetic energy necessary to accelerate 

greater moving masses both on the stationary ergometer and on-water. Since the moving 

mass on the dynamic ergometer is approximately 19kg (the mass of the flywheel and foot- 

stretcher), increasing its acceleration at higher stroke rates does not appear to require 

additional concentric RF activity. The kinematic data would appear to corroborate this 

hypothesis, since drive times were significantly shorter during dynamic ergometry (Table 

7.1). This suggests that rowers were able to accelerate the moving masses on the dynamic 

ergometer more successfully than on either the stationary ergometer or on-water during the 

drive phase especially at higher stroke rates.

Increased RF activity during the on-water recovery phase was observed across all exercise 

intensities (40, 50 and 60% intervals, see Figures 7.7a, 7.8a and 7.9a) due to the increased 

role of RF in hip flexion. While the increased hip flexion during the on-water recovery 

phase may be due to a greater hip angle being generated at the end of the drive phase, 

previous data would suggest that this is most likely not the case (Elliott et al,  2001; 

Nowicky et al,  2005). Authors have reported maximal hip angles of approximately 120° 

which remained unchanged on both dynamic and stationary rowing ergometers (Nowicky et 

al,  2005) and during on-water rowing (Elliott et al,  2001). It is more likely that the 

differences in RF activity during the recovery phase are once again due to differences in the 

inertial forces and kinetic energy required to accelerate the moving masses from the end of 

the drive phase (Bernstein et al,  2002). It may also be possible that the instability associated 

with on-water rowing requires additional activation of the hip and trunk flexors, in order to 

maintain core stability balance during the recovery phase. Whatever the mechanism, both
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the duration and magnitude of RF activity during the on-water recovery phase was 

significantly greater than that recorded from both ergometer designs, highlighting its 

increased role as a hip flexor during the on-water recovery phase.

On-water rowing appears to utilise VM activity to a greater extent than either stationary or 

dynamic ergometry during force production in the drive phase o f the stroke cycle (Figures 

7.7b, 7.8b and 7.9b). Previous authors have highlighted the role that knee extension plays in 

generating the propulsive forces in rowing (Wilson et a i ,  1988; Hagennan, 2000; Parkin et 

a l,  2001) and as such VM activity is crucial for the development of that force. It is worth 

noting that VM activity during the drive phase (10, 20 and 30% intervals) progressively 

increased with exercise intensity during on-water rowing. The increases observed during on- 

ergometer rowing were much less pronounced as exercise intensity increased (Figure 7.4). It 

is possible that VM is preferentially recruited during on-water rowing, while VL is recruited 

to a greater extent during on-ergometer rowing. Further research assessing activity in both 

the Vastii and RF is required in order to fully elucidate the reason for greater VM activity 

observed during on-water rowing.

Unexpectedly, RF and VM activity on-water were markedly higher than during dynamic 

ergometry, both in the early drive (RF and VM) and recovery phase (RF). These differences 

appeared more pronounced as the stroke rate and exercise intensity increased. Several 

authors have hypothesised that the dynamic rowing ergometer would better simulate the 

movement patterns associated with on-water rowing by reducing the kinetic energy o f the 

moving body mass and more closely matching the inertial forces associated with on-water 

rowing (Elliott et a l ,  2001; Bernstein et a l ,  2002). The pattern of RF activity observed in 

the current study would suggest that the Rowperfect ergometer underestimates the kinetic 

energy required to accelerate moving masses during on-water rowing. The energy necessary 

to accelerate the mass of the ergometer flywheel and foot-stretcher (17kg) does not appear to 

match the energy necessary to accelerate the mass o f the single scull plus body mass in the 

water. However, Benson et al. (2011) recently compared the sliding Concept 2 ergometer 

(mass o f 35kg) and suggested that it may more closely simulate the on-water condition. It is
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possible that by simply increasing the mass o f the Rowperfect foot-stretcher, a more 

accurate simulation of the on-water stroke cycle could potentially be accomplished.

Previous literature reporting peak handle forces during dynamic and stationary ergometer 

rowing are contradictory in their findings (Buck et a l ,  2000; Elliott et a i ,  2001; Benson et 

al ,  2011). Buck et a l  (2000) reported peak handle forces ranging between 575 and 970 N 

recorded during stationary and dynamic ergometry, while Benson et a l  (2011) reported 

mean (SD) peak forces o f 793 (115) and 900 (110) N for male collegiate rowers on dynamic 

and stationary ergometers, respectively. In contrast, Elliott et a l  (2001) reported 

substantially lower peak handle forces during dynamic ergometry (range 318 to 541 N). In 

addition, while Benson et a l  (2011) reported significantly greater peak handle forces on the 

stationary ergometer, Buck et a l  (2000) reported no significant differences between 

conditions. The current study reports mean peak handle forces ranging from 843 to 1007 N 

during stationary ergometer rowing and 844 to 981 N during dynamic ergometer rowing, 

with no significant differences detected across condition. While the current data is higher 

than previously published literature, it is for the most part in agreement with Buck et al  

(2000) regarding ergometer design comparison. Benson et a l  (2011) reported significantly 

earlier time to peak force during stationary ergometry (13.8 vs. 15.8 %). The current study 

also reports significantly earlier time to peak force during stationary ergometry at 95% 

V0 2 peak (P<0.05). Mean RFDpeak data recorded in the current study (Table 7.2) did not 

differ greatly irom those reported by Benson et a l  (2011). It is worth noting that greater 

handle forces were generated in the first 10% of the drive phase during dynamic ergometry. 

This anomaly was consistent across all exercise intensities, see Figure 7.2, and has also been 

previously reported by several authors (Elliott et a l ,  2001; Bernstein et a l ,  2002; Kleshnev, 

2005; Benson et al ,  2011). Kleshnev (2005) suggested that this difference may be due to a 

disparity between foot-stretcher and handle forces; however, it is also possible that the 

difference could be due the smaller moving mass being accelerated more rapidly in the 

initial stages of the drive phase.

In order to draw meaningful conclusions fi'om the biomechanical data attained in the current 

study, one must be confident that trials were performed at matched physiological intensities.
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Other studies assessing ergometer task specificity or rowing ergometer design have 

performed race simulations at maximal intensity (de Campos Mello et a i ,  2009; Benson et 

al., 2011), fatiguing exercise trials o f a longer duration (Bernstein et a l ,  2002) or set sub- 

maximal power outputs based on absolute stroke rate and power (Nowicky et a l ,  2005). 

While performing trials at maximal intensity ensures that a group are theoretically 

exercising at matched physiological intensity across conditions, these studies fail to take into 

consideration variations in stroke rate which may occur due to conditional differences. This 

may limit the scope for identifying changes in muscle recruitment and kinematics, since 

rowers may adapt to an ergometer’s design by altering their normal stroke rate and 

mechanics. O f the previous studies published in this field, only Nowicky et al. (2005) 

controlled stroke rate during their exercise trial, however, a nominal stroke rate o f  23 

strokes.min ' and target power o f  300W were chosen. By choosing an absolute stroke rate 

and power output, the authors failed to account for potential variations in the relative fitness 

level and anthropometries o f each rower. Depending on aerobic fitness level, a target power 

output o f  300W may represent an exercise intensity o f  75% VO^peak for one rower and 95% 

V0 2 peak for another. In addition, a tall rower may perform the task at a stroke rate o f  21 

strokes.m in''; while a smaller rower may perform the same power output at 25 strokes.min"', 

due to variations in lower limb length.

Finally, to date none o f the published literature has assessed the potential biomechanical 

changes which may occur with increasing exercise intensity and stroke rate. By using data 

acquired during pre-trial incremental testing, the current protocol set sub-maximal and near- 

maximal exercise intensities (75, 85, and 95% V0 2 peak) at each individual’s own heart and 

stroke rates. Since no significant differences in heart or stroke rate data were observed 

across exercise conditions, one can be confident that physiological exercise intensity was 

matched across all trials.
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7.6: CONCLUSION

The results o f the current study would suggest that with regards to muscle activity patterns, 

the dynamic ergometer design may underestimate the contribution of the knee extensor 

muscles (RF and VM) to the normal on-water rowing stroke cycle. On-water rowing appears 

to require greater activity in both RF and VM in order to accelerate the moving masses and 

generate effective stroke force. This appears to be especially true at higher stroke rates and 

exercise intensity where RF and VM activity during the on-water drive phase were at their 

m.ost pronounced. It is worth noting that the Concept II ergometer appears to better simulate 

RF activity patterns associated with on-water rowing especially at higher stroke rates. 

Further research comparing EMG from other active muscles and at maximal exercise 

intensities and stroke rates is warranted, in order to provide a more complete assessment of 

the biomechanical ergometer task specificity. In addition, research examining the effect of 

increasing the dynamic ergometer moving mass (flywheel and foot-stretcher) on muscle 

activity patterns during the rowing stroke cycle is warranted. It may be possible that the 

differences observed in the current study are simply a product o f the light moving masses 

encountered on the dynamic ergometer and by increasing these masses a more accurate 

simulation of the on-water scenario can be produced.
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Chapter 8
General discussion
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8.1: EMG and the assessment of ergometer task specificity.

One of the main aims in this series o f studies was to use EMG as a means o f assessing 

ergometer biomechanical task specificity. By comparing muscle activity patterns, along with 

other more common measurements (kinematics and force), it was envisaged that a clear 

assessment o f the accuracy with which ergometers simulate their on-water condition, could 

be established. This approach was based on the novel work o f Nowicky et al. (2005) who 

used EMG and joint kinematic patterns as a means o f comparing two rowing ergometer 

designs. While the authors did not report any difference in muscle activity patterns, they 

nonetheless concluded that a direct comparison of EMG was warranted, in order to quantify 

the accuracy with which ergometers simulate the on-water condition (Nowicky et a l,  2005). 

The main finding from the current research is that while many of the measurements were 

consistent across conditions, several striking differences in muscle activity patterns were 

observed, comparing both kayak and rowing ergometry to their on-water counterpart (see 

Chapter 5 and 7, respectively).

In the case of kayak ergometry, it was established that the ergometer's loading mechanism, 

which applies an elastic recoil force to maintain tension between the paddle shaft and 

flywheel, was responsible for the markedly higher AD recruitment observed during 

ergometer kayaking, see Figures 5.2c and 6.1. In addition, analysis of 3D joint kinematics 

suggests that the increased AD activity was most likely due to an altered motor recruitment 

strategy; aimed at preserving optimal kinematics, despite additional external forces working 

against the shoulder joint, see Section 6.5. This observation contradicts a previously 

published hypothesis eluded to by Trevithick et al. (2007) suggesting that the ergometer’s 

loading mechanism would aid shoulder movement patterns and hence reduce activity in the 

associated musculature. More subtle differences identified as lower activity in both TB and 

LD activity during on-ergometer kayaking were most likely due to altered paddle shaft 

kinematics, namely the shorter time to vertical position (Section 5.6).

It remains unclear as to whether the altered recruitment patterns observed during ergometer 

kayaking could have negative implications for training and performance. The possibility that 

long term ergometer training may increase the risk o f shoulder injury or lead to a
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deterioration in kayak stroke technique cannot be ruled out. It is this author’s opinion 

however, that in the case o f  elite kayakers, the kayak ergometer remains an effective 

substitute for on-water training. Thousands o f  hours o f on-water practice have allowed these 

athletes to perfect the complex movement patterns associated with the kayak stroke cycle, so 

much so that they are sensitive to the application o f  any external force and can thus alter 

their recruitment strategy in order to maintain optimal stroke technique during ergometer 

kayaking. Anecdotal evidence suggests that elite kayakers are equally capable o f  altering 

their motor recruitment strategies when they encounter external forces on the water. Elite 

kayakers are well trained to adapt to headwind, crosswind or tailwind conditions in order to 

maintain their optimal technique (Cox, 1992b). Adapting to the forces encountered on the 

ergometer is simply another extension o f  the sensitivity and proprioception induced through 

years o f kayak training. In contrast, untrained kayaker may struggle to replicate their on- 

water technique when performing on the ergometer. External recoil forces applied by the 

ergometer’s pulleys may push and pull their joints (shoulder and elbow in particular) from 

their optimal position. Since the untrained kayaker’s proprioception and motor recruitment 

strategies are not as well trained as their elite counterpart, they may not be as sensitive to 

deviations from the optimal movement patterns. It is therefore the view o f this author, that 

the kayak ergometer is a poor substitute for on-water kayaking when it comes to the 

teaching and development o f kayak technique to beginners and those developing in the 

sport. It nonetheless remains an extremely usefiil aid in the training and testing o f elite 

kayakers.

In the case o f  rowing, the most striking difference in recruitment patterns was observed in 

RF activity. This difference manifested itself as a lower level o f  RF recruitment comparing 

the dynamic ergometer to the stationary ergometer and also comparing on-ergometer and 

on-water rowing scenarios. The findings reported in Chapter 7 suggest that RF activity is 

extensively utilised during on-water rowing, both as a knee extensor during the early drive 

phase and as a hip flexor during the late drive and early recovery phase o f  the stroke cycle. 

The level o f  RF recruitment was significantly lower during on-ergometer rowing. This was 

especially true o f the dynamic ergometer design where consistently lower RF activity was 

observed at all stroke rates and intensities, see Figure 7.3. These data suggests that in the
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case of the dynamic rowing ergometer, the forces required to accelerate the body segments 

through the drive phase are markedly lower than those encountered during on-water rowing. 

Rekers (1993) designed the dynamic ergometer in order to more closely simulate the body 

segment movements of on-water rowing (Rekers, 1993; Elliott et al., 2001). However, while 

the current research suggests that while body segment movements may closely replicate on- 

water rowing, the forces necessary to accelerate and decelerate the moving masses are 

underestimated. The moving masses on the dynamic ergometer equate to the mass of the 

flywheel and foot-stretcher (17kg). While this is a similar mass to that of a single scull, the 

on-water stroke cycle involves acceleration of both the boat and the rower’s body mass. The 

results of this study, identifying reduced recruitment of both RF and VM in the early drive 

phase, suggest that the acceleration of the moving masses in dynamic rowing ergometry 

(and to a lesser extent in stationary ergometry) can be achieved with less effort than is 

necessary during on-water rowing, see Section 7.5. Unexpectedly, on the basis of EMG data, 

the stationary ergometer appears to simulate the on-water stroke cycle more effectively than 

the dynamic ergometer, especially during high intensity rowing (Figure 7.9). This 

contradicts the conclusions of several published papers which compared rowing ergometer 

designs or on-ergometer and on-water rowing (Elliott et a l,  2001; Bernstein et a l,  2002; de 

Campos Mello et al, 2009). However, it should be noted that to the best of this author’s 

knowledge, the current research is the first to directly compare on-ergometer and on-water 

rowing using EMG data and as such offers a more comprehensive comparison of ergometer 

task specificity.

The results of this research suggest that in the case of certain discrete muscle recruitment 

patterns, ergometer task specificity is not as highly accurate as one would desire. However, 

based on the findings presented in this thesis it may be possible to improve ergometer 

biomechanical task specificity through minor alterations in ergometer design. In the case of 

the kayak ergometer, the elastic loading mechanism is unfortunately a necessary component 

in the mechanical workings of the machine. While it may not be possible to completely 

eliminate the effect of elastic recoil, it is highly recommended that kayakers use as low an 

elastic tension as possible during ergometer training. This will minimise the effects of elastic 

tension on muscle recruitment patterns and provide as close a simulation to on-water
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kayaking as possible. The current results suggest that the dynamic rowing ergometer 

underestimates the forces necessary for the acceleration o f the moving masses encountered 

during on-water rowing. By increasing the mass at both the flywheel and possibly the seat, it 

may be possible to more accurately simulate the on-water scenario, especially in the 

recruitment o f  knee extensor muscles in the early part o f  the drive phase. Finally these 

results highlight that while external comparisons o f  task specificity, by w ay o f  kinematics, 

force or even metabolic variables may suggest accurate task specificity, EMG can identify 

subtle biomechanical differences which are not otherwise detectable to the naked eye. EMG 

provides a window into the internal recruitment strategies being utilised by the athlete to 

perform a given task and is therefore an extremely usefial tool in the assessment o f 

ergometer task specificity. Further assessment o f other recruitment patterns from other 

discrete muscles is warranted in order to provide a better assessment o f  task specificity 

across a large range o f  active musculature.

8.2: EMG and the quantification of neuromuscular fatigue

Another key aim in this series o f  studies was to assess the identification o f  neuromuscular 

fatigue via EMG across a range o f  tasks and actions. The results reported in Chapter 3 

suggest that T e m g  is identifiable across a variety o f  tasks and from a number o f  discrete 

active muscles. Overall, 75% o f the raw EMG traces recorded from discrete muscles 

exercising during incremental testing (cycling, kayaking and rowing) exhibited non-linear 

increases in rmsEMG amplitude. These non-iinear increases in rmsEM G amplitude 

facilitated the consistent identification o f Temg during rowing and kayaking ergometry and 

the relative exercise intensity (Figure 3.1 and Appendix 5) at which these thresholds 

occurred did not significantly differ between conditions. The observation that Temg occurred 

at significantly higher relative intensities comparing cycling and rowing, led the author to 

postulate that T e m g  was sensitive to differences in testing protocol, in a similar fashion to 

ventilatory thresholds. However, an additional validation study which compared T e m g  

attained during both continual and intermittent incremental cycling tests did not corroborate 

this postulation (see Appendix 4). There is tentative evidence to suggest that Temg and 

ventilator thresholds are more sensitive to subtle changes in exercise protocols than lactate 

measurements. While global T e m g  and ventilatory thresholds identified differences between
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the cycling and rowing sub-groups which were also identified in the ventilatory thresholds, 

see Figures 3.6 and 3.7, differences across conditions were not observed in either T l3 c or 

OBLA.

There is still much debate in the literature as to the mechanisms underlying the 

neuromuscular fatigue threshold which occurs around the aerobic-anaerobic transition. 

While peripheral mechanisms o f fatigue such as the increase in lactate and associated 

exercise metabolites remain the most likely cause, central mechanisms have also been 

suggested to contribute along with the peripheral changes within the active motor units 

(Moritani & De Vries, 1980; Bigland-Ritchie et a l ,  1986). The EMG response to 

incremental testing in several discrete muscles assessed, suggest that central alterations in 

recruitment strategy do play a significant role in the occurrence o f the neuromuscular fatigue 

threshold. The most striking change in recruitment was observed in RF during incremental 

rowing. Initial monophasic recruitment in the early stages o f the test gave way to biphasic 

recruitment as exercise intensity increased (Figure 3.2a). Alterations in the recruitment o f  

BB during incremental kayaking were also observed (Figure 3.3b). While these alterations 

in muscle recruitment strategy suggest a central component to the neuromuscular fatigue 

threshold, it is also possible that they are primarily a response to significant changes in the 

velocity o f  execution o f the movement. Each exercise element o f both incremental kayaking 

and rowing tests were performed at freely chosen stroke rates. As such, participants 

gradually increased their stroke rate in response to increases in the target power output. In 

contrast, cycling tests were performed within a fixed range o f cadence (80 to 90 rev.min'') 

and no such alterations in recruitment strategy were observed during cycling ergometry. 

Further research examining the mechanisms surrounding alterations in muscle recruitment 

strategy is warranted in order to establish if  these changes are a result o f increased velocity 

o f movement execution or in response to fatigue and increases in power output.

Comparing Temg across a range o f  tasks and muscles required the use o f a novel analysis 

method. Thresholds attained from the EMG o f discrete muscles were averaged together to 

provide a “global” Temg in each sub-group. While this method has yet to be validated, 

statistically comparing thresholds attained from individual muscles across sub-groups was
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considered an inappropriate means o f comparison from a physiological perspective. Finally, 

no evidence o f intramuscular alterations in fibre typing between trained and untrained 

groups was observed (see Chapter 4). It was initially postulated that the frequency content of 

the EMG signal may be altered due to long term training induced shifts in muscle fibre 

typing. No such alterations in either MF or MPF were observed. Only an alteration in the 

amplitude of RF activity was observed during fatiguing isometric knee extensions, see 

Figure 4.13. This altered recruitment o f RF was most likely a result of centrally mediated 

training adaptations such as enhanced agonist co-activation.

8.3: The unique role of RF activity in rowers

Of the four discrete knee muscles which make up the Quadriceps Femoris, RF is unique in 

that it is biarticular. The actions o f RF are therefore twofold; RF can act as both a knee 

extensor and a hip flexor. These joint actions also play a crucial role in the propulsive force 

development of the rowing stroke cycle. It is not surprising therefore, that the results of 

several of the studies undertaken highlighted that rowers possess a unique and altered 

strategy when it comes RF recruitment. This was observed not only in the attainment of 

neuromuscular fatigue thresholds (Chapter 3) but also in the study of isometric fatigue 

(Chapter 4) and rowing ergometer task specificity (Chapter 7). The EMG data from the 

rowing trials reported in this thesis suggest that rowers can alter their recruitment of RF 

depending on the level o f force and acceleration required for the completion of the stroke 

cycle. At low stroke rates, rowers adopt a strategy o f utilising RF activity primarily as a hip 

flexor. We therefore observed monophasic RF recruitment at low stroke rates and power 

outputs (Figures 3.2a and 7.3). However, as both stroke rate and power output increased 

rowers appeared to alter their recruitment strategy and began utilising RF as both a knee 

extensor and hip flexor. Biphasic RF recruitment was thus observed at higher stroke rates 

and power outputs (Figures 3.2a and 7.3). Further evidence of the unique adaptations in RF 

recruitment was observed during isometric knee extensions to fatigue. Untrained participants 

demonstrated progressive de-recruitment of RF during 80% MVC contractions. This 

observation was in agreement with previous results reported by Mathur et al. (2005). In 

contrast, rowers were capable of progressively increasing their recruitment o f RF over the 

course o f the fatiguing contraction, which most likely aided in their ability to maintain the
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required level of force for longer, see Chapter 4. It would appear from the presented results 

that untrained individuals are less capable o f recruiting RF as a knee extensor and are more 

reliant on the actions o f the Vastii to accomplish this knee articulation. Rowers in contrast, 

through years o f training have adapted to more effectively utilise RF as a knee extensor. 

They can thus alter their neural strategies during highly intense, fatiguing work and recruit 

RF as a knee extensor to provide additional force whether during rowing at high power 

output and stroke rate, or during fatiguing isometric contractions.

8.4: Limitations and further research

The primary limitation in all studies undertaken in this dissertation was undoubtedly the 

limited number o f muscles from which EMG data were recorded. All EMG data collection 

was performed using a 4-channel telemetric recorder, see Section 2.1. This limited the scope 

of assessing recruitment patterns to just four muscles during any given task. In early work 

for this dissertation, the author made preliminary attempts at repeating exercise trials on two 

separate occasions in order to double the number of recorded muscles. However, it quickly 

became clear that validating the consistency of exercise intensity, movement patterns and 

force production across repeat trials would be too difficult. In addition, the level of 

confidence one could have in recorded EMG data during repeated trials to failure would be 

low, even during more controlled efforts such as isometric contraction. Complex movement 

patterns such as those which form the basis o f the kayaking and rowing stroke cycles require 

the coordination o f many muscles in distinct patterns o f recruitment. As such, further 

research investigating other muscles involved in these movements, both during on- 

ergometer and on-water exercise, is highly recommended.

A second limitation encountered was the lack of consistency in methods used to normalise 

EMG amplitude. It was initially envisaged that all EMG data recorded during task 

specificity trials would be normalised to data recorded during pre-trial isometric MVC 

contractions. However, problems were encountered during the rowing task specificity trials, 

as EMG amplitude data recorded during these trials were in many cases greater than 

maximal data recorded during the isometric MVC contractions. Previous authors have also 

reported this problem in isometric MVC normalisation (Jobe et a l, 1984; Nowicky et al..
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2005). In order to overcome this problem, it was decided to use a novel EMG normalisation 

protocol initially proposed by Rouffet and Hautier (2008). This protocol involved 

normalising data to the maximal EMG amplitude recorded during maximal power dynamic 

sprints which the participant performed prior to task specificity trials. This method has 

previously been used to normalise cycling data (Rouffet & Hautier, 2008), however, to the 

best o f this author’s knowledge, this is the first time it has been applied to on-water EMG 

data in rowing. A more detailed discussion o f  EMG normalisation methods is presented in 

Section 1.3.2.

A final limitation in this dissertation relates to the lack o f  stroke force data from on-water 

rowing. It was initially envisaged that stroke force data would be recorded and compared 

during both on-ergometer and on-water kayaking and rowing. The development and 

integration o f  laser trimmed strain gauge arrays on to two identical kayak paddle shafts 

facilitated the quantification and comparison o f stroke force in both kayaking conditions. 

While handle forces during ergometer rowing were measured via the application o f  a load 

cell to the handle-chain coupling, the author was unable to measure stroke force data during 

on-water rowing. A conference discussion with biomechanists specialising in the 

measurement o f  rowing stroke force highlighted several technical issues with the 

development o f force measurement equipment for on-water rowing. These technical issues 

mostly focus around the effect o f longditudonal forces on the rowing oar, which m ay lead to 

overestimations o f stroke force unless measured and accounted for. In addition, Elliott et al. 

(2001) previously reported significant differences in stroke force related to variations in the 

measurement o f force fi'om either the ergometer handle or on-water oar. Since it was 

deemed impractical to directly compare forces measured from a load cell to forces measured 

fi'om the bending moment o f a carbon rowing shaft, the development o f an on-water 

measurement device for rowing stroke force was not completed.

As a follow on fi'om this dissertation it would be beneficial to assess additional muscles 

involved in the execution o f kayaking and rowing stroke cycles, in order to better assess 

ergometer biomechanical task specificity in these sports. Additional data describing the 

recruitment patterns involved in the performance o f  these sports on-water would
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undoubtedly be of benefit, since there is limited published research in this field. In addition, 

3D kinematic analysis of ergometer rowing may provide useful insight into the acceleration 

of body segments which is occurring during the stroke cycle. Repeating the methodology 

described in Chapter 7 with a group of rowers exercising on stationary and dynamic 

ergometers would facilitate this. With regards to the assessment o f neuromuscular fatigue, it 

may be beneficial to assess other athletic populations possessing altered adaptations to 

training than those exhibited by the rowing group. Comparing this endurance trained group 

with an untrained population in Chapter 4, highlighted adaptations in the recruitment o f RF 

during a high intensity (80%MVC) fatigue exercise. A comparison to an explosively trained 

group such as weightlifters or rugby players may provide further insight into whether this 

adaptation is sport specific or a neuromuscular response, common to various resistance 

trained groups.
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2009 Physiological Society Conference, University College Dublin, Ireland.

IDENTIFICATION OF THE AEROBIC-ANAEROBIC TRANSITION IN MALE 

ROWERS USING SURFACE ELECTROMYOGRAPHY DURING GRADED 

INCREMENTAL EXERCISE.

Neil Fleming’, Bernard Donne', Nick Mahony^

1 ^Department of Physiology, “Department of Anatomy, Trinity College Dublin.

The aim o f this study was to assess the use of surface electromyography (EMG) as a non- 

invasive determinant of the metabolic response to incremental exercise in male rowers. The 

relationship between EMG threshold ( T e m g )  and more commonly used variables for 

detection of the aerobic-anaerobic threshold (blood lactate threshold (Ttac), onset o f blood 

lactate accumulation, OBLA) was assessed.

Thirteen male rowers (age 21±4yr, height 1.88±0.04m, mass 84±7kg, VO^max 

61.0±6.0mL.kg''.min'') performed graded tests to volitional exhaustion on a Concept II 

ergometer. This ethically approved study involved intermittent exercise bouts at power 

outputs (start power 120W, duration 3 min, rest 1 min, increment 40W) during which root- 

mean-squared-EMG data (rmsEMG) were recorded from Rectus Femoris (RF), Vastus 

Lateralis (VL), Biceps Femoris (BF) and upper portion o f Trapezius (UT). The rest period 

between increments facilitated earlobe blood sampling for lactate determination. Computed 

rms-EMG data for each muscle were averaged over 10 consecutive stroke cycles during the 

final minute of each exercise increment. Individual power at EMG threshold were identified 

using the V-slope method and compared against power at Tuc and OBLA using a repeated 

measures ANOVA.

Correlation analysis showed strong association between blood lactate and rmsEMG activity 

in RF  (r=0.82), VL (r=0.63) and BF  (r=0.71), and lower association in UT (r=0.42). Analysis 

revealed no significant differences between Tlbc (257±7W) and Temg in RF  (266±6W) and 

VL (267±7W), however T e m g  occurred at significantly higher power outputs (P<0.01) for

250



BF  (270±7W) and UT (274±10W). No significant differences were observed comparing 

Temg and OBLA (280±9W) in any of the muscles investigated.

Our results suggest that Temg is strongly associated to both OBLA and Tuc (r=0.75 to 0.94) 

and that there are differing recruitment strategies relative to increasing exercise intensity 

between the muscles analysed in the current study. Further analysis is required to assess 

overall changes in recruitment associated with the aerobic-anaerobic transition.

Power @ T e m g Correlation to BLa

Rectus Femoris 266±6W r=0.82

Vastus Lateralis 267±7W r=0.63

Biceps Femoris (/^<0.01) 270±7W r=0.71

Upper Trapezius (P<0.01) 274±10W r=0.42
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ECSS 2010, Antalya, Turkey

A BIOMECHANICAL ASSESSMENT OF KAYAK ERGOMETER TASK 

SPECIFICITY

Fleming, N., Donne, B., Fletcher D

Physiology Department, Trinity College Dublin, Ireland.

Introduction

Ergometer and on-water kayaking were not significantly different comparing metabolic and 

cardiovascular variables; however biomechanical differences may exist between modalities. 

Electromyographic (EMG) analysis o f ergometer kayaking has investigated shoulder muscle 

recruitment patterns during task performance (Trevithick et al. 2007). The current study 

assessed task specificity by direct biomechanical comparison o f ergometer and on-water 

kayaking via EMG, force application and stroke kinematics.

Methods

Male flat-water kayakers (n=10) performed matched exercise protocols on a kayak 

ergometer (Dansprint) and on-water. Protocols consisted o f 3 min bouts at heart and stroke 

rates equivalent to 75, 85 and 95% o f VO^max (assessed via incremental tests). EMG data 

were recorded fi'om Anterior Deltoids (AD), Triceps Brachii (TB), Latissimus Dorsi (LD) 

and Vastus Lateralis (VL) via wireless telemetry (ME6000, Mega Ltd). Simultaneous video 

data recorded at 50 Hz with audio triggers pre- and post-exercise facilitated synchronisation 

of EMG and kinematic data. Force was recorded via strain gauge arrays on paddle and 

ergometer shafts. EMG data were root mean squared (20ms window), temporally and 

amplitude normalised, and averaged over 10 consecutive cycles for each kayaker. Mean 

rmsEMG data for each decile (10%) of the stroke cycle were compared using 2 way 

repeated measures ANOVA, Tukey post-hoc tests quantified significant differences 

(P<0.05).
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Results

During the draw phase (deciles 1 and 2), stroke force and EMG activity (TB, LD and VL) 

increased significantly (P<0.05) with exercise intensity, however no intensity effect in AD 

was observed in either modality. Analysis o f  kinematic and force data revealed AD activity 

was concurrent with phases o f non-force production (transition phases, deciles 3 to 5 and 7 

to 9). Comparison across modalities revealed significantly (P<0.01) greater AD activity on- 

ergometer during the 7*'’ to 9'*’ deciles (27.3±9.7 vs. 11.1±2.1, 24.6±8.3 vs. 8.9±2.0 and 

23.8±8.7 vs. 7.4±1.2 at 75, 85 and 95%, respectively), in addition LD activity was 

significantly greater (P<0.01) during the 10*’’ decile. Subsequent analysis revealed an 

external force o f 21 ±2 N associated with the ergometer loading mechanism being applied to 

the shaft.

Discussion

Significantly greater on-ergometer AD and LD activity can be attributed to the ergometer 

loading mechanism applying additional forces during non-force production phases o f the 

stroke cycle (transition phases). These external forces are not observed on-water when the 

muscles can therefore remain in a more inactive state. These results contradict a previous 

hypothesis (Trevithick et al. 2007) on shoulder muscle recruitment during on-water 

kayaking.
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TRAINING INDUCED ALTERATIONS IN NEUROMUSCULAR FATIGUE 

INDICES RECORDED DURING ISOMETRIC KNEE EXTENSION.

Fleming, N., Donne, B

Physiology Department, Trinity College Dublin. Dublin 2, Ireland 

Introduction

Short term resistance training reportedly alters frequency and amplitude o f muscle fatigue 

indices during subsequent sustained isometric contractions. We investigated if potential 

changes associated with resistance training and/or muscle fibre type shifts could be 

identified via spectral analysis o f EMG fatigue indices recorded from knee extensor 

musculature.

Methods

Collegiate level, resistance trained male rowers (n=10) and sedentary controls (n=10) 

performed isometric knee extensions to failure at 70° of knee flexion on a Cybex II 

dynamometer. Both groups performed trials at 80 and 20% of their maximal isometric force. 

Visual feedback of force production was provided and failure was defined when the applied 

force dropped 10% below target despite verbal encouragement. Trials were repeated on a 

separate day to establish reliability. EMG data were recorded from Rectus Femoris (RF), 

Vastus Lateralis (VL) and Vastus Medialis (VM) throughout all trials. Data collected over a 

5s window following onset and preceding the end point were averaged using discrete FFT 

methods (Hamming window processing, 256 samples, overlap 75%) in order to obtain a 

single measure for initial and final median frequency (MF), mean power frequency (MPF) 

and average EMG (AEMG), and rates o f change o f spectral variables across trials were 

calculated.

Results

The trained group produced significantly greater maximal isometric force in both legs 

(P<0.05), and mean time to failure data were significantly greater during both 80% (102 ±
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39 vs. 59 ± 13 s, P<0.01) and 20% trials (603 ± 124 vs. 411 ± 8 7  s, P<0.001). The trained 

group also exhibited better reliability (ICC: trained 0.74 to 0.97, untrained 0.13 to 0.91) 

compared to untrained. Analysis revealed no significant differences within VL or VM for 

any measured variables. However, RF revealed significant differences in rate o f change for 

AEMG during the 80% trial (45.3 ± 48.9 vs. -51.9 ± 60.4 |o.V.min‘', P<0.001). The decline in 

AEMG exhibited by RF in the untrained group was unexpected as AEMG should 

progressively increase with neuromuscular fatigue during sustained contractions.

Discussion

The current study failed to observe any significant differences in investigated EMG 

variables during the 20% trial which might have been linked to contrasting fibre typing 

within the musculature. Differences observed for AEMG in RF during the 80% trial, were 

most likely resultant fi-om enhanced recruitment strategies brought about by resistance 

training. Further research should focus on enhanced spectral processing of the EMG signal 

and comparison between contrasting trained groups. Muscle fibre type differences between 

sprint and endurance trained groups would be more pronounced and perhaps more clearly 

identifiable via spectral EMG analysis.

255



Full paper published in the Journal of Sport Science and Medicine (2012) 11, 16-25.

TITLE: A biomechanical assessment o f ergometer task specificity in elite flat-water 

kayakers.

AUTHORS: Fleming, N .', Donne, B .', Fletcher D ’, Mahony, N.^

'physiology Department, Trinity College Dublin, Ireland.

Anatomy Department, Trinity College Dublin, Ireland

ABSTRACT

The current study compared EMG, stroke force and 2D kinematics during on-ergometer and 

on-water kayaking. Male elite flat-water kayakers (n=10) performed matched exercise 

protocols consisting o f  3 min bouts at heart and stroke rates equivalent to 85% of V0 2 peak 

(assessed by prior graded incremental test). EMG data were recorded from Anterior Deltoid  

(AD), Triceps Brachii (TB), Latissimus Dorsi (LD) and Vastus Lateralis (VL) via wireless 

telemetry. Video data recorded at 50 Hz with audio triggers pre- and post-exercise facilitated 

synchronisation o f  EMG and kinematic variables. Force data were recorded via strain gauge 

arrays on paddle and ergometer shafts. EMG data were root mean squared (20ms window), 

temporally and amplitude normalised, and averaged over 10 consecutive cycles. In addition, 

overall muscle activity was quantified via iEMG and discrete stroke force and kinematic 

variables computed. Significantly greater TB and LD mean iEMG activity were recorded 

on-water (239 ± 15 vs. 179 ± 10 fiV.s, P<0.01 and 158 ± 12 vs. 137 ± 14 |iV.s, p < 0.05, 

respectively), while significantly greater AD activity was recorded on-ergometer (494 ± 66 

vs. 340 ± 35 |iV.s, P<0.01). Time to vertical shaft position occurred significantly earlier on- 

ergometer (P<0.05). Analysis o f  stroke force data and EMG revealed that increased AD 

activity was concurrent with increased external forces applied to the paddle shaft at discrete 

phases o f the on-ergometer stroke cycle. These external forces were associated with the 

ergometer loading mechanism and were not observed on-water. The current results 

contradict a previous published hypothesis on shoulder muscle recruitment during on-water 

kayaking.
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Full paper accepted for publication in the Journal of Sport Science and Medicine.

TITLE: Effect o f kayak ergometer elastic tension on upper limb EMG activity and 3D 

kinematics.

AUTHORS: Fleming, N .', Donne, B.^ Fletcher, D.^

'Departm ent o f  Kinesiology, Recreation and Sport, Indiana State University, Indiana, USA.

Physiology Department, Trinity College Dublin, Dublin 2, Ireland.

Despite the prevalence o f  shoulder injury in kayakers, limited published research examining 

associated upper limb kinematics and recruitment patterns exists. Altered muscle 

recruitment patterns on-ergometer vs. on-water kayaking were recently reported, however, 

mechanisms underlying changes remain to be elucidated. The current study assessed the 

effect o f  ergometer recoil tension on upper limb recruitment and kinematics during the 

kayak stroke. Male kayakers (n=10) performed 4 by 1 min on-ergometer exercise bouts at 

85% VOjmax at varying elastic recoil tension; EMG, stroke force and three-dimensional 3D 

kinematic data were recorded. W hile stationary recoil forces significantly increased across 

investigated tensions (125% increase, p < 0.001), no significant differences were detected in 

assessed force variables during the stroke cycle. In contrast, increasing tension induced 

significantly higher Anterior Deltoid  (AD) activity in the latter stages (70 to 90%) o f the 

cycle (p < 0.05). No significant differences were observed across tension levels for Triceps 

Brachii or Latissimus Dorsi. Kinematic analysis revealed that overhead arm movements 

accounted for 39 ± 16% o f the cycle. Elbow angle at stroke cycle onset was 144 ± 10°; 

maximal elbow angle (151 ± 7°) occurred at 78 ± 10% into the cycle. All kinematic markers 

moved to a more anterior position as tension increased. No significant change in wrist 

marker elevation was observed, while elbow and shoulder marker elevations significantly 

increased across tension levels (p < 0.05). In conclusion, data suggested that kayakers 

maintained normal upper limb kinematics via additional AD recruitment despite ergometer 

induced recoil forces.
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Appendix 2

EMG sensor locations
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A p p en d ix  2.1: A n ter ior  Deltoid

Muscle Anterior Deltoid

Abbreviation: AD

Origin Anterior border, superior surface, lateral third o f  the clavicle.

Insertion Deltoid tuberosity o f the humerus.

Action Anterior flexion and medial rotation o f the shoulder

Electrode Location One finger width distal and anterior to the acromion.

Orientation In the direction o f the line between the acrom ion and the thumb.

Reference Electrode Clavicle,spinal scapula or spinous process o f C7.

S en sor  Location:
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A p p en d ix  2.2: T riceps Brachii

Muscle Triceps Brachii (long head)

Abbreviation: TB

Origin Infraglenoid tubercle o f scapula.

Insertion Posterior surface o f olecranon process o f ulna and antebrachial fascia.

Action Extension o f the elbow joint. The long head also adducts and may 

assist in extension o f the shoulder joint.

Electrode Location At 50 % on the line between the posterior crista o f the acromion and 

the olecranon at 2 finger widths medial to the line (SENIAM).

Orientation In the direction o f the line between the posterior crista o f the 

acromion and the olecranon (SENIAM).

Reference Electrode Lateral tip o f acromion or lateral epicondyle.

S en sor  Location:
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A p p en d ix  2.3: B iceps B rach ii

Muscle Biceps Brachii (long head)

Abbreviation: BB

Origin Supraglenoid tubercle o f scapula.

Insertion Radial tuberosity and bicipital aponeurosis into deep fascia on medial 

part o f forearm.

Action Elbow flexion

Electrode Location On the line between the medial acromion and the cubital fossa at a 

third distance from the cubital fossa (SENIAM).

Orientation In the direction o f the line between the acromion and the fossa cubit 
(SENIAM),

Reference Electrode Lateral tip o f acromion or lateral epicondylc.

S en sor L ocation:
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Appendix 2.4: Latissimus Dorsi

M uscle Latissimus Dorsi

Abbreviation: LD

Origin Spinous processes o f thoracic T7-L5, thoracolumbar fascia, iliac crest 

and inferior 3 or 4 ribs, inferior angle o f scapula.

Insertion Floor o f intertubercular groove o f the humerus.

Action Adduction, extension and internal rotation o f the shoulder

Electrode Location Three fmgerlengths inferior and laterally from the inferior angle o f 

the scapula

Orientation 45° relative to vertical in the direction o f the acromion.

Reference Electrode Spinous processes from LI to T6.

Sensor Location:
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A p p en d ix  2.5: U p p er  T rapezius

Muscle Upper Trapezius

Abbreviation: UT

Origin External occipital protuberance, medial third of superior nuchal line, 

ligamentum nuchae, and spinous process of vertebra C7.

Insertion Lateral third o f clavicle and acromion process of scapula.

Action Shoulder elevation and scapular stabilisation.

Electrode Location 50% on the line from the acromion to the spine on vertebra C l  

(SENIAM).

Orientation In the direction of the line between the acromion and the spine on 

vertebra C7 (SENIAM).

Reference Electrode Spinous process of vertebra C7.

Sensor Location:



A p p en dix  2.6: E recto r  S p in ae

Muscle Erector Spinae (longissimus)

Abbreviation: ES

Origin Spinous processes o f T9 to T 12 thoracic vertebras.

Insertion Spinous processes o f T1 and T2 thoracic vertebrae and the cervical 

vertebrae.

Action Extension o f the vertebral column.

Electrode Location 2 finger widths laterally from the spinous process o f LI (SENIAM).

Orientation Vertical (SENIAM).

Reference Electrode Spinous process o f  C l  or iliac crest.

S en sor L ocation:
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A ppendix  2.7: R ectus F em oris

Muscle Rectus Femoris

Abbreviation RF

Origin Anterior inferior iliac spine and the exterior surface o f the bony ridge 

which forms the iliac portion o f the acetabulum.

Insertion Proximal border o f the patella and through patellar ligament.

Action Knee extension and hip flexion.

Electrode Location 50% on the line from the anterior spina iliaca superior to the superior 

part o f  the patella (SENIAM).

Orientation In the direction o f the line from the anterior superior iliac spine 

superior to the superior part o f the patella (SENIAM).

Reference Electrode Iliac crest or superior patella

S en so r  Location:



A p p en d ix  2.8: V astus M edia lis

Muscle Vastus Medialis

Abbreviation VM

Origin Distal half o f the intertrochanteric line, medial lip o f line aspera, 

proximal part o f medial supracondylar line, tendons o f adductor 

longus and adductor magnus and medial intermuscular septum.

Insertion Proximal border o f the patella and through patellar ligament.

Action Knee extension.

Electrode Location 80% on the line between the anterior spina iliaca superior and the 

jo in t space in front o f the anterior border o f the medial ligament 

(SENIAM).

Orientation Almost perpendicular to the line between the anterior spina iliaca 

superior and the joint space in front o f the anterior border o f the 

medial ligament (SENIAM).

Reference Electrode Iliac crest or medial side o f patella.

S en sor  Location:



Appendix 2.9: V'astiis Lateralis

Muscle Vastus Lateralis

Abbreviation VL

Origin Proximal parts o f intertrochanteric line, anterior and inferior 

borders o f greater trochanter, lateral lip o f gluteal tuberosity, 

proximal half o f lateral lip o f linea aspera, and lateral 

intennuscular septum.

Insertion Proximal border o f the patella and through patellar ligament.

Action Knee extension.

Electrode Location Approximately 60% on the line from the anterior spina iliaca 

superior to the lateral side o f the patella (SENIAM).

Orientation In the direction o f the muscle fibres (SENIAM).

Reference Electrode Iliac crest or lateral side o f patella.

Sensor Location:
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A p p en d ix  2.10: B iceps F em oris

Muscle Biceps Femoris (long head)

Abbreviation BF

Origin Distal part o f  sacrotuberous ligament and posterior part o f  tuberosity

Insertion Lateral side o f head o f fibula, lateral condyle o f  tibia, deep fascial on 
lateral side o f  leg.

Action Knee flexion and lateral rotation. Hip extension.

Electrode Location 50% on the line between the ischial tuberosity and the lateral 

epicondyle o f the tibia (SENIAM).

Orientation In the direction of the line between the ischial tuberosity and the 
lateral epicondyle o f the tibia (SENIAM).

Reference Electrode Greater trochanter o f  the femur.

Sen sor  Location:
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A p p en d ix  2.11: G astrocn em iu s

Muscle Gastrocnemius (Medialis)

Abbreviation GA

Origin Proximal and posterior part o f medial condyle and adjacent part o f the 

femur, capsule o f the knee joint.

Insertion M iddle part o f  posterior surface o f calcaneus.

Action Heel flexion and assisting knee flexion.

Electrode Location Electrodes need to be placed on the most prominent bulge o f the 

muscle (SENIAM).

Orientation In the direction o f the lower leg (SENIAM).

Reference Electrode Medial side o f patella, or ankle.

S en sor  Location:
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A p p en d ix  2.12: T ib ia lis  A n ter ior

Muscle Tibialis A nterior

Abbreviation TA

Origin L ateral condyle and proxim al h a lf  o f  lateral surface o f  tibia, 

in terosseus m em brane, deep fascia and lateral interm uscular septum .

Insertion M edial and plantar surface o f  m edial cuneiform  bone, base o f  first 

m etatarsal bone.

Action D orsiflexion o f  the ankle jo in t and  assistance in foot inversion.

Electrode Location A third  o f  the d istance on the line betw een the tip o f  the fibula and the 

tip  o f  the m edial m alleolus.

Orientation In the direction o f  the line betw een the tip o f  the fibula and the tip o f  

the m edial m alleolus (SEN IA M ).

Reference Electrode L ateral side o f  patella, or ankle.

S en sor  Location:
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Appendix 3

Informed consent form and medical

questionaire.
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SUBJECT INFORMATION LEAFLET 
Physiology Department, Trinity College Dublin.

Title of Study: Reliability and reproducibility of EMG parameters in the assessment of 
neuromuscular fatigue in the knee extensors of trained and untrained male volunteers

Principal Researcher: Neil Fleming

Introduction: In order to have confidence in the results o f any test, we must know that good 
reliability and reproducibility exists for the data being analysed. Surface electromyography 
(EMG) has been used to test muscle fatigue for many years however there is a lack of 
published material assessing the reliability and reproducibility o f these measurements. The 
main aim of this study is to assess the reliability and reproducibility o f measuring muscle 
fatigue using EMG. A secondary aim is to compare reliability and reproducibility of EMG 
measurements between trained and untrained volunteer groups. Only healthy males over the 
age o f 18 will participate in this study. All testing will be performed in the Human 
Performance Laboratory, Anatomy Department, Trinity College Dublin. Testing will involve 
performing a series of knee extensions at a fixed angle on a Cybex dynamometer which is 
specifically designed to measure your muscle strength. Using a portable EMG recorder, 
muscle activity in your knee extensor muscles will be recorded during these tests. The 
recorded data will then be used to assess the reliability and reproducibility o f measurements.

Procedure: You will attend the laboratory on 3 occasions in total; each testing session will 
last approximately 45 minute. On the first occasion you will receive a full medical 
assessment by a qualified doctor. You will also have a chance to practice performing 
isometric knee extensions on the Cybex dynamometer during a familiarisation session. 
During the 2 subsequent testing sessions, you will perform a series o f knee extensions at a 
fixed knee angle of 70°, while EMG is recorded from your knee extensor muscles. You will 
initially perform 3 maximal contractions o f each knee. The results o f these contractions will 
be used to calculate your target forces for the 2 subsequent fatigue tests. During these fatigue 
tests, you will attempt to maintain a constant target force equivalent to 80% and 20% of your 
maximum force for as long as possible.EMG will be recorded during all your knee 
contractions and these data will be used to calculate the reliability and reproducibility of 
using EMG to assess muscle fatigue. Both testing sessions will require approximately 45 
minutes to complete and there will be a minimum of 24 hours rest between testing sessions.

Benefits: You will receive the result of the haematological assessment outlining your fiill 
blood count. You will also receive detailed information on your strength in both your legs 
with regard to knee extension.

Risks: There are no major risks involved in undertaking this study. All procedures in the 
study are non-invasive. EMG recording often involves shaving portions of the skin in order 
to stick on electrodes required for recording muscle activation. As part o f the pre-trail 
medical assessment, a small blood sample will be taken by a qualified doctor. This is 
standard practice before any testing performed in the laboratory and no major risks are
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envisaged, however there may be some small bruising and soreness associated with this 
procedure.

Exclusion from participation: Any person presenting with any health abnormalities, 
respiratory difficulties or symptoms o f a cold on the trail day. Anyone with an injury 
affecting their legs and specifically their knees will be excluded.

Confidentiality: Your identity will remain confidential. Your name will not be published 
and will not be disclosed to anyone outside the study group. All data will be stored safe and 
secure within the department for a period o f  five years. Blood samples and associated data 
collected during the study will not be used for any purpose other than those related to the 
variables o f  interest in this study.

Compensation: The medical investigator involved in this study is covered by standard 
medical malpractice insurance. This study is covered by standard institutional indemnity 
insurance. Nothing in this document restricts or curtails your rights

Voluntary Participation: You have volunteered to participate in this study. You may quit at 
any time. If you decide not to participate, or if  you quit, you will not be penalised and will 
not give up any benefits that you had before entering the study.

Stopping the study: You understand that the investigators may stop your participation in the 
study at any time without your consent.

Permission: This project has received approval fi'om the Health Sciences Faculty Research 
Ethics Group.

Further Information: You can get more information or answers to your questions about the 
study, your participation in the study, and your rights, from Neil Fleming who can be 
telephoned at 086 8524341 or Bernard Donne (01 8962012). If the study team leams o f 
important new information that might affect your desire to remain in the study, you will be 
informed at once.
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SUBJECT CONSENT FORM  

Physiology Department, Trinity College Dublin

PROJECT: Reliability and reproducibility o f EMG parameters in the assessment o f 
neuromuscular fatigue in the knee extensors o f  trained and untrained male volunteers

PRINCIPAL INVESTIGATOR: Neil Fleming

INTRODUCTION: In order to have confidence in the results o f  any test, we must know 
that good reliability and reproducibility exists for the data being analysed. Surface 
electromyography (EMG) is no exception to this rule, however currently there is a lack o f 
published studies assessing the reliability and reproducibility o f  EMG measurements o f 
muscle fatigue. Therefore the primary aim o f this study is to establish if  the use o f EMG to 
test muscular fatigue is a reliable and reproducible measurement. A secondary aim will 
assess if  trained volunteers who regularly exercise their knee extensor muscles in dynamic 
sporting activities provide a more reliable subject group than untrained volunteers.

PROCEDURES:

This study will undertake an EMG (electromyography) analysis o f  the muscles involved in 
knee extension during fatiguing muscle contractions. Trials will be carried out on a Cybex 
dynamometer which is especially designed to test muscle strength. Participants will 
perform 2 identical trials on separate days. The EMG data collected over these two trials 
will then be used to assess reliability and reproducibility. Between 24 and 30 healthy, male 
volunteers over the age o f 18 will participate in this study. This group will be split into 
trained and untrained sub-groups in order to assess if  differences in training status affects 
the reliability and reproducibility o f  measurements.

All testing w’ill be performed in the Human Performance Laboratory in the Anatomy 
Department in Trinity College. Volunteers will visit the laboratory on three separate 
occasions. On the first occasion, a full medical assessment and familiarisation session on 
the Cybex machine will be performed. During the two subsequent visits, a full isometric 
muscle test will be carried out on the knee extensor muscles. This test involves initially 
performing 3 maximum contractions o f the knee, at a fixed angle o f 70°. The results o f 
these contractions will be used to calculate 80 and 20% o f maximum voluntary contraction 
(MVC) which will be used in 2 subsequent fatigue tests. During the 2 fatigue tests.
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volunteers will maintain a constant force equivalent to 80% and 20% of their MVC for as 
long as possible. During all tests, EMG will be recorded and used to assess the reliability 
and reproducibility of measurements. There will be a minimum of 24 hours rest between 
subsequent testing sessions.

DECLARATION:

I have read, or had read to me, this consent form. I have had the opportunity to ask 
questions and all my questions have been answered to my satisfaction. I freely and 
voluntarily agree to be part o f this research study, though without prejudice to my legal and 
ethical rights. I have received a copy of this agreement and I consent that any medical 
abnormalities identified during my medical examination can be passed on to my designated 
general practitioner.

I understand 1 may withdraw from the study at any time.

PARTICIPANT’S NAME:

CONTACT DETAILS:

PARTICIPANT'S SIGNATURE:

Date:

Statement of investigator's responsibility: I have explained the nature and purpose o f this 
research study, the procedures to be undertaken and any risks that may be involved. I have 
offered to answer any questions and fiilly answered such questions. I believe that the 
participant understands my explanation and has freely given informed consent.

INVESTIGATOR’S SIGNATURE:..................................................... Date:

277



Pre-participation Medical Questionnaire & Examination Form. Date / / I I

N am e:............................ Preferred E vent:.........................................

A g e :................................ Age of entry into sport: .................................

Date of B irth :................ Club-

Occupation:................... Contact Tel N o .: .............................................

A ddress:......................... Email:

G.P’s n am e:....................................................

G.P’s address: ................................................

Training No o f sessions per week

AM Resting H R :......... .......... beats.min'* Aerobic Interval

S leep:....... hr.day'* Speed Resistance

Mood: 1 2  3 4 5 6 7 8 9 10 Last training Session (time/details)

Fatigue: 1 2  3 4 5 6 7 8 9 10

Personal & Family Histoiy Detail any other fam ily illnesses

Circle Circle

Smoking Y N Heart Disease Y N

Alcohol Y N Strokes Y N

Tea Y N Diabetes Y N

Coffee Y N Asthma Y N

Vegetarian Y N Epilepsy Y N
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Drug History State Details

Medication Y N

Over The Counter Meds Y N

Allergies Y N

Vitamins Y N

Current medical Problems last 3 months

Recent Illnesses: Recent Injuries:

Last 7 days Circle At any time... Circle Details

Flu Symptoms 

Sore Throat 

Cough 

Wheeze 

Chest Pains 

Palpitations 

Nausea 

Vomiting 

Diarrhea 

Headaches 

Fits or Faints 

Others

Y N

Y N

Y N

Y N

Y N

Y N

Y N

Y N

Y N

Y N

Y N

Y N

Hospital
admissions

Operations

Fractures

Sports Injuries

Diabetes

Asthma

Epilepsy

Jaundice

Kidney problem

Heart Murmur

Eye Problems

Other Illness

Y N

Y N

Y N

Y N

Y N

Y N

Y N

Y N

Y N

Y N

Y N

Y N
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General Examination Doctors Use Only

Obs: P u lse ............. beats.min’' Reg. / Irreg.

BP ..... / ..........mmHg

Head: Nose Throat FBC Resuh: ....................................................

Neck: Nodes Thyroid

CVS: Apex beat Heart Sounds PFT R esu h :....................................................

RS: Exp" Perc. / Ausc.

Medical Summary

Fit for Exercise Test to Exhaustion Y N Signature:
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Appendix 4

Validation study examining the 

appearance of the neuromuscular 

fatigue threshold during continuous 

and intermittent incremental tests.
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INTRODUCTION

The resuhs o f  Chapter 3 suggested that both V t2 and Temg possessed a shared sensitivity for 

aherations in the exercise-recovery ratio o f  an incremental test protocol. Significant 

differences were observed in both variables comparing their occurrence in cycling and 

rowing incremental tests. It was postulated that these differences may have been due to the 

contrasting test protocols that were used. W hile the cycling sub-group performed a 

continuous incremental test, the rowing sub-group performed an intermittent test. During an 

intermittent incremental test, a 1 min rest period is afforded between increments. This is 

done in order to facilitate blood lactate measurement; however this rest period can impact on 

the physiological processes occurring during the test. A s the participant reaches their 

aerobic-anaerobic transition, the rest period between increments o f  the test affords them the 

opportunity to buffer the accumulation o f  ions in the blood, via respiratory compensation 

through hyperventilation. This may have the effect o f  altering the appearance o f  thresholds, 

especially those measured via gas exchange variables. It is unclear however, i f  EMG 

measures o f  neuromuscular fatigue may also be impacted on by this mechanism.

AIMS AND HYPOTHESIS

As a consequence o f  the findings in Chapter 3, the current validation study was undertaken, 

in order to investigate i f  Temg was capable o f  detecting alterations in incremental protocol. It 

was hypothesised that changes in the incremental protocol would alter the appearance o f  

Temg and ventilatory derived thresholds, due to the mechanisms previously outlined above.

MATERIALS AND METHODS

Eight (n=8) male cyclists participated in this study. Participants visited the laboratory twice, 

in order to perform two separate incremental cycling tests. One o f  the tests was performed 

using the continuous incremental protocol, while the other was performed using the 

intermittent protocol, see Figure 2.3. Trial order was randomised for the group and the time 

duration between tests was 2 to 7 days. Incremental testing was carried out in the methods 

previously described (Chapter 2.8) during which, respiratory exchange variables (Chapter 

2.9), blood lactate (Chapter 2.10) and heart rate data (Chapter 2.11) were collected. In 

addition, raw EMG data were recorded from the Rectus Fem oris (RF) and Vastus M edialis
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(VM) muscles during the final minute o f  each increment, see Chapter 2.1. EMG data were 

processed and thresholds attained in a similar fashion to the methods described in Chapter 

3.3. In addition to these methods, average EMG data were normalised to peak amplitude and 

temporally normalised (Chapter 2.5) in order to graphically compare across varying power 

outputs. Statistical analysis was performed using paired Student’s T-tests with F<0.05 

inferring significance.

R ESU LTS

Non-linear increases in EMG recorded fi’om RF and VM were observed in all participants 

during all incremental protocols, see Figure 1. Comparison o f thresholds attained from blood 

lactate, ventilatory and EMG data across exercise protocol revealed significant differences. 

With the exception o f OBLA, all measures o f the aerobic-anaerobic transition occurred at 

significantly greater power outputs during the intermittent incremental protocol, see Table 1. 

In addition, power at Pmax was significantly greater (P<0.01) during the intermittent 

protocol, highlighting that the participants were capable o f reaching higher power outputs 

during this test. However, when threshold data were normalised to Pmax, no significant 

differences were observed for any o f the measures, see Table 2.

Rectus Femoris
20-1

t,  15-

C ontlnuous [ 

Intermittent I

N orm alised Pow er O utput (%)

Vastus Media I is
20n

C ontinuous

Intermittent

Norm alised Pow er O utput (%)

Figure 1: Group mean (SEM) rmsEMG data recorded during continuous and 

intermittent incremental cycling tests for RF and VM. EMG data were 

normalised to peak amplitude and temporally normalised to Pmax.
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Continuous Intermittent

VOapeak (mL.kg‘'.m in'') 61.3 (2.5) 60.6 (2.5)

Power at Tuc (W) 249 (9)* 260 (10)

Power at OBLA (W) 288 (11) 295 (10)

Power at Temg RF (W) 261 (6)** 287 (7)

Power at Temg VM (W) 264 (6)** 287 (10)

Power at VTl (W) 254 (5)*** 273 (7)

Power at VT2 (W) 273 (3)** 294 (8)

Power at Pmax (W) 333 (9)** 349 (9)

Table 1: Group mean (SEM) data for VO^peak, Pmax, lactate, EMG and 

ventilatory thresholds recorded during continuous and intermittent incremental 

testing. Asterisk infer significant differences from intermittent test (* P<0.05, 

** P<0.01 and *** F<0.001).

Continuous Intermittent

Power at T u c  (%) 75(1) 74(1)

Power at OBLA (%) 86(2) 84(1)

Power at Te m g  R F  (%) 78 (2) 82(1)

Power at T e m g  VM ( % ) 79 (2) 82(1)

Power at VTl (%) 77(1) 79(1)

Power at VT2 (%) 82 (2) 84(1)

Table 2: Group mean (SEM) data lactate, EMG and ventilatory thresholds 

normalised to Pmax, recorded during continuous and intermittent incremental 

testing.
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DISCUSSION

The resuhs o f  the current validation study w ere not in agreement with the hypothesis put 

forward fo llow in g  the results from Chapter 3. W hile all m easures w ere capable o f  detecting  

greater absolute pow er at the aerobic-anaerobic transition, these thresholds w ere m ost likely  

a result o f  the significantly higher Pmax values attained during intermittent tests. W hen data 

w ere norm alised to Pmax, none o f  the m easures o f  the aerobic-anaerobic transition differed  

significantly across testing condition.

A s described in the introduction, the 1 min rest w hich  participants are afforded during an 

intermittent protocol facilitates respiratory com pensation, w hich should impact on the 

subsequent appearance o f  ventilatory thresholds. V ji and V t2 w ould  therefore by  expected  

to occur later relative to Pmax during an intermittent protocol. It is worth noting that both  

the ventilatory and EMG thresholds did increase relative to Pm ax during the intermittent test 

(Table 2), w h ile  no increases were observed in blood lactate thresholds. W hile it m ay be  

tem pting to suggest that these increases are a sign o f  a shared physiological m echanism  

which alters their response due to increased recovery, these results did not attain statistical 

significance. The hypothesis that Temg and ventilatory thresholds are in som e w ay sensitive  

to alterations in testing protocol must therefore be rejected, based on the results o f  this 

validation study.
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Appendix 5

Group ensemble EMG traces during 

on-water and on-ergometer 

kayaking.
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Appendix 5.1: G roup m ean ensem ble EM G traces (5.1a to 5 .Id) recorded 

during on-w ater (red) and on-ergom eter (black) kayaking at 75%  V ()2peak. The 

dashed vertical lines separate the approxim ate phases o f  the stroke cycle; draw 

phase (0-30% ), transition phase (30-50% ), opposite draw phase (50-80% ) and 

opposite transition phase (80-100% ).
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Appendix 5.2: Group mean ensemble EMG traces (5.2a to 5.2d) recorded 

during on-water (red) and on-ergometer (black) kayaking at 85% V02peak. The 

dashed vertical lines separate the approximate phases o f the stroke cycle; draw 

phase (0-30%), transition phase (30-50%), opposite draw phase (50-80%) and 

opposite transition phase (80-100%).
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Appendix 5.3: Group mean ensemble EMG traces (5.3a to 5.3d) recorded

during on-water (red) and on-ergometer (black) kayaking at 95% V02peak. The

dashed vertical lines separate the approximate phases o f the stroke cycle; draw 

phase (0-30%), transition phase (30-50%), opposite draw phase (50-80%) and 

opposite transition phase (80-100%).
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Appendix 6

3D marker data
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Interval 
(% cycle)

Axis Tension 1 Tension 2 Tension 3 Tension 4

X -166 (35)***" -163 (29)*** -151 (32) -138 (36)
10 Y -129 (27) -134 (30) -130 (28) -133 (19)

Z 922 (38) 907 (27) 913 (28) 912 (23)

X -397 (38)** -395 (31)** -380 (29) -361 (39)
20 Y -282 (32) -291 (32) -290 (33) -285 (38)

Z 754 (53) 749 (47) 751 (51) 755 (51)

X -691 (60)* -701 (50) -687 (44) -662 (52)
30 Y -389 (38) -398 (44) -399 (43) -397 (42)

Z 879 (82) 883 (70) 874 (68) 872 (74)

X -885 (57)* -898 (57) -893 (53) -866 (55)
40 Y -374 (59) -372 (53) -373 (57) -377 (57)

Z 1186 (98) 1202 (69) 1191 (72) 1180 (81)

X -795 (65) -795 (60) -794 (53) -771 (55)
50 Y -334 (55) -324 (49) -317 (56) -317 (57)

Z 1434(89) 1449 (67) 1444 (69) 1431 (76)

X -452 (90)* -423 (59) -421 (58) -402 (60)
60 Y -307 (65) -302 (62) -291 (56) -286 (60)

Z 1481 (66) 1481 (59) 1487 (66) 1481 (67)

X -181 (76)* -157(44) -154 (41) -138 (37)
70 Y -137 (73) -133 (64) -127 (58) -129 (54)

Z 1346(39) 1339 (44) 1353 (45) 1357 (41)

X -133 (60)* -121 (50) -118 (46) -108 (36)
80 Y 56 (68) 64(60) 68 (56) 60 (47)

Z 1294 (41) 1291 (56) 1303 (44) 1303 (40)

X -130 (58)* -126 (57) -124 (56) -113 (44)
90 Y 132 (50) 141 (50) 147 (48) 138 (39)

Z 1302 (48) 1304 (57) 1316(45) 1313 (41)

X -81 (45)** -76(41)** -69 (42) -56 (37)
100 Y 59 (39) 63(39) 67 (41) 56(31)

Z 1216(36) 1212(40) 1223 (39) 1224 (36)

Appendix 6.1: Presented are group mean (SD) 3D kinematic data for the head of the Ulna. 

Data are mean displacement (mm) from reference point at each 10% interval o f the stroke 

cycle across tension levels. Asterisk infers significantly different from T4 (* inferring P < 

0.05, ** inferring P < 0.01, *** inferring P < 0.001). Hash symbols infers significantly 

different from T3 (* inferring P < 0.05, ^  inferring P < 0.01).
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Interval Axis Tension 1 Tension 2 Tension 3 Tension 4
(% cycle)

X -414(30)**** -409 (24)*** -396 (25) -385 (32)
10 Y -201 (24) -200 (23) -195 (18) -198(16)

Z 954 (47) 949 (37) 958(34) 959 (35)

X -630 (42)** -627 (29)** -611 (32) -594 (44)
20 Y -269 (22) -277 (22) -275 (21) -275 (23)

Z 861 (41) 859 (36) 862(37) 864 (38)

X -896 (61)* -906(40) -891 (41) -872 (47)
30 Y -263 (35) -268 (38) -268 (38) -275 (38)

Z 926(39) 928 (38) 925(40) 926 (45)

X -1052 (46) -1068 (31) -1060 (33) -1042 (34)
40 Y -236 (46) -238 (52) -232 (54) -242 (52)

Z 1088 (50) 1096 (44) 1091 (43) 1089 (49)

X -962 (56) -965 (40) -963 (39) -951 (44)
50 Y -314(39) -315(47) -308 (53) -314(49)

Z 1260 (65) 1272 (60) 1272 (62) 1270 (64)

X -631 (73) -612 (47) -604 (42) -596 (48)
60 Y -335(29) -330 (30) -326(30) -327(24)

Z 1317 (55)* 1322 (51) 1329(54) 1331(59)

X -400 (65)* -380 (34) -372 (28) -363 (28)
70 Y -216(45) -209 (43) -204 (41) -205 (38)

Z 1236 (37)* 1233 (40)* 1242 (38) 1250(37)

X -333 (53)* -322 (40) -317(37) -312 (31)
80 Y -95 (47) -87 (43) -83 (42) -87 (36)

Z 1204 (40) 1203 (49) 1212 (40) 1214(40)

X -310 (43) -306 (42) -303 (41) -299 (33)
90 Y -41 (39) -31 (39) -26 (37) -30 (30)

Z 1202 (44) 1202 (52) 1213 (45) 1214(45)

X -296 (33)** -292 (31)** -286 (29) -279 (24)
100 Y -81 (32) -73 (33) -67 (30) -74 (23)

Z 1141 (43)**" 1142 (45)**" 1155 (44) 1160 (44)

Appendix 6.2: Presented are group mean (SD) 3D kinematic data for the head o f  the 

Radius. Data are mean displacement (mm) from reference point at each 10% interval o f  the 

stroke cycle across tension levels. Asterisk infers significantly different from T4 (* inferring 

P < 0.05, ** inferring P < 0.01, *** inferring P < 0.001). Hash symbols infers significantly 

different from T3 C inferring P < 0.05, *** inferring P  < 0.01).
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Interval Axis Tension 1 Tension 2 Tension 3 Tension 4
(% cycle)

X -446 (25)***" -441 (22)** -427 (24) -416(29)
10 Y -205 (23) -204 (23) -199(18) -202(17)

Z 960 (43) 956 (35) 963 (31) 965(32)

X -658 (43)*** -655 (31)** -639 (35) -620 (44)
20 Y -260 (20) -267 (20) -265 (19) -266 (22)

Z 879 (37) 878 (35) 880 (34) 881 (37)

X -912(62) -921 (42)** -907 (45) -885 (44)
30 Y -233 (41) -238 (41) -239(41) -250 (43)

Z 941 (32) 944 (35) 941 (36) 942 (41)

X -1054 (43) -1064 (33) -1060 (38) -1043 (33)
40 Y -190 (44) -190 (55) -186 (52) -199 (53)

Z 1077 (40) 1084 (36) 1080 (36) 1081 (45)

X -969 (54) -970 (40) -970 (40) -960 (42)
50 Y -277 (30) -279 (46) -273 (47) -278 (44)

Z 1228 (53) 1240 (46) 1240 (49) 1240 (53)

X -655 (71) -637 (43) -629 (38) -621 (44)
60 Y -324 (27) -321 (29) -317 (29) -318 (23)

Z 1291 (48)*" 1297 (46) 1304 (49) 1307 (52)

X -431 (62)* -411 (30) -402 (23) -393 (23)
70 Y -222 (40) -215 (39) -210(37) -211 (35)

Z 1219(33)* 1217(37)* 1225 (35) 1234 (33)

X -358 (50)* -348 (39) -342 (34) -334 (26)
80 Y -114(42) -106 (38) -101 (37) -105 (32)

Z 1189 (35) 1188 (45) 1196 (35) 1199 (35)

X -333 (41)* -329 (40) -325 (37) -315 (30)
90 Y -62 (36) -52 (36) -46 (33) -51 (26)

Z 1185 (38) 1186 (46) 1196 (39) 1196 (38)

X -323 (31)** -320 (30)** -312(26) -301 (23)
100 Y -96 (31) -88 (32) -82 (28) -90 (24)

Z 1129 (37)** 1130 (41)* 1142 (39) 1144 (36)

Appendix 6.3: Presented are group mean (SD) 3D kinematic data for the Lateral 

Epicondyle. Data are mean displacement (mm) from reference point at each 10% interval o f 

the stroke cycle across tension levels. Asterisk infers significantly different from T4 (* 

inferring P  < 0.05, ** inferring P  < 0.01, *** inferring P  < 0.001). Hash symbols infers 

significantly different from T3 inferring P  < 0.05, inferring P  < 0.01).
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Interval 
(% cycle)

Axis Tension 1 Tension 2 Tension 3 Tension 4

X -662 (22)** -657 (22)* -648 (18) -637 (23)
10 Y -216(19) -218(18) -215(16) -214(14)

Z 1177 (22) 1174 (22) 1178 (24) 1181 (27)

X -747 (27)*** -742 (28)*** -734 (28)* -718(28)
20 Y -186 (22) -188 (22) -187 (23) -190 (28)

Z 1171 (27) 1171 (27) 1172 (29) 1173 (31)

X -845 (35)** -847 (34)** -839 (35) -825 (27)
30 Y -94 (42) -93 (41) -93 (42) -102 (44)

Z 1202 (26) 1203 (27) 1204 (28) 1204 (29)

X -880 (26) -883(29) -878(29) -871 (24)
40 Y -11 (48) -10(48) -11 (51) -18(50)

Z 1232 (24) 1233 (24) 1233 (26) 1234 (28)

X -865 (22)* -860 (22) -856 (22) -848 (23)
50 Y -18 (32) -21 (38) -21 (44) -22 (44)

Z 1248 (24)** 1249 (23)** 1251 (26) 1253 (28)

X -801 (23)** -789 (18) -783(17) -774 (25)
60 Y -101 (19) -105 (21) -103 (25) -96 (32)

Z 1245 (26)** 1245 (23)** 1249 (26) 1254(29)

X -701 (32)* -688 (23) -682 (14) -676(18)
70 Y -182 (16) -184(12) -181 (18) -170 (26)

Z 1221 (30)** 1221 (26)** 1226 (28) 1232 (31)

X -626 (39) -617 (35) -613(28) -610 (23)
80 Y -200(14) -200(11) -198 (10) -193 (20)

Z 1199 (30)* 1198 (29)* 1202 (31) 1209 (35)

X -589 (37)* -582 (37) -578 (34) -575 (28)
90 Y -191 (21) -188(19) -184(18) -185(15)

Z 1190 (28)* 1189 (28)* 1194 (30) 1201 (35)

X -592 (28)** -586 (30) -580 (27) -576 (22)
100 Y -197 (25) -195(24) -190 (24) -192(18)

Z 1183 (24)* 1182 (24)* 1186 (27) 1194 (32)

Appendix 6.4: Presented are group mean (SD) 3D kinematic data for the lateral tip o f the 

Acromion. Data are mean displacement (mm) from reference point at each 10% interval o f 

the stroke cycle across tension levels. Asterisk infers significantly different from T4 (* 

inferring P < 0.05, ** inferring P  < 0.01, *** inferring P < 0.001). Hash symbols infers 

significantly different from T3 (  ̂ inferring P  < 0.05, inferring P  < 0.01).
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Interval Axis Tension 1 Tension 2 Tension 3 Tension 4
(% cycle)

X -827(13)*** -822 (19)*** -816(12) -805 (10)
10 Y -162 (28) -162 (27) -161 (23) -161 (24)

Z 1077 (16)*** 1078 (16)** 1080(17) 1083 (18)

X -882 (20)*** -879 (25)*** -873 (21)* -859 (17)
20 Y -64 (44) -63 (42) -62 (40) -67 (38)

Z 1087(19)*** 1089 (18)* 1090(19) 1093 (20)

X -912(31)** -913 (36)** -907 (33) -899 (26)
30 Y 60(46) 65(38) 66 (40) 58 (37)

Z 1093 (20)*** 1095 (19)* 1097 (20) 1100 (23)

X -903 (34) -903 (38) -899 (36) -895 (29)
40 Y 113 (27) 117(24) 119 (27) 115 (25)

Z 1092 (20)* 1092(19) 1093 (21) 1096 (23)

X -901 (30)** -899 (33)* -894 (30) -887(23)
50 Y 89(18) 89(19) 92(20) 89(18)

Z 1096(19)** 1097(19)* 1098 (20) 1101 (22)

X -894 (27)*** -888 (29)** -883(22) -870(19)
60 Y -6 (21) -10(19) -9(18) -10(20)

Z 1105 (19)** 1105 (19)** 1107 (20) 1110(22)

X -849 (29)** -839 (29)* -832(17) -821 (18)
70 Y -118 (18) -122(17) -121 (13) -118 (16)

Z 1102 (22)***"* 1103 (19)***" 1106 (21)** 1110 (23)

X -792 (32) -784 (35) -779 (23) -777 (22)
80 Y -194(19) -195(14) -193(12) -189(13)

Z 1082 (22)***" 1083 (20)*** 1086 (21)* 1089 (22)

X -751 (26) -744 (32) -740 (26) -741 (24)
90 Y -215 (18) -215 (15) -213 (12) -212(12)

Z 1071 (20)***" 1072(19)*** 1075 (20) 1078 (20)

X -758 (19) -753 (27) -747 (22) -744(19)
100 Y -209 (21) -208 (19) -207(14) -206 (14)

Z 1069(17)***" 1069(17)*** 1072(18)** 1076(18)

Appendix 6.5: Presented are group mean (SD) 3D kinematic data for the Inferior Scapula. 

Data are mean displacement (mm) from reference point at each 10% interval o f the stroke 

cycle across tension levels. Asterisk infers significantly different from T4 (* inferring P < 

0.05, ** inferring P < 0.01, *** inferring P < 0.001). Hash symbols infers significantly 

different from T3 (̂  inferring P < 0.05, ** inferring P < 0.01).
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Interval Axis Tension 1 Tension 2 Tension 3 Tension 4
(% cycle)

X -780 (15)*** -774(16)* -767 (12) -756(19)
10 Y -143 (33) -143 (32) -142 (29) -141 (29)

Z 1196(19)* 1196(19)* 1198 (20) 1200 (22)

X -820 (20)*** -814(23)** -807 (20)* -794 (20)
20 Y -61 (49) -62 (47) -61 (46) -65 (46)

Z 1203 (22)* 1204 (23) 1205 (23) 1207 (25)

X -847 (33)* -847 (37)* -842 (35) -833 (28)
30 Y 58(49) 61(44) 62 (44) 55(44)

Z 1213 (25)***# 1214(25)** 1216(26) 1219(28)

X -839 (38) -840 (42) -835 (40) -832 (32)
40 Y 115 (33) 119(30) 121 (33) 118 (33)

Z 1211 (27)*** 1212 (26)** 1213 (27)* 1217(29)

X -840 (34)* -838 (38) -832 (34) -828 (27)
50 Y 104(19) 104 (20) 108 (23) 107 (22)

Z 1211 (25)*** 1212 (26)*** 1213 (27)** 1217 (28)

X -843 (26)** -838 (28)* -831 (21) -821 (18)
60 Y 25(16) 23 (16) 26(16) 28 (18)

Z 1216(24)** 1216(24)** 1218 (26)* 1221 (27)

X -801 (21)***" -790(19)* -783 (10) -773 (14)
70 Y -87 (20) -91 (17) -88 (16) -82(18)

Z 1212 (24)*** 1212 (23)*** 1214(23)* 1218 (25)

X -754 (23) -746 (24) -742(16) -738 (16)
80 Y -166 (23) -167(17) -164(13) -160 (14)

Z 1198 (23)**** 1199 (22)*** 1202 (24) 1205 (25)

X -718(19) -711(22) -709 (19) -708 (19)
90 Y -190 (23) -189(20) -187(15) -185 (15)

Z 1191 (23)***" 1191 (22)***" 1194 (24) 1197 (24)

X -723 (14)* -717(18) -712 (16) -709 (17)
100 Y -185 (26) -183 (23) -182(18) -181 (17)

Z 1188 (20)**** 1188 (20)**** 1191 (21)* 1195 (22)

Appendix 6.6: Presented are group mean (SD) 3D kinematic data for the medial border o f 

the Spinal Scapula. Data are mean displacement (mm) from reference point at each 10% 

interval o f the stroke cycle across tension levels. Asterisk infers significantly different from 

T4 (* inferring P  < 0.05, ** inferring P < 0.01, *** inferring P < 0.001). Hash symbols 

infers significantly different from T3 C inferring P  < 0.05).

297



' I I '

J#



Appendix 7

Group ensemble EMG traces for on- 

ergometer kayaking at varying 

elastic tension levels.
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Appendix 7.1: Group mean (± SD) ensemble EMG traces for TB recorded at each tension 

level. Solid line represents group mean rmsEMG data at 2% intervals o f the stroke cycle 

normalised to maximal rmsEMG amplitude recorded during isometric MVC. Dashed lines 

above and below represent group SD.
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Latissimus Dorsi
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Appendix 7.2: G roup m ean (± SD) ensem ble EM G traces for LD recorded at each tension 

level. Solid line represents group m ean rm sEM G data at 2%  intervals o f  the stroke cycle 

norm alised to m axim al rm sEM G  am plitude recorded during isom etric M VC. Dashed lines 

above and below  represent group SD.
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Appendix 7.3: Group mean (± SD) ensemble EMG traces for AD recorded at each tension 

level. Solid line represents group mean rmsEMG data at 2% intervals o f the stroke cycle 

normalised to maximal rmsEM G amplitude recorded during isometric MVC. Dashed lines 

above and below represent group SD. Progressive increases in AD  activity occurred between 

the 60 and 90% phase o f the stroke cycle as elastic tension increased.
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